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ABSTRACT 

Across vertebrates, innate immune cells are capable of initiating a range of potent 

effector responses that are designed to destroy or contain foreign microbial invaders. The 

execution and regulation of various innate cellular responses is mediated by a dedicated 

repertoire of cell surface-expressed immune receptor proteins. These specialized receptors, 

known as immunoregulatory receptors, sense extracellular stimuli and activate intracellular 

signaling cascades that elicit appropriate effector responses.  

Channel catfish (Ictalurus punctatus) leukocyte immune type receptors (IpLITRs) belong 

to a polygenic and polymorphic immunoregulatory receptor family. These teleost proteins are 

structurally and phylogenetically related to several mammalian immunoregulatory proteins 

within the immunoglobulin super family (IgSF). The IpLITR family consists of multiple 

members that exist as generally as putative inhibitory or stimulatory types. Functional 

characterization of representative IpLITR-types using heterologous overexpression approaches 

has shown that these teleost proteins are capable of mediating various innate effector responses 

via classical as well as unique intracellular signaling networks. Previously, it was shown that 

IpLITR 2.6b
 
activates phagocytosis and degranulation in rat basophil leukocytes (RBL-2H3) 

using a canonical ITAM-dependent signaling pathway; whereas a putative inhibitory IpLITR-

type (i.e. IpLITR 1.1b) functioned as a potent inhibitor of NK cell-mediated cytotoxicity via an 

ITIM-mediated phosphatases recruitment as well as a distinct ITIM-independent signaling 

pathway. Moreover, specific triggering of IpLITR 1.1b in myeloid cells activate the phagocytic 

responses, likely through activation of an alternative ITAM-independent signaling cascade. This 

unique ability of IpLITR 1.1b to exert both inhibitory and stimulatory effects is likely dependent 

on selective recruitments of intracellular effectors. To further understand mechanistic details 
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underlying this functional plasticity, the overall objectives of my thesis study was to use IpLITR 

1.1b as an alternative vertebrate immunoregulatory receptor model to further explore the 

signaling potential of this unique teleost protein. Specifically, my research aims were; i) to 

examine IpLITR 1.1b-mediated integrated control of phagocytic responses using a new flow 

cytometry-based platform; ii) to investigate the potential IpLITR-mediated receptor crosstalk 

regulation of the phagocytic response; and iii) to dissect the molecular details underlying the 

inhibitory actions of IpLITR 1.1b on IpLITR 2.6b activated phagocytosis  

Overall, my thesis research demonstrates the utility of imaging flow cytometry as a 

valuable platform to investigate the dynamic signaling potential of IpLITR-types during their 

regulation of immune cell effector responses. My results further support the notion that 

engagement of IpLITR 1.1b
 
results in selective recruitments of intracellular effectors for the 

intricate tuning of effector processes in a context-dependent manner. I also show for the first 

time that IpLITR types can not only function independently, but that they also integrate proximal 

signaling events downstream via receptor crosstalk to modulate innate effector responses. 

Specifically, I have shown that IpLITR 1.1b
 
is capable of cross-inhibiting IpLITR 2.6b-mediated 

phagocytosis when co-expressed in AD293 cells and this inhibitory effect is likely dependent on 

down-regulating phosphotyrosine signaling cascades. Furthermore, I show that two tyrosine-

based motifs (ITIMs and Csk-binding motif) in the cytoplasmic tail of IpLITR 1.1b
 
are 

minimally required for sustaining the inhibitory effects on IpLITR 2.6b-mediated phagocytosis. 

My biochemical studies revealed the coordinated recruitments of endogenous Csk and SHP2 

molecules to IpLITR 1.1b
 
during receptor crosstalk, which act in concert to sustain the inhibitory 

effects on IpLITR 2.6b-mediated phagocytosis. Overall, this research represents the first report 

of IpLITR-mediated integrated control of phagocytosis via receptor crosstalk and provides the 
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basis for further understanding the mechanistic details underlying this important regulatory 

process.  
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CHAPTER I 

INTRODUCTION 

1.1 Introduction 

Across vertebrates, innate immunity consists of a complex assortment of highly 

specialized cells capable of unleashing potent effector responses designed to destroy or mitigate 

foreign pathogens. The execution of various innate cellular behaviors such as phagocytosis, 

degranulation, or cell-mediated cytotoxicity are functionally indistinguishable when being 

performed by immune cells isolated from humans or teleost fishes; vertebrates that diverged 

from one another more than 450 million years ago (1–4). This suggests that vital components of 

the vertebrate innate defense machinery are conserved and investigating such processes in a 

range of model systems provides an important opportunity to identify fundamental features of 

vertebrate immunity.  

Vertebrate cellular immune responses are dependent on specialized immunoregulatory 

receptors that sense environmental stimuli and initiate intracellular cascades that can elicit 

appropriate effector responses. Although a wide variety of immunoregulatory receptor families 

have been extensively studied in mammals, and many have been identified as cell- and function-

specific regulators of a range of innate responses, much less is known in fish. However, the 

growing database of genomic information has recently allowed for the identification of several 

immunoregulatory receptor gene families in teleost (5–7). Many of these putative 

immunoregulatory receptors have yet to be assigned any specific role(s), and much of what is 

known has been based solely on structural and/or phylogenetic relationships with mammalian 

receptor families. As an attempt to address some of these shortcomings, this thesis research will 

focus on our growing understanding of the functional roles played by specific members of the 
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channel catfish (Ictalurus punctatus) leukocyte immune-type receptors (IpLITRs), which appear 

to be important regulators of several innate cellular responses via classical as well as unique 

biochemical signaling networks. 

In an effort to understand the conserved and divergent aspects of immunoregulatory 

receptors and associated signaling events in regulating innate immunity, my thesis research 

focuses on further investigating the immunoregulatory roles of distinct IpLITR-types. This 

polymorphic and polygenic receptor family shares basic structural and phylogenetic relationships 

with several families involved in the regulation of innate immunity (e.g. phagocytosis). This 

includes mammalian FcR proteins and a variety of other immunoregulatory proteins located 

within the Leukocyte Receptor Complex (the LRC is a conserved genomic region and encodes 

for a variety of related-genes that participate in regulating multiple aspects of innate immunity) 

(7,8). Although it is proposed that IpLITRs and other immunoregulatory proteins in mammals 

have diverged from a common ancestral gene(s), orthology between IpLITRs and their relatives 

has not been established; in part, due to the unknown nature of their endogenous ligand(s) (7,8). 

Regardless, recent studies from our lab has shed new insights into the biology of IpLITRs that 

helps to uncover new details in the regulation of innate immune cell effector responses (4,9–16). 

Each IpLITR-type contains one or more extracellular immunoglobulin-like domains, a 

transmembrane (TM) segment, and a variable length of cytoplasmic tails (CYT) (7). Stimulatory 

IpLITR-types associate with immunoreceptor tyrosine-based activation motif (ITAM)-containing 

adaptor proteins. When fused together as a receptor-adaptor chimera, one of these constructs (i.e. 

IpLITR 2.6b) promote canonical ITAM-dependent intracellular signaling that triggers 

degranulation, cytokine secretion, and phagocytosis in a manner similar to mammalian FcRs 

(4,11,13). In comparison, IpLITR 1.1b
 
is a putative inhibitory receptor-type that possesses a long 
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CYT with six tyrosine (Y) residues distributed among its proximal and distal segments. The 

distal CYT region contains two immunoreceptor tyrosine-based inhibitory motifs (ITIMs) 

located at Y
477

 and Y
499

 that function to abrogate NK cell-mediated responses via recruitment of 

Src Homology 2 (SH2) domain-containing phosphatases (SHPs) (10). Unexpectedly, the 

proximal CYT region also inhibits NK cell responses despite the fact it does not recruit SHPs. 

This novel SHP-independent mechanism is regulated by Y
453

 and involves the recruitment of C-

terminal kinase (Csk) (12). Interestingly, IpLITR 1.1b also activates the phagocytic response 

when stably transfected in the rat basophilic leukemia (RBL)-2H3 myeloid cell line (4,11). 

Detailed examination of IpLITR 1.1b-mediated phagocytosis revealed the engagement of distinct 

signaling pathways. This ability of IpLITR 1.1b to exert both inhibitory and activating effects on 

effector responses is likely due to selective recruitments of intracellular effector molecules in a 

context-dependent manner. Therefore, to further understand mechanistic details underlying this 

signaling versatility, my thesis studies focus on further investigating the signaling potential of 

IpLITR 1.1b  1.1 
 
using a phagocytosis bioassay system. 

1.2 Objective of thesis 

The main objective of my thesis was to further explore the signaling potential of IpLITR 

1.1b with a focus on understanding the molecular details underlying its functional plasticity. The 

specific aims of my research were: i) to establish a new platform for examining IpLITR 1.1b-

mediated integrated control of phagocytosis; ii) to investigate IpLITR-mediated crosstalk during 

the phagocytic response; and iii) to dissect mechanistic details underlying the inhibitory actions 

of IpLITR 1.1b
 
on the IpLITR 2.6b-mediated phagocytic activity.  
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1.3 Outline of thesis 

Chapter II is an overview of the literature related to my thesis research. In this chapter, I 

first provide an overview of characteristics of stimulatory and inhibitory immunoregulatory 

receptors with an emphasis on IpLITRs in regulating various effector responses. I then discuss 

functional plasticity of certain IpLITR types that exhibit dual-regulatory properties due to their 

uncovered signaling versatility. Chapter III provides detailed descriptions of procedures and 

methods I used throughout my thesis studies. In Chapter IV, I established a new overexpression 

system and ImageStream flow cytometric-based assay for examining signaling capabilities of 

IpLITR 1.1b
 
in regulating phagocytosis. Using imaging flow cytometry, my results demonstrated 

that activation of IpLITR 1.1b
 
in AD293 cells selectively engages intracellular effectors and does 

not recapitulate the unique phagocytic phenotypes as observed in the previous system. In Chapter 

V, I examined the crosstalk potential of IpLITR 1.1b and how this crosstalk impacts subsequent 

effector responses. By stably co-expressing IpLITR 1.1b
 
with a classical activating IpLITR type 

(i.e. IpLITR 2.6b) that is able to induce phagocytosis using ITAM-dependent pathway, my 

results demonstrated for the first time that IpLITR 1.1b
 
cross-inhibits phagocytosis likely through 

down-regulating recruitments of phosphotyrosine molecules to phagocytic cups. This further 

supports our hypothesis that IpLITR 1.1b
 
has dual-regulatory features to regulate effector 

responses in a context-dependent manner. In Chapter VI, I further investigated mechanistic 

details underlying the IpLITR 1.1b
 
-mediated cross-inhibition of phagocytosis. Using a 

combination of confocal microscopy, imaging flow cytometry and biochemical assays, I showed 

two signaling modules in the cytoplasmic tail (CYT) of IpLITR 1.1b
 
mediated coordinated 

recruitments of inhibitory molecules (i.e. Csk and SHP-2) required for sustaining inhibitory 

effects on phagocytosis. In summary, my research represents the first extensive characterization 

of immunoregulatory receptor-mediated crosstalk regulation of a vital innate immune cell 
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effector responses mediated by teleost LITR proteins. Finally, in Chapter VII I summarized my 

major findings and discuss how these results fit in with our current understanding of dual-

regulatory properties that have been observed in several immunoregulatory receptor families. 

Chapter VIII lists all the references cited in this thesis.  
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CHAPTER II 

LITERATURE REVIEW 

2.1 Overview  

Innate immune cells use a variety of receptor families to dynamically control the 

initiation, amplification, as well as termination of effector responses (17,18). In general, 

immunoregulatory receptors are expressed at the cell surface and communicate extracellular 

stimuli to sophisticated, yet highly conserved, intracellular signaling networks that control potent 

antimicrobial functions (17,18). The extracellular domains of each immunoregulatory receptor-

type provide the interface for target recognition, whereas the transmembrane (TM) segments and 

cytoplasmic tail (CYT) regions translate binding events into a range of prototypical immune cell 

responses; characteristically, through a series of tyrosine-based signaling events (19,20). 

Receptor-mediated signal transduction responses are vital for host protection from pathogens 

and, depending on the cell-type(s) activated and specific receptor(s) involved, include: 

degranulation, phagocytosis, cell-mediated cytotoxicity, and the production of bioactive 

molecules such as cytokines or various antimicrobial species.  

Although it is well established that various teleost immune cell-types can execute the 

same range of effector responses that are performed by functional counterparts found in 

mammals, the specific immunoregulatory receptors and their associated signaling networks that 

control innate cellular defenses in fish remain unknown. For example, teleost immune cells can 

perform phagocytosis (macrophages and B cells) (21–25), cell-mediated cytotoxicity (Natural 

killer (NK)-like cells) (3,26), antigen presentation (macrophages) (27,28), and degranulation 

(mast cells and neutrophils) (29–31). However, the immunoregulatory receptor systems 

controlling each of these important innate defenses have yet to be characterized in detail. In the 
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past, these shortcomings were largely due to a lack of identified candidate genes, but the recent 

cloning and molecular characterization of an assortment of immune-related genes has 

significantly advanced our understanding of the immunoregulatory receptor families that exist in 

teleost fishes (32–34). 

Many of the identified teleost receptors belong to the immunoglobulin superfamily 

(IgSF) and some of these share distant phylogenetic relationships and basic structural features 

with several mammalian immunoregulatory receptor families, including; Fc receptors (FcRs), 

FcR-like proteins (FcRLs), killer Ig-like receptors (KIRs), and leukocyte Ig-like receptors 

(LILRs). However, to date the orthologous relationships between the identified teleost genes and 

the known mammalian receptor sub-types remain to be established. One major factor that 

precludes defining orthology is the lack of identified ligands for teleost immunoregulatory 

receptors. Moreover, the discovery and characterization of novel immune-type receptors (NITRs) 

suggests that teleost immunity may also be in part regulated by unique receptor-types that are 

exclusive to bony fishes (35). To our knowledge, teleost NITRs are not related to any 

immunoregulatory receptor families in amphibians, birds, or mammals; but, they do participate 

in NK cell-mediated allorecognition, implying they are the functional equivalents of mammalian 

NK receptors (NKRs) (36,37). Further information regarding teleost NITRs can be found in (38–

40). Alternatively, teleost leukocyte immune-type receptors (LITRs), which were originally 

identified in the channel catfish (Ictalurus punctatus), do share distant phylogenetic relationships 

with several families of mammalian IgSF members including FcRs, FcRLs, and various NKRs 

encoded within the leukocyte receptor complex (LRC) (7). In addition, Table 2.1 presents the 

results of updated database searches for IpLITR-like proteins in other vertebrates, which further 

reinforces that these teleost proteins are distantly related to human FcRLs, FcRs, LILRs, KIRs, 
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sialic acid-binding Ig-type lectins (Siglecs), carcinoembryonic antigen-related cell adhesion 

molecules (CEACAMs) as well as several IgSF members in rodents, birds, and frogs. It appears 

likely that the Ig-like domains contained within IpLITRs maintain some basal signatures of an 

ancestral IgSF that has since diversified throughout vertebrate evolution to become receptors 

involved in a broad range of vital immunoregulatory functions including antibody-binding, self- 

and non-self recognition, adhesion, and pathogen detection. Determining which of these 

important immunoregulatory functions, if any, are controlled by members of the IpLITR family 

will require further investigations. However, the fact that human immunoregulatory receptor 

sequences such as FcR/FcRLs, LILRs, and KIRs retrieve IpLITRs as the top matching sequences 

from basic local alignment search tool (BLAST) analyses indicates that IpLITRs are related to 

these various mammalian immune proteins. To further broaden the search for human 

immunoregulatory receptor-like sequences in additional fish species, selected protein sequences 

from Table 2.1 were also used in BLASTp searches against the teleost databases and 

representative matches from these searches are listed in Table 2.2. Although some of the human 

immunoregulatory receptor queries we used for searching the catfish databases did not retrieve 

any significant matches (i.e., FcγRIIA, FcγRIIB, PIGR, KIR2DL1, Siglec-4, etc.; see Table 2.1) 

they did identify matches in several other fishes (Table 2.2). However, it remains to be 

determined whether or not these teleost sequences identified by BLASTp are indeed the 

functional equivalents of the human immunoregulatory receptor queries. Furthermore, since fish 

have both teleost-specific receptor families (i.e., NITRs) and those that are distantly related to 

various mammalian immunoregulatory receptors belonging to the IgSF (i.e., LITRs), it remains a 

formidable challenge to determine the precise roles of all of these receptor-types in teleost 

immunity.  
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Over the past decade, research in our lab has focused on characterizing the biochemistry 

and functionality of Ictalurus punctatus (Ip)LITRs with an emphasis on understanding how 

putative stimulatory and inhibitory receptor sub-types engage intracellular signaling responses to 

regulate immune cell actions. These efforts have revealed some expected, as well as unexpected 

details regarding IpLITR-mediated signaling events and their concomitant regulation of cellular 

immunity. By designing constructs that allow for the expression of IpLITRs in mammalian cells, 

we have taken advantage of epitope-tagging technology and commercially-available antibodies 

(Abs) to easily trigger these receptors in the absence of natural ligands and without developing 

IpLITR-specific monoclonal (m)Abs. Receptor chimeras that link the CYT regions of IpLITRs 

with the extracellular domains of mammalian receptors (i.e., KIRs) have also allowed us to 

promote IpLITR-based signaling events using ligand-expressing target cells (4,11,13,14,16). 

Both of these strategies have assisted in defining key aspects of the stimulatory and inhibitory 

actions of IpLITRs as well as defining their unexpected functional versatility. It is important to 

qualify that our results do rely on heterologous expression of fish immunoregulatory proteins in 

surrogate, but well-characterized, mammalian cell systems. The interpretations made from the 

data collected from these types of experiments should always be considerate of this fact. 

Although this experimental strategy is not adequate for informing the actual in vivo activities of 

IpLITRs, our work represents the most detailed biochemical and functional examination of 

teleost immunoregulatory receptors to date. It is clear from our studies that IpLITRs are likely 

potent effectors of immune cell signaling and that they have the potential to regulate various 

innate cellular responses including NK cell-mediated killing, phagocytosis, degranulation, and 

cytokine secretion. In this section, I will review, in detail, the characterization of putative 

stimulatory and inhibitory IpLITR sub-types and provide frameworks for understanding the 
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concept of IpLITR functional plasticity; a concept that has also emerged for several mammalian 

immunregulatory receptor-types. 

2.2 Examination of Stimulatory IpLITR-Mediated Responses  

2.2.1 Stimulatory Immunoregulatory Receptors  

Stimulatory immunoregulatory receptors typically have short CYT regions and positively 

charged TM segments that facilitate intramolecular association with immunoreceptor tyrosine-

based activation motif (ITAM)-containing adaptors (41). For example, the Fc receptor (FcR) 

common gamma chain (FcRγ) associates with members of the FcR family and is requisite for 

their surface expression and signaling capacity (42). Engagement of FcRs by binding the Fc 

region of immunoglobulin induces the activation of Src family kinases (SFKs) that 

phosphorylate tyrosine residues within the ITAMs of the associated FcRγ (42). Phosphorylation 

of the ITAM is followed by the rapid recruitment and activation of spleen tyrosine kinase (Syk) 

(43,44), which then triggers several canonical transduction cascades leading to the induction of 

effector responses such as phagocytosis, degranulation, and cytokine secretion (45–48). 

Alternatively, the adaptor protein DAP12 plays a key role in cytotoxicity mediated by natural 

killer (NK) cells via its association with activating KIRs and other NKRs (49,50). As with FcRγ, 

formation of KIR-DAP12 complexes is dependent on electrostatic interactions facilitated by the 

oppositely charged TM segments of the receptor (positively charged) and adaptor (negatively 

charged) proteins (41). A full complement of ITAM-containing adaptor molecules have been 

identified in fish, which includes homologues of FcRγ and DAP12 (51). This suggests that the 

mode of receptor-mediated immune cell activation in teleosts is likely similar to what occurs in 

mammals.  
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2.2.2. Stimulatory IpLITRs Demonstrate a Unique Ability to Associate with Intracellular 

Signaling Adaptors  

The characteristic TM segment of IpLITR 2.6b, a representative stimulatory IpLITR-

type, contains a positively charged lysine residue and a short CYT region that lacks canonical 

tyrosine-based signaling motifs (7). Therefore, we predicted that this receptor required an 

adaptor protein to facilitate its cell surface expression and to stimulate kinase-dependent 

intracellular signaling networks. We tested this directly using HEK 293T cells co-transfected 

with hemagglutinin (HA)-tagged IpLITR 2.6b, and demonstrated that this receptor co-

immunoprecipitated with the ITAM-containing IpFcRγ, IpFcRγ-L, and IpCD3ζ-L signaling 

adaptors but not with IpDAP12 (9). In mammals, stimulatory receptor-types that have lysine 

residues in their TM segments bind DAP12 but not FcRγ (41). A significant increase in the cell 

surface expression of IpLITR 2.6b in the presence of IpFcRγ or IpFcRγ-L, but not IpCD3ζ-L, 

was observed; indicating that association with an appropriate adaptor is required for localization 

of the active signaling complex within the plasma membrane (9,52). These studies also 

demonstrated that IpLITR 2.6b associated with heterodimeric complexes composed of IpFcRγ-L 

and IpCD3ζ-L (but not IpDAP12) (9), which has been previously observed for FcRγ-CD3ζ 

heterodimers during the control of FcR-dependent signal transduction in mammals (53). 

Mutation of the lysine residue within the TM segment of IpLITR 2.6b to arginine or an 

uncharged alanine residue had no effect on either surface expression or adaptor recruitment. In 

addition, the neutralized TM segment of IpLITR 2.6b not only maintained its ability to bind 

IpFcRγ-L and IpCD3ζ-L, but also acquired the ability to bind IpDAP12, which significantly 

augmented the cell surface expression of IpLITR 2.6b (9). These observations suggest that, 

contrary to what has been reported for stimulatory immunoregulatory receptor-adaptor 

associations in mammals (41), a charged TM segment is not a prerequisite for adaptor 
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recruitment to IpLITR 2.6b. However, the identity of the residues within the TM segment does 

appear to define the specificity of IpLITR-adaptor protein interactions. Alternatively, 

neutralizing the negatively charged TM region of the signaling adaptor IpFcRγ-L completely 

abrogated assembly with IpLITR 2.6b and inhibited the surface expression of the IpLITR 2.6b-

IpFcRγ-L complex (9). These data strongly suggested that the negatively charged TM segment of 

the channel catfish adaptor molecule was an important requirement for IpLITR-adaptor 

assembly. Overall, these biochemical studies confirmed that a putative stimulatory IpLITR-type 

associated with teleost-specific ITAM-containing adaptors and provided interesting new details 

regarding the specificity of these interactions. Our next objective was to examine the functional 

implications of IpLITR 2.6b-IpFcRγ-L interactions by testing the ability of this 

immunoregulatory protein complex to stimulate various innate immune cell activities. 

2.2.3 Induction of Intracellular Signaling and Immune Cell Activation by a Stimulatory 

IpLITR-Adaptor Protein Complex  

To directly examine the functional activities of the IpLITR 2.6b-IpFcRγ-L signaling 

subunit we generated an N-terminal HA-tagged chimeric receptor construct consisting of the 

extracellular region of IpLITR 2.6b fused with the TM segment and ITAM-containing CYT 

region of IpFcRγ-L (11). The IpLITR 2.6b/IpFcRγ-L chimera (i.e. IpLITR 2.6b) was then 

transfected and stably expressed in the rat basophilic leukemia (RBL-2H3) cell line, where it 

could then be triggered using anti-HA mAbs. Using this approach, we demonstrated that IpLITR 

2.6b activated intracellular signaling mediators and that it was a potent stimulator of the RBL-

2H3 degranulation response (11). Mutating the IpLITR 2.6b ITAM tyrosine residues to 

phenylalanine completely blocked functional outputs, reinforcing the ITAM-dependent nature of 

these cellular responses. Using phospho-specific Abs and Western blotting, we also observed a 
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unique time-course of extracellular signal-regulated kinase (ERK) 1/2 and protein kinase B (Akt) 

phosphorylation after IpLITR 2.6b triggering, which did not occur using the ITAM mutated 

receptor (11). Furthermore, pharmacological inhibitors of SFKs, phosphatidylinositol 3-kinases 

(PI3Ks), mitogen activated protein kinase (MAPK) kinase (MEK1 and MEK2), and protein 

kinase Cs (PKC) significantly inhibited IpLITR 2.6b -induced degranulation (11). In comparison, 

selective inhibitors of the c-Jun N-terminal kinases (JNKs) and p38 MAPK pathways had no 

effect on stimulated IpLITR 2.6b cellular responses. Overall, these studies provided the first 

functional information for a putative stimulatory IpLITR-adaptor complex and suggested that the 

ITAM-dependent signaling activated by IpLITR 2.6b occurs through classical kinase-dependent 

intracellular cascades (11). A proposed ITAM-dependent signaling mechanism utilized by 

IpLITR 2.6b was summarized previously in (11). 

The functional capacity of IpLITR 2.6b was further examined using a MAPK signaling 

array as well as cytokine secretion profiling. Anti-HA crosslinking of IpLITR 2.6b increased 

phosphorylation of several intracellular signaling molecules, including ERK1/2, GSK-3α/β, 

GSK-3β, RSK1, CREB, JNK (pan), MEK6, MSK2, p38δ, and Akt2 (13). This provided a 

broader view of the intracellular signaling components phosphorylated downstream of IpLITR 

2.6b triggering. These studies also demonstrated that cells activated via IpLITR 2.6b secreted 

interleukin (IL)-3, IL-4, IL-6, and tumor necrosis factor-α (TNF-α) at levels comparable to what 

we observed following activation of the cells with phorbol myristate acetate, calcium (Ca
2+

) 

ionophore, or stimulation via triggering the endogenous FcεRI (13). This suggested that IpLITR 

2.6b/IpFcRγ-L-mediated signaling events coordinately induce both cellular degranulation and 

cytokine secretion over a comparable temporal scale. Moreover, when the IpLITR 2.6b chimeric 

construct was triggered with anti-HA mAb opsonized beads, we observed a potent phagocytic 
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response that was dependent on extracellular Ca
2+

 availability and actin polymerization (13); 

thus adding another functional dimension to IpLITR 2.6b activation. 

In mammals, phagocytic receptors such as FcRs also associate with the ITAM-containing 

adaptor FcRγ-chain (46,54,55). Phosphorylation of FcRγ-chain ITAMs by SFKs leading to the 

recruitment of Syk, which then serves as the main effector of FcR-mediated phagocytic signaling 

by directly binding to and/or phosphorylating specific downstream intracellular components 

(56,57). Classically, the mediators recruited to FcR-FcRγ complexes include isoforms of PI3Ks, 

Vav, and Rho family GTPases (4); in particular, Rac1 and Cdc42 dynamically control actin 

polymerization and are required for phagocytic cup formation as well as pseudopod extension 

(58,59). Selective pharmacological inhibitors of these mediators were profiled in phagocytic 

assays in order to obtain detailed information regarding the biochemical pathways that facilitate 

IpLITR 2.6b/IpFcRγ-mediated phagocytosis and to compare these mechanisms with the classical 

mammalian FcR phagocytic mode (4). Phagocytic activity was measured using a flow 

cytometric-based assay and 4.5 µm fluorescent polystyrene microsphere targets. IpLITR 

2.6b/IpFcRγ-L-mediated phagocytosis relied on a similar subset of intracellular effectors for 

target engulfment and was comparable to the ITAM- and SFK-dependent mode of phagocytosis 

utilized by mammalian FcRs (56,57). Specifically, the IpLITR 2.6b phagocytic response was 

inhibited using small molecule inhibitors that targeted SFKs, Syk, PI3Ks, Cdc42, Rac1/2/3, 

phosphoinositide-dependent kinase 1 (PDK1), Akt, PKC, MEK1/2, and F-actin polymerization 

(4). These data provide further biochemical details describing the phagocytic pathway engaged 

by a teleost immunoregulatory receptor. The marked similarities observed between IpLITR- and 

mammalian FcR-mediated phagocytosis indicates that ITAM-dependent stimulatory signaling in 
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vertebrates may represent a common, and perhaps evolutionarily conserved, signaling mode for 

active target engulfment. 

2.3. Examination of Inhibitory IpLITR-Mediated Responses  

2.3.1 Inhibitory Immunoregulatory Receptors  

Inhibitory immunoregulatory receptors establish the activation threshold of immune cells 

and attenuate stimulatory immunoregulatory receptor-induced effector functions. Inhibitory 

actions are primarily dependent on immunoreceptor tyrosine-based inhibition motifs (ITIMs) 

within the CYT regions of putative inhibitory receptors (60–62). Following receptor triggering, 

phosphorylation of the tyrosine residue embedded within ITIMs (S/I/V/LxYxxI/V/L) promotes 

binding of SH2 domain-containing cytoplasmic phosphatases (SHP-1, SHP-2, and SH2-domain 

containing inositol 5-phosphatase 1 or 2; SHIP1/2). Activated phosphatases dephosphorylate 

important proximal signaling proteins and transduction molecules in order to block the 

transmission of kinase-mediated signaling events and inhibit immune cell effector functions such 

as phagocytosis, degranulation, and NK cell-mediated killing responses (60,62). Some inhibitory 

receptors also contain immunoreceptor tyrosine-based switch motifs (ITSMs) in the CYT region 

that can similarly inhibit cellular activation via phosphatase recruitment, but ITSMs can also 

alter cellular signaling via phosphatase-independent mechanisms following the selective 

recruitment of adaptor proteins such as SH2 domain protein 1A (SH2D1A) and Ewing’s sarcoma 

(EWS)-activated transcript 2 (EAT-2) (63). Not surprisingly, many of the identified IpLITRs 

contain ITIMs and/or ITSMs, and we have investigated the biochemical and functional 

properties of putative inhibitory IpLITRs, which will be reviewed in this section. 

2.3.2. Inhibitory IpLITRs Contain ITIMs and Recruit Protein Tyrosine Phosphatases  
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We first examined if ITIM-containing IpLITR-types recruited SHP-1 and/or SHP-2 after 

receptor engagement and phosphorylation of their CYT tyrosines. To do this, expression 

constructs were generated by fusing the extracellular domain and TM segments of the human NK 

cell receptor KIR2DL3 to the tyrosine-containing CYT regions of two selected putative 

inhibitory IpLITR-types, 1.2a
WT CYT

 and IpLITR 1.1b (10). The extracellular region of KIR2DL3 

was used in the fusion constructs since the biological ligand for this receptor is known and 

readily available (i.e., HLA-Cw3) (60). The KIRED-LITRCYT constructs were originally 

examined using transient expression experiments in HEK 293T cells (10). Here we demonstrated 

that following tyrosine phosphorylation, the CYT regions of 1.2a
WT CYT

 and IpLITR 1.1b 

recruited SHP-1 and SHP-2 in an ITIM-dependent manner. IpLITR 1.1b also had a unique 

tyrosine-containing TM proximal region lacking classic inhibitory or stimulatory tyrosine-based 

signaling motifs that, in our studies, did not bind SHP-1 or SHP-2 (10). After transfection and 

stable expression of these KIRED-LITRCYT constructs in mammalian NK-like cells, we 

anticipated that HLA-Cw3-positive target cells would effectively engage the chimeric proteins; 

allowing us to directly examine IpLITR-mediated inhibitory signaling. This is important since, as 

outlined above, the natural ligands for IpLITRs are unknown. Using this novel system, we 

demonstrated that IpLITR-mediated signaling events could influence cytotoxic responses and, as 

predicted, that IpLITR engagement could abrogate NK cell-mediated killing responses (12). 

Unexpectedly, we also demonstrated that this inhibitory signaling occurred via both SHP-

dependent and -independent mechanisms. 

2.3.3. Inhibitory IpLITRs Abrogate the NK Cell Killing Response via Both SHP-1-

Dependent and -Independent Signaling Pathways  
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The inhibitory functions of IpLITRs were examined using a vaccinia virus system to 

express KIRED-LITR 1.2aCYT and KIRED-LITR 1.1bCYT in mouse spleen-derived cytotoxic 

lymphocytes (12). Unlike our previous studies, this allowed us to determine the specific effects 

of IpLITR-induced signaling on lymphocyte cytotoxicity using B cell targets expressing HLA-

Cw3 (e.g., 721.221 cells). The main objectives of this study were to examine the inhibitory 

signaling pathways activated by 1.2a
WT CYT

 and IpLITR 1.1b as well as to determine if the unique 

proximal region of the IpLITR 1.1b CYT differentially contributed to the regulation of NK cell-

mediated cytotoxicity. We observed that the CYT regions of 1.2a
WT CYT

 and IpLITR 1.1b both 

contributed to the inhibition of lymphocyte-mediated target cell killing and determined that for 

IpLITR 1.2a, this was a SHP-dependent mechanism (12). However, the inhibitory function 

mediated by the CYT region of IpLITR 1.1b was not affected by co-expression with a 

catalytically inactive SHP-1 recombinant protein, suggesting that although IpLITR 1.1b binds 

SHP-1, its inhibitory activity is not dependent on the catalytic activity of this phosphatase (12). 

The IpLITR 1.1b CYT region contains six tyrosine residues, evenly distributed between 

its membrane proximal (Y
433

, Y
453

, and Y
463

) and distal (Y
477

, Y
499

, and Y
503

) regions (10). The 

distal region contains two ITIMs located at Y
477

 and Y
499

 and one overlapping ITSM (Y
503

) and 

when tested as a separate construct, 1.1b
DISTAL CYT

 displayed potent inhibitory activity that was 

dependent on SHP-1 (10). We also generated a construct encoding only the CYT proximal 

region of IpLITR 1.1b and, surprisingly, this receptor variant also blocked NK cell-mediated 

killing responses despite the fact this construct did not contain any ITIMs or ITSMs and could 

not recruit SHP-1 or SHP-2 (10,12). This revealed that the SHP-independent inhibitory pathway 

being activated by IpLITR 1.1b was likely facilitated by one of the tyrosine residues present 

within its unique proximal CYT region. We then determined that the peptide sequence AVY 
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453
AQV in the 1.1b

PROXIMAL CYT
 closely matched the consensus-binding motif Y [T/A/S] 

[K/R/Q/N] [M/I/V/R], which is required for recruiting the C-terminal Src kinase (Csk) (64) . 

In mammals, Csk has been identified as a major endogenous inhibitor of SFK-mediated 

cellular activities and, in general, is an important regulator of intracellular signaling events. 

However, the ability of Csk to negatively influence cellular immune responses has been 

recognized (65,66). The inhibitory actions of Csk are dependent on its ability to phosphorylate a 

conserved tyrosine residue located at the C-terminus of SFKs (i.e., Lyn, Fyn, Hck, etc.), which 

inhibits SFK catalytic activities (67,68). Kinase-mediated inhibitory signaling opposes the 

classical phosphatase-driven attenuation of immune cell responses but is likely equally important 

in terms of the overall regulation of immunity. Using co-immunoprecipitation and site-directed 

mutagenesis, we confirmed that Y
453 

was indeed required for Csk binding to the IpLITR 1.1b 

proximal CYT region as well as the inhibitory activity of IpLITR 1.1b (12). Recruitment of Csk 

to the proximal CYT region of IpLITR 1.1b would appropriately localize this kinase for targeted 

phosphorylation of SFKs rendering them inactive and thus abrogating the early signaling events 

required for cellular activation, such as NK cell-mediated killing. These results were the first 

functional studies reported for an inhibitory ITIM-containing IpLITR and the first to suggest the 

involvement of Csk as a novel inhibitory signaling mechanism used by a teleost 

immunoregulatory receptor (12). Furthermore, the unique proximal and distal inhibitory 

signaling mechanisms mediated by the IpLITR 1.1b CYT reveal marked versatility in the 

signaling properties within a single LITR. In the subsequent sections, we will review aspects of 

IpLITR functional plasticity in more detail. 

2.4. Examination of IpLITR-Mediated Functional Plasticity  

2.4.1. Functional Plasticity and Immunoregulatory Receptors 
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The classification of immunoregulatory receptors as inhibitory or stimulatory has 

depended primarily on whether or not they contain key signaling motifs within the CYT region 

such as ITIMs (inhibitory receptors) or ITAMs (stimulatory receptors). However, the functional 

outcome of immunoregulatory receptor engagement does not always coincide with the presence 

of these canonical motifs, as alternative mechanisms of ITIM- or ITAM-dependent signaling 

events may contribute to functional versatility. For example, there are several reports 

demonstrating that ITIM-encoding receptors can also stimulate immune cell responses through a 

wide variety of functionally distinct signaling mechanisms (69–72). In addition, inhibitory 

actions triggered by phosphorylated ITAMs have also been described (73–75). Functional 

plasticity in the transduction events controlled by modular protein domains likely serves as an 

important regulatory mechanism for the fine control of innate immune cell effector functions. 

Integrated receptor-mediated regulation of signal transduction is also likely to be dependent on 

many additional factors including the immune cell-type(s) involved as well as the available 

repertoire of intracellular adaptor and effector molecules. The magnitude and duration of 

immunoregulatory receptor activation by natural ligands may also play a key role in the type of 

functional outcomes that occur following receptor engagement. We have already demonstrated 

that IpLITR 1.1b inhibits NK cell-mediated killing using a classical ITIM- and SHP-dependent 

mechanism that was regulated by its distal CYT region (12). Interestingly, this receptor also 

abrogated NK cell responses using an ITIM-independent mechanism that relied on the 

recruitment of Csk to a tyrosine residue located in the proximal CYT region (12). Although the 

signaling versatility observed contributed to the same functional outcome, it occurred through 

two distinct intracellular mechanisms. Moreover, we recently demonstrated that IpLITR 1.1b 

could potently activate a phagocytic response in RBL-2H3 cells (a representative myeloid cell 
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type), suggesting that the differential recruitment of signaling mediators in specific immune cell 

types (i.e., lymphoid vs. myeloid) may facilitate a context-dependent plasticity during the 

receptor-mediated control of cellular processes (13). Our findings using IpLITRs agree with 

observations from mammalian models describing alternative mechanisms of immunoregulatory 

receptor-mediated signaling that extend beyond their putative classifications as strictly inhibitory 

or stimulatory receptor-types. Overall, alternative stimulatory signaling downstream of IpLITR 

1.1b activation provides the basis for the examination of IpLITR functional plasticity as an 

important immunomodulatory mechanism controlled by these teleost receptors. 

2.4.2. Induction of Phagocytosis and Stimulatory Signaling by an Inhibitory IpLITR 

In the original description of IpLITR 1.1b functional plasticity, we demonstrated that this 

receptor stimulated phagocytosis and induced phosphorylation of important signal transduction 

targets, including ERK1/2 and Akt (13). However, unlike IpLITR 2.6b/IpFcRγ-L, IpLITR 1.1b 

did not induce the secretion of cytokines and the kinetics of IpLITR 1.1b -induced 

phosphorylation of ERK1/2 and Akt was significantly different from the ITAM-mediated 

responses. IpLITR 1.1b stimulatory activities were also independent of any association with an 

ITAM-containing adaptor protein, and phagocytic activity stimulated by IpLITR 1.1b was 

insensitive to treatment with the extracellular Ca
2+

 chelator EDTA, which further distinguished 

IpLITR 1.1b -mediated signaling from the IpLITR 2.6b pathway (13). Finally, without the CYT 

region, IpLITR 1.1b was still expressed on the cell surface but it no longer stimulated a 

phagocytic response; indicating that the signal to initiate phagocytosis was due to events 

promoted by residues contained within the CYT (13). To further understand the requirements for 

IpLITR 1.1b -mediated phagocytosis, we again considered the unique proximal and distal 

composition of tyrosine residues within the CYT in an attempt to derive a mechanism that could 



  

 

21 

be examined in detail using biochemical and functional assays. The first step in this process was 

to use bioinformatics to predict what intracellular molecules might bind to the IpLITR 1.1b CYT 

and to hypothesize how these transduction elements would participate in the activation of 

machinery required for actin polymerization as well as plasma membrane remodeling during 

target engulfment. Since IpLITR 1.1b does not contain a classical ITAM, or any other 

recognizable stimulatory motifs that are known to facilitate phagocytosis (10), an alternative 

mode for the intracellular stimulation of IpLITR 1.1b -mediated phagocytosis was considered. 

Based on the results described in (13), this mechanism will be explained further below. 

One potential mechanism derived from mammalian models hypothesizes that the ITSM-

containing distal region of the CYT is primarily responsible for IpLITR 1.1b functional 

plasticity. For example, ITSMs can bind SHPs that commonly mediate phosphatase-dependent 

cellular inhibition (76). However, as their name suggests, this motif can also alter conformation 

to selectively recruit stimulatory adaptor proteins including SH2D1A and EAT-2 that typically 

activate, rather than inhibit, effector functions in immune cells (77). In particular, ITSMs can 

facilitate stimulatory signaling through SH2D1A-dependent recruitment and activation of the 

p85 subunit of class IA PI3Ks (78), which can then induce Akt phosphorylation downstream of 

phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3) production as well as directly modulate 

phagocytosis (63). ITIM- and ITSM-mediated induction of cellular activation has also been 

shown to involve SHP-2 (79), which instead of abrogating downstream signaling, can serve as a 

key scaffold for proteins involved in cellular responses. In this scenario, SHP-2 recruitment to 

ITIMs and/or ITSMs results in phosphorylation at a C-terminal tyrosine that then serves as a 

binding site for the SH2-containing adaptor molecule growth factor receptor-bound 2 (Grb2) 

(80). Grb2 associates with members of the Dab/Dos family of scaffolding proteins, known as the 
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Grb2-associated binders (Gabs). When phosphorylated, Gab2 has been shown to bind and 

activate class IA PI3Ks, again resulting in the recruitment and phosphorylation of downstream 

targets that include PDK1 and Akt as well as other components of the phagocytic machinery 

(81–84). During IpLITR 1.1b -mediated phagocytosis, we predict that Grb2 recruitment to the 

activated receptor may rely on SHP-2 binding to the ITIMs (Y
477

 and/or Y
499

), and/or the ITSM 

(Y
503

). SHP-2 recruitment would allow for the association of larger protein heteromers, including 

potential interactions with Gab2 and formation of the SHP-2-Grb2-Gab2 ternary signaling 

complex that would allow for the subsequent activation of class I PI3Ks (81,85,86). The 

involvement of SHP-2 as an intracellular scaffold capable of engaging PI(3,4,5)P3-dependent 

cellular activation pathways provides an explanation for context-dependent functional outcomes 

contrasting our previously reported SHP-dependent inhibition of NK cell killing induced by 

IpLITR 1.1b (12). An overall summary schematic of this proposed signaling mechanism is 

provided in Figure 1. 

The stimulatory actions of IpLITR 1.1b are unlikely limited to only the distal CYT region 

containing the ITIMs and ITSM. As also outlined in Figure 1, Y
463

 matches the known Grb2-

binding motif (YxN) that would facilitate direct Grb2 binding to the CYT proximal region of 

IpLITR 1.1b (64). As already mentioned, Grb2 is an important intracellular scaffold that is also 

known to associate with guanine nucleotide exchange factors (GEF), such as Son of Sevenless 

(SoS), which interacts with the SH3 domain of Grb2 via a poly-proline-rich sequence (87). 

Formation of the Grb2-SoS signaling complex also commonly involves targeting the GEF 

activity of SoS to the membrane-associated Ras superfamily of small GTPases, subsequently 

leading to the activation of the Raf-MEK-ERK signaling cassette (88,89). Therefore, direct or 

indirect (via SHP-2) recruitment of Grb2 to the proximal and/or distal CYT regions of IpLITR 
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1.1b, respectively, may provide explanations for how this receptor can induce the downstream 

activation of both ERK1/2 and Akt signaling in RBL-2H3 cells. Alternatively, Grb2 binding 

directly to phosphorylated Y
463

 (i.e., YxN motif) during phagocytosis could also recruit Gab2 

and the class I PI3Ks. Gab2-dependent recruitment and activation of class IA PI3K heterodimers 

(p85-p110) would increase the local generation of PI(3,4,5)P3, which is required for actin-

dependent extension of pseudopods and the engulfment of large extracellular particles 

(85,90,91). IpLITR 1.1b -induced production of PI(3,4,5)P3 could also attract additional 

pleckstrin homology (PH) domain-containing adaptors like Vav, another important GEF, that 

directly bind to plasma membrane PI(3,4,5)P3 (92). Vav activation stimulates Rho family 

GTPases including Cdc42, Rac1, and RhoA that control local actin polymerization during the 

formation of lamellipodia required for phagocytosis (93). Control of Rho family GTPase activity 

by Vav has also been shown to play an important role in FcRγ-, complement receptor-, and 

CEACAM-mediated phagocytosis (94). It still remains to be seen if Vav-dependent regulation of 

Rho family GTPases participates in IpLITR-mediated phagocytosis, however, interactions 

between IpLITR 1.1b and many of the molecules implicated above are the focus of ongoing 

investigations in our lab. 

In addition to Csk, SHP-1, and SHP-2 reported in , we have biochemical evidence for the 

binding of Grb2, SH2D1A, and the class IA PI3K regulatory subunit p85 to the CYT region of 

IpLITR 1.1b (12). Overall, our studies using IpLITR 1.1b are the first to demonstrate functional 

plasticity for an ITIM-containing teleost immunoregulatory receptor. At present, the precise 

mechanisms of IpLITR 1.1b -induced phagocytosis are unknown, but the events leading to this 

outcome are clearly distinct from those facilitated by the prototypical ITAM-dependent pathway 
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used by IpLITR 2.6b and may ultimately represent a novel cellular mode of actin-dependent 

target engulfment. 

2.4.3. IpLITRs Activate Distinct Phagocytic Modes: Further Insights into IpLITR 1.1b -

Mediated Functional Plasticity 

Details of an alternative ITAM-independent IpLITR-induced phagocytic pathway were 

revealed in (4). These studies indicated that despite convergence on the control of actin 

polymerization dynamics, IpLITR 1.1b clearly operates independently of several of the key 

components of the ITAM-dependent signaling machinery. IpLITR 1.1b -expressing cells also 

displayed a unique target acquisition and engulfment phenotype that was not observed during 

IpLITR 2.6b/IpFcRγ-induced phagocytosis. Phagocyte phenotypes were examined by confocal 

microscopy, which demonstrated that IpLITR 1.1b -expressing cells often formed extended 

membranous protrusions that captured their targets in phagocytic cup-like structures but failed to 

completely internalize them. Incomplete target engulfment is indicative of a stalled phagocytic 

phenotype that was often observed during IpLITR 1.1b -mediated phagocytosis (~44% of cells 

examined), but was rarely observed for the IpLITR 2.6b/IpFcRγ-L-expressing cells (~3% of 

cells) that readily internalized extracellular targets (i.e., ~60% of the cells analyzed had 

completely engulfed two or more beads) (4). Although the capture and partial engulfment 

phenotype was common during IpLITR 1.1b -mediated phagocytosis, ~30% of the analyzed cells 

internalized at least one 4.5 µm bead. Surprisingly, while incubations at 22°C inhibited IpLITR 

2.6b/IpFcRγ-L, this lower temperature had no effect on the ability of IpLITR 1.1b -expressing 

cells to capture and partially engulf beads; although the depressed temperature did reduce the 

ability of IpLITR 1.1b -expressing cells to completely engulf extracellular targets (i.e., 

from~30% to 10% internalization). Moreover, while small molecule inhibitors of major kinase 
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and GTPase signaling systems had significant inhibitory effects on the IpLITR 2.6b/IpFcRγ-L-

mediated phagocytic pathway (described above), IpLITR 1.1b -induced phagocytosis was 

insensitive to the majority of these pharmacological inhibitors. For example, IpLITR 1.1b 

phagocytosis was only significantly blocked by treatment with inhibitors of SFKs, Syk, and F-

actin nucleation, whereas inhibition of PDK1, Cdc42, Rac, PI3Ks, and PKCs were ineffective 

(4). Based on these findings, a distinctive cellular model of phagocytosis for IpLITR 1.1b was 

proposed that requires a minimal set of intracellular signaling components that directly associate 

with the actin polymerization machinery (Figure 2). It was also hypothesized that the proximal 

and distal regions of the IpLITR 1.1b CYT may differentially participate in the recruitment and 

activation of phagocytic effectors. For IpLITR 1.1b to activate phagocytosis, our recent results 

suggest that it must stimulate actin polymerization and may require the catalytic activity of the 

SFK and Syk families of intracellular kinases (4). Therefore, we proposed that CYT proximal 

region recruits the actin polymerization machinery into the vicinity of a Syk-dependent 

activation cassette within the distal region of the CYT, which is then triggered following IpLITR 

1.1b engagement by extracellular targets (Figure 2). 

 Recently, co-immunoprecipitation studies further showed that following tyrosine 

phosphorylation, the differential binding of effector molecules to the CYT region of IpLITR 1.1b 

occurred (14). For example, the proximal region of IpLITR 1.1b
 
associates with the non-catalytic 

region of tyrosine kinase adaptor protein 1 (Nck), Grb2, Vav1; whereas the distal region of 

IpLITR 1.1b
 
recruits Syk, PI3K and SHP-2 (14). Furthermore, WASp family verprolin-

homologous protein-2 (WAVE2), which activates nucleation factors (e.g. Arp2/3) was also 

shown to co-immunoprecipitate with IpLITR 1.1b
 
(Myron Zwozdesky unpublished 

observations). These novel data add to the growing repertoire of molecules that bind to IpLITR 
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1.1b and, importantly, link the CYT region of IpLITR 1.1b to endogenously available 

intracellular proteins that regulate actin-dependent phagocytosis. 

Receptor-specific recruitment of Nck, WAVE2, and Syk to IpLITR 1.1b helps to clarify 

how actin-driven membrane remodeling may be controlled by a putative inhibitory receptor. For 

example, as described for the human phagocytic receptor CEACAM3 (95), WAVE2 may 

indirectly associate with IpLITR 1.1b using the adaptor Nck that, based on detailed Src 

homology 2 (SH2)-domain binding studies (96), could interact with the consensus sequence H-I-

Y-D-E-V located around Y
433

 in the proximal region of the IpLITR 1.1b CYT (10). Following or 

during the recruitment of intracellular effectors responsible for the destabilization of the actin 

cytoskeleton to the proximal CYT region, Syk may bind the distal CYT region of IpLITR 1.1b 

by interacting with phosphorylated tyrosines, Y
477

 and Y
499

, that are positioned in two tandem 

ITIM motifs capable of accommodating both of the SH2 domains of Syk. This atypical mode of 

Syk recruitment to tandem ITIMs has already been demonstrated for platelet endothelial cell 

adhesion molecule-1 (PECAM-1) (97). The tandem ITIMs located within the CYT region of 

PECAM-1 are spaced such that the tyrosines are separated by twenty-two amino acids. 

Interestingly, this is also the precise separation between Y
477

 and Y
499

 within IpLITR 1.1b and 

might explain how Syk also interacts with the distal CYT region (Figure 2). Once recruited to 

IpLITR 1.1b, we predicted that Syk would bind and activate an intracellular Rho-GEF (i.e., Vav 

or RhoA) that could then directly regulate one of the many known Rho GTPases that are 

responsible for controlling rapid actin-driven membrane protrusions through activation of Arp2/3 

and the WAVE2 complex (98). Based on our current data, the Rho family GTPases involved are 

unlikely to be either Cdc42 or Rac1/2/3 (4). Although the precise mechanism underlying IpLITR 

1.1b-mediated phagocytic responses still remain to be elucidated, the involvement of Nck and 
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Syk molecules in facilitating IpLITR 1.1b-mediated target capture and uptake has been further 

suggested in a recent publication (16). Specifically, live cell imaging demonstrated that IpLITR 

1.1b
 
is constitutively associated with Nck within filopodia-like structures under resting 

conditions; whereas recruitments of Syk only occurs following triggering of IpLITR 1.1b
 
(16). 

This observation indicates that IpLITR 1.1b
 
is basally phosphorylated at defined tyrosine motifs 

(e.g. Y
433

) to allow for the recruitment of Nck molecules. As discussed above, binding of Nck 

directly couples IpLITR 1.1b to actin polymerization machinery and is likely responsible for the 

generation of filopodia-like structures in IpLITR 1.1b-expressing cells under resting condition. 

After encountering phagocytic targets, tyrosine motifs within CYT of IpLITR 1.1b are further 

phosphorylated as a consequence of receptor clustering, which facilitates recruitment of 

additional effector molecules (e.g. Syk) to facilitate target uptake (16). Overall, this proposed 

mechanism provides the framework for exploring a new mode of ITAM-independent 

phagocytosis and is being investigated further in our lab. It is also worth noting that this revised 

model for IpLITR 1.1b -mediated phagocytosis does not include the activity of class I PI3Ks, 

which is in agreement with our pharmacological data. However, as proposed in Figure 1, class I 

PI3Ks may still participate in other IpLITR 1.1b -dependent functional responses and more work 

is still required to reconcile the contribution and dynamics of PI3K involvement during IpLITR 

1.1b -mediated phagocytosis.  

In mammals, FcR-stimulated phagocytosis proceeds through distinctive phases that are 

dependent on the coordinate activities of several key effector molecules (99). These phases 

include an early PI3K-independent stimulation of actin polymerization that drives the extension 

of the phagocytic cup to capture targets, followed by a PI3K-dependent contractile mechanism 

that subsequently closes phagosomes around targets (99). The size of the extracellular target 
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directly influences these processes, as the engulfment of larger particles (i.e., >3 µm) requires 

accessory signaling events to promote the final stages of target internalization (92,100–104). We 

hypothesize that IpLITR 1.1b activates the early PI3K-independent phases of the phagocytic 

process over a broad range of temperatures; however, unlike IpLITR 2.6b/IpFcRγ-L, IpLITR 

1.1b -expressing cells are not able to effectively stimulate class I PI3K catalytic activity and 

therefore generally exhibit a stalled phagocytic phenotype. Stalled phagocytosis has been 

observed in other studies using cells treated with broad-spectrum pharmacological inhibitors of 

PI3Ks, and this effect was only evident using large beads (i.e., >3 µm) (100,105). All together, 

these data provide another possible distinction between ITAM-mediated phagocytosis and the 

alternative PI3K-independent phagocytic mode utilized by IpLITR 1.1b. 

2.5. Conclusions 

In summary, I have described in this thesis chapter the current knowledge regarding the 

immunoregulatory potentials of representative IpLITR-types. Stimulatory and inhibitory 

IpLITR-types are co-expressed by a variety of myeloid and lymphoid cell-types in catfish and, as 

reviewed here, they regulate cell-mediated cytotoxicity, cytokine secretion, degranulation, and 

phagocytosis when expressed in representative mammalian immune cell-lines. Although they 

clearly display potent immunoregulatory potentials, endogenous ligands for IpLITRs are 

currently unknown and their overall contributions to cellular immunity in teleosts have not yet 

been established. As it stands, it is possible that members of the IpLITR family may function as 

teleost FcR-like proteins, regulators of NK cell responses (i.e., NKRs), and as adhesion proteins 

or pathogen recognition molecules akin to members of the human CEACAM family. However, 

establishing these functional relationships will depend on further experiments designed to 

identify IpLITR ligands and explore the precise in vivo functions of individual receptors using 
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fish immune cells. Although our work to date has relied on heterologous expression of IpLITRs 

in mammalian cells, this strategy has allowed us to demonstrate important conserved aspects 

regarding IpLITR-mediated stimulatory and inhibitory immunoregulatory signaling events and 

revealed some unanticipated aspects regarding IpLITR signaling versatility. In particular, it is 

now clear that the signaling mechanisms responsible for IpLITR-mediated immune regulation 

are both cell- and context-specific. The unique activity of IpLITRs in different mammalian 

immune cell systems also reinforces the role of protein interaction domains during the evolution 

of immunoregulatory receptor-based signaling networks. The inherent modularity of important 

signaling motifs within the transduction machinery allows for complex and novel regulatory 

behaviors to arise from relatively simple genetic events such as recombination, deletion, or 

insertion (106). As a result, classifications of stimulatory or inhibitory receptors must attempt to 

match functional outcomes to the presence of canonical immunoregulatory domains such as 

ITIMs or ITAMs. Alternatively, biochemical studies must be aimed at mapping the relative 

importance of unique domain organizations within receptor variants in order to better understand 

receptor-specific contributions to the spatiotemporal activation of transduction molecules within 

different immune cell types. Studies using these methodologies, including those described here 

using IpLITRs, already suggest that the heterogeneity observed within the intramolecular 

interactions between unique immunoregulatory receptors and the diverse complement of 

intracellular effectors likely facilitates intricate tuning of responses through selective signaling 

dynamics. The presence of diverse multi-receptor systems throughout immune cell lineages 

further compound the apparent complexity required for the integrated control of innate 

immunity. At present, we are only beginning to understand the significance of functional 

plasticity within individual immunoregulatory receptors, including IpLITRs; however, specific 
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details regarding the intracellular mechanisms responsible for the signaling versatility observed 

are only now emerging. Herein, we propose simple context-specific models for IpLITR-mediated 

immune cell regulation that require a minimal complement of intracellular signaling components. 

Importantly, these suggested signaling mediators and many others that may participate in the 

phagocytic process are highly conserved among vertebrates and in particular for our studies they 

are very similar between mammals and fish (Table 2.1). Therefore, the insights gained from our 

heterologous studies demonstrate that IpLITR-mediated responses in mammalian cells feature 

the same signaling components that are likely present in fish immune cells (Table 2.1). Further 

elucidation of these mechanisms will hopefully reveal insights into how immunoregulatory 

receptor plasticity has evolved and perhaps continue to uncover novel roles for canonical ITIM- 

and ITAM-encoding receptors. These foundational studies of IpLITR-mediated signaling events 

have set the stage for future studies targeted at understanding how the dynamic control of 

intracellular events controlled by immunoregulatory receptors contribute to the conserved 

activities of innate immune cells across vertebrates.  

Overall, our work has clearly shown that IpLITRs represent an excellent alternative 

vertebrate model for understanding molecular mechanisms underlying immunoregulatory 

receptor functions. Furthermore, the unique feature of IpLITR 1.1b
 
to engage both stimulating 

and inhibitory abilities via selective recruitments of signaling molecules in a context-dependent 

manner offers an opportunity to expand our knowledge of mechanistic details underlying this 

dual-regulatory property in regulating effector responses. To further examine the diverse 

signaling potential of IpLITR 1.1b, my specific research aims were; i) to examine IpLITR 1.1b-

mediated integrated control of phagocytic responses using a new flow cytometry-based platform; 

ii) to investigate the potential IpLITR-mediated receptor crosstalk regulation of the phagocytic 
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response; and iii) to dissect the molecular details underlying the inhibitory actions of IpLITR 

1.1b on IpLITR 2.6b activated phagocytosis. The investigation of IpLITR 1.1b-mediated 

signaling events in a new system expands our knowledge of signaling potentials of this 

representative IpLITR member and advances our understanding of dual-regulatory properties of 

certain immunoregulatory receptors in regulating effector responses. 
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Figure 2.1. Proposed inhibitory and stimulatory (Ictalurus punctatus) leukocyte immune-

type receptors (IpLITR) 1.1b-mediated intracellular signaling events. Schematic 

representation of the proposed inhibitory (a) and stimulatory (b) signaling events mediated by 

IpLITR 1.1b in transfected cells. The cytoplasmic tail (CYT) region of IpLITR 1.1b contains six 

tyrosine residues (Y
433

, Y
453

, Y
463

, Y
477

, Y
499

, and Y
503

) that, when phosphorylated, serve as 

potential docking sites for various intracellular signaling adaptors. (a) In mouse natural killer 

(NK) cells, we demonstrated that engagement of IpLITR 1.1b caused a potent inhibition of NK 

cell-mediated cytotoxicity due to the recruitment of Csk-1 at Y
453

 (a1) or the binding of SH2 

domain-containing cytoplasmic phosphatases (SHP) at Y
477

 and/or Y
499

, which are in 

immunoreceptor tyrosine-based inhibition motifs (ITIMs) (a2). The immunoreceptor tyrosine-

based switch motifs (ITSM) located at Y
503

 may also recruit SHP phosphatases but this has not 

been examined. (b) IpLITR 1.1b engagement also induced phosphorylation of ERK1/2 and Akt 

as well as promoted phagocytosis in transfected rat basophilic leukemia (RBL)-2H3 cells. These 

stimulatory effector cell functions could be mediated by the following mechanisms; (b1) direct 

recruitment of growth factor receptor-bound 2 (Grb2) to the YxN motif at Y
463

 may mediate the 

recruitment, and associated GEF activity, of SoS or the Gab2/class I PI3K (p85/p110) signaling 

complex. SoS is known to stimulate the accumulation of GTP-loaded Ras that would facilitate 

the stepwise phosphorylation of the Raf-MEK-ERK cassette. Alternatively, the Gab2 adaptor can 

localize class I PI3K activation to allow for targeted accumulation of the important signal 
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transduction molecule phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3); (b2) ITIM-

mediated recruitment of SHP-2 at Y
477

 or Y
499

, could recruit Grb2 and Gab2 allowing for the 

association of holomeric class I PI3Ks (p85/p110) leading to Akt phosphorylation and induction 

of phagocytosis. SHP-2-dependent recruitment of class I PI3Ks could also occur at the C-

terminal ITSM located at Y
503

. SHP-2-dependent Grb2 recruitment may also trigger the 

SoS/Ras/Raf/MEK-dependent activation of ERK1/2; (b3) SH2D1A-mediated binding of PI3K 

(p85/p110) to the ITSM at Y
503

 is also possible. In general, class I PI3K activation can result in 

Akt phosphorylation or the recruitment of other PI(3,4,5)P3-dependent signaling proteins, 

including Vav, that are known to regulate phagocytosis. In addition, ITSM-mediated signaling 

can also recruit the adaptor EAT-2, closely related to SH2D1A, which is not shown here. For 

clarity, the role of signaling events dependent upon extracellular Ca
2+

entry or intracellular 

Ca
2+

 mobilization have also been excluded. 
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Figure 2.2 Proposed mechanism for an ITAM-independent target acquisition and 

engulfment pathway facilitated by pLITR 1.1b. The unique short-circuited version of 

phagocytosis exhibited by IpLITR 1.1b-expressing cells likely requires that the proximal and 

distal regions of the IpLITR 1.1b CYT differentially participate in the recruitment and activation 

of select phagocytic effectors. Our results suggest that IpLITR 1.1b-mediated regulation of the 

actin polymerization machinery is dependent upon the catalytic activity of the Src and spleen 

tyrosine kinase (Syk) families of intracellular kinases. We hypothesize that Src serves to place 

IpLITR 1.1b in a primed state that facilitates basal or constitutive coupling of IpLITR 1.1b to the 

minimal intracellular machinery required for target acquisition and phagocytic cup extension. In 

this model, the cytosolic adaptor non-catalytic region of tyrosine kinase adaptor protein 1 (Nck) 

is recruited to the consensus interaction motif H-I-Y-D-E-V located at Y
433

 in the proximal CYT 

region of IpLITR 1.1b. Nck has been shown to associate with the WAVE2 complex; a highly 

conserved pentameric heterocomplex that dynamically regulates Arp2/3-dependent actin 

polymerization. Importantly, in mammalian cells, WAVE2 is expressed ubiquitously and found 

as a complex with four other proteins: Pir121, Nap1, Abi-1, and HSPC300. The mature WAVE2 

complex is basally inactive and directly interacts with the SH3 domain of Nck through Nap1. 

Activation of the WAVE2 complex requires state-specific phosphorylation as well as 
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interactions with GTP-bound Rho superfamily proteins, most commonly Rac. As a result, we 

propose that the assembly of the Nck-WAVE2 complex within the proximal CYT region of 

IpLITR 1.1b could be coupled to recruitment of a stimulatory Rho-GEF within the distal CYT 

region. In particular, the spacing of the tyrosines in IpLITR 1.1b suggest that Syk could be 

recruited to two tandem ITIM motifs at Y
477

 and Y
499

 in the distal CYT region. Based on 

comparisons with other phagocytic receptors, we suspect that activation of the cytosolic Rho-

GEF could be Syk-dependent. Syk activation of the Rho-GEF would provide the necessary 

catalyst for rapid actin-driven membrane protrusions via the WAVE2 complex. Together, this 

mechanism would encompass the minimal machinery required for PI3K-independent target 

capture pathway by IpLITR 1.1b. 
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Table 2.1 BLASTp searches for vertebrate immunoregulatory receptor-like sequences and 

intracellular signaling proteins in the Channel catfish (Ictalurus punctatus). 

Human FcRLs 
Top Matching 

Catfish Sequences 

E 

value 
Score ID Pos. 

Cover

age 

 FcRL6 

(XP_005245185) 
FcRI (NP_001187150) 4e- 09 55.8 26% 37% 89% 

 FcRL5 (AAK31327) 
LITR TS32.15 L2.1a 

(ABI23564) 
1e -19 165 26% 40% 90% 

 FcRL4 (NP_112572) 
LITR TS32.15 L2.2c 

(ABI23567) 
3e- 11 63.2 25% 38% 89% 

 FcRL3 (NP_443171) 
LITR TS32.15 L1.1a 

(ABI16036) 
1e -18 88.2 25% 39% 90% 

 FcRL2 (NP_110391) 
LITR TS32.17 L2.1a 

(ABI23578) 
6e -06 46.2 24% 39% 79% 

 FcRL1 (NP_443170) 
Hepacam 2 

(NP_00118775) 
2e -04 40.8 23% 46% 38% 

Human FcRs 
Top Matching 

Catfish Sequences 

E 

value 
Score ID Pos. 

Cover

age 

 FcγRI (NP_000557) FcRI (NP_001187150) 2e- 17 79 26% 40% 96% 

 

LITR TS32.15 L1.1a 

(ABI16036) 
2e- 11 62.4 26% 40% 50% 

 FcεRIα 

(XP_003821022) 

LITR TS32.17 L1.1a 

(ABI16049) 
2e- 07 48.5 29% 43% 96% 

 FcγRIIA 

(NP_001129691) 
−no matches− − − − − − 
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Table 2.1 Cont. 

FcγRIIIA 

(NP_001121068) 

LITR TS32.15 L2.1a 

(ABI23564) 
1e- 07 49.7 25% 44% 77% 

 FcγRIIC 

(NP_963857) 
−no matches− − − − − − 

 FcγRIIIB 

(NP_001231682) 

LITR TS32.15 L2.1a 

(ABI23564) 
1e- 05 44.3 25% 44% 66% 

 FcγRIIB 

(NP_001002274) 
−no matches− − − − − − 

 FcµR (AAP36498) −no matches− − − − − − 

 PIGR (NP_002635) −no matches− − − − − − 

 FcαµR (NP_114418) −no matches− − − − − − 

Human LRC 

Proteins 

Top Matching 

Catfish Sequences 

E 

value 
Score ID Pos. 

Cover

age 

 FcαR (NP_001991) −no matches− − − − − − 

 NKp46 (O76036) −no matches− − − − − − 

 LAIR1 

(NP_001275954) 
−no matches− − − − − − 

 LILRB1 (AAC51179) LITR1 (AAW82352) 6e- 10 98.2 25% 39% 66% 
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LILRB2 

(XP_011546934) 

LITR TS32.15 L2.2c 

(ABI23567) 
9e- 13 68.6 23% 38% 85% 

 LILRB3 (O75022) LITR1 (AAW82352) 4e- 07 50.4 23% 39% 73% 

 LILRB4 

(NP_001265355) 
−no matches− − − − − − 

 LILRB5 

(NP_006831) 
LITR1 (AAW82352) 2e- 10 60.8 24% 38% 66% 

 LILRA1 

(NP_006854) 

LITR TS32.15 L2.2c 

(ABI23567) 
2e- 10 61.2 24% 38% 89% 

 LILRA2 

(XP_011545392) 
LITR1 (AAW82352) 2e- 13 70.1 24% 38% 66% 

 LILRA3 (Q8N6C8) 
LITR TS32.17 L1.2b 

(ABII6052) 
4e- 09 55.5 24% 40% 53% 

 LILRA4 (P59901) LITR1 (AAW82352) 2e -08 54.7 26% 40% 65% 

 LILRA5 (A6NI73) −no matches− − − − − − 

 LILRA6 (AGZ61988) LITR1 (AAW82352) 1e- 09 51.2 23% 38% 68% 

 KIR3DL1 

(ADM64608) 

LITR3 

(NP_001187136) 
7e- 08 52.4 27% 41% 65% 

 KIR3DS1 

(ABX88987) 

LITR3 

(NP_001187136) 
8e- 07 48.9 27% 41% 65% 

 KIR2DL1 

(AAC50335) 
−no matches− − − − − − 
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KIR2DS1 

(XP_011546300) 
−no matches− − − − − − 

 KIR2DL4 

(ABW73959) 
−no matches− − − − − − 

Human Siglecs 
Top Matching 

Catfish Sequences 

E 

value 
Score ID Pos. Coverage 

 Siglec-1 (Q9BZZ2) 
LITR3 

(NP_001187136) 
2e- 16 137 25% 39% 51% 

 Siglec-2 

(NP_001762) 

LITR TS32.15 L1.1a 

(ABI16036) 
7e- 18 170 26% 40% 74% 

 Siglec-3 (P20138) −no matches− − − − − − 

 Siglec-4 

(NP_002352) 
−no matches− − − − − − 

 Siglec-15 

(Q6ZMC9) 
−no matches− − − − − − 

Human CEACAMs 
Top Matching 

Catfish Sequences 

E 

value 
Score ID Pos. Coverage 

 Ceacam-1 

(NP_001703) 

Hepacam 2 

(NP_00118775) 
4e- 14 144 31% 44% 64% 

 

LITR3 

(NP_001187136) 
1e- 09 58.5 24% 43% 65% 

 Ceacam-3 

(NP_291021) 

Hepacam 2 

(NP_00118775) 
9e- 11 59.3 31% 50% 56% 
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Ceacam-4 

(NP_001808) 
−no matches− − − − − − 

 Ceacam-5 

(NP_001295327) 

        LITR3 

(NP_001187136) 
1e- 22 166 25% 41% 75% 

 Ceacam-6 (P40199) 
        Hepacam 2 

(NP_00118775) 
4e- 14 71.2 31% 47% 48% 

 

        LITR TS32.17 

L2.2b (ABI23581) 
3e- 09 56.2 27% 41% 56% 

 Ceacam-7 (Q14002) 
        Hepacam 2 

(NP_00118775) 
2e- 07 49.7 36% 52% 32% 

 Ceacam-8 

(NP_001807) 

        Hepacam 2 

(NP_00118775) 
6e- 10 58.5 27% 42% 51% 

 

        LITR TS32.15 

L2.3b (ABI23569) 
2e- 08 53.1 28% 42% 56% 

Mouse PIRs 
Top Matching 

Catfish Sequences 

E 

value 
Score ID Pos. 

Cover

age 

 PIRA (NP_035217) 
        LITR TS32.15 

L1.1a (ABI16036) 
1e- 12 61.6 24% 39% 88% 

 PIRB (AAC53219) 
        LITR TS32.15 

L1.1a (ABI16036) 
1e- 11 105 24% 39% 92% 

Chicken Receptors 
Top Matching Catfish 

Sequences 

E 

value 
Score ID Pos. 

Cover

age 

 FcRL1-like 

(XP_015135539) 

        LITR TS32.17 

L2.1a (ABI23578) 
2e- 06 46.6 26% 43% 73% 
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FcRL2-like 

(NP_001090998) 

        IpFcRI 

(NP_001187150) 
4e- 21 91.3 24% 43% 65% 

 

        LITR3 

(NP_001187136) 
3e- 11 63.2 25% 41% 69% 

 CHIR-A 

(AAG37067) 

        LITR TS32.17 

L2.1a (ABI23578) 
5e- 09 53.9 28% 45% 75% 

 CHIR-B 

(AAG37068) 

        LITR1 

(AAW82352) 
6e- 10 101 27% 42% 83% 

 CHIR-AB1 

(NP_001139613) 

        LITR TS32.15 

L2.2c (ABI23567) 
3e- 07 79.7 30% 46% 78% 

Xenopus Receptors 
Top Matching 

Catfish Sequences 

E 

value 
Score ID Pos. 

Cover

age 

 FcγRI-L 

(XP_012809801) 

        FcRI 

(NP_001187150) 
1e- 18 84 34% 45% 63% 

 

        LITR TS32.15 

L2.2c (ABI23567) 
1e- 12 67.4 28% 45% 62% 

 FcR3-L 

(XP_012824905) 

        FcRI 

(NP_001187150) 
6e- 17 80.1 22% 46% 43% 

 

        LITR TS32.15 

L2.3c (ABI23570) 
2e- 15 76.6 25% 43% 61% 

 FcR4-L 

(XP_012809008) 

        FcRI 

(NP_001187150) 
4e- 18 83.2 21% 44% 58% 

 

        LITR TS32.15 

L2.2c (ABI23567) 
6e- 15 75.5 23% 40% 92% 
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FcR5-L 

(XP_012825305) 

        LITR TS32.17 

L2.1a (ABI23578) 
8e- 19 89.7 25% 44% 41% 

 ILR-1 

(XP_002938564) 

        LITR TS32.17 

L2.2b (ABI23581) 
2e- 12 102 28% 44% 67% 

 ILR-2 

(NP_001121201) 

        LITR TS32.17 

L2.1a (ABI23578) 
3e- 12 65.1 20% 45% 69% 

 Human Signaling 

Proteins 

Top Matching 

Catfish Sequences 

E 

value 
Score ID Pos. 

Cover

age 

 c-Src (P12931) 
Lymphocyte PTP 

(AJW77401) 
0 560 59% 77% 82% 

 SYK (P43405) SYK (NP_998008)* 0 863 67% 77% 98% 

 PI3K p85α 

(NP_852664) 

PI3K p85α 

(AHH41763) 
0 864 62% 76% 99% 

 Csk (NP_004374) Csk-like (AJW77401) 
3e- 

105 
318 40% 58% 95% 

 GRB2 (CAG467401) 
GRB2 

(NP_001187313) 

3e- 

151 
421 91% 95% 100% 

 Gab2 (BAA76737) Gab2 (XP_692935) 0 793 63% 75% 99% 

 Nck1 

(NP_001278928) 

Nck1 

(NP_001278928)* 
0 615 77% 87% 100% 

 SHP-1 (AAA36610) 
SHP-1-like 

(XP_009290704)* 
0 783 66% 78% 95% 

 SHP-2 (BAA02740) 
SHP-2-like 

(CBX19678)* 
0 1076 91% 94% 100% 
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SHIP-1 (AAB49680) SHIP-1 (AJK26904) 0 1164 56% 67% 99% 

 SH2D1A 

(NP_001108409) 

SH2D1A 

(NP_001187495) 
2e- 49 155 64% 76% 89% 

 Vav3 (EAW51251) 
Vav3 

(XP_009296581)* 
0 1173 68% 80% 100% 

 Rac1 (NP_008839) Rac1 (AD027935) 
4e- 

136 
381 94% 98% 100% 

 Cdc42 (AAM21109) 
Cdc42 

(NP_001188177) 

2e- 

134 
377 96% 97% 100% 

 RhoA (P61586) 
RhoA-like 

(NP_001187623) 

2e- 

138 
387 95% 98% 100% 

 Wave2 (P61586) 
Wave3 

(NP_001074059)* 

1e- 

104 
322 44% 53% 100% 

 
Wave2 (NP_957375)* 

2e- 

104 
313 76% 85% 38% 

 WASp (NP_000368) WASp (NP_956232)* 
1e- 

106 
327 54% 69% 59% 

 N-WASp 

(BAA20128) 

N-WASp 

(NP_001076475)* 

3e- 

145 
428 75% 85% 53% 

 

(A) The amino acid sequences listed in the left column were used as queries to search the non-

redundant protein sequence database for catfishes (taxid:7995) by blastp 

at http://blast.ncbi.nlm.nih.gov/Blast; (B) Other than the human signaling protein queries, all 

searches we performed using the predicted extracellular regions of the receptor sequences (i.e., 

predicted TM segments and CYT regions were excluded from the searches); (C) For each search 

result the Expect (E) value reported provides the overall significance of the match with lower 

values closer to zero being considered more significant. The score indicates quality of the 

alignment with a higher score associated with a better alignment. This value is calculated using a 

formula that considers alignment of similar or identical residues, as wells as gaps in the 

alignment; (D) The top matching Channel catfish sequences are listed in the second column from 

the left and those marked with an * represent queries that did not retrieve a match using catfishes 

https://blast.ncbi.nlm.nih.gov/Blast
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(taxid:7995) but did retrieve a match using Danio (taxid:7954); (E) Only sequences with scores 

>40.0 are reported. 
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Table 2.2 Protein BLAST searches for human immunoregulatory receptor-like sequences in 

teleost fishes. 

Human Receptors Teleost Matches 
E 

value 
Score ID Pos. 

Cover

age 

 FcRL5 (AAK31327) 
Zebrafish CD22  

(XP_009293714) 
3e- 46 184 27% 43% 94% 

 

Salmon Sialoadhesin-

like (XP_009293614) 
3e- 46 184 26% 45% 97% 

 

Herring Sialoadhesin-

like (XP_012675080) 
8e- 33 316 30% 45% 96% 

 

Cichlid CD22-like  

(XP_014269289) 
1e- 32 276 28% 47% 76% 

  
Herring FcRL5 

(XP_012678524) 
4e- 31 261 25% 40% 94% 

 FcγRI (NP_000557) 
Asian arowana FcRL5 

(KPP56756) 
6e- 21 98.2 29% 44% 91% 

 

Trout unamed 

protien (CDQ78931) 
2e- 18 88.6 27% 44% 81% 

 

Salmon FcγRI-like  

(ACN10126) 
4e- 18 88.2 28% 42% 81% 

 

Catfish FcRI 

(NP_001187150) 
3e- 15 79 26% 40% 96% 

  
Catfish TS32.15 

L1.1a (ABI16036) 
4e- 09 62.4 29% 44% 50% 

 FcγRIIA 

(NP_001129691)* 

Herring FcRL5 

(XP_012678524) 
7e- 10 208 31% 41% 79% 

 

Yellow Croaker 

FcγRII-like 
(XP_010752023) 

9e- 10 60.5 25% 45% 78% 
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Tilapia FcγRIB-like 

(XP_013119926) 
2e- 09 59.7 37% 54% 41% 

 

Mexican tetra CD22 

(XP_015459483) 
3e- 09 60.8 31% 47% 70% 

  
Herring FcRL3 

(XP_012675232) 
2e- 08 58.9 27% 50% 70% 

 FcγRIIB 

(NP_001002274)* 

Yellow Croaker 

FcγRII-like 

(XP_010752023) 

1e- 11 65.9 28% 48% 67% 

 

Killifish unknown 

protein 

(XP_013889184) 

2e- 10 65.1 27% 43% 82% 

 

Mexican tetra CD22 

(XP_015459483) 
4e- 10 63.9 31% 46% 61% 

 

Herring FcRL3 

(XP_012675232) 
2e- 09 62 28% 51% 70% 

  
Cichlid FcγRII-like 

(XP_006808904) 
3e- 08 58.2 28% 42% 76% 

 FcµR (AAP36498)* 

Damselfish unknown 

protein 

(XP_008286766) 

4e- 06 52.8 34% 47% 42% 

 

Salmon CMRF35-

like (XP_014058627) 
8e- 06 51.2 34% 47% 42% 

  
Killifish PIGR-like 

(012722396) 
2e- 05 50.1 29% 41% 40% 

 PIGR 

(NP_002635)* 

Tilapia PIGR-like 

(XP_013123119) 
4e- 25 115 27% 44% 67% 

 

Yellow Croaker 

PIGR (KKF27361) 
1e- 23 111 25% 39% 81% 
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Medaka PIGR 

(XP_011484914) 
3e- 23 262 28% 44% 72% 

 

Carp PIGR 

(ADB97624) 
1e- 18 92.8 31% 47% 73% 

  
Zebrafish PIGR 

(NP_001289179) 
7e- 18 90.5 30% 47% 68% 

 FcαR (NP_001991)* 

Cichlid unknown 

protein 

(XP_014265321) 

7e- 05 48.5 29% 46% 51% 

 NKp46 (O76036)* 

Atlantic molly 

CD276-like 
(XP_014823336) 

4e- 05 49.7 24% 37% 65% 

  

Sailfin molly IgSF 1-

like Rc 
(XP_014882122) 

4e- 04 46.6 24% 38% 69% 

 LAIR1 

(NP_001275954)* 
−no matches− − − − − − 

 LILRB1 
(AAC51179) 

Pike DSCAM-like 

(XP_12987993) 
1e- 15 84.3 28% 41% 85% 

 

Pike FcRL5 

(XP_010867787) 
6e- 14 79.7 26% 43% 82% 

 

Salmon IgSF 1-like 

Rc (XP_01401166) 
2e- 11 71.6 27% 41% 83% 

 

Pike LILRA4-like 

(XP_012988338) 
4e- 10 64.3 28% 44% 42% 

  
Cafish LITR1 

(AAW82352) 
2e- 09 65.1 26% 40% 86% 

 LILRB4 
(NP_001265355)* 

Cichlid IgSF 1-like 

Rc (XP_014267965)   
2e- 11 68.9 27% 47% 78% 

 

Amazon molly 

PEACAM-like 
(XP_007571377) 

4e- 07 56.2 28% 42% 77% 
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Atlantic molly IgSF 

1-like Rc 

(XP_014827576) 

1e- 05 51.6 29% 45% 78% 

  

Yellow Croaker 

LILRA2-like 

(KKF09113) 

2e- 05 51.2 31% 45% 64% 

 LILRA2 

(XP_011545392) 

Trout unamed 

protien (CDQ78931) 
1e- 12 75.9 27% 42% 90% 

 

Pike DSCAM-like 

(XP_12987993) 
5e- 12 73.6 27% 42% 82% 

 

Catfish LITR1 

(AAW82352) 
4e- 11 70.1 24% 38% 66% 

 

Mexican tetra FcRL5 

(XP_015464057) 
8e- 11 69.7 28% 41% 72% 

  
Pike FcRL5 

(XP_010867787) 
7e- 10 66.7 27% 42% 77% 

 LILRA5 (A6NI73)* 
Pllatyfish IgSF 1-like 

Rc (XP_005816340) 
4e- 06 53.1 28% 40% 72% 

 

Cichlid KIR2DL4-

like (XP_005951820) 
4e- 05 48.9 35% 48% 40% 

 

Cichlid FcγRI-like 

(XP_014267764) 
6e- 05 48.5 34% 49% 40% 

  
Cichlid IgSF 1-like 

Rc (XP_014267965)   
3e- 04 47 32% 45% 44% 

 KIR3DL1 

(ADM64608) 

Asian arowana 

FcRL5 (KPP56756) 
1e- 11 70.5 25% 42% 63% 

 

Salmon KIR3DL1-

like (XP_014042396) 
2e- 11 69.7 30% 43% 85% 

 

Cichlid IgSF 1-like 

Rc (XP_014267965)   
9e- 08 70.5 25% 43% 85% 
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Salmon KIR3DS1-

like (XP_014043811) 
2e- 07 55.5 31% 44% 56% 

  
Catfish LITR3 

(NP_001187136) 
1e- 05 52 27% 41% 65% 

 KIR2DL1 

(AAC50335)* 

Salmon KIR3DS1-

like (XP_014043811) 
1e- 05 49.7 28% 40% 78% 

 

Salmon KIR3DL1-

like (XP_014042396) 
4e- 05 49.3 28% 40% 78% 

 

Salmon LILRA4-like 

(XP_014037968) 
8e- 05 48.5 29% 41% 75% 

 

Pike OSCAR-like 

(XP_012988534) 
1e- 04 47.8 29% 44% 81% 

  
Pike DSCAM-like 

(XP_12987993) 
1e- 04 48.1 26% 43% 81% 

 Siglec-2 

(NP_001762) 

Zebrafish CD22  

(XP_009293714) 
8e- 71 738 30% 45% 99% 

 

Cichlid CD22-like 

(XP_005755784) 
4e- 64 221 33% 52% 67% 

 

Tilapia CD22-like 

(XP_013132285) 
6e- 61 218 30% 46% 85% 

  
Trout unamed 

protien (CDQ84455) 
2e- 58 212 31% 47% 86% 

 Siglec-4 

(NP_002352)* 

Salmon Siglec-4 

(MAG) 

(XP_014021122) 

4e- 

154 
459 44% 64% 96% 

 

Pike Siglec-4 (MAG) 

(XP_014021122) 

7e- 

152 
454 43% 63% 96% 
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Black cod Siglec-4 

(MAG) 
(XP_010788688) 

4e- 151 452 44% 63% 96% 

  

Tiger puffer Siglec-4 

(MAG) 
(NP_001027876) 

2e- 149 449 43% 63% 96% 

 Ceacam-3 
(NP_291021) 

Herring Hemicentin-1-

like (XP_012676907) 
1e- 18 90.5 34% 52% 65% 

 

Cichlid CEACAM 5-

like (XP_014266060) 
4e- 16 82.8 33% 53% 82% 

 

Salmon CEACAM 1-

like (XP_014038441) 
1e- 15 79.3 33% 52% 55% 

  
Medaka CEACAM 1-

like (XP_011483887) 
5e- 15 77.8 28% 42% 94% 

 Ceacam-4 
(NP_001808)* 

−no matches− − − − − − 

 Ceacam-5 
(NP_001295327) 

Tongue sole CEACAM 

5-like (XP_008322222) 
4e- 80 277 30% 50% 85% 

 

Yellow Croaker 

CEACAM 5 
(KKF27703) 

4e- 75 918 32% 53% 98% 

 

Pike  CEACAM 5 

(XP_012994902) 
4e- 69 570 32% 48% 86% 

 

Cichlid Hemicentin-1-

like (XP_004550953) 
1e- 65 892 30% 47% 83% 

  
Salmon Hemicentin-1-

like (XP_014056825) 
3e- 65 1041 30% 46% 86% 

 

(A) The human receptor amino acid sequences listed in the left column were used as queries to 

search the non-redundant protein sequence database for teleost fishes (taxid:32443) by blastp 

at http://blast.ncbi.nlm.nih.gov/Blast; (B) Human receptor sequences marked with an * 

indicate those that did not retrieve matches by blastp searches using catfishes (taxid:7995); 

see Table 2.1; (C) All searches we performed using the predicted extracellular regions of the 

receptor sequences (i.e., predicted TM segments and CYT regions were excluded from the 
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searches); (D) For each search result the Expect (E) value reported provides the overall 

significance of the match with lower values closer to zero being considered more significant. The 

score indicates quality of the alignment with a higher score associated with a better alignment. 

This value is calculated using a formula that considers alignment of similar or identical residues, 

as wells as gaps in the alignment; (E) Representative top-matching teleost protein sequences are 

listed in the second column from the left; (F) Only sequences with scores >40.0 are reported. 
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CHAPTER III 

MATERIALS AND METHODS 

3.1 Cells, antibodies and constructs 

3.1.1 Cells 

Parental AD293 cells (AD293) were cultured in Dulbecco's Modified Eagle's Medium 

(DMEM; Sigma) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS; GE 

Healthcare), 100 unit/ml penicillin (Life sciences) and 100mg/ml streptomycin (Life sciences) at 

37 °C with 5% CO2. For routine passaging, cells were grown to ~80% confluency in 6-well 

tissue culture plates, cell media was aspirated, and cells were washed with 500 µl of sterile PBS 

and 500 µl of 0.05% trypsin/EDTA (Thermo Fisher Scientific). Cells were then incubated at 37 

°C for ~5 min before re-suspending in 1 ml of culturing DMEM and transferred 100 µl of cell 

suspension to a new 6-well tissue culture plate containing 3 ml of fresh culturing DMEM. 

3.1.2 Antibodies 

The following antibodies were used for Western blot and confocal microscopy in this 

thesis: HRP-conjugated mouse αFLAG mAb (Genescript Corp), HRP-conjugated mouse αHA 

mAb (Genescript Corp), HRP-conjugated goat-α-mouse IgG (H+L) secondary mAb (Bio-rad), 

HRP-conjugated goat-α-rabbit IgG (H+L) secondary mAb (Bio-rad), rabbit αPhosphotyrosine 

mAb (Cell Signaling Technologies), FITC-conjugated mouse αphosphotyrosine mAb (Cell 

Signaling Technologies ), rabbit αpSHP-2 mAb (Cell Signaling Technologies), rabbit αCsk mAb 

(Santa Cruz), rabbit αpErk1/2 (Cell Signaling Technologies), rabbit αErk1/2 (Cell Signaling 

Technologies), HRP-conjugated bovine-α-goat IgG (H+L) secondary mAb (Santa Cruz), Cy5-

conjugate goat-α-mouse IgG (H+L) mAb (Invitrogen), FITC-conjugated goat-α-rabbit IgG 
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(H+L) secondary mAb (Invitrogen) and AF647-conjugated rabbit-α-mouse IgG (H+L) mAb 

(Invitrogen). 

The following antibodies were used for detecting the surface expression of epitope-

tagged IpLITR constructs using flow cytometry: mouse αHA mAb IgG1 (Biolegend), mouse 

αFLAG mAb IgG1 (Sigma-Aldrich), mouse Isotype IgG1 (Beckman Coulter), PE-conjugated 

goat-α-mouse IgG (H+L) secondary mAb (Beckman Coulter). 

3.1.3 Constructs 

The N-terminal hemagglutinin (HA) epitope-tagged pDisplay IpLITR 2.6b/ IpFcγR-L 

(referred here as 2.6b
ITAM CYT

 throughout the rest of thesis) and pDisplay IpITR 1.1b (referred 

here as 1.1b
WT CYT

 throughout the rest of thesis) were previously generated in our lab (9,11,13). 

Briefly, 2.6b
ITAM CYT 

is a chimeric receptor that contains two extracellular Ig-like domains of 

IpLITR 2.6b (Genbank Accession: ABI23577) fused with the transmembrane (TM) region and 

cytoplasmic tail (CYT) of the endogenously associated immunoreceptor tyrosine-based 

activation motif (ITAMs)-containing adaptor IpFcγR-L (Genbank Accession: AF543420). The 

1.1b
WT CYT

 (Genbank Accession: ABI16050) contains four extracellular Ig-like domains, a TM 

region and a CYT with six tyrosine-based signaling motifs. The pDisplay 1.1b
WT CYT 

and 

2.6b
ITAM CYT 

were used as templates to generate the 1.1b
ITAM CYT

 sequence that fuses extracellular 

Ig-like domains of 1.1b
WT CYT

 to the TM and CYT region of ITAM-containing IpFcγR-L using 

splice overlap extension (SOE) polymerase chain reaction (PCR) as describe previously (11,14). 

The 1.1b
ITAM CYT

 sequence was further used as template to generate the 1.1b
ITAM CYT FF 

sequence 

with tyrosines within ITAMs mutated to phenylalanine (F) using mutagenesis primers in Table 

3.1 and the QuickChange Lightning Site-directed Mutagenesis Kit (Stratagene) as previously 

described (9). Both sequences were sub-cloned using SmaI/SalI restriction digest sites into 
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pDisplay mammalian expression vector (Invitrogen Life Technologies), which adds an N-

terminal hemagglutinin (HA) epitope tag to proteins.  

pDisplay 1.1b
WT CYT

 constructs were also used as templates to generate 1.1b
CYT 

constructs 

with various combinations of mutated tyrosine motifs in the CYT of 1.1b
WT CYT

. Specifically, 

1.1b
6YF CYT 

is a signaling-incompetent construct with all six tyrosines in the CYT of 1.1b
WT CYT 

mutated to F; 1.1b
Prox CYT 

has tyrosines in the membrane proximal region (i.e. tyrosine 

433/453/463) of CYT of 1.1b
WT CYT 

mutated to F; 1.1b
Dsital CYT 

has tyrosines in the membrane 

distal region (i.e. tyrosine 477/499/503) of CYT of 1.1b
WT CYT 

mutated to F and 1.1b
3F CYT 

has 

tyrosine 453 (i.e. Csk-binding motif) and two ITIMs (i.e. tyrosine 477 and 499) intact with the 

rest of three tyrosines mutated to F in the CYT region. All constructs described above were 

generated using site-directed mutagenesis primers listed in Table 3.1 and the QuickChange 

Lightning Site-directed Mutagenesis Kit. All construct sequences were sub-cloned using 

HindIII/BamHI restriction digest sites into pCMV-9 eukaryotic expression vector (Sigma-

Aldrich), which adds an N-terminal FLAG epitope tag to the proteins.  

3.2 Generation of AD293 cell lines stably expressing IpLITR constructs 

To stably express IpLITR constructs in AD293 cells, parental AD293 cells were grown to 

∼80% confluence in 24‐well tissue culture plates and then transfected with pDisplay 1.1b
WT CYT

, 

1.1b
ITAM CYT 

and 1.1b
ITAM FF CYT 

constructs using 2 µg of TurboFect reagent (Fisher Scientific 

Company) according to manufacturer's recommended procedures. Transfected cells were 

incubated for 48 h at 37°C and 5% CO2 in complete culture medium consisting of DMEM 

supplemented with 2 mM L‐glutamine (Life Technologies), 100 U/ml
 
Penicillin (Life 

Technologies), 100 µg/ml
 
Streptomycin (Life Technologies), and 10% (v/v) heat‐inactivated 

FBS. Selection of transfectants was then performed by the addition of 800 µg/ml
 
G418 disulfate 
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salt solution (Sigma–Aldrich) for 1 week and the viable cells were cloned using a serial dilution 

protocol into round‐bottom 96‐well tissue culture plates (4,13). Individual clones were then 

screened for IpLITR surface expression levels. Briefly, clones were harvested using 0.05% 

trypsin/EDTA and aliquoted (~1×10
5
cells) into two 1.5ml Eppendorf tubes for staining. Cells 

were centrifuged at 500 × g for 2 min and cell pellets were gently disrupted after adding 0.1g of 

primary antibody (i.e. αHA mAbs or mouse isotype IgG as an isotype control) diluted in 50l of 

FACS buffer (D-PBS, 0.5% bovine serum albumin, 2mM EDTA, 0.05% NaN3). Cells were 

incubated on ice for 30 min followed by the addition of 1ml ice-cold FACS, centrifuged at 500 × 

g for 2 min, and then the supernatants were aspirated. Cell pellets were agitated and then 50l of 

FACS buffer containing 0.25 g of goat α-mouse IgG (H+L)-PE was added, and the 

staining/washing steps repeated as above. Cells were then analyzed for surface staining using 

flow cytometry (Beckman Coulter) as previously described (4). Positive clones stably expressing 

respective constructs were referred to throughout this thesis as 1.1b
WT CYT

, 1.1b
ITAM CYT 

and 

1.1b
ITAM FF CYT 

respectively. 

To generate IpLITR co-expression cell lines, AD293 cells stably expressing HA-tagged 

2.6b
ITAM CYT

 was first generated as described above, which was then re-transfected with pCMV-9 

FLAG-tagged 1.1b
CYT

 constructs. Specifically, 2.6b
ITAM CYT

-expressing AD293 cells were 

cultured to ~80% confluency in 24‐well tissue culture plates and then re-transfected with 1 g of 

CMV-9 plasmid using TurboFect transfection reagent as described above. Transfected cells were 

then cultured in DMEM supplemented with 10% (v/v) FBS and 800 mg/ml G418 disulfate salt 

solution at 37 °C with 5% CO2. Cells were harvested after 48h and sorted based using their 

FLAG epitope staining. The top 15% FLAG-epitope expressing cells were then sorted into round 

bottom 96-well tissue culture plates as individual clones using a BD FACSAria
TM 

III cell sorter. 
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Individual clones were grown to confluency, and then screened for co-expression of IpLITR 

constructs on their surface as described above. Briefly, clones were harvested and aliquoted 

(~1×10
5
cells) into three 1.5ml Eppendorf tubes for staining. Cells were centrifuged at 500 × g for 

2 min and cell pellets were gently disrupted after adding 0.1g of primary antibody (i.e. αHA 

mAbs, αFLAG mAbs or mouse isotype IgG as an isotype control) diluted in 50l of FACS 

buffer (D-PBS, 0.5% bovine serum albumin, 2mM EDTA, 0.05% NaN3). Cells were incubated 

on ice for 30 min followed by the addition of 1ml ice-cold FACS, centrifuged at 500 × g for 

2min, and then the supernatants were aspirated. Cell pellets were agitated and then 50 l of 

FACS buffer containing 0.25 g of goat α-mouse IgG (H+L)-PE was added, and the 

staining/washing steps repeated as above. Cells were then analyzed for surface staining using 

flow cytometry (Beckman Coulter) as previously described (4). Stable cell lines co-expressing 

2.6b
ITAM CYT 

with 1.1b
WT CYT

, 1.1b
6YF CYT

,
 
1.1b

Prox CYT
, 1.1b

Distal CYT
 and 1.1b

3F CYT 
were referred 

to throughout this thesis as 2.6b/1. 1b
WT CYT

,2.6b/1.1b
6YF CYT

,
 
2.6b/1.1b

Prox CYT
, 2.6b/1.1b

Distal CYT
 

and 2.6b/1.1b
3F CYT 

respectively. 

3.3 Scanning electron microscopy analysis of IpLITR phagocytic responses 

To accurately resolve the position of phagocytic targets relative to the plasma membrane, 

I performed high resolution scanning electron microscopy (SEM) analysis. Specifically, AD293 

cell lines expressing 1.1b
WT CYT 

and 1.1b
ITAM CYT 

were seeded at 8 × 10
4
 cells/well on 

poly‐L‐lysine coated coverslip (Neuvitro) in a 24‐well plate and incubate overnight, allowing 

cells to attach and grow on the coverslip. Next day, culture medium was removed, and cells were 

washed with PBS before the addition of 1 ml phagocytosis buffer (1:1 mixture of 1X PBS 

containing 2 mg/ml BSA and 1 X Opti-MEM reduced serum medium; Gibco). 4.5 μm yellow 

green (YG) beads (2.4 × 10
5
; Polysciences) were used as phagocytic targets and opsonized as 
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previously described (4). Briefly, YG beads were pre-absorbed with protein A (from 

Staphylococcus aureus; Sigma-Aldrich) and then opsonized with 10 μg/ml of αHA mAbs. After 

adding YG beads, culture plates were centrifuged at 400 × g for 1 min to synchronize cell‐bead 

interaction and then incubated at 37°C for 60 min. Phagocytosis buffer was then removed and 

cells were washed with PBS before fixing in 2.5% Glutaraldehyde/2% Paraformaldehyde in a 

0.1M phosphate buffer solution. Cells were then dehydrated by the sequential treatments of 

ethanol and hexamethyldisilazane (HMDS). After dehydration cells were mounted onto SEM 

studs and sputter coated with an ultrathin layer of gold/plutonium metal. Samples were then 

imaged using a Philips/FEI XL30 SEM microscope and analysis was performed using the 

Scandium 5.0 software (Emsis, Germany). 

3.4 Standard flow cytometry vs. imaging flow cytometry for differentiating surface-bound 

from phagocytosed targets during IpLITR-mediated phagocytosis  

A bead-based phagocytosis assay was performed as previously described (4,14). Briefly, 

4.5 μm YG beads pre-absorbed with protein A were coated with 10 μg/ml of αHA mAb. Then 3 

× 10
5
 of IpLITR-expressing AD293 cells (i.e. 1.1b

WT CYT 
and 1.1b

ITAM CYT
) re-suspended in 300 

μL phagocytosis buffer were incubated with 9 ×10
5 

αHA mAb-coated YG beads for 60 min at 

37°C. The bead-cell mixtures were then incubated with 200 μL of phagocytosis buffer containing 

2 μg AF 647-conjugated rabbit α-mouse IgG secondary Ab (Invitrogen) on ice for 30 min to 

stain the extracellularly exposed surface regions of the beads. Samples were then washed with 1 

ml of phagocytosis buffer and re-suspended in 200 μL of ice-cold PBS/ EDTA containing 0.05% 

trypsin (Hyclone) and 1 mM EDTA to remove peripherally (i.e. non-specifically) attached beads. 

After 15 min incubation on ice, 500 μL ice-cold PBS containing 2 mM EDTA and 0.5% bovine 

serum albumin was added and cells were centrifuged at 500 × g for 2 min and re-suspended in 

100 μL of 1% paraformaldehyde diluted in D-PBS prior to analysis using a BD FACSCanto II 



  

 

59 

(BD Bioscience) and ImageStreamx Mark II (Amnis Corporation). For each sample, at least 

8000 events were collected and for standard flow cytometry, cells were first gated based on FSC-

A and SSC-A parameters to exclude cell debris and large aggregates. Doublets were further 

removed by gating FSC-A versus FSC-H and phagocytosis was gated based on analysis of 

AF488 (YG beads) versus AF647 (Surface-bound beads). For imaging flow cytometry, data were 

analyzed using IDEAS
® 

v6.2 software (Amnis Corporation) with connected component masks 

that allow for the accurate discrimination of phagocytosed vs. surface-bound beads as described 

elsewhere in detail (107). All analyses were limited to cells associated with up to three beads 

total as events ≥4 beads per cells could not be accurately discriminated by component masking 

(107). 

3.5 Imaging flow cytometry-based assays 

3.5.1 Investigation of impacts of experimental conditions on IpLITR-mediated phagocytosis 

To assess if different experimental conditions would affect phagocytic phenotypes, I 

performed phagocytosis assay under two different conditions (i.e. cells in suspension vs. cells 

adhered to substrate). Specifically, in the suspension condition, 3×10
5 

AD293 cells stably 

expressing 1.1b
ITAM FF CYT

 were harvested using 0.05% trypsin/EDTA and re-suspended in 300 μl 

phagocytosis buffer. Then phagocytosis assay was performed as described in section 3.4. For the 

adherent condition, 1.1b
WT CYT

, 1.1b
ITAM CYT 

and 1.1b
ITAM FF CYT 

stable cells (3×10
5
) were seeded 

in 24-well tissue culture plates and allow to attach to plates overnight. On the day of 

experiments, medium was replaced with 300 μl of phagocytosis buffer before the addition of 

αHA mAbs-opsonized YG beads (9×10
5
). Plates containing cells and targets were centrifuged at 

100 × g for 1 min to synchronize cell-bead interactions. After a 60 min incubation at 37°C, cells 

were rinsed with ice-cold PBS and incubated on ice-cold phagocytosis buffer containing 2μg AF 
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647-conjugated rabbit α-mouse IgG secondary Abs to differentially stain extracellularly bound 

beads. After 30 min staining on ice, cells were then rinsed once using ice-cold phagocytosis 

buffer and then harvested using 0.05% trypsin/EDTA. After re-suspension, harvested cells were 

washed with ice-cold phagocytosis buffer and fixed in 1% paraformaldehyde (PFA) prior to 

analysis using an ImageStreamx instrument. For each sample, 5000 events were collected, and 

data were analyzed using IDEAS
® 

software to resolve two different phagocytic phenotypes as 

described in section 3.4. 

3.5.2 Independent activation of 2.6b
ITAM CYT

 and 1.1b 
WT CYT 

constructs in co-expression 

AD293 cell lines 

To confirm that two IpLITR constructs could be specifically activated in the co-

expression AD293 system, I independently activated HA-tagged 2.6b
ITAM CYT 

and FLAG-tagged 

1.1b
WT CYT 

using YG beads opsonized with the respective αHA and αFLAG mAbs and then 

examined their phagocytic phenotypes using imaging flow cytometry. Specifically, 4.5 m YG 

beads pre-absorbed with protein A were opsonized with a range of αHA mAb (i.e. 0.16 g /ml, 

0.32 g /ml, 0.64 g /ml and 1.28 g /ml) and αFLAG mAbs (i.e. 0.32 g /ml, 0.64 g /ml, 2.5 

g /ml and 5 g /ml) respectively. YG beads were also opsonized with 5 g /ml of the mouse 

isotype control IgG1. Then AD293 cells co-expressing 2.6b/1.1b
WT CYT 

(3×10
5
) were seeded in 

24-well tissue culture plates one day prior to experiments. The next day, cell media was 

aspirated, and cells were incubated in phagocytosis buffer containing 9×10
5 

of opsonized YG 

beads as described above and cell-bead interactions were synchronized by 1 min centrifugation 

at 100 × g. After 15 min and 30 min incubations at 37°C, same staining, fixation and analysis 

procedures under the adherent condition were followed as described in section 3.5.1.  

3.5.3 Binding assays to optimize the concentration of mAbs opsonized on phagocytic targets  
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To further optimize the concentration of respective mAbs co-opsonized on targets and to 

prevent disproportionate activation of one IpLITR-type vs. another, a binding assay was 

performed to select the optimal concentration of respective mAbs required to co-crosslink 

IpLITR constructs with similar binding avidity. Specifically, 4.5 m YG beads were opsonized 

with different dilutions of αHA or αFLAG mAbs as described in section 3.5.2. After selecting 

the optimal concentration of respective mAbs (i.e. 0.32 μg/ml for αHA mAbs and 2.5 μg/ml for 

αFLAG mAbs), YG beads were co-opsonized with αHA mAbs (0.32 μg/ml) and isotype IgG1 

(2.5 μg/ml) or αFLAG mAbs (2.5 μg/ml) and isotype IgG1(0.32 μg/ml). Mouse isotype IgG1 

was included to ensure the same concentration of IgG proteins during bead opsonization. For the 

binding assay, 2.6b/1.1b
WT CYT 

and 2.6b/1.1b 
6YF CYT

-expressing AD 293 cells (3×10
5
) were 

seeded in 24-well tissue culture plates. The next day, cell media was aspirated, and the cells were 

rinsed with ice-cold PBS and then incubated in ice-cold phagocytosis buffer on ice for 15 min 

before the addition of 9×10
5 

opsonized 4.5 m YG beads. Cell-bead interactions were 

synchronized by 1 min centrifugation at 100 × g. After a 60 min incubation at 4°C , cells were 

rinsed with ice-cold phagocytosis buffer and fixed in 1% PFA prior to analysis using an 

ImageStreamx instrument. For each samples, 5000 events were collected, and data analyzed 

using IDEAS
® 

software. 

3.5.4 Examining the impact of IpLITR-mediated receptor crosstalk on phagocytosis  

To investigate the impact of receptor crosstalk on 2.6b
ITAM CYT

-mediated phagocytosis, 

AD293 cells co-expressing 2.6b/1.1b
WT CYT

, 2.6b/1.1b
6YF CYT

, 2.6b/1.1b
Prox CYT

, 2.6b/1.1b
Distal CYT

 

and 2.6b/1.1b
3F CYT

 were seeded in 24-well tissue culture plates (3×10
5 

cells/well). The next day, 

phagocytosis assays under the adherence conditions as described in section 3.5.1 was performed 

with the exception that cells were given YG beads opsonized with αHA (0.32μg/ml) and αFLAG 
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mAbs (2.5μg/ml) to co-crosslink 2.6b
ITAM CYT 

with the various 1.1b
CYT 

constructs for 15 and 30 

min.  

3.5.5 Examining the phosphorylation state of intracellular molecules during IpLITR-

mediated receptor crosstalk  

To determine the phosphorylation status after co-crosslinking of IpLITR constructs, a 

phospho-flow assay was performed. Briefly, pre-absorbed light yellow (LY, 3.55 μm in 

diameter; Spherotech Inc) latex beads were opsonized with αHA (0.32 μg/ml) and αFLAG (2.5 

μg/ml) to co-crosslink the various IpLITR constructs. To independently crosslink 2.6b
ITAM CYT

 

and 1.1b
CYT

 constructs, LY beads were also opsonized with αHA (0.32 μg/ml) mAbs and mouse 

isotype IgG (2.5 μg/ml) or αFLAG (2.5 μg/ml) and mouse isotype IgG (0.32 μg/ml) alone. For 

the phospho-flow assay, 3×10
5
 AD293 stable cells (i.e. 2.6b/1.1b

WT CYT 
and 2.6b/1.1b

6YF CYT
) 

seeded in 24-well tissue culture plates were incubated in pre-warmed (37°C) phagocytosis buffer 

containing 9×10
5
 opsonized 3.55-μm LY beads. Cell-bead interactions were then synchronized 

by 1 min centrifugation at 100 × g. After a 15 min incubation at 37°C, cells were rinsed with ice-

cold PBS and fixed in 1% PFA. Cells were then washed with PBS after a 10 min fixation on ice 

and then permeabilized in 0.1% saponin diluted in PBS for 5 min at room temperature. Cells 

were then washed with PBS and phospho-tyrosine epitopes were stained by AF488 conjugated α-

phosphotyrosine antibodies (1:50 dilution in 5%BSA; Cell Signaling Technology) in the 

presence of 0.1% saponin. After 1 h staining at room temperature, cells were washed with PBS 

and re-suspended in 1% PFA prior to analysis using an ImageStreamx instrument. For each 

sample, 3000 events were collected and phosphotyrosine signals were identified and calculated 

using the intensity mask and feature in IDEAS
®
 software as described in (107). 
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3.6 Confocal microscopic examination of the recruitment of intracellular molecules during 

IpLITR-mediated crosstalk regulation of phagocytosis 

3.6.1 Examining the recruitment of phosphotyrosine molecules at phagocytic cups  

 To investigate the recruitment of phosphotyrosine molecules to phagocytic cups during 

IpLITR-mediated regulation of phagocytosis, I performed a confocal microscopy-based 

phagocytosis assay using a variety of staining procedures. Specifically, 4.5 µm non-fluorescent 

(NF) latex beads (Polysciences, Inc) were used as phagocytic targets in this assay. NF beads 

were opsonized with αHA (0.32 μg/ml) and αFLAG (2.5 μg/ml) to co-crosslink IpLITR 

constructs. As controls to independently crosslink 2.6b
ITAM CYT

 and 1.1b
CYT

 constructs, LY beads 

were also opsonized with αHA (0.32 μg/ml) mAbs and mouse isotype IgG (2.5 μg/ml) or 

αFLAG (2.5 μg/ml) and mouse isotype IgG (0.32 μg/ml) alone. For the confocal microscopy-

based phagocytosis assay, 2.6b/1.1b
WT CYT

 cells (2 × 10
5
) were grown seeded onto glass 

coverslips in a 24-well tissue culture plate and then allowed to adhere overnight. Coverslips were 

then washed with PBS and given 500 µl of phagocytosis buffer containing 6 × 10
5 

opsonized NF 

beads, and then centrifuged at 100 × g for 1 min. After 8 min incubation, cells were fixed with 

4% PFA for 10 min and then beads were stained for inside-outside discrimination as previously 

described (4,108). Briefly, coverslips were placed cell-side down onto parafilm strips containing 

a droplet (~50 µl) 0.5 μg/ml of AF647 conjugated goat-α-mouse secondary mAbs (Thermo 

Fisher Scientific) to stain exposed areas of NF beads. After 30 min incubation at 4 °C, coverslips 

were washed with antibody staining buffer (ASB; 0.05% sodium azide; Sigma, 1% BSA in PBS) 

and then given 1 X permeabilization buffer (Biolegend) for 15 min at room temperature. Once 

permeabilized, coverslips were then placed onto parafilm containing 1:100 v/v dilution of 

primary rabbit α-phosphotyrosine antibody (Cell Signaling Technologies) in cell staining buffer 
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(CSB; Biolegend). After staining for 30 min at room temperature, cells were washed with CSB 

and then stained on parafilm strip with 2 μg/ml of goat-α-rabbit AF488 secondary antibody in 

CSB for 30 min at room temperature. Lastly, coverslips were washed in CSB and mounted onto 

microscope slides containing a small droplet of Prolong
® 

Gold antifade mounting media and 

allowed to cure overnight at room temperature. Imaging was performed as previously described 

(4,108) using a Laser Scanning Confocal Microscope (LSCM; Zeiss LSM 710, objective 60X 1.3 

oil plan-Apochromat). All images were collected and analyzed using Zen 2011 software and 

ImageJ for calculating fluorescent intensities. Individual cellular events were then isolated from 

the various z-stack images and the mean fluorescence intensities (MFIs) for both bead staining as 

well as for the intracellular molecules being studied (i.e phosphotyrosine molecules) were 

recorded. MFIs were obtained using an ‘analysis line’ which was placed onto a chosen z-stack 

image. This analysis line collects the MFIs for all intensities that are present along the line. To 

calculate integrated fluorescent intensities within phagocytic cups, a region of interest (ROI) was 

drawn and set consistency throughout analyses. This ROI includes phagocytic cups within which 

the integrated fluorescent intensities were measured using the ImageJ analysis software. 

3.6.2 Examining selective recruitments of Csk and pSHP-2 to the CYT region of 1.1b
WT CYT

 

during IpLITR-mediated receptor crosstalk regulation of phagocytosis 

To further investigate selective recruitments of potential effector molecules (i.e. Csk and 

pSHP-2) to distinct CYT region of 1.1b
WT CYT

, I performed confocal microscopy-based 

phagocytosis assay detailed in section 3.6.1 on various co-expression AD293 cell lines. Briefly, 

2.6b/1.1b
WT CYT

, 2.6b/1.1b
6YF CYT

, 2.6b/1.1b
Prox CYT

, 2.6b/1.1b
Distal CYT

 and 2.6b/1.1b
3F CYT

 

expressing cells were grown on coverslips at the density of 2×10
5 

in a 24-well tissue culture plate 

and allow to adhere overnight. The following day, coverslips were washed with PBS and then 
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given 500 μl of phagocytosis buffer containing 6×10
5 

co-opsonized NF beads to co-crosslink 

2.6b
ITAM CYT 

and various 1.1b
CYT 

constructs. As controls, 2.6b/1.1b
WT CYT 

cells were also given 

NF beads opsonized with αHA or αFLAG mAbs alone as described in section 3.6.1 to activate 

the 2.6b
ITAM CYT 

and 1.1b
WT CYT 

constructs, respectively. Cell-bead interactions were 

synchronized by 1 min centrifugation at 100 × g. After 8 min incubations, cells were fixed with 

4% PFA for 10 min and then the beads were stained for inside-outside discrimination as 

previously described (4,108). Briefly, coverslips were placed cell-side down onto parafilm strips 

containing a droplet (~50 µl) 0.5 μg/ml of AF647 conjugated goat-α-mouse secondary mAbs to 

stain exposed areas of NF beads. After 30 min incubation at 4 °C, coverslips were washed with 

ASB and then given 1 X permeabilization buffer for 15 min at room temperature. Once 

permeabilized, coverslips were then place onto parafilm containing either 1:100 or 1:200 v/v 

dilution of primary rabbit mAbs in CSB for each respective intracellular protein examined using 

the manufacturer’s recommended concentrations (i.e. 1:100 for pSHP-2; 1:200 for Csk). After 

staining for 30 min at room temperature, cells were washed with CSB and then stained on 

parafilm strips with 2 μg/ml of goat-α-rabbit AF488 secondary antibody in CSB for 30 min at 

room temperature. Lastly, coverslips were washed with CSB and mounted onto microscope 

slides containing a small droplet of Prolong
® 

Gold antifade mounting media and allowed to cure 

overnight at room temperature. For each sample, at least 50 phagocytic cups were analyzed for 

staining intensities as detailed in section 3.6.1. 

3.7 Magnetic beads-based co-immunoprecipitation assays  

To investigate the identity of potential inhibitory molecules recruited to 1.1b
WT CYT 

during 

receptor crosstalk, a co-immunoprecipitation assay was performed using magnetic beads as 

described in (109). Specifically, AD293 cells (i.e. 2.6b/1.1b
WT CYT

, 2.6b/1.1b
6YF CYT

, 2.6b/1.1b
Prox 
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CYT
, 2.6b/1.1b

Distal CYT
 and 2.6b/1.1b

3F CYT
) were seeded at the density of 3×10

5 
in 24-well tissue 

culture plates and allowed to adhere overnight. The next day, cell media was aspirated and the 

cells were given 500 μl of phagocytosis buffer containing 3×10
6 

magnetic beads (Thermo Fisher 

Scientific) that were co-opsonized with αHA (0.32 μg/ml) and αFLAG (2.5 μg/ml) mAbs to co-

crosslink 2.6b
ITAM CYT 

with the various 1.1b
CYT 

constructs. To independently crosslink IpLITR 

constructs, 2.6b/1.1b
WT CYT 

cells were also incubated with magnetic beads opsonized with αHA 

(0.32 μg/ml) and isotype IgG1 (2.5 μg/ml) or αFLAG (2.5 μg/ml) and isotype IgG1(0.32 μg/ml) 

alone. Furthermore, 2.6b/1.1b
WT CYT 

cells were also given magnetic beads opsonized with isotype 

IgG1 (2.82 μg/ml) as a control. After incubating the cells with the magnetic beads in 

phagocytosis buffer, cell-bead interactions were synchronized by a 1 min centrifugation at 200 

×g. After 8 min incubation at 37°C, cells were washed with ice-cold PBS and then immediately 

lysed in 300 μl of pre-chilled lysis buffer (50mM Tris-HCL, 150mM NaCl, 1% Triton X-100, 

protease inhibitor cocktail (Roche), phosphatase inhibitor cocktail (Sigma-Aldrich), pH=8.0) on 

ice for 20 min and then magnetic beads were isolated using magnetic particle separator 

(Stemcell
TM

 Technologies). Isolated magnetic beads were washed in 500 μl of ice-cold lysis 

buffer twice before being re-suspended in 40 μl of 1 X reducing buffer (Bio-Rad) containing 5% 

β-mercaptoethanol (Bio-Rad). Magnetic beads were then boiled at 95°C for 10 min to elute the 

proteins. Proteins were then separated via 10% SDS-PAGE gel and transferred to nitrocellulose 

membranes (Bio-Rad) that were probed with HRP-conjugated αHA (1:1000) mAbs and HRP-

conjugated αFLAG mAbs (1:1000) at 4°C overnight to examine successful pull-down of the 

various epitope-tagged IpLITR constructs. In addition, membranes were further blocked in 5% 

BSA and also probed with αCsk (1:500), αpSHP-2 (1:1000), αPTEN (1:1000) and αSHIP-2 

(1:1000) mAbs at 4 °C overnight, followed by the incubation with HRP-conjugated goat- α-
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rabbit IgG (H+L) secondary mAbs (1:2000) at room temperature for 2h. Immunoreactive bands 

were detected using SuperSignal
TM 

West Pico PLUS Chemiluminescent Substrate kits (Thermo 

Fisher Scientific) and imaged on ChemiDoc imaging system (Bio-Rad). 

3.8 Time course examination of intracellular signaling molecule activation following the co-

crosslinking of 2.6b
ITAM CYT

 with various 1.1b
CYT 

constructs 

To investigate the phosphorylation status of intracellular signaling molecules following 

co-crosslinking of 2.6b
ITAM CYT

 and various 1.1b
CYT 

constructs, AD293 cells (i.e. 2.6b/1.1b
WT 

CYT
, 2.6b/1.1b

6YF CYT
, 2.6b/1.1b

Prox CYT
, 2.6b/1.1b

Distal CYT
 and 2.6b/1.1b

3F CYT
) were seeded at the 

density of 3×10
5 

in 24-well tissue culture plates and allowed to adhere overnight. The next day, 

cell media was aspirated, and the cells were given 500 μl of phagocytosis buffer containing 

9×10
5 

YG beads that were co-opsonized with αHA (0.32 μg/ml) and αFLAG (2.5 μg/ml) mAbs. 

As controls, 2.6b/1.1b
WT CYT

 cells were also incubated with YG beads that were opsonized with 

αHA mAbs (0.32 μg/ml) and isotype IgG1 (2.5 μg/ml) or αFLAG mAbs (2.5 μg/ml) and Isotype 

IgG1(0.32 μg/ml) alone. After incubating the cells with the YG beads in phagocytosis buffer, 

cell-bead interaction was synchronized by a 1 min centrifugation at 100 × g and then cells were 

stimulated at 37°C for 2, 8, 15 and 30 min respectively. After stimulation, cells were 

immediately lysed in 150 μl of pre-chilled lysis buffer on ice for 20 min and then lysates were 

collected and subjected to two rounds of sonication (50kHz, 3s/round). After sonication, lysates 

were centrifuged at 13200 × g for 10 min and then the supernatant fraction was collected and a 

12.5 µl sample of supernatant was mixed with 50 ul of 4 X reducing buffer containing 5% β-

mercaptoethanol. SDS-PAGE and Western blot were performed as described in section 3.7. 

Membranes were first probed with αpErk1/2 (1:1000) and after incubating in the stripping buffer 

(3.47mM SDS, 0.2M glycine, 1% Tween-20, pH=2.0), the membranes were re-probed with 

αErk1/2 (1:1000) mAbs. 
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3.9 Statistical analysis 

Means were first compared by ANOVA to determine if any one mean differed 

significantly from the rest. If a difference was found, individual means were tested against one 

another using a post-hoc Tukey analysis. Significantly different means were denoted with 

alphabetically assigned letters or asterisk as described in figure captions. 
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Table 3.1. 
a
Primers used for mutating specific tyrosines within CYT region of the 1.1b

WT
 
CYT

 

sequence. 
b
Amplification of respective 1.1b sequences from pDisplay plasmids and sub-cloned 

into  pCMV-9 plasmids. 
c
Primers used for mutating specific tyrosines within ITAMs in the 

CYT region of 1.1b
ITAM

 
CYT

 sequence. 
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CHAPTER IV 

CONNECTED COMPONENT MASKING ACCURATELY IDENTIFIES THE RATIO 

OF PHAGOCYTOSED AND SURFACE‐BOUND PARTICLES IN INDIVIDUAL CELLS 

BY IMAGING FLOW CYTOMETRY 

4.1 Introduction 

Phagocytosis is a biological process by which specialized cells called phagocytes ingest 

large particles ranging in size from ~0.5 μm to 8 µm. Phagocytosis is initiated by the ligation of 

cell surface receptors (110), which leads to induction of signalling cascades, actin 

polymerization, membrane remodelling, and subsequent internalization of the particle (111). 

Phagocytosis can be performed by unicellular organisms for nutrient acquisition and by complex 

multicellular organisms for innate immune defense, as well as for the maintenance of tissue 

homeostasis through the clearance of damaged and dying host cells (112). Several distinct 

phagocytic mechanisms have been identified that rely on specific signalling components 

(113,114). Understanding the dynamic regulation of phagocytosis and the intracellular signalling 

events that occur during this process can provide key insights into the immunoregulatory 

receptor-mediated control of actin polymerization and membrane remodelling events. 

Classically, phagocytosis has been studied by light microscopy, fluorescence microscopy, 

and flow cytometry, which allows for the examination of this process with varying levels of 

specificity. However, each technique has caveats that limit precise quantification of the 

phagocytic process (e.g. amount of time needed to collect experimental data by imaging, poor 

reproducibility in quenching fluorescence from surface-bound particles, lack of spatial 

resolution, etc.) (115). Recently, imaging flow cytometry has proven to be a powerful technique 

to study phagocytosis as it combines the spatial resolution gained from microscopy with the 

statistical robustness of flow cytometry. Imaging flow cytometry has been successfully used to 
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study phagocytosis in a number of systems (42,115–119). These studies have used various 

masking strategies to discriminate particles that were phagocytosed vs. those that were surface 

bound. For example, fluorescent events captured within the “cell mask” were considered 

phagocytosed while fluorescence detected at the periphery were evaluated as surface-bound and 

generally eliminated from subsequent analyses. This method, however, poorly discriminates 

surface-bound particles, often counting them in the phagocytosed gate. To overcome the 

limitation of accurately discriminating surface-bound from engulfed particles, an updated 

protocol added a staining step to detect particles that had not been fully internalized (120). 

Specifically, following phagocytosis of CFSE-labeled N. gonorrhoeae, cells were stained with an 

anti-N. gonorrhoeae DL650 antibody to determine if cells had any bacteria remaining on the cell 

surface. The addition of this staining step allowed for more sensitive detection of surface-bound 

events than relying on the “cell mask” alone does. However, the masks employed in both these 

methods only allow analysis of the parameter of which they were created to analyse. That being 

said, they are not able to analyze multiple features (e.g. two types of fluorescence present on 

particles) within a mask and thus, incapable of further resolving the position of particles (i.e. 

whether particles are double positive or only CFSE-positive) within individual cells. Therefore, 

this method only provides information regarding % of surface-bound and internalized particles in 

a cell population, while sacrificing the phenotype of individual cells (% of cells having 

internalized particles vs. % of cells only have surface-bound particles are unknown). In this 

chapter, I utilize a newly developed masking strategy, termed connected component masking, to 

accurately analyze multiple features within a mask during IpLITR-mediated phagocytosis. 

The connected component mask is a new masking feature within the IDEAS® software. 

This mask allows you to break down a mask that has multiple pieces (or components) thereby 
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allowing you to analyze those pieces individually (the connected pixels). Each component can be 

ranked in every image by any analysis feature available in the software= size (area), intensity, 

aspect ratio, circularity, etc. New features can be created based on each component, allowing you 

to analyze the components separately or against one, another depending on the features created 

and the application. For my purposes, this allowed me to first identify the particles of interest 

(YG bead) and analyze both the fluorescence intensity of green and red within this mask, rather 

than in previous strategies where green and red fluorescence would have to be analyzed in 

separate masks. 

Our lab is focused on understanding the conserved and divergent aspects of the phagocytic 

process across vertebrates and, specifically, we have characterized the role of two functionally 

distinct channel catfish (Ictalurus punctatus) leukocyte immune-type receptors (IpLITRs) during 

phagocytosis (4,9,11,13,15). In particular, 2.6b
ITAM CYT

 represents a stimulatory teleost receptor-

type that mediates an immune tyrosine-based activation motif (ITAM)-dependent mode of 

phagocytosis akin to classical stimulatory mammalian Fc receptors (4,9,11). This process 

controls the rapid engulfment of extracellular targets via a Syk-dependent intracellular signalling 

network that culminates in the activation of F-actin polymerization. Alternatively, 1.1b
WT CYT

 

facilitates a unique ITAM-independent phagocytic pathway as cells expressing this receptor were 

shown to effectively capture beads and form phagocytic cup-like structures but many of the 

beads were not fully phagocytosed (4,13,15,16). This represents a unique, and yet to be fully 

characterized mechanism, which does not require many of the signalling components used 

during ITAM-mediated phagocytosis. 

In our studies, we have studied phagocytosis using standard flow cytometry with 4.5 μm 

yellow-green (YG) beads opsonized with αHA antibodies as the target particles; these antibody- 
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opsonized beads specifically trigger the N-terminal HA-tagged IpLITR constructs (4,14). 

IpLITR-expressing cells that associated with target beads were detected in the green fluorescent 

gate due to the YG bead fluorescence, but accurate position of the beads relative to the plasma 

membrane could not be precisely determined. Consequently, confocal microscopy combined 

with 3-D rendering was used to accurately identify fully engulfed beads and those that were 

partially engulfed and or simply attached to the cell surface (4). Although this imaging-based 

technique provides detailed information regarding cell-target interactions, the amount of time 

consumed to collect enough events for statistical analysis hinders its application in studies where 

many samples are tested, and quantitative analyses are required. This prompts the development 

of a high throughput method that can accurately differentiate surface-bound from phagocytosed 

targets. 

The main research objectives of this thesis chapter were to develop a high throughput 

phagocytic assay for discriminating surface-bound vs. internalized particles and using this to 

establish the phagocytic phenotype of IpLITR-expressing AD 293 cells. My results show that by 

using an αIgG-AF647 polyclonal antibody and new analysis features within IDEAS®, accurate 

detection and discrimination of surface-bound and phagocytosed beads can be achieved using 

ImageStream flow cytometry alone. The use of connected component masking allows for 

detection of both red and green fluorescence for each individual particle in the cell and 

determines the various combinations of red and green fluorescence, as well as their relative 

brightness. Successful development of this imaging flow cytometry-based assay allows me to re-

examine phagocytic responses using AD 293 cells expressing IpLITR constructs as a platform 

for rapidly establishing the phagocytic phenotypes of these receptors. My results show that a 

1.1b
ITAM CYT

 construct predictably triggers robust phagocytic activity, with most cells completely 
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internalizing one or more targets. In comparison, 1.1b
WT CYT

 was shown to effectively bind but 

not phagocytose bead targets. Collectively, the data presented in this chapter demonstrate that 

imaging flow cytometry can be used to accurately discriminate surface-bound from internalized 

targets and is a valuable tool for studying IpLITR-mediated phagocytic phenotypes. Furthermore, 

my data shown that 1.1b
WT CYT

 is not a bona fide phagocytic receptor when expressed in the non-

immune AD 293 cell line. 

4.2 Results 

4.2.1 Generation of IpLITRs-expressing AD 293 cell lines  

To examine IpLITR-mediated phagocytosis, I first expressed N-terminal HA epitope-

tagged 1.1b
ITAM CYT

, 1.1b
ITAM FF CYT

 and 1.1b
WT CYT

 in AD 293 cells. 1.1b
ITAM CYT

 is a chimeric 

construct combining the extracellular domains and transmembrane region of 1.1b
WT CYT

 with the 

CYT region of the channel catfish ITAM-containing adaptor protein IpFcRγ-L. 1.1b
ITAM FF CYT

 is 

the same as the 1.1b
ITAM CYT

 construct but with two tyrosines within ITAMs mutated to 

phenylalanine. The design of these constructs ensures any differences in subsequent effector 

responses (i.e. phagocytosis) are due to the possession of different CYT regions, thus ruling out 

the impact of other factors (e.g. difference in extracellular domains or transmembrane regions) 

that may complicate the interpretation of results. After stable transfection, surface expression of 

IpLITR proteins was then monitored using αHA mAbs followed by PE-conjugated secondary 

mAbs staining (Fig. 4.1). This epitope-tagging technique allows me to specifically activate 

IpLITR proteins without knowing their endogenous ligand(s) or developing specific antibodies 

against IpLITR proteins. Successful development of this heterologous expression system will 

also serve as a platform to examine phagocytic activities induced by additional constructs tested 

throughout this thesis.  
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 4.2.2 Standard flow cytometry lacks the resolution to discriminate cells in double positive 

population  

By confocal microscopy, we have previously visualized three distinct phagocytic 

phenotypes in IpLITR-expressing cells: cells with surface-bound only beads, cells with 

phagocytosed beads, and cells with a combination of phagocytosed and surface-bound beads. In 

my thesis study, I wanted to further elucidate the roles of immunoregulatory receptors in 

mediating actin-dependent membrane remodeling events after target acquisition, especially 

differentiating cells with surface-bound only beads from those that have internalized particles 

(representative EM image shown in Fig. 4.2). The flow cytometry-based phagocytosis assay in 

our lab (12,13) was modified by adding an extra staining step to differentially stain surface-

bound targets (Fig. 4.3). Using this modified phagocytosis assay, ITAM-dependent and -

independent IpLITR-mediated phagocytic events were further examined by comparing the 

phagocytic activities of 1.1b
ITAM CYT

 (as a model of canonical ITAM-dependent phagocytosis) 

with 1.1b
WT CYT

 (as a model of ITAM-independent phagocytosis) -expressing AD 293 cells using 

standard flow cytometry (Fig. 4.4). I observed that 1.1b
ITAM CYT

 had an increase in the percentage 

of cells with phagocytosed particles compared to 1.1b
WT CYT

 (cells with green only fluorescence), 

similar to what we had previously found when comparing phagocytic rates of cells expressing 

2.6b
ITAM CYT

 (ITAM-dependent mode of phagocytosis) and 1.1b
WT CYT

 (ITAM-independent 

phagocytosis) (4). However, by standard flow cytometry, I lacked the resolution to separate out 

the events within the double positive population (i.e. in Q2, I could not determine whether this 

quadrant contained cells with only surface bound beads or cells with a mixture of surface bound 

and internalized beads, as both these possibilities would display a double positive (AF647 and 

YG) phenotype). Consequently, an underestimation of the phagocytic activity of these cells 
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could occur, as any cells that were AF647 positive were marked as surface positive for beads 

although some of these cells may also have internalized YG beads.   

4.2.3 Connected component masking accurately discriminate surface-bound from 

internalized beads within individual cells 

The ImageStream flow cytometer is a powerful tool to study surface binding and 

internalization events (117–121). Detection of surface-bound vs. internalized events is 

accomplished by the use of masks to identify the cell and the particle, and to examine their 

relative relation to each other. To analyze phagocytosis using connected component masks, a 

series of masks were created to identify the beads (Appendix Figure A1). The connected 

component masks were then set up to identify individual beads within the cells, based on 

ascending size of the pixel area of the beads– Component 1 had the smallest YG pixel area and 

Component 3 had the largest YG pixel area. Similar to previous reports (120), above the 

threshold of 3 beads/cell the masking strategies were less efficient at discriminating between 

individual beads so all analyses in our study were limited to cells with 1-3 beads total. After 

gating on cells with 1-3 beads, I was able to use these masks marking the YG fluorescence to 

examine for the presence of AF647 fluorescence in the same pixel area. This approach allowed 

us to accurately detect cells with surface-bound beads and cells with a least 1 phagocytosed bead 

(with or without surface bound beads) (Fig. 4.5). The connected component masks detect both 

red (e.g. AF647 positive) and green (e.g. YG bead positive) fluorescence on each individual 

particle in the cell, can determine the various combinations of red and green fluorescence, and 

can detect how bright the green and red fluorescence is. As a gating control I used cells 

expressing 1.1b
WT CYT

 that were held at 4
o
C for the phagocytosis incubation period. This 

provides a blockade of particle internalization, leaving all particles surface-bound and allowing 
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us to accurately set the SBa and SBb gates. Phag+SB (internalized and surface bound) events 

were gated based on fluorescence intensity and remaining events. 

4.2.4 Quantitative examination of IpLITR-mediated phagocytosis using imaging flow 

cytometry-based method 

The development of a connected component masking strategy allows for the quantitative 

examination of IpLITR-mediated phagocytosis process in a high throughput manner. Applying 

these masks to my samples, I was able to analyze the IpLITR-mediated phagocytosis in greater 

detail. To do this, I chose to create two populations: a population that contained cell with only 

surface bound particles (Surface-bound) and a population that contained at least one 

phagocytosed particle (Phagocytosis). After incubating cells with YG beads at 37 °C, 1.1b
ITAM 

CYT
 -expressing AD 293 cells exhibited robust phagocytic activity with ~71% cells internalizing 

at least one bead; comparatively, ~ 73% 1.1b
WT CYT

 -expressing AD 293 cells had only surface-

bound beads and the % of cells exhibiting phagocytic activity was ~27% (Fig 4.6). Data 

presented here automatically combine the various cell-bead interaction profiles to show the total 

% of surface-bound events vs. % of phagocytosis of each construct. However, with images 

associated with each event, I can further manually break down profiles of cell-bead interaction 

within two cell populations. The distributions of the surface bound phenotypes (i.e. 1, 2 or 3 

surface bound beads only) and the phagocytic phenotypes (i.e. 1 or 2 phagocytosed beads with 1 

or 2 surface bound beads or 1, 2, or 3 phagocytosed beads only) were also summarised for each 

construct tested (Fig 4.6). Overall, the most common cell-bead interactions involved one bead 

(surface bound or phagocytosed) and the least common profiles are cells with three beads, 

especially the profiles with both surface-bound and phagocytosed beads. This data provides a 

more accurate quantification of completely phagocytosed targets relative to those that are 
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partially engulfed or peripherally associated with the plasma membrane and could potentially 

provide further understanding of the phagocytic processes in individual cells.  

To further validate that the low level of phagocytic activities observed in 1.1b
WT CYT

-

expressing cells was signaling-dependent, I further performed the same experiment using AD 

293 cells expressing 1.1b
ITAM FFCYT

. This construct lacks functional tyrosines within ITAMs and 

thus, is unable to trigger ITAM-dependent phagocytosis. The % of cells showing phagocytic 

activity can be viewed as the background activity of this heterologous expression system. After 

engaging 1.1b
ITAM FF CYT

, the level of phagocytic activities (~33%) observed was similar to that 

of 1.1b
WT CYT

 (Fig. 4.7). 

To test the possibilities that experimental conditions might lead to false positive results 

and explain the observed phagocytic activity after activating 1.1b
ITAM FF CYT

 construct, I modified 

the phagocytosis assay and synchronized cell-bead interaction through centrifugation while cells 

were still adherent to the plate. As shown in Fig. 4.7, 1.1b
ITAM CYT

-expressing cells still exhibited 

robust phagocytic activity with ~88% of cells internalizing at least one bead; whereas the % of 

phagocytosis was significantly dropped to basal level (~15%) in cells expressing 1.1b
ITAM FF CYT

. 

However, the % of phagocytosis was also reduced to basal level (~10%) in 1.1b
WT CYT

-

expressing cells. 

4.3 Discussion 

Phagocytosis is a tightly regulated, complex process by which particles are recognized, 

bound, and subsequently internalized by cells. The ability to study the cellular activities and 

signalling processes occurring at each stage will provide important information regarding 

phagocytic processes. My major objective in this thesis chapter was to utilize the updated 
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connected components mask within IDEAS® software and customize this masking strategy to 

discriminate cells with only surface-bound targets from cells that phagocytosed at least one 

target. To differentiate between different modes of phagocytosis, I used cells expressing different 

immunoregulatory receptor-types that we have previously characterized: 1.1b
ITAM CYT

 displays a 

canonical ITAM-dependent mode of phagocytosis that is akin to the well-studied FcR-mediated 

phagocytic pathway in mammals. This process controls the rapid engulfment of extracellular 

targets via a Syk-dependent intracellular signalling network that culminates in the activation of 

F-actin polymerization. Comparatively, 1.1b
WT CYT

 displays a unique ITAM-independent 

phagocytosis that results in target capture and often an overall stalled phagocytic phenotype. 

Despite convergence on the control of actin polymerization dynamics, 1.1b
WT CYT

 clearly 

operates independently of several of the key components of the ITAM-dependent signalling 

machinery. It appears that 1.1b
WT CYT

 may differentially participate in the recruitment and 

activation of distinct phagocytic effectors culminating in a short-circuited mode of phagocytic 

signalling. Understanding alternative modes of phagocytosis will significantly augment our 

understanding of how immunoregulatory receptors can network extracellular target binding into 

actin-dependent plasma membrane remodeling. The biological significance of novel phagocytic 

pathways has yet to be understood but exploration of this will be augmented with my recently 

developed imaging flow cytometry-based phagocytic assay. 

I show that connected component masks accurately discriminate IpLITR phagocytic 

phenotypes by allowing for analysis of cells with various combinations of internalized and bound 

beads. While the connected component masks can be built for as many components as needed, I 

limited my study to three components. When cells had internalized more than three beads, I 

found that bead masks started to overlap, and I could no longer accurately identify all beads 
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individually. However, in general the proportion of cells with more than three beads was less 

than 10%, and as detection resolution increases, this number could potentially be increased in the 

future. Furthermore, connected component masking has the potential to impact image analysis in 

many applications. Its utility has recently been published in analysis of the cytokinesis-block 

micronucleus assay, allowing for analysis of micronuclei in a bi-nucleated cell (122). One can 

also imagine a utility for the masking strategy in other applications analyzing subcellular 

processes.  

In addition to being able to accurately identify phagocytosed and surface-bound beads, I 

was also able to analyze for the first time the ratio of internalized and surface-bound beads 

within a single cell. As I show here, I can break down phagocytic populations to cells with 1 

bead internalized (1+) versus 1 bead surface-bound (1−) versus 1 bead internalized and 1 bead 

surface-bound (1+/1–), and so forth, and specifically analyze all the various combinations. This 

analysis could be used in combination with downstream staining of signalling pathways and the 

ability to analyze these sub-populations could provide further insights into the signalling that 

occurs during the various stages of target engulfment at a single cell level. Overall, this imaging 

flow cytometry-based technique will also serve as a platform to examine phagocytic activities 

induced by additional stable cell lines tested throughout this thesis. 

The re-examination of IpLITR-mediated phagocytosis was performed by heterologous 

expression of IpLITR proteins in a mammalian fibroblast cell line, AD 293 cells. Although these 

fibroblast cells possess signalling components to control dynamic actin polymerization and 

membrane polarization, they do not express the classical phagocytic receptors that are capable of 

transducing sub-membrane signaling events into internalization of foreign targets. This makes 

fibroblast cells useful tools to identify bona fide phagocytic receptors, a strategy that has been 
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successfully used to functionally characterize phagocytosis in a number of systems (123). This 

reductionist approach mitigates the interference from unwanted activation of other phagocytic 

receptors expressed on immune cells and isolate signaling events specifically downstream of 

receptors of interest. After activating 1.1b
ITAM CYT

 on AD 293 cells, I was able to recapitulate the 

robust phagocytic phenotype observed in RBL-2H3 cells and this phagocytic activity was not 

observed in mock transfection cells or stable cells incubated with isotype IgG-opsonized beads 

(14). This observation further proves that AD 293 cells are not endogenously phagocytic but can 

induce phagocytosis by the heterologous expression of bona fide phagocytic receptors. 

Comparatively, only modest level of phagocytosis (~25%) was observed in 1.1b
WT CYT

 -

expressing AD 293 cells with most cells only having surface-bound targets. This is similar to 

previous findings in 1.1b
WT CYT

 -expressing RBLs (4). However, similar level of phagocytosis 

was also observed in cells expressing a mutant construct (i.e. 1.1b
ITAM FF CYT

) that is competent 

for binding but not able to induce any signaling events for target internalization. This observation 

challenges my original hypothesis that 1.1b
WT CYT

 is a bona fide phagocytic receptor that is able 

to induce a distinct mode of phagocytosis after receptor activation; instead, the phagocytic 

activity observed here might be through a different mechanism. For example, a "tethering and 

tickling" model has been described for the removal of dead cells. This two-step process involves 

binding of apoptotic cells to plasma membrane through tethering receptors and followed by the 

recognition of phosphatidylserine (i.e. "eat-me" signals) that "tickles" the cell to internalize 

targets (124). However, this is unlikely the scenario responsible for the modest level of 

phagocytic activity observed in 1.1b
ITAM FF CYT

 -expressing AD 293 cells. Although 1.1b
ITAM FF 

CYT
 can initiate binding events, no bona fide phagocytic receptor was expressed on AD 293 cells 

to further induce targets internalization. Alternatively, phagocytosis observed here is likely due 
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to the background activity under specific experimental condition. In my phagocytosis assay, cells 

were first detached from the plate using the trypsin and then cell-bead interactions occurred in 

the suspension condition. Of note, trypsin is a type of serine protease and cleavage of adhesion 

molecules and breakdown of extracellular matrix on cell membrane may change the biology of 

AD 293 cells and consequently, resulting in the high background activity. In addition, cells can 

behave differently in response to various physical and mechanical cues. It has been reported that 

changes in the rigidity of substrate can affect the efficiency of phagocytosis in macrophages 

(125). Therefore, it is possible that experimental conditions (cells in suspension vs. cells adherent 

to the plate) under which the phagocytosis assay was performed can impact the results. Indeed, 

the % of phagocytosis was reduced to the basal level when 1.1b
ITAM FF CYT

 -expressing AD 293 

cells still adherent to the plate during phagocytosis. Similar % of phagocytosis was also observed 

in AD 293 cells expressing 1.1b
WT CYT

 under this adherent condition. Comparatively, cells 

expressing bona fide phagocytic receptor 1.1b
ITAM CYT

 was still able to induce robust phagocytic 

activities and even with slight increase in % of phagocytosis. These observations strongly 

suggested that the background phagocytic activity varies under different experimental conditions 

and 1.1b
WT CYT

 is not able to induce distinct mode of phagocytosis in AD 293 cells. Detailed 

mechanisms regarding different background phagocytic activities of AD 293 cells under 

different conditions (i.e. adherence vs. suspension) is beyond the scope of my thesis study and 

can be an interesting avenue for future studies.  

Overall, the data presented in this chapter outline the establishment of an imaging flow 

cytometry-based method that is able to accurately discriminate surface-bound from internalized 

targets within individual cells. Using this new method, I further examined IpLITR-mediated 

phagocytic responses and my results suggest that 1.1b
WT CYT

 can only facilitate target binding 



  

 

83 

activities but is unable to induce phagocytosis in AD 293 cells. This observation challenges our 

original hypothesis and prompts questions regarding the function of 1.1b
WT CYT

 in regulating 

phagocytosis, which will be the focus of Chapter V. 
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Figure 4.1. Generation, transfection and stable expression of N-terminal HA-tagged 

IpLITR 1.1b CYT region expression constructs in AD 293 cells. (A) A schematic 

representation of constructs used in this chapter are shown. 1.1b
WT CYT

 was previously generated 

in our lab (13,14) and contains six tyrosines in the CYT region, including two ITIMs and one 

ITSM. In addition, 1.1b
ITAM CYT

 is a chimeric construct that combines the extracellular domains 

and transmembrane region of 1.1b
WT CYT

 with CYT segments of channel catfish IpFcRγ-L 

(ITAM). 1.1b
ITAM

 
FF CYT

 is the same as 1.1b
ITAM CYT

 with the exception that tyrosines within 

ITAMs mutated to phenylalanine. (B) Surface expression levels of the 1.1b CYT region 

constructs were detected by flow cytometry after staining the AD 293 cells with the αHA mAb 

HA.C5 (solid line) or the mouse IgG3 as an isotype control (dotted line), followed by the 

addition of a PE- conjugated goat αmouse IgG (H + L) polyclonal secondary Ab.  
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Figure 4.2. SEM analysis of IpLITR‐mediated phagocytic responses in AD 293 cells. AD 

293 cells stably expressing the N‐terminal HA‐tagged 1.1b
ITAM CYT

 construct (left panel) and 

1.1b
WT CYT

 (right panel) were incubated with anti‐HA mAb opsonized YG beads for 60 min at 

37°C. After sample preparation and SEM imaging, representative images demonstrating the 

various bead‐cell associations are shown. In 1.1b
ITAM CYT

 -expressing AD 293 cells, three beads 

(indicated as “P”) are fully internalized by the plasma membrane. Comparatively, two surface-

bound beads (indicated as “SB”) that are attached to the cell membrane but not surrounded by 

plasma membrane are observed in 1.1b
WT CYT

-expressing AD 293 cells. 
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Figure 4.3. Schematic representation of the phagocytic assay. (i) HA-tagged IpLITR 

constructs were activated by incubating with 4.5 µm YG beads opsonized with αHA mAbs. (ii) 

After incubating at 37 ℃ for indicated time, surface-bound YG beads were differentiated from 

internalized YG beads by an additional staining step using AF647-conjugated rabbit-α-mouse 

secondary mAbs. (iii) Non-specific bound YG beads were removed from cell surface by 10 min 

trypsinization at 4 ℃. (iv) Cells were fixed in 1% PFA prior to analysis. 
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Figure 4.4. Standard flow cytometry lacks the resolution to discriminate cells of different 

phenotypes in the double positive population. AD 293 cells stably expressing the N‐terminal 

HA‐tagged 1.1b
ITAM

 
CYT

 construct (left panel) and 1.1b
WT

 
CYT

 (right panel) were incubated with 

anti‐HA mAb opsonized YG beads. After 60 min incubation at 37°C, surface-bound beads were 

discriminated by the addition of AF647-conjugated rabbit-α-mouse secondary mAbs prior to the 

analysis using a BD FACSCanto II. Cells with only phagocytosed beads (Q3) could be detected. 

Cells with surface‐bound or a combination of surface‐bound+ phagocytosed beads (Q2) could 

not be differentiated. 
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Figure 4.5. Imaging flow cytometry allows analysis of cells with bound and phagocytosed 

beads. (A) Spot count masks were created to identify beads within cells (representative images 

of Ch2). Spot Count_Ch2 was plotted and cells with 1–3 spots were gated. (B) Gating strategy 

for surface bound events. Cells expressing 1.1b
WT

 
CYT

 were incubated with beads at 4°C to 

prevent internalization of beads. This identified two populations were cells with surface bound 

beads = SBa and SBb. The difference was the presence of red fluorescence in the second 

component. Representative plot shows gate percentages. (C) Connected component masks were 

used to analyze bead location. Cells were gated based on cells with surface‐bound beads (“SBa” 

and “SBb”) and cells with a combination of phagocytosed and surface‐bound beads (“Ph + SB”). 

Representative plot shows gate percentages (D) Representative images of cells with 

surface‐bound beads. (E) Representative images of cells with phagocytosed beads. (F) 

Representative images of cells with both phagocytosed and surface‐bound beads.  
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Figure 4.6. Phagocytic analysis of 1.1b
ITAM CYT 

and 1.1b
WT CYT 

using imaging flow 

cytometry-based method. AD 293 cells stably expressing the N‐terminal HA‐tagged 1.1b
ITAM

 
CYT

 construct (A) and 1.1b
WT

 
CYT

 (B) were incubated with anti‐HA mAb opsonized YG beads. 

After 60 min incubation at 37°C, surface-bound beads were discriminated by the addition of 

AF647-conjugated rabbit-α-mouse secondary mAbs prior to the analysis using imaging flow 

cytometry. Raw data were subjected to component masking analysis using IDEAS® v6.2 

software as previously described. Grey bar represents normalized % of cells containing surface-

bound beads only (i.e. non-phagocytic cells) and black bar represents normalized % of cells with 

at least one phagocytosed bead. With images associated with each event, I was able to further 

break down the profiles of cell-bead interactions within each population. Results are 

representative of the mean ± SEM of three independent experiments. Normalized % was 

calculated as: % surface-bound or % phagocytosis cells / % total bead-associated cells.  
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Figure 4.7. Experimental conditions affect phagocytic activities in AD 293 heterologous 

expression system. Phagocytosis assay was performed under two conditions. In the suspending 

condition, AD 293 cells expressing 1.1b
ITAM FF CYT 

were harvested from plate using 0.05% 

trypsin before the addition of YG beads opsonized with αHA mAbs. In the adherent condition, 

opsonized YG beads were added to the plate while AD 293 cells expressing various IpLITR 

constructs were still adherent to the poly-lysine-coated well. Cell-bead interactions were 

synchronized by 1 min centrifugation at 100 x g. Steps after activating IpLITR constructs for 

both conditions were the same, including count-staining surface-bound targets prior to analysis 

on the imaging flow cytometry. Raw data were subjected to component masking analysis using 

IDEAS® v6.2 software as previously described. Grey bar represents normalized % of cells 

containing surface-bound beads only (i.e. non-phagocytic cells) and black bar represents 

normalized % of cells with at least one phagocytosed bead. Normalized % was calculated as: % 

surface-bound or % phagocytosis cells / % total bead-associated cells. Results are representative 

of the mean ± SEM of three independent experiments. Letters indicate statistical significance 

(P   0.05) when comparing % of phagocytosis.  
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CHAPTER V 

EXAMINATION OF THE POTENTIAL RECEPTOR CROSSTALK BETWEEN TWO 

IpLITR-TYPES IN THE CONTROL OF THE PHAGOCYTIC RESPONSE 

5.1 INTRODUCTION 

Phagocytosis is an ancient component of innate immunity and utilized by all multicellular 

organisms across evolution as a host-defence mechanism to combat infections and maintain 

homeostasis (110). Professional phagocytes often encounter targets bearing multiple types of 

ligands leading to coincident engagement of cognate receptors. Integration of multiple sub-

membrane proximal signaling events from different receptors is termed crosstalk and this 

provides information regarding the chemical constitute and physical characteristic of targets, 

which helps regulate subsequent cellular responses (112,126). For instance, the simultaneous 

engagement of toll-like receptors (TLRs) and FcRs synergizes secretion of pro-inflammatory 

cytokines, which are not or only minimally produced when either of these receptors are activated 

alone (127,128). However, excessive production of pro-inflammatory cytokines as well as tissue-

damaging products during phagocytosis is detrimental to self-tissues thus it is no surprise that 

this dynamic process is tightly regulated to prevent unnecessary collateral damage to host tissues.  

One of regulatory mechanisms controlling phagocytosis is through antagonistic receptor 

crosstalk, in which activating receptors (e.g. FcγRIIa) are co-crosslinked with inhibitory 

counterparts (e.g. FcγRIIb). This results in the recruitment of inhibitory signaling molecules (e.g. 

phosphatases) to the phagocytic synapse that down-regulate phagocytosis and help regulate the 

secretion of bioactive molecules such as cytokines (129–131). Loss of inhibitory FcγRs in 

knock-out animal models is often associated with autoimmune diseases as a consequence of 

unregulated secretion of pro-inflammatory cytokines and enhanced phagocytic activity, further 

reinforcing the importance of antagonistic receptor crosstalk during immune cell effector 
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responses (132). Collectively, the simultaneous activation of multiple receptors and the 

integration of various signaling events is an important regulatory mechanism for modulating the 

magnitude of innate immune cell antimicrobial activities. However, the overall mechanistic 

details responsible for regulating antimicrobial responses such as phagocytosis are not fully 

understood and studies using alternative vertebrate models can provide new insights into the 

conserved and divergent aspects of receptor crosstalk in regulating this dynamic process. 

Our lab has mainly focused on the functional characterization of two teleost 

immunoregulatory proteins from a multi-gene family called channel catfish (Ictalurus punctatus) 

leukocyte immune-type receptors (IpLITRs). Specifically, a stimulatory construct (i.e. 2.6b
ITAM 

CYT
) promotes canonical ITAM-dependent intracellular signaling that triggers degranulation, 

cytokine secretion, and phagocytosis in a manner similar to mammalian FcγRs (4,9,11). In 

comparison, 1.1b
WT CYT

 is a putative inhibitory receptor-type capable of inhibiting NK cell 

killing through selective recruitment of inhibitory molecules. Interestingly, 1.1b
WT CYT

 also 

activates the phagocytic response when stably transfected in the rat basophilic leukemia (RBL)-

2H3 myeloid cell line (4,13). Detailed examination of 1.1b
WT CYT

-mediated phagocytosis 

revealed a distinct phagocytic phenotype controlled by this protein, in which finger-like 

protrusions (i.e. filopodia) extended out from the plasma membrane to reach-out and then pull 

extracellular targets back towards the cell surface in what appeared to be an active capturing 

phenotype (4). This observation agrees with recent hypotheses that professional phagocytes are 

actively generating filopodia to increase the likelihood of encountering targets. After capturing 

and securing targets on plasma membrane, uptake of targets then occurs when phagocytic 

receptors are co-crosslinked with tethering receptors (124). This step-wise capture and 

engulfment process has been shown to be responsible for the elimination of apoptotic cells (124). 
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In the previous chapter, I demonstrated that 1.1b
WT CYT

 did not induce a distinct mode of 

phagocytosis but only showed target binding activity when expressed in AD 293 cells. This 

raises the question regarding the contribution of 1.1b
WT CYT

-mediated signaling events during the 

phagocytic process. One hypothesis is that the expression of 1.1b
WT CYT

 triggers the generation of 

filopodia-like structures in AD 293 cells. These dynamic actin-rich protrusions help bringing 

targets into close proximity to the plasma membrane and allow the engagement of classical 

phagocytic receptors to then initiate targets uptake (124). In addition, 1.1b
WT CYT

-mediated 

signaling events can potentially result in the de-stabilization of cytoskeletal networks beneath 

contacted sites and thus, increasing the mobility of membrane-anchored receptors and enabling 

lateral clustering of phagocytic receptors to the phagocytic synapse to initiate target 

internalization (110,112). This may explain this "stalled" phagocytic phenotype observed in 

1.1b
WT CYT

-expressing cells showing that although targets were tethered on the plasma membrane, 

no classical phagocytic receptor is expressed to induce the uptake of targets in AD 293 cells. 

Alternatively, like other ITIM-containing immunoregulatory receptors that are often co-

expressed with their stimulating counterparts, these "paired receptors" often share similar 

extracellular domains but deliver opposite signals (e.g. ITAM vs. ITIM-dependent signaling) 

(132–134). Consequently, co-crosslinking of stimulating receptors with their inhibitory 

counterparts results in antagonistic receptor crosstalk to diminish or inhibit various effector 

responses (133). Indeed, transcripts of stimulating and inhibitory IpLITRs were shown to be co-

expressed in channel catfish immune cells, and early work demonstrated they can also form 

homo/heterodimers (8,9). Furthermore, the membrane distal immunoglobulin domains (i.e. D1 

and D2) of 2.6b
ITAM CYT

 and 1.1b
WT CYT

, which are predicted to be involved in ligand binding are 

highly similar, indicating that these two IpLITR types might be co-crosslinked in response to 
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similar ligands to regulate subsequent effector responses (e.g. phagocytosis) through receptor 

crosstalk.  

The main research objective of this thesis chapter was to test the hypothesis that teleost 

immunoregulatory proteins fine-tune innate cellular responses through receptor crosstalk. This 

required the establishment of a cell-based system to allow for the specific examination of the 

contribution of IpLITR-mediated crosstalk on the phagocytic response. My results show that 

after co-crosslinking of IpLITR-types in AD 293 cells, 2.6
ITAM CYT

-mediated phagocytosis was 

cross-inhibited by1.1b
WT CYT

 engagements. This inhibition is accompanied by a reduced 

phosphotyrosine signal at the phagocytic cups. Examination of IpLITR-mediated receptor 

crosstalk provides new information regarding regulatory mechanisms in the control of 

phagocytosis. Furthermore, this work sets the stage for exploring mechanistic details regarding 

1.1b
WT CYT

-mediated inhibition of phagocytosis, which is the focus of Chapter VI.  

5.2 RESULTS 

5.2.1 Co-expression of different IpLITR-types in AD 293 cell lines for the examination of 

potential receptor crosstalk 

I generated AD 293 stable lines co-expressing N-terminal HA-tagged 2.6b
ITAM CYT

 and 

FLAG-tagged 1.1b
WT CYT

 constructs (referred to here as 2.6b/1.1b
WT CYT

). This allows for 

independent IpLITR triggering or co-crosslinking of the constructs using αHA/FLAG mAb-

coated beads. As a control, the 1.1b
6YF CYT

 construct was also co-expressed with 2.6b
ITAM CYT

 

(referred to here as 2.6b/1.1b
6YF CYT

). The surface expression levels of the IpLITR constructs 

were confirmed by αHA mAb and αFLAG mAb staining (Fig. 5.1)  

To verify that two IpLITR constructs could be specifically activated in this co-expression 

system, 4.5 m YG beads were opsonized with a range of αHA mAb concentrations (i.e. 0.16 g 
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/ml, 0.32 g /ml, 0.64 g /ml and 1.28 g /ml) and αFLAG mAbs (i.e. 0.32 g /ml, 0.64 g /ml, 

2.5 g /ml and 5 g /ml) respectively. YG beads were also opsonized with 5 g /ml of the mouse 

isotype control IgG1. AD 293 cells expressing 2.6b/1.1b
WT CYT

, were then incubated with the 

various mAb opsonized YG beads at 37°C for 15 or 30 min respectively. Then, using the 

imaging flow cytometry-based method developed in previous chapter, their phagocytic activities 

were examined. When activating the 2.6b
ITAM CYT

 construct, robust phagocytic activities were 

observed. Specifically, 12.6% cells showed phagocytic activity (i.e. cells having at least one 

internalized bead) after incubating with 0.16 µg/ml of αHA mAb-opsonized YG beads. This 

value increased to 33.29%, 44.7% and 41.95%. respectively, when the cells were incubated with 

YG beads opsonized with higher concentrations of αHA mAbs at 15 min (Fig. 5.2A). However, 

in all cases, ~12% cells had beads bound to their membranes (i.e. % surface-bound). In 

comparison, significant target binding activity was observed after activating 1.1b
WT CYT

 with only 

background levels of phagocytosis observed (i.e. ranging from 0.16-6.33%). Specifically, ~40% 

of the AD 293 cells expressing 1.1b
WT CYT

 captured targets but did not engulf them when 

incubated with 2.5 µg/ml or 5 µg/ml of αFLAG mAb-coated beads (Fig. 5.2A). In comparison, 

the percentage of surface-bound beads was decreased to 11.25% and 5.19% when the 

concentrations of αFLAG mAbs on beads was reduced to 0.64 g/ml and 0.32 g/ml, 

respectively. Similar trends were also observed when cells were incubated for 30 min with the 

various target beads (Fig. 5.2B). For example, cells incubated with αHA mAbs-opsonized beads 

exhibited robust phagocytic phenotypes, representing an ~1.5-fold increase in % of phagocytosis 

when compared to the 15 min incubations. In comparison, the % surface-binding activity 

observed using the αFLAG mAbs-opsonized beads were similar to the 15 min incubation but 

with a slight increase to 8.1%, 14.41%, 50.04% and 43.24% respectively (Fig. 5.2B).  
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To further optimize the concentration of respective mAbs co-opsonized on targets and to 

prevent disproportionate activation of one IpLITR-type vs. another, a binding assay using 4.5 m 

YG beads opsonized with different dilutions of αHA or αFLAG mAbs described above was also 

performed to select the optimal concentration of respective mAbs required to co-crosslink 

IpLITR constructs with similar binding avidity. Specifically, 2.6b/1.1b
WT CYT 

and 2.6b/1.1b
6YF 

CYT
-expressing AD 293 cells, were incubated with opsonized YG beads for 60 min at 4°C. After 

incubation, ~22.76% binding was observed when 2.6b/1.1b
WT CYT 

cells were incubated with 0.16 

µg/ml of αHA mAb-opsonized YG beads; this value gradually increases to 37.39%, 44.29% and 

49.89%, respectively, along with the increase in the concentration of αHA mAbs opsonized on 

YG beads (Fig. 5.3A). In comparison, crosslinking of 1.1b
WT CYT 

with different dilutions of 

αFLAG mAb-opsonized YG beads showed similar binding profiles and % of binding ranged 

from 8.21-38.33% (Fig. 5.3A). When 2.6b/1.1b 
6YF CYT

 cells were incubated with various 

opsonized YG beads, similar trends were observed as the binding profile described above. For 

example, cells incubated with αHA mAb-opsonized beads displayed 14.24%, 35.16%, 40.77% 

and 44.35% of binding, respectively. Comparatively, slight increase in these values (~10%) were 

observed when 1.1b
6YF CYT

 was crosslinked by αFLAG mAb-opsonized YG beads in comparison 

to values from crosslinking 1.1b
WT CYT 

(Fig. 5.3B). The binding profiles described above allows 

me to select the concentrations of αHA and αFLAG mAbs to co-opsonize YG beads in order to 

co-crosslink 2.6b
ITAM CYT

 and 1.1b
CYT

 constructs (i.e. 1.1b
WT CYT

 and 1.1b
6YF CYT

) with similar 

binding avidity. Based on these results, specific concentration of αHA (0.32 g/ml) and αFLAG 

(2.5 g/ml) mAbs were selected for further test based on similar % of binding activity (~35%) 

after engaging cognate IpLITR constructs.  
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To further validate that the selected concentrations of αHA (0.32 g/ml) and αFLAG (2.5 

g/ml) mAbs can crosslink 2.6b
ITAM CYT

 and 1.1b
CYT

 constructs with similar binding profile, YG 

beads were opsonized with 0.32 g/ml of αHA mAbs and 2.5 g/ml of isotype IgG or 2.5 g/ml 

of αFLAG mAbs and 0.32 g/ml of isotype IgG. The addition of isotype IgG ensures that the 

same overall concentrations of IgG proteins are present on the different beads used to activate 

the receptors. After 60 min incubation at 4°C, crosslinking of 2.6b
ITAM CYT

 and 1.1b
CYT

 

constructs displayed similar binding profile (Fig. 5.3C). For example, 30.31% and 27.25% of 

binding activity was observed when 2.6b
ITAM CYT

 and 1.1b
WT CYT

 were crosslinked respectively; 

these values slightly increased to 31.19% and 37.54% after crosslinking 2.6b
ITAM CYT

 and 1.1b
 6YF 

CYT
. No significant difference was observed between these values (i.e. 30.31% vs. 27.25%; 

31.19% vs. 37.54%). 

5.2.2 Cross-inhibition of 2.6b
ITAM CYT

 -mediated phagocytosis by 1.1b
WT CYT

  

To investigate potential receptor crosstalk, I co-crosslinked 2.6b
ITAM CYT

 and 1.1b
CYT

 

constructs using 4.5 m YG beads opsonized with both αHA mAb (0.32 g/ml) and αFLAG (2.5 

g/ml) mAbs, respectively (Fig. 5.4). Of note, obtained % of association values across constructs 

range from ~55% to 65%. To simplify the visualization of the dataset, only cells associated with 

YG beads (% of association) were gated; % of phagocytosis and % of surface-bound were then 

normalized to % of association. Specifically, after co-crosslinking 2.6b
ITAM CYT

 with 1.1b
 6YF CYT

, 

robust phagocytic activities were observed with ~80% cells internalizing at least one bead after 

15 and 30 min incubations (Fig. 5.5). This observation shows that co-crosslinking 2.6b
ITAM CYT 

with 1.1b
6YF CYT

 mutant construct devoid of CYT region tyrosine residues does not disrupt 

2.6b
ITAM CYT 

-mediated phagocytosis. Comparatively, a significant reduction (~50%) in % of 
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phagocytosis was observed after co-crosslinking 2.6b
 ITAM CYT

 with 1.1b 
WT CYT

 for 15 min and 30 

min respectively (Fig. 5.5).  

5.2.3 Co-crosslinking of 2.6b
 ITAM CYT

 with 1.1b
 WT CYT

 down-regulates 2.6b
 ITAM CYT

-induced 

phosphotyrosine signaling. 

To determine if 1.1b
 WT CYT

-mediated inhibition of 2.6b
 ITAM CYT

 phagocytic activity could 

be examined by monitoring intracellular signaling events, I developed an imaging flow 

cytometry-based phospho-flow assay. Specifically, 2.6b/1.1b
WT CYT 

cells were first incubated 

with light yellow (LY) beads co-opsonized with 0.32 µg/ml αHA mAb and 2.5 µg/ml isotype 

IgG. After 15 min activation of 2.6b
 ITAM CYT

 constructs at 37°C, cells were immediately fixed, 

permeabilized and intracellularly stained using an AF488-conjugated α-phosphotyrosine mAb. 

Two cell populations (i.e. cells associating or not with LY beads) were then gated based on their 

light-yellow fluorescence signal and then subsequently analyzed for their phosphotyrosine 

staining intensities (Fig. 5.6A). To measure the intensity of phosphotyrosine signals within 

individual cells, an intensity mask that identified signals with fluorescent intensity value above 

72 MFI was first created to eliminate background signals (i.e. signals with fluorescent intensity 

value below 72 MFI was considered as background staining and excluded from subsequent 

analysis) (Fig. 5.6B). After applying this mask to cell populations of interest, cells with no target 

associations showed basal levels of phosphotyrosine signals (MFI=143) and predictably, an 

induction of signal intensity (MFI=2781) was observed when the IpLITR-expressing cells bound 

αHA mAbs-opsonized LY beads (Fig. 5.6C). This phospho-flow assay can detect changes in 

phosphotyrosine signals after receptor activation and serves as a platform to investigate the 

impact of IpLITR crosstalk on phosphotyrosine intensity at the whole cell populational level. 

Next, 2.6b
 ITAM CYT

 and 1.1b
CYT

 constructs were co-crosslinked using LY beads opsonized with 
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both 0.32 µg/ml αHA and 2.5 µg/ml αFLAG mAbs. As controls, 2.6b
 ITAM CYT

 and 1.1b
CYT

 

constructs were also individually crosslinked by LY beads opsonized with αHA (0.32 µg/ml) and 

isotype IgG (2.5 µg/ml) or αFLAG mAbs (2.5 µg/ml) and isotype IgG (0.32 µg/ml). Using 

2.6b/1.1b
6YF CYT 

cells, crosslinking of 1.1b
 6YF CYT

 alone demonstrated basal level of 

phosphotyrosine signals, with an MFI value of 177.67±49.23 (Fig. 5.7A). However, a clear 

induction of tyrosine phosphorylation (MFI=2231.54±252.84) occurred when 2.6b
 ITAM CYT

 was 

activated (Fig. 5.7A). Although the MFI reduced to 1832.99±478.53 when 2.6b
 ITAM CYT

 was co-

crosslinked with 1.1b
 6YF CYT

, this was not a statistically significant reduction in phosphotryosine 

staining (Fig. 5.7A). Crosslinking of 1.1b
 WT CYT

 induced an MFI value of 184.88±45.61, and a 

significantly higher MFI of 2897.34±385.29 occurred when 2.6b
 ITAM CYT

 was triggered. Finally, 

when 2.6b
 ITAM CYT

 was co-crosslinked with 1.1b
WT CYT

, a significant reduction in 

phosphotyrosine staining was observed (e.g. MFI=930.83±385.29) when compared to the value 

for 2.6b
 ITAM CYT

 activation alone (MFI=2897.34±385.29; Fig. 5.7B). 

This phospho-flow assay allowed me to examine the change of phosphotyrosine signals 

following co-crosslinking of IpLITR constructs in a high-throughput manner. However, it lacks 

the resolution for examining what occurs at the phagocytic synapse during cell-target interactions 

that occur during the phagocytic process. Therefore, I was unable to monitor the change of signal 

intensities within this specific structure using the whole cells assay. To achieve higher resolution, 

a confocal microscopy-based phagocytosis assay was performed as previously described (4,108). 

Specifically, αHA mAb-opsonized beads were incubated with 2.6b/1.1b
WT CYT

-expressing AD 

293
 
cells that were subsequently stained for intracellular phosphotyrosine molecules using an α-

phosphotyrosine rabbit mAb conjugated with FITC (green). These cells were also co-stained 

with an α-mouse IgG mAb conjugated with Cy5 (red) to detect surface exposed areas of the non-
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fluorescent (NF) target beads. Cell-bead contact sites (i.e. phagocytic synapses) are protected by 

plasma membrane and thus are not accessible to antibody staining. Consequently, surface areas 

of beads, that are not enclosed by plasma membrane, are stained red. A representative image of a 

cell with three partially internalized NF beads and intracellular phosphotyrosine molecules 

staining is shown in Fig. 5.8A. A staining intensity histograms (Fig. 5.8B) complete with MFI 

for phosphotyrosine molecules (green) and the extracellular exposed areas of the selected beads 

(red) are also shown. An arrowed line was then drawn across the selected bead (indicated by *) 

to show the areas of the image that were selected for MFI analysis, with the direction of the 

arrow correlating with the distance in m (starting at 0 m) of the x-axis. As shown in Fig. 5.8B, 

the selected bead is partially internalized with the red staining in the exposed area, which 

correlates with relatively high MFI values (~160 MFI) in the red channel calculated along the 

arrowed line. Comparatively, at the cell-bead contact site, the phosphotyrosine molecules 

staining is clearly visible as a thin green line outlining the phagocytic synapse. The calculated 

MFI for the bead (red histogram line) at this site is reduced to the basal level whereas MFI values 

of phosphotyrosine molecules (green histogram line) increase to ~113, indicating the enrichment 

of phosphorylated proteins localized at the phagocytic synapse. To further quantify the signal 

intensity of phosphotyrosine molecules recruited to phagocytic cups under different activation 

conditions (i.e. co-crosslinking of 2.6b
ITAM CYT

 and 1.1b
WT CYT 

vs. independent crosslinking of 

respective IpLITR type), a region of interest (ROI) was drawn to include phagocytic synapses for 

calculating integrated signal intensity in this specific region (dashed circle in Fig. 5.8C). For 

consistency, the size of the ROI is set to the same throughout the analysis for calculating signal 

intensity. As summarized in Fig. 5.8D, crosslinking of 1.1b
WT CYT

 only showed basal level of 

phosphotyrosine signal intensity (19103.82±2076.75) whereas a significantly higher value of 
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112488.42±6717.49 occurred when 2.6b
ITAM CYT

 was crosslinked. Finally, when 2.6b
ITAM CYT

 

was co-crosslinked with 1.1b
WT CYT

, a significant reduction in phosphotyrosine staining was 

observed (e.g. 57427.37±3350.71) when compared to the value for 2.6b
ITAM CYT

 crosslinking 

(112488.42±6717.49). Overall, this confocal microscopy-based method allowed me to identify 

phagocytic cups and to specifically measure the phosphotyrosine signal intensity at this site as a 

proxy for activated signaling molecules recruited to the phagocytic synapses. 

5.3 DISCUSSION 

The main objective of this thesis chapter was to examine the effect of IpLITR-mediated 

crosstalk on the phagocytic response. Specifically, I showed that the heterologous co-expression 

of IpLITR constructs in AD 293 cells is a valuable tool for functionally characterizing receptor 

crosstalk, revealing a new regulatory role of 1.1b
WT CYT

 as a potent inhibitor of the 2.6b
ITAM CYT

-

mediated phagocytic response. This inhibition on likely occurs via down-regulation of the 

phosphorylation status of intracellular signaling molecules recruited to the phagocytic cups. 

Taken together, these observations indicate that receptor crosstalk is an important regulatory 

mechanism utilized by teleost proteins to fine-tune phagocytosis, an essential and evolutionary 

conserved innate immune response.  

Cross-inhibition of phagocytosis through receptor crosstalk was first demonstrated in the 

functional characterization of human FcγRIIs. For example, a chimeric FcγRIIA receptor 

containing the extracellular domain of FcγRI and the transmembrane and cytoplasmic region of 

FcγRIIA were co-expressed with FcγRIIB in COS cells to investigate signaling crosstalk due to 

technical difficulties associated with the fact that several different FcγR classes may be 

expressed in hematopoietic cells and also due to the lack of specific mAbs targeting individual 

FcγR isoforms (131). Therefore, co-expression of two FcγRII isoforms of interest in a 
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heterologous system can take out unknown confounding factors (e.g. activating other isoforms of 

FcγR classes) from the equation and allowing for the specific investigation of the effects of 

potential crosstalk interactions between two human FcγR-types during phagocytosis. These 

studies provided valuable information regarding the inhibitory functions of FcγRIIB and set the 

stage for understanding how FcγRIIB regulates various immune responses both in vitro and in 

vivo (135,136). My study used similar approaches whereby 2.6b
ITAM CYT

 and 1.1b
CYT

 constructs 

were first differentially tagged with HA and FLAG epitopes and then stably co-expressed in AD 

293 cells to examine potential crosstalk between these IpLITR types. This heterologous co-

expression system allowed me to specifically activate IpLITR constructs using commercially 

available mAbs. To validate the specificity of this system, IpLITR co-expressing AD 293 cells 

were incubated with phagocytic targets with calibrated opsonizations using αHA or αFLAG-

specific mAbs. My results showed that crosslinking of 2.6b
ITAM CYT

 caused a robust phagocytic 

response whereas only binding activity was observed following 1.1b
WT CYT

-triggering. This is 

consistent with phenotypes observed in AD 293 cells solely expressing 1.1b 
ITAM CYT 

and 1.1b
WT 

CYT
 and rules out the possibility of cross-reactivity between αHA and αFLAG mAbs and also 

suggests that I was able to induce expected responses in co-expression AD 293 cells after 

triggering the distinct IpLITR-types.  

After validating the specificity of this co-expression system, I further optimized the 

concentration of respective mAbs co-opsonized on targets to co-crosslink two IpLITR types with 

similar binding avidity. Binding avidity is influenced by both the affinity of receptors and their 

cognate ligands and also by the number of receptors engaged; higher-avidity interactions often 

result in stronger downstream signals and thus, influencing the nature and magnitude of ensuing 

effector responses (137). For example, disproportionate activation of stimulating receptors due to 
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higher binding avidity to their cognate ligands is likely overriding inhibitory signals and vice 

versa (138,139). Therefore, it is necessary to optimize concentration of mAbs co-opsonized on 

targets in the study of IpLITR-mediated crosstalk to rule out artifacts from disproportionate 

activation of one IpLITR-type vs. another. The concentration of respective mAbs co-opsonized 

on targets was optimized by incubating cells with targets on ice (i.e. 4°C). At this decreased 

temperature, signal transduction following receptor-ligand interaction is largely abrogated and 

thus % of binding is positively correlated with the binding avidity. At the concentration of 0.32 

µg/ml of αHA and 2.5 µg/ml of αFLAG mAbs, crosslinking of 2.6b
ITAM CYT

 and 1.1b
CYT

 

constructs generated similar binding profiles. Overall, these results suggest that I can specifically 

activate IpLITRs and also control the magnitude of activation through manipulating the 

concentration of mAbs opsonized on targets. Therefore, this heterologous co-expression system 

represents a valuable tool for examining potential IpLITR-mediated crosstalk in a well-

controlled manner.  

With the establishment of this co-expression cell system, potential IpLITR-mediated 

crosstalk was further examined using YG beads opsonized with αHA and αFLAG mAbs. After 

co-crosslinking, I shown that 1.1b
WT CYT

 cross-inhibited 2.6b
ITAM CYT

-mediated phagocytosis and 

this inhibitory effect is likely dependent on signaling events downstream of 1.1b
WT CYT

 

activation. This observation does not agree with the reported functional roles of 1.1b
WT CYT

 in 

RBL-2H3 cells and is contrary to my original hypothesis that 1.1b
WT CYT

 might cooperate with 

classical phagocytic receptors (e.g. 2.6b
ITAM CYT

) and function as a tethering receptor to actively 

capture and secure targets on the plasma membrane to facilitate an efficient uptake of targets. 

This functional plasticity of 1.1b
WT CYT

 observed here likely lies in the difference of cell types 

(i.e. epithelioid cells and myeloid cells) used to study 1.1b
WT CYT

; expression level and profile of 
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signaling molecules vary between different cell types and thus, crosslinking of 1.1b
WT CYT

 may 

trigger cell type-specific signaling pathways that eventually leads to different effector responses. 

Indeed, changes in the expression level of endogenous signaling molecules can result in opposite 

functional outcomes even though the same receptors are activated. For example, 2B4 (CD244) 

receptors are primarily expressed on lymphoid lineage cells and activation of this receptor is 

capable of inducing cytotoxicity in mature NK cells through recruitment of signaling lymphocyte 

activation molecular-associated protein (SAP) (140). However, no functional SAP is present in 

developing NK cells and crosslinking of 2B4 receptors recruit phosphatases (e.g. SHP-1/2 and 

SHIP) and Csk instead, thereby exhibiting inhibitory functions in this context, which is necessary 

for the self-tolerance of developing NK cells (141–143). Therefore, it is likely that 1.1b
WT CYT

 is 

also capable of networking to different signaling pathways in a context-dependent manner and 

this functional plasticity of 1.1b
WT CYT

 further proves that IpLITRs are a valuable alternative 

vertebrate model to study signaling versatility in the regulation of innate cell effector responses. 

The initiation of phagocytosis is often associated with increased tyrosine phosphorylation 

of intracellular signaling proteins. Disruption of phosphotyrosine signaling events by 

phosphatases (e.g SHPs) specifically targets kinases (e.g Syk) and adaptor molecules (e.g Grb2) 

to inhibit phagocytosis (56,85,144). My results show that inhibition of 2.6b
ITAM CYT

-mediated 

phagocytosis is also associated with a significant reduction in phosphotyrosine signals after co-

crosslinking with 1.1b 
WT CYT

. Interestingly, this value is still significantly higher than the basal 

level of tyrosine phosphorylation observed when 1.1b
WT CYT 

is independently crosslinked, 

indicating that low level of intracellular tyrosine phosphorylation is still occurring. It is possible 

that 2.6b
ITAM CYT

-dependent activating signals are not completely counterbalanced by 

phosphatases recruited to 1.1b
WT CYT

 and this may account for the residual phagocytic activity 
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observed after co-crosslinking 2.6b
ITAM CYT

 with 1.1b
WT CYT

 (Fig. 5.5). Furthermore, inhibitory 

molecules recruited to 1.1b
WT CYT

 during receptor crosstalk can also be phosphorylated and this 

modification on regulatory tyrosine(s) has been reported to increase enzymatic activity of 

phosphatases, such as SHP1/2 and SHIP (145–151). Collectively, recruitments of inhibitory 

molecules during receptor crosstalk are the key step to down-regulate phosphorylation of 

tyrosine molecules and this further raises the question of how 1.1b 
WT CYT 

activation was 

initiated. Of note, independent engagement of 1.1b
WT CYT 

constructs only showed basal level of 

phosphorylation status similar to cells associating with no target, indicating that crosslinking 

1.1b
WT CYT

 alone is not sufficient to phosphorylate tyrosine motifs in its CYT that lead to 

subsequent recruitments of phosphatases. Therefore, co-crosslinking of 1.1b
WT CYT

 with 2.6b
ITAM 

CYT
 is likely required for activation of 1.1b

WT CYT
. Such a tran-phosphorylation mechanism that 

requires co-crosslinking of inhibitory and stimulating receptors to produce inhibition has been 

seen in the control of mast cell activation and represents a built-in regulatory mechanism to fine-

tune the magnitude of activation and also to prevent over-stimulation of cells (152). Overall, the 

data presented here demonstrated that following co-crosslinking, tyrosine motifs in the CYT of 

1.1b
WT CYT 

were likely phosphorylated by proximal signaling events downstream of 2.6b
ITAM CYT

 

activation and in turn result in the production of inhibitory signals. Mechanistic details regarding 

1.1b
WT CYT 

activation is far from understood and the identity of signaling molecules participating 

in IpLITR-mediated crosstalk also remain to be examined since the αphosphotyrosine mAbs 

used in the assay will recognize a broad range of tyrosine-phosphorylated proteins, which will be 

further explored and discussed in the next chapter. 

Phagocytosis is a multi-step process that can be conceptually separated into three distinct 

stages; i) binding of target particles by cognate receptors, ii) clustering of receptors leading to 
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consequent signaling, and iii) engulfment of particles through actin filament-dependent 

polymerization and de-polymerization events (112). For example, constant actin polymerization 

occurs at the leading edge of advancing pseudopods that direct the movement of plasma 

membrane to surround target particle's; whereas actin near the sites where particles were initially 

contacted start to dismantle, clearing path for particle internalization (110,112). This coordinated 

polymerization and de-polymerization of actin filaments is tightly regulated through 

spatiotemporal recruitment of various effector molecules to the interface of cell-target 

engagement, known as the phagocytic synapse or cup that brings engaged receptors and recruited 

signaling molecules into close proximity, creating a microenvironment where signal transduction 

occurs (153,154). This makes the phagocytic synapse an interesting structure for elucidating 

molecular aspects of phagocytosis. Although flow cytometry-based assays (e.g. phospho-flow) 

represent a high throughput platform to examine the activation of signaling molecules during 

phagocytosis, this technique is only able to resolve effector molecules that require 

posttranslational modifications (e.g. tyrosine phosphorylation) for activity by using specific 

antibodies that are able to discriminate the molecules after post-translational modifications. 

However, some signaling molecules (e.g. SHIPs and Csk) does not require posttranslational 

modifications for activation; instead, these molecules are constitutively active and simply 

translocate to the site where substrates are resident (e.g. from the cytosol to the plasma 

membrane) to exert their enzymatic activities (155,156). This phenomenon poses technical 

challenges for flow cytometry-based assays to differentiate activation status of these signaling 

molecules and thus other techniques that are able to specify the area of interest (e.g. phagocytic 

synapse) are required to specifically monitor various signaling molecules at different sites. 

Confocal microscopy provides high resolution of cell-target interactions and with an additional 
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staining step, I was able to also locate phagocytic synapses and further examine the recruitment 

of phosphotyrosine molecules during phagocytosis. Overall, similar trends were observed as in 

the phospho-flow assay described above. Furthermore, this confocal microscopy-based technique 

now allows me to examine the recruitment of specific candidate molecules of interest to the site 

during IpLITR-mediated receptor crosstalk, representing a valuable tool to elucidate molecular 

details responsible for 1.1b
WT CYT

-mediated cross-inhibition of phagocytosis.  

Overall, as reported in this chapter, I successfully established a heterologous co-

expression system that allows me to study IpLITR-mediated receptor crosstalk. For the first time 

I have also shown that teleost LITRs are capable of fine-tuning phagocytosis through receptor 

crosstalk. The inhibition of 2.6b
ITAM CYT 

-mediated phagocytosis is likely due to the reduced 

phosphorylation of effector molecules in the phagocytic signaling pathway after co-crosslinking 

with 1.1b 
WT CYT 

construct. This agrees with our previous functional studies of 1.1b 
WT CYT 

in NK 

cells that showed the selective recruitment of inhibitory molecules (i.e. Csk and SHPs) to 

different regions in the CYT of 1.1b 
WT CYT 

can
 
independently abrogate NK cell killing responses 

(10,12). Of note, both effector responses require the formation of synaptic structures (i.e. 

phagocytic and immunological synapse) and share a very close series of signaling molecules to 

regulate actin and microtubule dynamics (157). These observations may account for inhibitory 

roles of 1.1b 
WT CYT

 in regulating two distinct effector responses and also provide a model system 

to draw comparisons between 1.1b
WT CYT

-mediated inhibition of cytotoxicity and phagocytosis. 

The establishment of the AD 293 heterologous co-expression system now allows me to 

determine if 1.1b 
WT CYT 

utilizes the same mechanisms to cross-inhibit phagocytosis as was 

demonstrated for its inhibitory effects on NK cell-mediated cytotoxicity. I can also determine 

what inhibitory molecules are specifically recruited by 1.1b
WT CYT 

during cross-inhibition of 
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phagocytosis and what effector molecules are targeted. These questions will be addressed by co-

expressing 1.1b 
CYT 

constructs that have various combinations of mutated tyrosine motifs with 

2.6b
ITAM CYT

 and the mechanistic details responsible for 1.1b
WT CYT

-mediated inhibition of 

phagocytosis will be the focus of Chapter VI. 
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Figure 5.1. Generation and stable co-expression of N-terminal HA and FLAG epitope-

tagged IpLITR constructs in AD293 cells. Detection of the cell surface co-expression of 

2.6b
ITAM

 
CYT 

with 1.1b
WT CYT

 (referred to here as 2.6b/1.1b 
WT CYT

, (A)) or 1.1b
6YF CYT

 (referred to 

here as 2.6b/1.1b 
6YF CYT 

(B)) in transfected, selected and sorted AD 293 cells. Co-expression 

stable cells were stained by incubation with an αHA mAb (2.6b
ITAM

 
CYT 

staining, solid line, left 

panel), αFLAG mAb (1.1b
CYT

 constructs staining, solid line, right panel) or mouse IgG1 (isotype 

control, dash line) followed by staining with goat αmouse IgG pAb coupled to PE. Surface 

expression was then determined as an increase in fluorescence intensity in comparison with 

IgG1-stained cells. Shown are representative stains for each stable cell line.  
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Figure 5.2. Specific activation of 1.1b
WT CYT 

and 2.6b
ITAM CYT 

in co-expressing AD 293 cells. 

2.6b/1.1b 
WT

 
CYT

–expressing AD 293 cells (2 × 10
5
) were incubated with 4.5 µm YG beads (6 × 

10
5
) opsonized with different dilution of αHA, αFLAG mAbs and mouse IgG (isotype control) 

for 15 (A) and 30min (B) at 37 ℃ prior to analysis of samples using the ImageStream
x
 Mark II 

instrument. Two phenotypes (i.e. % of surface-bound and % of phagocytosis) were discriminated 

using previously described connected component masking (#). The percentage of gated cells 

only contains surface-bound beads are shown in grey bar and percentage of gated cells contains 

at least one phagocytosed beads are shown in black bar. Each bar represents the mean ± SEM of 

three independent experiments. 
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Figure 5.3. Optimal concentration of αHA and αFLAG mAbs opsonized on phagocytic 

targets to crosslink 2.6b
ITAM CYT 

and 1.1b
CYT

 constructs with similar binding avidity. (A) 

Co-expression stable cells (2 × 10
5
), 2.6b/1.1b

WT
 
CYT

 (A) and 2.6b/1.1b
6YF CYT

 (B) were pre-

chilled on ice for 15 min before adding 4.5  m YG beads (6 × 10
5
) opsonized with indicated 

dilution of αHA and αFLAG mAbs. Binding was allowed to proceed on ice for 60 min prior to 

analysis of samples using the ImageStreamx Mark II instrument. Results shown here are from 

two independent experiments. (C) 4.5 m YG beads were opsonized with selected concentration 

of αHA (0.32µg/ml) or αFLAG (2.5µg/ml) mAbs. Mouse isotype IgG1 was also included to 

ensure the equal concentration of mAbs during beads opsonization. Same binding assay was 

performed, and each bar represents the mean ± SEM of three independent experiments. 
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Figure 5.4. Schematics of examining potential IpLITRs-mediated crosstalk. 2.6b
ITAM

 
CYT

 

and 1.1b
WT

 
CYT

 constructs differentially tagged with HA and FLAG epitopes were stably co-

expressed on AD 293 cells. 4.5 m YG beads co-opsonized with αHA (0.32 g/ml) and αFLAG 

(2.5 g/ml) were used as phagocytic targets to co-crosslink two IpLITR types and potential 

receptor crosstalk on 2.6b
ITAM

 
CYT

-mediated phagocytosis can then be examined using 

phagocytosis assay described in Figure 4.3. 
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Figure 5.5. Inhibition of 2.6b
ITAM CYT

-mediated phagocytosis following co-crosslinking with 

1.1b
WT CYT

. Co-expression stable cells (2 × 10
5
), 2.6b/1.1b

WT
 
CYT

 and 2.6b/1.1b
6YF CYT

 were 

incubated with co-opsonized (αHA and αFLAG mAbs) 4.5 µm YG beads for 15 and 30 min at 

37 ℃ prior to analysis of samples using the ImageStreamx Mark II instrument. Percentage of 

cells exhibit two phenotypes is normalized and calculated as: % phagocytosis or surface-bound 

cells / % total bead-associated cells. Grey bars represent the percentage of cells with only 

surface-bound targets (i.e. no internalization) and black bars represent the percentage of cells 

with ≥1 fully internalized bead. Each bar represents the mean ± SEM of three independent 

experiments.
 *
P   0.05 when comparing the % phagocytosis of co-crosslinking 2.6b

ITAM CYT
 

with 1.1b 
WT

 
CYT 

vs. 1.1b 
6YF

 
CYT 

at each time point. 
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Figure 5.6. Examination of phosphotyrosine signaling events using imaging flow cytometry. 
(A) Gating strategy to discriminate cells associating with beads from cells alone. 2.6b/1.1b

WT
 
CYT

 

cell lines were incubated with αHA Abs-opsonized light yellow (LY) beads to crosslink 2.6b
ITAM 

CYT
 and allow phagocytosis to proceed for 15 min at 37 ℃ before cells were permeabilized and 

intracellularly stained with AF488-conjugated αphosphotyrosine antibodies. Two cell 

populations (cells alone (R1) or with targets (R2)) were gated based on the fluorescence intensity 

of LY beads. (B) Intensity mask in the IDEAS
®
 software was used to identify positive phospho-

tyrosine signals within individual events. Phospho-tyrosine signals and LY beads were detected 

in channel 2 and 7 respectively. An intensity mask was created and then applied to identify 

phospho-tyrosine signals with intensity value from 72 to 4025 MFI (cyan-coloured spots) and 

signals below 72 MFI (background staining) will be excluded from further analysis. (C) 

Phospho-tyrosine profile of R1 and R2. Fluorescent intensity of cells in R1 and R2 gate was then 

calculated after application of the intensity mask; cells associating with no LY target (left panel) 

only exhibit basal level of phosphotyrosine signal (MFI 143). In comparison, an increase in 

phosphotyrosine signal intensity (MFI 2781) was observed when cells associate with LY beads 

(R2) and two cell populations (R3 and R4) were revealed based on fluorescent intensity. 

Specifically, Cells in R3 had no phosphotyrosine signal (<72) while cells in R4 had phospho-

tyrosine signals of various intensity. The inset shown cells in R4 alone. 
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Figure 5.7. Down-regulation of 2.6b
ITAM CYT

-mediated phosphotyrosine signaling following 

co-crosslinking with 1.1b
WT CYT

. Co-expression stable cell lines (2 × 10
5
), 2.6b/1.1b

6YF
 
CYT

 (A) 

and 2.6b/1.1b
WT

 
CYT 

(B) were incubated with LY beads (6 × 10
5
) at 37 ℃. LY beads were 

opsonized with αHA and αFLAG to co-crosslink 2.6b
ITAM

 
CYT

 and 1.1b
CYT 

constructs. To 

independently crosslink 2.6b
ITAM

 
CYT

 and 1.1b
CYT 

constructs, LY beads were opsonized with 

αHA or αFLGA mAbs along with mouse isotype IgG. The isotype IgG was always included 

during beads opsonization when independently activate IpLITR constructs to ensure the overall 

concentration of IgG was the same. After 15 min incubation, cells were permeabilized and 

intracellularly stained with AF488-conjugated αphosphotyrosine mAbs prior to analysis of 

samples using the ImageStreamx Mark II instrument. Fluorescent intensity of cells associated 

with LY beads was then calculated and represented as mean fluorescent intensity (MFI). Each 

bar represents the mean ± SEM of four independent experiments. Letters indicate statistical 

significance (P   0.05) between the means.  
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Figure 5.8. Confocal microscopy analysis of signaling molecules recruited to phagocytic 

cups. (A) 2.6b/1.1b
WT

 
CYT

-expressing AD 293 cells (2 × 10
5
), were grown on coverslips and 

incubated with 4.5 µm non-fluorescent (NF) beads opsonized with αHA mAb and mouse isotype 

IgG at 37 ℃. After 8 min incubation, cells were fixed with 4% PFA for 10 min and partially 

internalized beads were then stained using Cy5-conjugated goat-anti-mouse secondary mAbs. 

After beads staining, cells were permeabilized and stained for intracellular phosphotyrosine 

molecules via first incubating with a rabbit anti-pY mAb and then a secondary goat-anti-rabbit 

mAbs conjugated to FITC. Z-stack images were then obtained at a magnification of 63× using a 

Zeiss LSM 710 scanning confocal microscope. Representative images from z-stack acquisitions 

are shown as images showing phosphotyrosine molecules (green) staining alone, surface-bound 

beads (red) staining alone, merged-fluorescence images or brightfield-fluorescence merged 

images using the Zen 2009 imaging software. Yellow arrowheads indicate phagocytic cups and 

the target bead of interest is indicated by an asterisk (*). Qualitative analysis of bead and 

phosphotyrosine molecules staining intensities was performed using Fiji software (B) by 

calculating the MFI (y-axis) of the bead (red line) and phosphotyrosine molecules staining (green 

line) across the dash arrowed line. (C) To further quantify phosphotyrosine molecules recruited 

to phagocytic cups under different activation conditions, 2.6b/1.1b
WT

 
CYT

-expressing cells were 

incubated with NF beads opsonized with indicated mAbs. Same experiments as described above 

were performed. For analyses, a region of interest (ROI, indicated by dashed circles) was first 

drawn that includes phagocytic cups so phosphotyrosine signal intensities in this area can then be 

calculated and as summarized in (D), at least 50 phagocytic cups from three independent 

experiments were pooled and represented as mean integrated fluorescent intensity ± SEM. 

Letters indicate statistical significance (P   0.05) between the means.  
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CHAPTER VI 

CROSS-INHIBITION OF ITAM-DRIVEN PHAGOCYTOSIS THROUGH 

COORDINATE RECRUITMENTS OF CSK AND SHP-2 TO 1.1B
WT CYT 

DURING 

RECEPTOR CROSSTALK 

6.1 Introduction 

In the previous chapter, I established a heterologous expression system in which 

differentially-tagged 1.1b
WT CYT 

and 2.6b
ITAM CYT 

constructs are co-expressed in AD 293 cells. 

This allows for the co-crosslinking of two IpLITR-types and examination of the subsequent 

effects of potential receptor cross-during the control of the phagocytic response. A significant 

reduction in phagocytosis was observed after co-crosslinking 2.6b
ITAM CYT 

with 1.1b
WT CYT 

but 

not with the signaling-incompetent mutant 1.1b
6YF CYT 

construct. This observation suggests that 

1.1b
WT CYT 

plays an inhibitory role in the control of phagocytosis and inhibitory signals 

downstream of 1.1b
WT CYT 

disrupt critical signaling components that are required for ITAM-

driven phagocytosis. 

Internalization of IgG-opsonized particles by FcγRs is by far the best-understood model 

of ITAM-mediated phagocytosis. This process requires spatiotemporal activation of various 

effector molecules that regulate: i) tyrosine phosphorylation; ii) phospholipid metabolism, and; 

iii) dynamic cytoskeletal rearrangement by virtue of actin nucleation factors (110,112,153). 

Although multiple signaling pathways are activated during phagocytosis, the initiation of this 

dynamic process is mediated by conserved proximal signaling events that are also responsible for 

activating other immune responses, such as cytotoxicity, and degranulation (158,159). In the 

context of phagocytosis, engagement of activating receptors (e.g. FcγRIIA) with their IgG-coated 

targets triggers phosphorylation of tyrosines within ITAMs by Src family kinases, which provide 

docking sites for the binding of Syk molecules (110,144). Syk is recruited to the site of the 
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activated receptor where it serves as a critical signaling effector molecule that can activate 

downstream effector molecules. Selected examples include phospholipase C, PI3K, Akt, Rho-

family small GTPases, and the extracellular signal-regulated (Erk) mitogen-activated protein 

kinase (MAPK) (93,160–163). These effector molecules further amplify signaling cascades to 

regulate cytoskeletal reorganization, transcription of immune-related genes and the synthesis and 

secretion of inflammatory mediators such as cytokines. For many years, studies on FcγR-

mediated phagocytosis have been dedicated to investigating molecular events leading to the 

activation of this process. Only recently has evidence revealed that phagocytosis is also subjected 

to tight regulations by the action of certain inhibitory receptors and enzymes that work alongside 

activating signals to temper the response (164). Since then, various inhibitory molecules that 

target substrates at different levels of signaling pathways have been identified and these provide 

new insights into molecular details during the control of phagocytosis. For example, the non-

receptor tyrosine kinase, C-terminal src kinase (Csk), is ubiquitously expressed and specifically 

targets proximal signaling events by phosphorylating a conserved inhibitory tyrosine residue on 

Src family kinases, thus rendering them in an auto-inhibitory conformation (165,166). 

Overexpression of Csk molecules reduces phagocytic efficiency in macrophages (167). 

Alternatively, tyrosine phosphatases, like SHP-1, are restrictively expressed in hematopoietic 

cell lineages overexpression of this inhibitory molecule in a fibroblast cell line suppresses the 

activation of Rho-family small GTPases (i.e. Rac) and inhibits FcγRIIA-mediated phagocytosis 

(168). Other inhibitory molecules, such as SHIPs exert their inhibitory effects on phagocytosis 

by converting PIP3, which is generated by PI3K, back to PIP2 and thus prevents translocation of 

pleckstrin homology (PH) domain-containing molecules (e.g. Akt and PLCγ) to the plasma 

membrane during phagocytosis (169,170).  
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Previous pharmacological studies in our lab have shown that inhibition of Src family 

tyrosine kinases, Syk, PI3K and Akt molecules largely reduced phagocytosis in 2.6b
ITAM CYT

-

expressing cells (4). This observation indicates that crosslinking of 2.6b
ITAM CYT

 constructs 

engage classical ITAM-dependent signaling pathways to mediate phagocytosis. Consequently, 

impairment of 2.6b
ITAM CYT

-mediated phagocytosis following co-crosslinking with 1.1b
WT CYT 

may also be regulated by a similar repertoire of aforementioned inhibitory molecules. Indeed, 

binding of Csk and SHP-1/2 to membrane proximal and distal CYT regions of 1.1b
WT CYT 

has 

been observed in previous in vitro biochemical assays (14). Functional studies further showed 

that these two CYT regions of 1.1b
WT CYT 

independently exert inhibitory effects on cytotoxicity 

when 1.1b
WT CYT 

was expressed inn NK cells (10,12). Since similar synaptic structures are 

formed and a shared pool of effector molecules are involved in regulating phagocytosis and 

cytotoxicity, a possible evolutionary link between these two processes has been suggested (157), 

and this may account for the regulatory role of 1.1b
WT CYT

 in controlling these innate effector 

responses. Understanding the molecular details underlining 1.1b
WT CYT

-mediated cross-inhibition 

of phagocytosis will expand our knowledge on the functional capabilities of 1.1b
WT CYT 

in 

regulating effector responses through networking with various signaling pathways. 

The main research objective of this thesis chapter was to further investigate mechanistic 

details regarding the inhibitory effects of 1.1b
WT CYT 

on 2.6b
ITAM CYT

-driven phagocytosis. 

Specifically, I tested the hypothesis whether membrane proximal and distal CYT regions of 

1.1b
WT CYT 

independently cross-inhibit phagocytosis. Secondly, I further explored the recruitment 

of endogenous inhibitory molecules to 1.1b
WT CYT

 constructs that may be involved in the cross-

inhibition of phagocytosis. Finally, I examined the phosphorylation state of representative 

signaling components that are often activated during phagocytosis following receptor crosstalk. 
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My results show that two distinct CYT regions of 1.1b
WT CYT 

are both required for coordinated 

recruitments of endogenous Csk and SHP-2 molecules to disrupt Erk1/2 signaling pathways and 

thus sustain inhibitory effects on ITAM-driven phagocytosis. This represents a novel regulatory 

mechanism for the cross-inhibition of phagocytosis and provides additional information 

regarding the immunoregulatory role of 1.1b
WT CYT 

in controlling innate cellular responses. 

6.2 Results 

6.2.1 Generation of stable AD 293 cells co-expressing 2.6b 
ITAM CYT 

with various 1.1b 
CYT 

tyrosine mutant constructs 

To further investigate the tyrosine motifs in the CYT of 1.1b 
WT CYT 

that are critical for 

cross-inhibition of 2.6b
ITAM CYT

-mediated phagocytosis, three new FLAG-tagged constructs were 

generated: i) 1.1b
Prox CYT 

(tyrosines 433/453/463, including the Csk-binding motif Y453, in the 

proximal region of the CYT of 1.1b 
WT CYT 

were mutated to phenylalanine), ii) 1.1b
Distal CYT 

(two 

ITIMs (tyrosine 477 and 499) and one ITSM (tyrosine 503) in the distal region of the CYT of 

1.1b 
WT CYT 

were mutated to phenylalanine) and iii) 1.1b 
3F CYT 

(tyrosine 433/463/503 mutated to 

phenylalanine). These constructs were co-transfected with HA-tagged 2.6b 
ITAM CYT 

to generate 

co-expressing AD 293 cell lines (referred to here as 2.6b/1.1b
Prox CYT

, 2.6b/1.1b 
Distal CYT

 and 

2.6b/1.1b 
3F CYT

 respectively). The surface expression levels of the IpLITR constructs were 

confirmed by αHA mAb and αFLAG mAb staining (Fig. 6.1)  

6.2.2 Tyrosine 453 and ITIMs in the CYT of 1.1b
WT CYT 

are minimally required for 

sustaining the inhibitory effects on 2.6b
ITAM CYT

-mediated phagocytosis 

To identify 1.1b
WT CYT 

CYT region tyrosine residues that are required for cross-inhibiting 

2.6b
ITAM CYT 

-mediated phagocytosis, I generated new constructs with combinations of CYT 

tyrosine mutations and then co-expressed these with 2.6b
ITAM CYT

 in AD 293 cells. After co-
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crosslinking 2.6b
ITAM CYT

 with various 1.1b
CYT

 tyrosine mutant constructs (i.e. 1.1b
Prox CYT

, 1.1b 

Distal CYT
 and 1.1b 

3F CYT
) for 15 min and 30 min, the dataset was first normalized as described in 

chapter V and then the % of phagocytosis was compared to the value obtained from co-

crosslinking with 1.1b
WT CYT 

(maximum inhibition on 2.6b
ITAM CYT

-phagocytosis) and 1.1b
6YF CYT 

(minimal inhibition on 2.6b
ITAM CYT

-phagocytosis) respectively. As shown in Figure 6.2A-B, 

1.1b 
Distal CYT

 fails to cross-inhibit 2.6b
ITAM CYT

-mediated phagocytosis. However, a significant 

cross-inhibition on phagocytosis was observed after co-crosslinking IpLITR constructs in the 

2.6b/1.1b 
3F CYT

 cell line (44.2% and 46.9% at 15 and 30min respectively). Although ~10% 

increase in the % of phagocytosis was observed compared to the value from co-crosslinking with 

1.1b 
WT CYT 

(~28% and ~36%, respectively), there is no significant difference at both time points. 

Interestingly, the lowest % of phagocytosis (~33%) among all 1.1b
CYT

 tyrosine mutant constructs 

tested was observed after co-crosslinking 2.6b
ITAM CYT 

with 1.1b
Prox CYT

 at 15 min but the value 

significantly increased to ~74% after 30 min (i.e. it failed to maintain the inhibition of 

phagocytosis at 30 min). A summary of the relative % inhibition of 2.6b
ITAM CYT 

-mediated 

phagocytosis by the various 1.1b
CYT 

constructs are shown in Figure 6.2C. For example, at 15 min, 

co-crosslinking of 1.1b
WT CYT

 reduced phagocytosis most efficiently (~64% inhibition). A 

moderate inhibitory effect on 2.6b
ITAM CYT

-mediated phagocytosis was observed after co-

crosslinking with 1.1b
Prox CYT

 or 1.1b
3F CYT

, representing a ~58% and ~44% inhibition, 

respectively. These values were further reduced to ~10% after co-crosslinking with 1.1b 
Distal CYT

. 

Similar trends were observed after co-crosslinking 2.6b
ITAM CYT

 with various 1.1b constructs for 

30 min with slight fluctuations in the value (±~8%). However, after co-crosslinking with the 

1.1b
Prox CYT

 construct, this value was dramatically decreased from ~58% at 15 min to ~10% at 30 

min. Overall, the 1.1b
3F CYT 

constructs are most effective at sustaining an inhibitory effect on 
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ITAM-driven phagocytosis among all the tested tyrosine mutant constructs. This strongly 

suggests that tyrosine motifs found in the membrane proximal and distal CYT segments of 

1.1b
WT CYT 

are required to coordinately cross-inhibit 2.6b
ITAM CYT

-mediated phagocytosis. 

6.2.3 Coordinated recruitment of pSHP-2 and Csk molecules to the CYT of 1.1b 
WT CYT 

during crosstalk inhibition of the phagocytic response. 

To further investigate the identity of recruited effector molecules during receptor 

crosstalk, a co-immunoprecipitation assay was performed. In these experiments, 2.6b 
ITAM CYT 

and 1.1b 
CYT 

constructs (i.e. 1.1b
WT CYT

, 1.1b
6YF CYT

, 1.1b
Prox CYT

, 1.1b
Distal CYT 

and 1.1b
3F CYT

) 

were co-crosslinked using protein A-coated magnetic beads co-opsonized with αHA/FLAG 

mAbs. As controls, 2.6b/1.1b 
WT CYT 

-expressing AD 293 cells, were incubated with magnetic 

beads opsonized with αHA, αFLAG and isotype IgG1, respectively. After incubation with 

various antibody-coated beads, cells were lysed, and magnetic beads were isolated using a 

magnetic separator. Immunoprecipitated proteins (i.e. targeted IpLITR constructs along with any 

recruited effector molecules) that bound to the magnetic beads were then identified by 

immunoblotting. Nitrocellulose membrane was first probed with αHA and αFLAG mAbs as an 

indicator of the successful pull-down of the various N-terminal HA or FLAG-tagged IpLITR 

constructs. Specifically, immunoreactive bands corresponding to 2.6b
ITAM CYT

 and 1.1b 
CYT 

constructs were both present upon co-crosslinking of two IpLITR-types using co-opsonized 

magnetic beads, whereas only 2.6b 
ITAM CYT

 or 1.1b 
CYT 

constructs were present when magnetic 

beads opsonized with αHA or αFLAG mAbs, respectively, were used (Fig. 6.3A-B). Notably, no 

band was observed when cells were incubated with isotype IgG1-opsonized magnetic beads. To 

further validate selective recruitments of Csk and SHP-2 molecules to the CYT of 1.1b 
WT CYT 

in 

previous biochemical assays, the nitrocellulose membrane was probed using mAbs specific for 
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Csk and pSHP2. Immunoreactive bands corresponding to Csk were only detected upon co-

crosslinking of 2.6b
ITAM CYT

 and 1.1b
CYT 

constructs that contain tyrosine 453 in their CYTs (i.e. 

1.1b
WT CYT

, 1.1b
Distal CYT 

and 1.1b
3F CYT

; Fig. 6.3C). Comparatively, pSHP-2 bands were observed 

after co-crosslinking with 1.1b
CYT 

constructs with ITIMs in CYTs (i.e. 1.1b
WT CYT

, 1.1b
Prox CYT 

and 1.1b
3F CYT

; Fig. 6.3D). Of note, independent IpLITR triggering or co-crosslinking of 

2.6b
ITAM CYT 

and 1.1b
6YF CYT 

only, results in the precipitation of respective IpLITR constructs 

with no associated Csk or pSHP-2 molecules (Fig. 6.3C-D). Potential recruitments of other 

inhibitory effector molecules involved in lipid signaling upon co-crosslinking of IpLITR-types 

were also examined; however, no immunoreactive bands corresponding to phosphatase and 

tensin homolog (PTEN) and SHIP-2 were detected even though these signaling molecules were 

present in the whole cell lysates (Fig. 6.3E-F). 

To further confirm and quantify selective recruitments of Csk and pSHP2 to different 

CYTs of 1.1b
CYT

 constructs, a confocal microscopy-based assay was performed as described in 

Chapter V. Briefly, 2.6b/1.1b
CYT

-expressing AD 293 cells were incubated with co-opsonized NF 

beads to co-crosslink two IpLITR-types. As controls, 2.6b/1.1b
WT CYT

-expressing cells were 

incubated with αHA or αFLAG mAb-opsonized NF beads that result in the independent 

activation of the IpLITR constructs. After incubation, exposed areas of surface-bound NF beads 

and intracellular effector molecules of interest (i.e. Csk and pSHP-2) were differentially stained 

red and green, respectively. Consistent with the co-immunoprecipitation results, the recruitment 

of Csk molecules to the phagocytic synapses were only observed upon co-crosslinking of 

2.6b
ITAM CYT 

and 1.1b
CYT 

constructs containing tyrosine 453 (Fig. 6.4A-B). This observation was 

further confirmed by quantitative analysis of fluorescent signal intensities within phagocytic 

synapses. Specifically, independent engagement of 2.6b
ITAM CYT 

and 1.1b
WT CYT

 only showed 
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basal level of fluorescent intensities at the phagocytic synapses, with values of 44800.59-

±2912.57 and 38695.77±2384.51, respectively. Although signal intensities were slightly 

increased to 51008.21±2461.30 and 49154.21±2762.76 following co-crosslinking of 2.6b
ITAM CYT 

with 1.1b
6YF CYT 

and 1.1b
Prox CY 

constructs, respectively, these changes did not represent 

statistically significant increases in Csk recruitments to phagocytic synapses. However, 

significant increases of signal intensities were observed after co-crosslinking 2.6b
ITAM CYT 

with 

1.1b 
CYT 

constructs containing tyrosine 453 (i.e. 1.1b
WT CYT

, 1.1b
Distal CYT 

and 1.1b
3F CYT

), with 

values of 113829.37±6773.95, 108223.91±5162.79 and 119418.42±4273.65. respectively (Fig. 

6.4C). Comparatively, enrichment of pSHP2 molecules at the phagocytic synapses were only 

seen after co-crosslinking 2.6b
ITAM CYT 

with 1.1b
CYT 

that contained functional ITIMs in their 

CYT regions (Fig. 6.5A-B). Similarly, basal levels of pSHP-2 signals (signal intensities of 

~30000) was observed after independent engagement of 2.6b
ITAM CYT 

and 1.1b
WT CYT 

constructs 

or co-crosslinking of 2.6b
ITAM CYT

 with 1.1b
CYT 

constructs with mutated ITIMs (i.e. 1.1b
6YF CYT 

and 1.1b
Distal CYT

). A significant increase of pSHP-2 signals was seen after co-crosslinking 

2.6b
ITAM CYT 

with 1.1b
CYT 

constructs that have intact ITIMs (i.e. 1.1b
WT CYT

, 1.1b
Prox CYT 

and 

1.1b
3F CYT

), represented by staining intensity values of 41380.35±2391.50, 44447.96±3741.96 

and 45666.20±2484.31, respectively (Fig. 6.5C).
  

6.2.4 Reduction in phosphorylation of Erk1/2 but not Akt during crosstalk inhibition of the 

phagocytic response. 

Having established that 1.1b
WT CYT 

-mediated cross-inhibition of phagocytosis is likely 

through selective recruitments of Csk and pSHP-2 molecules, I next examined the potential 

candidates of downstream effector molecules that are targeted during of IpLITR crosstalk 

inhibition of the phagocytic response. Stable AD 293 cells were incubated with co-opsonized YG 
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beads to co-crosslink 2.6b
ITAM CYT 

and 1.1b
CYT 

constructs. As controls, 2.6b
ITAM CYT 

and 1.1b
WT 

CYT 
constructs were independently engaged following incubation of 2.6b/1.1b

WT CYT
-expressing 

AD 293 cells with YG beads opsonized with αHA and αFLAG mAbs, respectively. After 

stimulating the receptors for indicated time points, cells were immediately lysed, sonicated and 

centrifuged to eliminate debris and then supernatant fractions were collected for subsequent 

immunoblotting analysis. In my studies, I focused on the two effector molecules ERK1/2 and 

Akt, which are known to be activated during phagocytic responses (163,171). Specifically, I 

examined the phosphorylation status of these two molecules as indications of which signalling 

pathways may be disrupted during 1.1b
WT CYT

-mediated cross-inhibition events. After 

independent engagement of 1.1b
WT CYT 

for 2, 8, 15 and 30 min, no Erk1/2 phosphorylation was 

induced with only background signals similar to resting cells observed (i.e. 0 min group; Fig. 

6.6A). In contrast, independent activation of 2.6b
ITAM CYT

 or co-crosslinking with 1.1b
6YF CYT 

constructs induced Erk1/2 phosphorylation at 2 min (~10 fold increase relative to 0 min) that 

peaked at 15 min (~30 fold increase) and subsided by 30 min (~10 fold increase) post-

stimulation (Fig. 6.6B and Fig. 6.6D). A clear reduction of Erk1/2 phosphorylation was observed 

after co-crosslinking 2.6b
ITAM CYT 

with 1.1b
WT CYT

, representing ~4 fold increase in relative to 0 

min over time (Fig. 6.6C). To further investigate the contribution of tyrosine motifs in the CYT 

of 1.1b
WT CYT 

required to down-regulate Erk1/2 phosphorylation, the phosphorylation state of 

Erk1/2 was examined after co-crosslinking 2.6b
ITAM CYT 

with various tyrosine mutant 1.1b
CYT 

constructs. A similar induction profile of Erk1/2 phosphorylation was observed following co-

crosslinking 2.6b
ITAM CYT 

with 1.1b
Prox CYT 

or 1.1b
Distal CYT 

but with reduced magnitude at each 

time point (Fig. 6.6E-F). Comparatively, after co-crosslinking 2.6b
ITAM CYT 

with 1.1b
3F CYT

, 

Erk1/2 phosphorylation was largely reduced and similar to the levels observed when 2.6b
ITAM CYT
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was co-crosslinking with the functionally intact 1.1b
WT CYT 

(Fig. 6.6G).  

With respect to the phosphorylation state of Akt molecules, independent engagements of 

1.1b
WT CYT 

for various time points results in no induction of Akt phosphorylation with only basal 

levels of pAkt signals observed (data not shown). Comparatively, crosslinking of 2.6b
ITAM CYT

 

lead to a rapid and sustained phosphorylation of Akt and pAkt levels were maintained for up to 

30 min (data not shown). Similar trends were also observed following co-crosslinking 2.6b
ITAM 

CYT
 with various 1.1b

CYT 
constructs (data not shown). These observations suggest that pAkt 

signaling events were not affected as a result of IpLITR crosstalk. 

6.3 DISCUSSION 

Having established in the previous chapter that IpLITR crosstalk is an important 

regulatory mechanism controlling phagocytosis, the objectives of this chapter were to further 

investigate the molecular mechanisms responsible for the 1.1b
WT CYT

-mediated cross-inhibition 

of phagocytosis. Here, I identified two signaling regions (i.e. tyrosine 453 and ITIMs) in the 

CYT of 1.1b
WT CYT

 that are critical for sustaining inhibitory effects on 2.6b 
ITAM CYT 

-mediated 

phagocytosis. Coordinated recruitments of Csk and pSHP-2 molecules to phagocytic synapses 

upon co-crosslinking of IpLITR constructs likely contribute to inhibiting phagocytosis through 

down-regulation of the Erk1/2 signaling pathway. Overall, data presented in this chapter provide 

new insights into molecular details regarding the novel regulatory role of 1.1b
WT CYT 

to cross-

inhibit ITAM-driven phagocytosis via coordinated recruitments of specific inhibitory molecules.  

The inhibitory role of 1.1b
WT CYT 

was originally characterized in transfected NK cells and 

the first functional report showed that 1.1b
WT CYT 

-mediated inhibition of NK cell killing is likely 

through recruitments of SHPs to ITIMs in the membrane distal CYT segment (10). Later studies 

revealed an ITIM-independent mechanism during the control of  1.1b
WT CYT

-mediated inhibition 
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of NK cell killing responses. Specifically, the membrane proximal CYT region of 1.1b
WT CYT 

was 

shown capable of independently abrogating NK cell cytotoxicity and subsequent biochemical 

analysis confirmed that a Csk-binding motif (i.e. tyrosine 453) is likely responsible for this 

inhibitory activity (12). Interestingly, although cytotoxicity and phagocytosis are two 

functionally distinct cellular responses, similar synaptic structures (i.e. immunological and 

phagocytic synapses) are formed after encountering cognate targets, which provides a 

microenvironment for receptor clustering and recruitment of various signaling molecules that 

fine-tune effector responses. For example, in the context of NK cell-mediated cytotoxicity, the 

initial formation of an activating NK immunological synapse (aNKIS) is achieved by segregating 

key inhibitory proteins (e.g. SHPs) away from central supramolecular activation cluster 

(cSMAC), where activating receptors and associated components are resident and thus, local 

activity of tyrosine kinases would be favoured to propagate activating signals (172–174). 

Interestingly, similar mechanisms were also observed for the initiation of phagocytosis, in which 

engagement of Dectin-1 by β-glucan-opsonized particles result in local exclusion of 

transmembrane receptor tyrosine phosphatases (i.e. CD45 and CD148) from the receptor-

enriched sites, thus allowing transduction of phosphotyrsosine-based signaling events (154). This 

observation leads to the "phagocytic synapses" model and later studies further reported that this 

mechanism is also used by classical phagocytic receptors (i.e. FcRs), suggesting that it may be 

relevant for all phagocytic receptors (157). With respect to the role of synaptic structures in 

inhibiting effector responses, a synaptic structure known as the inhibitory NKIS (iNKIS), is 

formed at the interface between the NK cells and normal host cells that engage ITIM-containing 

KIRs by cognate ligands (e.g. MHC-I molecules). These receptors are clustered in the central 

supramolecular inhibition cluster (cSMIC). This forms a platform for recruitments of 
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phosphatases (e.g. SHP1/2) to down-regulate activating signals and consequently, prevent NK 

cells from killing normal cells (173). Comparatively, although no "inhibitory phagocytic 

synapse" has been reported, inhibition of phagocytosis following co-crosslinking of activating 

and inhibitory receptors often results in stalled phenotype, where phagocytic targets are not 

completely internalized but still remain on the plasma membrane (131). This observation 

strongly suggests that similar synaptic structures are formed at the contact sites, beneath which 

the interplay between activating and inhibitory signals dictates the nature and magnitude of 

subsequent responses.  

A set of inhibitory molecules that target proximal signaling events have been reported to 

down-regulate both phagocytosis and cytotoxicity. For example, both Csk and SHPs have been 

shown to inactivate critical signaling components required for the induction of phagocytosis and 

cytotoxicity (67,167,168,175–180). Collectively, these observations led me to formulate the 

hypothesis that membrane proximal and distal CYT segments of 1.1b
WY CYT

 may also 

independently control 2.6b
ITAM CYT

-mediated phagocytosis. To further determine if 1.1b
WT CYT

 

uses similar mechanisms to cross-inhibit phagocytosis as was demonstrated for its inhibitory 

effects on cytotoxicity, I generated 1.1b
CYT

 constructs with combinations of tyrosines mutated to 

phenylalanine in their CYT regions and stably co-expressed these with 2.6b
ITAM CYT 

in AD 293 

cells. Site-directed mutagenesis allowed me to test my hypothesis by disabling selected tyrosine 

motifs and then investigating if the rest of tyrosine motifs are sufficient to inhibit phagocytosis. 

For example, the mutant construct, 1.1b
Distal CYT

, has tyrosine motifs (i.e. ITIMs and ITSM) in the 

membrane distal region of 1.1b
WT CYT 

mutated to phenylalanine, thus potential inhibitory effects 

of tyrosine motifs in the membrane proximal region on phagocytosis can then be specifically 

examined.  
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Contrary to the observation in NK cells, the 1.1b
Distal CYT

 constructs did not exert 

inhibitory effects on 2.6b
ITAM CYT

-mediated phagocytosis even though it still has the potential of 

recruiting Csk molecules. Csk is a negative regulator of Src family kinases by specifically 

phosphorylating a conserved tyrosine residue (i.e. tyrosine 527) at C-terminus; thus rendering 

Src kinases in an auto-inhibitory conformation (66). Loss of Src kinase activity reduces 

phosphorylation of tyrosine within ITAMs, which results in the abrogation of various effector 

responses (181–185). However, several lines of evidence indicate that Src family kinases may 

not be indispensable for the initiation and completion of phagocytosis and macrophages lacking 

major Src kinases still able to engulf phagocytic targets, although in a delayed manner (186). It is 

proposed that a small number of Syk can constitutively associate with ITAM, which is sufficient 

to initiate and propagate signaling cascades after receptor ligation even in the absence of Src 

kinases (57,110,186). Therefore, recruitments of Csk alone to 1.1b
Distal CYT

 signaling complex 

may not be sufficient to cross-inhibit phagocytosis. Interestingly, 2.6b 
ITAM CYT

-mediated 

phagocytosis was significantly inhibited after co-crosslinking with 1.1b
Prox CYT

 constructs (i.e. 

tyrosine motifs, including the Csk-binding motif, in the membrane proximal segment are 

mutated) at 15 min but a robust phagocytic phenotype was restored at 30 min. This delay in 

phagocytosis suggests that inhibitory molecules (e.g. SHP2) recruited by 1.1b
Prox CYT

 constructs 

may reduce but not completely abolish the activity of effector molecules critical for the 

progression of phagocytosis; thus failing to sustain the inhibitory effect. Indeed, a similar 

observation has been reported from mouse peritoneal macrophages lacking Abl kinases and 

reduced phosphorylation of a regulatory tyrosine residue (i.e. Y346) on Syk may account for the 

delay in phagocytosis (187). Collectively, these observations indicate that membrane proximal 

and distal CYT segments of 1.1b
WT CYT

 are not able to independently sustain the inhibition of 
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2.6b 
ITAM CYT

-mediated phagocytosis; instead, tyrosine motifs from both CYT segments may be 

required for the initiation (1.1b
Distal CYT

) and sustainment (1.1b
Prox CYT

) of 1.1b
WT CYT

-mediated 

cross-inhibition. Supporting this hypothesis, sustained inhibition of phagocytosis was observed 

after co-crosslinking 2.6b
ITAM CYT

 with the 1.1b
3F CYT

 constructs where the Csk-binding motif 

(i.e. Y453) and the CYT distal ITIMs (i.e. Y477 and Y499) remained intact, further suggesting 

that coordinated recruitments of multiple inhibitory molecules to CYT segments are required to 

cross-inhibit phagocytosis. Of note, the inhibition efficiency of 1.1b
3F CYT 

is slightly reduced 

compared to 1.1b
WT CYT

, indicating the other tyrosine motifs may also participate in sustaining 

inhibitory signals but the tyrosine-based signaling modules in 1.1b
3F CYT 

constructs are minimally 

required to effectively cross-inhibit phagocytosis. Attempts to further mutate either tyrosine 

within ITIMs of 1.1b
3F CYT 

constructs result in a significant reduction in its inhibition efficiency 

(data not shown).  

Recruitments of endogenous Csk and pSHP-2 molecules to membrane proximal tyrosine 

453 and the distal ITIMs of 1.1b
WT CYT

, respectively were further confirmed by a co-

immunoprecipitation assay. This is consistent with our previous biochemical data showing that 

recombinant GST-tagged 1.1b
 WT CYT 

constructs are co-immunoprecipitated with Csk and SHP-2 

molecules (14). Interestingly, no immunoreactive band corresponding to Csk or pSHP-2 was 

observed upon independent engagement of 1.1b
WT CYT 

constructs. This is consistent with the 

previous observation in Chapter V that independent crosslinking of 1.1b
WT CYT 

constructs only 

result in the basal level of tyrosine phosphorylation. This leads to the hypothesis that co-

crosslinking with 2.6b
ITAM CYT 

constructs may be required to phosphorylate tyrosine motifs in the 

CYT region of 1.1b
WT CYT 

for recruiting effector molecules to down-regulate 2.6b
ITAM CYT

-

mediated phagocytosis. In support of this hypothesis, co-immunoprecipitation of Csk and pSHP-
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2 with 1.1b
WT CYT 

constructs was observed only after co-crosslinking with 2.6b
ITAM CYT 

constructs. This trans-phosphorylation mechanism that requires co-crosslinking of inhibitory 

receptors with their activating counterparts to produce inhibitory signals has also been reported 

in other immunoregulatory receptors and is vital for the control of various innate effector 

responses (152,188). For example, independent engagement of FcγRIIB failed to phosphorylate 

tyrosines within its CYT region; whereas after co-crosslinking, Src kinases (i.e. Lyn) recruited to 

the activating FcϵRI also phosphorylated the ITIMs of FcγRIIB and consequently this facilitated 

recruitment of SHIPs required for the cross-inhibition of FcϵRI-mediated degranulation in mast 

cells (152). Similarly, this may also account for the activation of 1.1b
WT CYT

 as it likely
 
does not 

endogenously associate with Src kinases but translocates to lipid rafts where Src kinases are 

resident after co-crosslinking with its activating counterparts. In return, phosphorylated 1.1b
WT 

CYT 
constructs produce inhibitory signals to cross-inhibit signaling events downstream of 

2.6b
ITAM CYT 

activation. In this scenario, 2.6b
ITAM CYT 

is not a passive target of inhibitory effectors 

but instead, actively participates in its own inhibition by recruiting kinases (e.g. Src family 

kinases) to phosphorylate 1.1b
WT CYT

. In general, this may represent an intrinsic negative 

feedback loop for controlling 2.6b
ITAM CYT

-mediated responses through receptor crosstalk.  

In agreement with the above biochemical data, involvement of Csk and pSHP-2 

molecules in regulating 2.6b
ITAM CYT

-mediated phagocytosis was further confirmed by confocal 

microscopy. Following receptor co-crosslinking, Csk and pSHP-2 molecules translocate from 

cytosol to plasma membrane and specifically are enriched at phagocytic synapses. This brings 

Csk and pSHP-2 molecules into close proximity of 2.6b
ITAM CYT

-1.1b
WT CYT 

signaling complexes 

and act in concert to inactivate crucial signalling components indispensable for the ITAM-driven 

phagocytosis. Subsequent biochemical analysis further revealed that Erk1/2 signaling is a 
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downstream target affected during IpLITRs-mediated crosstalk. Erk1/2 is a critical component in 

the mitogen-activated protein kinase (MAPK) pathways that have been extensively characterized 

in regulating cell growth and differentiation upon cytokine-induced activation (189–191). Recent 

studies also suggest that Erk1/2 may participate in the regulation of phagocytosis at 

transcriptional and post-transcriptional levels. For example, Erk1/2 activation contributes to up-

regulating the expression of inducible nitric oxide synthase (iNOS) and facilitating the 

production of reactive oxygen species (ROS), which are two potent bactericidal components 

synthesized during phagocytosis (192,193). In addition, a blockage of Erk1/2 phosphorylation 

reduces phagocytosis of Francisella novicida (194). Collectively, these observations suggest a 

regulatory role of Erk1/2 and reduced Erk1/2 activity can negatively impact phagocytosis. 

In an attempt to expand the repertoire of recruited effector molecules involved in fine-

tuning phagocytic signals, I further probed two potential inhibitory molecules (i.e. SHIP-2 and 

PTEN) that have been reported in negatively regulating phagocytosis by disrupting PI3K/Akt 

signaling axis (169,195–197). However, these two molecules are not co-immunoprecipitated 

with 1.1b
WT CYT 

(Fig. 6.3E-F). This may explain the observation that the level of phosphorylated 

Akt is not affected following receptor co-crosslinking. Currently, detailed mechanisms 

responsible for 1.1b
WT

 
CYT

-mediated cross-inhibition of phagocytosis are far from understood 

and it is unlikely that Csk and SHP-2 are the only inhibitory molecules involved in this process. 

Another possible candidate is SHP-1, since recruitment of both SHP-1/2 molecules to ITIMs in 

the CYT of 1.1b
WT CYT 

have been shown previously (10,12). However, this phosphatase is 

restrictively expressed in hematopoietic cell lineages and not expressed in AD 293 cells (145). 

This may lead to recruitments of SHP-2 to compensate for the absence of SHP-1 in fibroblast 

cells, which further raises some interesting questions: i) which phosphatases are preferentially 
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recruited when both SHP1/2 are present and; ii) whether SHP-2 play a redundant role as SHP-1 

in down-regulating phagocytosis. Future studies to identify potential inhibitory molecules along 

with their substrates in a more physiologically-relevant system (e.g. primary catfish immune 

cells) will provide a better understanding of mechanistic details regarding the inhibitory activities 

of teleost immunoregulatory receptors such as 1.1b
WT CYT

. 

In summary, in this chapter I have further investigated the molecular details regarding 

1.1b
WT CYT

-mediated cross-inhibition of ITAM-driven phagocytosis. For the first time, I have 

shown that receptor crosstalk is an important regulatory mechanism utilized by teleost 

immunoregulatory receptors to regulate important innate effector responses. As summarized in 

Fig. 6.7A, robust induction of phagocytosis and pro-inflammatory signals (i.e. Erk1/2 

phosphorylation) were observed after co-crosslinking of 2.6b
ITAM CYT

 with the mutant construct
 

1.1b
6YF CYT

. These canonical ITAM-dependent signaling events likely require the participation of 

Src kinases to phosphorylate the tandem ITAM tyrosines, recruit Syk kinases and phosphorylate 

this enzyme to propagate downstream signaling cascades and promote phagocytosis. However, 

2.6b
ITAM CYT

-mediated phagocytosis was suppressed after co-crosslinking 2.6b
ITAM CYT 

with the 

functional capable 1.1b
WT CYT

 construct, and this response is likely due to recruitments of 

inhibitory molecules to the 2.6b
ITAM CYT

-1.1b
WT CYT

 complex, that suppress activities of Syk and 

Src family kinases (Fig. 6.7B). Indeed, two specific inhibitory molecules, Csk and SHP-2, were 

co-immunoprecipitated and recruited to phagocytic cups after co-crosslinking of 2.6b
ITAM CYT

 

and 1.1b
WT CYT

. Presumably, the CYT region of 1.1b
WT CYT 

is possibly trans-phosphorylated after 

co-crosslinking with 2.6b
ITAM CYT 

and this initiates the production of inhibitory signals. 

Subsequent recruitments of Csk and SHP-2 molecules to the 2.6b
ITAM CYT

-1.1b
WT CYT

-containing 

synapse target specific substrates at different levels of phagocytic pathways to coordinately 
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down-regulate the Erk1/2 signaling pathway and thus cross-inhibit ITAM-driven phagocytosis. 

This represents the first report showing that teleost immunoregulatory receptors can regulate 

phagocytosis through receptor crosstalk and in general provides a new framework for 

investigating mechanistic details of receptor crosstalk in the regulation of various 

immunoregulatory receptor-driven innate immune effector responses in fish.  
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Figure 6.1. Generation and stable co-expression of N-terminal HA and FLAG epitope-

tagged IpLITR constructs in AD293 cells. Stable AD 293 cells co-expressing 2.6b
ITAM

 
CYT 

and 

detection of the cell surface co-expression of 2.6b
ITAM

 
CYT 

with 1.1b
Distal CYT

 (two ITIM and one 

ITSM in the distal region of the CYT were mutated to phenylalanine; referred to here as 

2.6b/1.1b
Distal CYT 

,(A)) 1.1b
Prox CYT

 (tyrosines, including Csk-binding motif Y453, in the proximal 

region of the CYT were mutated to phenylalanine; referred to here as 2.6b/1.1b 
6YF CYT 

(B)) and 

1.1b
3F CYT 

(Csk-binding motif and two ITIMs remain intact; referred to here as 2.6b/1.1b 
3F CYT

) 

respectively in transfected, selected and sorted AD 293 cells. Co-expression stable cells were 

stained by incubation with an αHA mAb (2.6b
ITAM

 
CYT 

staining, solid line, left panel), αFLAG 

mAb (1.1b
CYT

 constructs staining, solid line, right panel) or mouse IgG1 (isotype control, dash 

line) followed by staining with goat αmouse IgG pAb coupled to PE. Surface expression was 

then determined as an increase in fluorescence intensity in comparison with IgG1-stained cells. 

Shown are representative stains for each stable cell line. 
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Figure 6.2. Csk-binding motif (tyrosine 453) and ITIMs (tyrosine 477 and 499) in the 

cytoplasmic region of 1.1b
WT CYT 

are required to sustain the inhibition on 2.6b
ITAM CYT

-

mediated phagocytosis. Stable cells (2 × 10
5
) co-expressing 2.6b

ITAM CYT
 and various 1.1b

CYT
 

tyrosine mutant constructs (i.e.1.1b
Prox CYT

, 1.1b
Distal CYT 

and 1.1b
3F CYT

) were incubated with 

4.5µm YG beads (6 × 10
5
) opsonized with αHA and αFLAG mAbs for 15 (A) and 30 min (B) at 

37 ℃ prior to analysis of samples using the ImageStreamx Mark II instrument. Percentage of 

cells exhibiting two phenotypes is normalized and calculated as: % phagocytosis or surface-

bound cells / % total bead-associated cells. Grey bars represent the percentage of cells with only 

surface-bound targets (i.e. no internalization) and black bars represent the percentage of cells 

with ≥1 fully internalized bead. Data representing phenotypes of 1.1b
WT CYT

 (maximal inhibition 

on phagocytosis) and 1.1b
6YF CYT

 (minimal inhibition on phagocytosis) from Figure 5.5 were also 

included and outlined by dash lines in the panel. Each bar represents the mean ± SEM of at least 

three independent experiments. Letters indicate statistical significance (P   0.05) when 

comparing % of phagocytosis. (c) % of inhibition on phagocytosis was indexed in relative to the 

value from 2.6b/1.1b
6YF CYT 

group and calculated as: [% phagocytosis of 2.6b/1.1b
6YF CYT 

(maximal % phagocytosis) - % phagocytosis of each group) / (% phagocytosis of 2.6b/1.1b
6YF 

CYT
]. % of inhibition on phagocytosis at 15 and 30 min was graphed as white and black bar 

respectively. 
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Figure 6.3. Selective recruitments of Csk and pSHP-2 molecules to tyrosine 453 and ITIMs 

in the CYT of 1.1b
WT CYT 

following co-crosslinking with 2.6b
ITAM CYT

. Stable cells (3 × 10
5
) 

co-expressing 2.6b
ITAM CYT

 and various 1.1b
CYT

 constructs were incubated with 3 µm magnetic 

beads (3 × 10
6
). These magnetic beads were opsonized with indicated mAbs and isotype IgG (’+’ 

and ‘-’ indicate the presence and absence of corresponding proteins respectively during beads 

opsonization) to independently crosslink 2.6b
ITAM CYT 

and 1.1b
WT CYT

 or co-crosslinking 2.6b
ITAM 

CYT 
with various 1.1b

CYT 
constructs. After 8 min incubation at 37 ℃, cells were immediately 

lysed on ice for 30 min and then magnetic beads were separated and washed three times before 

subjected to SDS-PAGE, transferred to nitrocellulose membrane and probed with αFLAG mAbs 

and αHA mAbs to examine successful pull-down of various 1.1b
CYT

 (A) and 2.6b
ITAM

 
CYT

 

constructs (B). Co-immunoprecipitation of potential effector molecules was further examined by 

probing membrane with (C) an αCsk mAbs or stripping the membrane in (A) and reprobe with 

αpSHP-2 mAbs (D). Same batch of samples in the same order with the addition of whole cell 

lysates (WCL) in the rightmost lane were loaded and subjected for Western blot as described 

above and membranes were probed for PTEN (E) and SHIP-2 (F). Blots are representatives of at 

least two independent experiments. 
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Figure 6.4. Confocal microscopy analysis of Csk recruitments to phagocytic cups following 

co-crosslinking of IpLITR constructs. Stable AD 293 cells (2 × 10
5
) co-expressing 2.6b

ITAM 

CYT 
and 1.1b

WT CYT
 (A) or other 1.1b 

CYT 
constructs with various tyrosine mutations (B) were 

grown on coverslips and incubated with 4.5 µm non-fluorescent (NF) beads opsonized with 

indicated mAbs and isotype IgG (’+’ and ‘-’ indicate the presence and absence of corresponding 

proteins respectively) at 37 ℃. After 8 min incubation, cells were fixed with 4% PFA for 10 min 

and partially internalized beads were then stained using Cy5-conjugated goat-anti-mouse 

secondary mAbs. After beads staining, cells were permeabilized and stained for recruitments of 

Csk molecules via first incubating with a rabbit αCsk mAbs and then a secondary goat-anti-

rabbit mAbs conjugated to FITC. Z-stack images were then obtained at a magnification of 63× 

using a Zeiss LSM 710 scanning confocal microscope. Representative images from z-stack 

acquisitions are shown as images showing effector molecules of interest (green) staining alone, 

surface-bound beads (red) staining alone, merged-fluorescence images or brightfield-

fluorescence merged images using the Zen 2009 imaging software. (C) Quantitative analyses of 

Csk molecules recruited to phagocytic cups under different conditions were performed as 

previously described in Figure 5.8 using Fiji software. At least 50 phagocytic cups from three 

independent experiments were analyzed and represented as mean integrated fluorescent intensity 

± SEM. Letters indicate statistical significance (P   0.05) between the means.  
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Figure 6.5. Confocal microscopy analysis of pSHP-2 recruitments to phagocytic cups 

following co-crosslinking of IpLITR constructs. Stable AD 293 cells (2 × 10
5
) co-expressing 

2.6b
ITAM CYT 

and 1.1b
WT CYT

 (A) or other 1.1b 
CYT 

constructs with various tyrosine mutations (B) 

were grown on coverslips and incubated with 4.5 µm non-fluorescent (NF) beads opsonized with 

indicated mAbs and isotype IgG (’+’ and ‘-’ indicate the presence and absence of corresponding 

proteins respectively) at 37 ℃. After 8 min incubation, cells were fixed with 4% PFA for 10 min 

and partially internalized beads were then stained using Cy5-conjugated goat-anti-mouse 

secondary mAbs. After beads staining, cells were permeabilized and stained for recruitments of 

pSHP-2 molecules via first incubating with a rabbit αpSHP-2 mAbs and then a secondary goat-

anti-rabbit mAbs conjugated to FITC. Z-stack images were then obtained at a magnification of 

63× using a Zeiss LSM 710 scanning confocal microscope. Representative images from z-stack 

acquisitions are shown as images showing effector molecules of interest (green) staining alone, 

surface-bound beads (red) staining alone, merged-fluorescence images or brightfield-

fluorescence merged images using the Zen 2009 imaging software. (C) Quantitative analyses of 

pSHP-2 molecules recruited to phagocytic cups under different conditions were performed as 

previously described in Figure 5.8 using Fiji software. At least 50 phagocytic cups from three 

independent experiments were analyzed and represented as mean integrated fluorescent intensity 

± SEM. Letters indicate statistical significance (P   0.05) between the means.   
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Figure 6.6. Examination of Erk1/2 activation in IpLITR-activated AD 293 cells. 2.6b/1.1b
WT

 
CYT 

stable cells (3 × 10
5
) were incubated with 4.5 µm YG beads (9 × 10

5
) opsonized with αFLGA 

or αHA mAbs to crosslink 1.1b
WT

 
CYT 

(A) and 2.6b
ITAM

 
CYT 

(B) constructs for indicated time 

points at 37℃, respectively. Cell lysates were then blotted with either α-phospho-p44/42 MAPR 

(Erk1/2) (Thr202/Tyr204) (E10) mouse mAb (A, B; top) or α-p44/42 MAPK (Erk1/2) mouse 

mAb (Endo; A, B; bottom) followed by a goat-α-mouse IgG (H+L) HRP-conjugated pAb. In co-

crosslinking groups, same experimental procedures as described above were used except 4.5 µm 

YG beads were opsonized with both αFLGA and αHA mAbs to co-crosslink 2.6b
ITAM

 
CYT 

with 

various 1.1b
CYT 

constructs (C-G). Band intensity values were obtained by densitometry using Fiji 

software. Changes in phospho-Erk1/2 levels are reported as fold induction values relative to 

untreated 2.6b/1.1b
WT

 
CYT 

stable cells (i.e. 0 min), which is set to 1.0 (not shown on the graph) as 

calculated below. Phospho- Erk1/2 band intensity levels were corrected for endogenous molecule 

levels using the following equation: (phospho-molecules densitometry value for the time 

point/endo-molecules value for the time point). This corrected value was then divided by the 

value obtained from 0 min (i.e. unstimulated cells). Results are representative of 2 independent 

experiments that gave similar results.  
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Figure 6.7. Hypothesized mechanism of 1.1b
WT CYT

-mediated cross-inhibition of ITAM-

driven phagocytosis. (A) Co-crosslinking 2.6b
ITAM CYT 

and 1.1b
6YF

 
CYT 

constructs induce ITAM-

dependent signaling events, including the activation of Src family kinases and recruitment of Syk 

to phosphorylated ITAMs. These proximal signaling events collectively promote downstream 

inflammatory signals and phagocytosis. However, these downstream events are cross-inhibited 

following co-crosslinking of 2.6b
ITAM CYT 

and 1.1b
WT

 
CYT 

constructs and as demonstrated in (B), 

both Src family kinases and Syk may be targeted for the inhibitory effect. (C) An intro-

cytoplasmic tail networking model is proposed to explain underlying mechanisms for the cross-

inhibition of 2.6b
ITAM CYT

-mediated phagocytosis. Following receptor co-crosslinking, tyrosine 

residues within CYT of 1.1b
WT CYT 

were trans-phosphorylated by Src kinases recruited to 

2.6b
ITAM CYT 

and in return, this leads to the production of inhibitory signals. For example, 

recruitment of SHP-2 phosphatases to ITIMs of 1.1b
WT CYT

 initiates the inhibition by reducing 

the activity of Syk; whereas inhibitory kinases (i.e Csk) recruited to the proximal region (i.e. 

tyrosine 453) of 1.1b
WT CYT 

sustain the inhibitory effect by converting Src kinases back into auto-

inhibitory conformation. Collectively, SHP-2 phosphatases and Csk kinases work in concert to 

target their specific substrates and exert inhibitory effects on Erk1/2 phosphorylation and 

phagocytosis. 
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CHAPTER VII 

GENERAL DISCUSSION AND FUTURE DIRECTIONS 

7.1 Summary of thesis findings 

The functional characterization of IpLITRs has advanced our understanding of 

mechanistic details underlying the regulation of various innate effector responses. These teleost 

proteins share key characteristics with many paired immunoregulatory receptor-types in 

mammals including KIRs, LILRs and FcRs that regulate cytotoxicity, degranulation and 

phagocytosis (7–12). Therefore, IpLITRs are an excellent comparative vertebrate model that 

offers an opportunity to better understand the divergent and conserved aspects of regulating 

innate immune processes. Previous research in our lab primarily relied on heterologous 

overexpression in mammalian immune cell lines for examination of the functions of IpLITRs, 

which offered new information regarding the immunoregulatory potential of these teleost 

proteins in controlling various innate effector responses via a dynamic range of signaling 

versatility. For example, a putative inhibitory IpLITR type (i.e. 1.1b
WT CYT

) that contained ITIMs 

in its CYT region induced a distinct phagocytic phenotype when overexpressed in RBL-2H3 

cells (4,13). These observations are consistent with the emerging theme of signaling versatility, 

suggesting that the functional outcome of immunoregulatory receptor engagement does not 

always coincide with the presence of canonical tyrosine-based motifs, as alternative mechanisms 

of ITAM- or ITIM-dependent signaling events may contribute to the functional plasticity. 

Further investigations regarding the dynamic signaling potentials of these teleost proteins using 

representative IpLITR types as models will significantly expand our knowledge of mechanistic 

details underlying this dual-regulatory property of innate effector responses. In my thesis 

research, I first established a new heterologous expression system using the AD293 fibroblast 

cell line and developed an imaging flow cytometry-based assay to further explore signaling 
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potentials of representative IpLITR types. This technical advancement allowed me to examine 

the signaling capabilities of various IpLITR types in a high throughput fashion and as 

demonstrated in my results, the 1.1b
WT CYT

-mediated distinct phagocytic phenotype observed in 

RBL-2H3 cells was not recapitulated in AD293 cells, suggesting that engagement of 1.1b
WT CYT 

results in selective recruitments of intracellular effectors for the intricate tuning of immune 

processes in a context-dependent manner. In chapter V, I demonstrated for the first time that 

IpLITR types can not only function independently, but that they also integrate proximal signaling 

events downstream via receptor crosstalk to modulate innate effector responses (i.e. 

phagocytosis). This represents the first report of IpLITR-mediated integrated control of 

phagocytosis via receptor crosstalk and significantly expands our understanding of potential 

roles of these immunoregulatory proteins. In chapter VI, I further investigated the mechanistic 

details underlying the cross-inhibition of phagocytosis and I proposed a model by which classical 

inhibitory molecules work in concert to diminish positive signals below an activation threshold, 

which added further insights of the regulatory mechanisms of IpLITR-mediated crosstalk 

inhibition of phagocytosis. The significance and contributions of my thesis findings summarized 

above will be further discussed below. Overall, my thesis research provides the first evidence for 

IpLITR-mediated crosstalk regulation of the phagocytic process and will serve as a stepping-

stone for further investigation of the precise in vivo roles of IpLITRs.  

Previous functional studies in our lab had focused on the characterization of two 

representative IpLITR members (i.e. 2.6b
ITAM CYT 

and 1.1b
WT CYT

). These studies revealed 

conserved and divergent aspects regarding immunoregulatory receptors in the control of various 

effector responses (4,10–16). For example, 2.6b
ITAM CYT 

represents a classical stimulatory 

IpLITR-type that independently activates phagocytosis using classic ITAM-driven signaling 
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cascades (4,11,13). Comparatively, 1.1b
WT CYT 

was originally characterized as an inhibitory 

receptor that blocked cytotoxic responses in NK cells through recruitment of Csk and SHP 

proteins (10,12). However, it was also shown that 1.1b
WT CYT

 induced a distinct phagocytic 

phenotype using an alternative ITAM-independent signaling pathways when overexpressed in 

RBL-2H3 cells (i.e. 1.1b
WT CYT

-expressing cells induced the formation of filopodia-like 

structures to capture and secure targets onto the plasma membrane (4,15)). Further confocal 

microscopic analysis revealed that 1.1b
WT CYT 

is constitutively associated with Nck and upon 

encountering phagocytic targets, pSyk molecules were also recruited to 1.1b
WT CYT 

in the 

filopodia-like structures, likely to initiate signaling cascades for targets uptake (16). This 

selective recruitment of distinct intracellular effectors for the intricate tuning of respective 

responses in a context-dependent manner is consistent with dual-regulatory features observed in 

the mammalian FCRL family. For instance, ligation of FCRL3 had potent co-stimulatory effects 

on TLR9-mediated activation of innate-like B cells, but repressed plasma B cell differentiation 

and antibody production (198). This dual-regulatory effects on B cell activity is likely dependent 

on the presence of both canonical ITIM and ITAM-like motifs in the CYT region that allows for 

networking through distinct signaling pathways. Of note, IpLITRs are distantly related to FCRLs 

and some IpLITR types (e.g. 1.1b
WT CYT

) are also equipped with similar CYT configuration, in 

which ITIMs and other tyrosine-based motifs with various signaling potentials are found 

(7,8,13,14). This raises an interesting possibility that this dual-regulatory property might have 

been preserved as an efficient mechanism for regulating effector responses throughout evolution 

and the ability of 1.1b 
WT CYT 

to exert both inhibitory and activating effects on immune responses 

provides an alternative vertebrate model system to further understand conserved mechanistic 

details underlying this functional plasticity.  
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In chapter IV, I established a heterologous expression system using AD293 cells. The use 

of AD293 cells offers some advantages over heterologous expression systems previously used in 

our lab for exploring IpLITR-mediated signaling events underlying control of the phagocytic 

process. As fibroblasts, AD293 cells possess signalling components to control dynamic actin 

polymerization and membrane polarization but they do not express the classic phagocytic 

receptors that trigger the sub-membrane signaling events required for the internalization of 

foreign targets. This eliminates the potential for activation of endogenous phagocytic receptors 

expressed on immune cell-types that may interfere with IpLITR-mediated signaling events. 

Therefore, the AD293 cell line is a useful tool for investigating intracellular events during 

phagocytosis and has assisted in functionally characterizing a number of phagocytic receptors, 

including mammalian FcRs (123). Furthermore, unlike immune cell lines that suffer from low 

transfection efficiency, AD293 cells are easily transfectable and offer an opportunity to examine 

integrated control of phagocytic process using multiple IpLITR-types. As demonstrated in my 

results, the putative stimulatory IpLITR type (i.e. 2.6b
WT CYT

) induced robust phagocytic 

responses in AD293 cells, which was similar to the phenotype observed in 2.6b
WT CYT

-expressing 

RBL-2H3 cells (4,13). Furthermore, mutating tyrosines within  IpFcRγ-L ITAMs completely 

abolished phagocytosis, suggesting this gain-of-function is specifically dependent on IpLITR-

mediated ITAM-driven signaling cascades and further reinforce that AD293 cells are useful tools 

for investigating signaling potentials of IpLITR types in regulating phagocytosis. To re-examine 

the distinct phagocytic phenotype observed in 1.1b
WT CYT

-expressing RBL-2H3 cells and to 

further characterize underlying molecular details using AD293 cells, I showed that ImageStream 

flow cytometry is a high throughput platform to accurately discriminate surface-bound targets 

(i.e. cells only with surface-bound targets) from those that are phagocytosed (i.e. cells with at 
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least one internalized target). This represents a technical advancement in comparison to the 

previous confocal microscopy-based method that is time-consuming and suffers from small 

sample sizes (e.g. usually hundreds of cells were manually examined for the analysis). 

Furthermore, the ImageStream-based method allows for an efficient screen of multiple constructs 

to identify signaling motifs that are involved in transducing signals during the phagocytic 

processes. My results show the observed phagocytic phenotype in RBL-2H3 cells is not 

recapitulated in 1.1b
WT CYT

-expressing AD293 cells, which only demonstrated basal level of 

phagocytosis (~9%). This discrepancy of observed results is likely due to the signaling versatility 

of 1.1b
WT CYT 

through selective recruitments of intracellular effectors in a context-dependent 

manner. Furthermore, the expression level and profile of signaling molecules vary between 

different cell types (i.e. myeloid vs. epithelioid cells), which may also influence the functional 

outcome. For example, co-crosslinking of FCRL5 with B cell receptors inhibits marginal zone B 

cell activation; whereas no inhibitory effect is observed following co-crosslinking in peritoneal 

cavity derived B-1 B cells due to comparatively lower SHP-1 levels (199). Overall, the 

establishment of this AD293 heterologous expression system coupled with a high throughput 

imaging flow cytometry-based assay provides a valuable platform to explore dynamic signaling 

potentials of IpLITRs in regulating phagocytosis. In addition, the re-examination of the signaling 

capabilities of representative IpLITR types (i.e. 1.1b
WT CYT

) suggests that ligation of 1.1b
WT CYT 

does not induce phagocytosis likely due to the activation of alternative signaling pathways in 

AD293 cells. This opens up new avenues for exploring the signaling potential of 1.1b
WT CYT

.  

In Chapter V, I further explored the hypothesis that ligation of 1.1b
WT CYT 

in AD293 cells 

may result in the production of inhibitory signals. Unlike the active engulfment of phagocytic 

targets after activating 2.6b
ITAM CYT 

in AD293 cells, 1.1b
WT CYT

 cells only demonstrated a binding 
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activity after encountering targets. Similarly, engagement of the ITIM-containing human 

FcγRIIB receptor results in binding of opsonized targets, suggesting that FcγRIIB does not 

induce but rather can regulate phagocytosis via downstream (i.e. ITIM-mediated) signaling 

events (200). Further studies showed that FcRIIB cross-inhibits FcγRIIA-mediated phagocytosis 

following receptor co-crosslinking (131). This result, along with observations from studies on 

other immunoregulatory receptor families (e.g. KIRs and LILRs), suggests a common theme in 

regulating various effector responses through receptor crosstalk. Activating receptors and their 

inhibitory counterparts within the same receptor families are often co-expressed on immune cells 

and the extracellular domains of these paired receptors are highly similar, suggesting they bind 

the same ligand(s), resulting in the integrated control of downstream effector responses. Indeed, 

selected examples of paired receptors, including FcRs and KIRs, show that their effector 

responses (i.e. phagocytosis and cytotoxicity) are tightly controlled by integrated proximal 

signaling events due to receptor crosstalk mechanisms. Of note, stimulatory and inhibitory 

IpLITR-types are also likely co-expressed by catfish immune cell-types and thus, integrated 

signaling between these proteins may be important for their overall immunoregulatory functions. 

Furthermore, known IpLITRs (e.g. 2.6
ITAM CYT 

and 1.1b
WT CYT

) have very similar membrane 

distal Ig-like domains (D1-D2 of 2.6
ITAM CYT 

and 1.1b
WT CYT

 share ~91% amino acid identity), 

raising the possibility that 1.1b
WT CYT 

may also cross-inhibit 2.6b
WT CYT

-mediated phagocytosis as 

demonstrated in the studies of FcRs. To test this hypothesis, I co-expressed 1.1b
WT CYT 

and 

2.6b
ITAM CYT 

in AD293 cells and after co-crosslinking with antibody-opsonized beads, my results 

show that 1.1b
WT CYT

 exerted an inhibitory effect on the 2.6b
ITAM CYT

-mediated induction of 

phagocytosis by down-regulating phosphotyrosine signaling cascades. It has been well-

established that the induction of phagocytosis is often associated with increases in tyrosine 
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phosphorylation of various intracellular signaling molecules. Inhibitory phosphatases, that 

specifically dephosphorylate kinases (e.g. Syk) and adaptor molecules (e.g. Grb2) are recruited 

to ITIM-containing receptors to abrogate phagocytosis (164,201,202). Indeed, recruitment of 

SHPs to the CYT of 1.1b
WT CYT

 has been observed in previous biochemical assays and this 

observation strongly suggests that conserved regulatory mechanisms are used by 

immunoregulatory receptors across evolution to control phagocytosis. Overall, this represents the 

first report of receptor crosstalk for teleost immunoregulatory receptors causing the abrogation of 

an effector response and provides the basis for further understanding the mechanistic details 

underlying this important regulatory process. 

In Chapter VI, I further investigated the molecular mechanisms controlling the inhibitory 

actions of 1.1b
WT CYT 

on 2.6
ITAM CYT

-mediated phagocytosis. I first tested the hypothesis that the 

membrane proximal and distal CYT of 1.1b
WT CYT 

are capable of independently exerting 

inhibitory effects on phagocytosis as demonstrated previously in NK cells (10,12). However, my 

results showed that tyrosine-based motifs (i.e. tyrosine 453 and ITIMs) within both CYT 

segments are minimally required to sustain the inhibition on 2.6b
ITAM CYT

-mediated phagocytosis. 

Subsequent biochemical assays further revealed coordinated recruitments of endogenous Csk and 

SHP-2 molecules to the CYT of 1.1b
WT CYT 

and down-regulation of Erk1/2 phosphorylation 

during receptor crosstalk. Collectively, these observations strongly suggest a novel regulatory 

mechanism that required participation of both Csk and SHP-2 molecules to coordinately control 

phagocytosis. At present, we are only beginning to understand molecular details regarding the 

inhibitory roles of 1.1b
WT CYT 

in regulating phagocytosis. However, based on the observations 

obtained from biochemical and functional assays, I propose a model in which Csk and SHP-2 

molecules, recruited to the 2.6b
ITAM CYT

-1.1b
WT CYT 

signaling complexes, target specific 
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substrates and coordinately contribute to inhibiting ITAM-driven phagocytosis. Presumably, 

recruitments of Csk molecules to the 2.6b
ITAM CYT

-1.1b
WT CYT 

complex
 
constantly attenuate 

signals by specifically targeting Src family kinases and reduce phosphorylation of ITAMs in the 

CYT region of 2.6b
ITAM CYT

; whereas SHP-2 molecules exert their inhibitory effects on 

substrates downstream of Src family kinases to further diminish activating signals. Overall, Csk 

and SHP-2 molecules act in concert to sustain the inhibitory effects on ITAM-driven 

phagocytosis. Although Csk is a potent inhibitor of Src family kinases, bone marrow-derived 

macrophages from triple knock-out mice (hck
-/-

, lyn
-/-

, Fgr
-/-

) only exhibit partial impairments of 

FcR-mediated phagocytosis (186). This observation indicates that a blockage of Src family 

kinases activity alone are not sufficient to shut down phagocytic machinery under certain 

contexts in which other effector molecules (e.g. Syk) may compensate for the absence of Src 

family kinases. In agreement with this hypothesis, 2.6b/1.1b
Distal CYT

-expressing cells induced a 

robust phagocytic response even though the recruitment of Csk molecules still occurred. It is 

likely that Src family kinases activity is not completely abrogated by Csk molecules; instead, low 

levels of Src family kinases actively phosphorylate tyrosine residues within the tail region of 

receptors. This residual Src family kinases activity may phosphorylate ITAMs in the CYT region 

of 2.6b
ITAM CYT

 facilitating recruitment of a relatively low level of Syk molecules to the site. It 

has been reported that Syk can phosphorylate ITAMs in vitro and therefore, it is possible that 

after binding to phosphorylated ITAMs, Syk itself can phosphorylate additional neighbouring 

ITAMs and this generates a positive feedback loop to amplify the signaling cascades and 

consequently induce phagocytosis in 2.6b/1.1b 
Distal CYT

-expressing cells. Therefore, additional 

inhibitory molecules are required to act in concert with Csk to contain the strength of activating 

signals below the threshold of activation. SHP-2 is a ubiquitously expressed phosphatase and has 
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been shown to serve as a versatile regulator in signal transduction (203–205). In the context of 

immunity, recruitments of SHP-2 molecules to respective immunoregulatory receptors have been 

reported to inhibit various effector responses by dephosphorylating critical signaling components 

(176,206,207). Although specific substrate(s) targeted by SHP-2 to sustain the inhibition of 

2.6b
ITAM CYT

-mediated phagocytosis remain to be identified, one possibility is that recruited 

SHP-2 reduce the activity of Syk by dephosphorylating its regulatory tyrosines. Syk serves as a 

critical signaling hub during phagocytosis, which directly activates various downstream effector 

molecules through kinase activities but it also facilitates the formation of signaling complexes by 

virtue of recruiting SH2 domain-containing molecules to the phosphorylated regulatory tyrosines 

(44,57,144,208,209). Reduced phosphorylation of tyrosine 346 on Syk is responsible for delayed 

initiation of phagocytosis in mouse macrophage (187). This is consistent with the observation in 

2.6b/1.1b
Prox CYT

-expressing cells that recruitment of SHP-2 molecules alone can inhibit 

phagocytosis at early time points but this phosphatase fails to sustain the inhibitory effect over 

time. Furthermore, the peptide sequence, ESPYADPEE, that flanked the regulatory tyrosine 352 

(in bold; the equivalent site of tyrosine 346 on mouse Syk) on human Syk is enriched with acidic 

amino acids (underlined). This fits the pattern of potential SHP-2 substrates based on an 

unbiased screen of peptide libraries (210). Furthermore, it has been reported that this regulatory 

tyrosine residue is also responsible for the binding and activation of PLCγ1 (211). Therefore, 

dephosphorylation of this regulatory tyrosine residue may reduce the activity of PLCγ1 and 

results in defective Ras activation, which is upstream of Erk1/2 phosphorylation (212,213). 

Indeed, lower magnitudes of Erk1/2 phosphorylation were observed after co-crosslinking 

2.6b
ITAM CYT 

with 1.1b
Prox CYT 

(i.e. SHP-2 recruitments only) compared with 1.1b
Distal CYT 

(i.e. Csk 

recruitments only) as shown in my biochemical assays. However, it is likely that Csk molecules 
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also contribute to down-regulating Erk1/2 phoshorylation since the induction of Erk1/2 

molecules is further diminished when Csk and SHP-2 molecules are both recruited. Apart from 

regulating the activity of Syk, SHP-2 can also exert its inhibitory effects on other downstream 

substrates that are involved in phagocytic pathways. For example, paxillin is a substrate of SHP-

2 and this cytoskeletal-associated protein is phosphorylated upon triggering of FcRs-mediated 

phagocytosis (214). Impaired phagocytosis is also observed in macrophages with reduced 

phosphorylation of paxillin as a consequence of viral infection (215). With respect to 1.1b
WT CYT

-

mediated cross-inhibition of phagocytosis, recruited SHP-2 molecules may also dephosphorylate 

paxillin to disrupt cytoskeletal rearrangement.  

Taken together, my findings represent the first report regarding receptor crosstalk of 

teleost proteins, which expands our knowledge regarding the molecular details during the control 

of phagocytosis. A schematic diagram is provided to describe the potential molecular 

mechanisms underlining 1.1b
WT CYT

-mediated inhibition of ITAM-driven phagocytosis (Fig. 6.7). 

This data provides alternative models to further explore dynamic signaling potentials of IpLITRs 

and will serve as an essential stepping-stone for understanding in vivo roles of this diverse 

receptor family in teleost immunity. Furthermore, my work also offers a framework for 

functional characterization of immunoregulatory receptor from non-model organisms in general.  

7.2 Future directions 

7.2.1 Characterization of the role of Csk and SHP-2 in 1.1b
WT CYT

-mediated cross-

inhibition of phagocytosis 

My results support the notion that 1.1b
WT CYT 

recruits Csk and SHP-2 during receptor-

mediated crosstalk regulation of the phagocytic process, indicating that these molecules are both 

involved in the negative regulation of phagocytosis. However, no direct evidence is provided to 
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show that Csk and SHP-2 directly contribute to producing inhibitory signals. To further confirm 

the contribution of these two inhibitory molecules, one could design RNAi primers to 

specifically knock-down the expression of Csk or SHP-2 in 2.6b/1.1b
WT CYT 

AD293 lines and 

then after co-crosslinking of 2.6b
ITAM CYT 

and 1.1b
WT CYT 

constructs, phagocytosis could be re-

examined and compared to the value of wild type 2.6b/1.1b
WT CYT

-expressing cells. If inhibition 

of phagocytosis is still observed after knocking down SHP-2 and Csk, although these molecules 

are recruited to signaling complexes, they may be dispensable for the observed inhibition of 

phagocytosis.  

Since Csk is a strict regulator of Src kinases family, an alternative approach to confirm 

that Csk contributes to down-regulating phagocytosis would be to purify Src kinases using 

specific mAbs from 2.6b/1.1b
WT CYT

 lysates after receptor co-crosslinking. Then the activity of 

isolated Src kinases could be examined based on the phosphorylation state of the regulatory 

tyrosine residue (i.e. tyrosine 527) at the C-terminus. Alternatively, these eluted Src kinases 

could be incubated with their substrates (e.g. tyrosine-containing peptides) to examine their 

abilities to phosphorylate tyrosines in vitro. Experiments described here would provide further 

evidence of Csk involvement in the crosstalk inhibition of phagocytosis. 

Currently, it is evident that following receptor co-crosslinking, translocation of Csk and 

SHP-2 to phagocytic cups occurs. Additional experiments could be performed to obtain more 

information regarding temporal recruitments of these two molecules. For example, are Csk and 

SHP-2 simultaneously recruited to phagocytic cups? Do they stay on the membrane throughout 

the whole process or dissociate from the membrane after acting on their substrates? To address 

these questions, I could clone Csk and SHP-2 into a fluorescent epitope-tagged expression vector 

and then co-transfect into 2.6b/1.1b
WT CYT

. This would allow me to add co-opsonized targets 
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directly to live cells and then monitor the location of Csk and SHP-2 simultaneously using live 

cell imaging.  

7.2.2 Unbiased screen of potential effector molecules recruited to 2.6b
ITAM CYT 

-1.1b
WT CYT 

signaling complex during receptor crosstalk 

I have identified Csk and SHP-2 molecules within the signaling complex during IpLITR-

mediated crosstalk inhibition of the phagocytic response. However, it is likely that other effector 

molecules are also recruited to the site and contribute to producing or sustaining inhibitory 

signals. Furthermore, downstream substrates targeted by these inhibitory molecules are largely 

unknown and investigating the identity of these missing puzzles would help better understanding 

mechanisms underlying 1.1b
WT CYT

-mediated inhibition. To address these questions, an unbiased 

and sensitive technique is required to examine the identify of effector molecules involved in this 

process. For example, a proximity-dependent biotin identification approach named BioID 

represents a sensitive technique to investigate protein-protein interactions. Specifically, this 

technique is based on fusing a promiscuous E. coli biotin protein ligase to a targeting protein (e.g. 

1.1b
WT CYT

) thus any protein that is a near-neighbor of this fusion protein will be biotinylated. 

Consequently, biotinylated proteins can be isolated by affinity capture and further identified 

using mass spectrometry (216). In the context of identifying effector molecules recruited by 

1.1b
WT CYT 

during receptor crosstalk, I would generate a chimeric construct that fuses an E. coli 

biotin protein ligase to the C-terminus of 1.1b
WT CYT

 and stably co-express this with 2.6b
ITAM CYT 

in AD293 cells. This BioID system coupled with mass spectrometry would serve as a valuable 

platform to investigate potential effector molecules involved in the process following receptor 

crosstalk. Furthermore, I could perform co-crosslinking of 2.6b
ITAM CYT 

and 1.1b
WT CYT 

constructs 

for various time points to monitor the change of effector molecules recruited to the site over time.  
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7.2.3 Establishing in vivo models for studying LITRs biology 

The IpLITR research in our lab has primarily relied on heterologous expression of 

IpLITR types in representative mammalian cell lines. Although these functional studies offer 

novel information regarding signaling potentials of IpLITRs, in vivo roles of these teleost 

proteins in regulating various innate effector responses remain largely unknown. Of note, 

similarity searches using IpLITRs as queries revealed that LITRs are not exclusive to channel 

catfish but are likely ubiquitous among teleost fish (7,217). Therefore, expanding in vitro 

research to other well-established in vivo fish models will significantly broaden our appreciation 

of the functions of this diverse receptor family in teleost immunity. 

Recent studies in our lab have successfully cloned LITRs sequences in zebrafish (Hima 

Gurupalli, unpublished data) and this offers a valuable opportunity to investigate various aspects 

of LITR biology in a well-established fish model. For example, zebrafish larvae survive with 

only innate effector responses since adaptive immunity becomes functionally mature only after 

4-6 weeks post fertilization (218–220). This temporal segregation from adaptive immune 

responses offers an excellent system to study the contribution of LITRs to innate immunity in 

vivo. Larvae with mutated LITR genes could be challenged with various types of pathogens (e.g. 

gram positive/negative bacteria and fungi) and the consequent mortality rate would be a good 

indicator of pathogens that may be recognized by LITR types. Furthermore, transgenic zebrafish 

lines with GFP-tagged LITRs would be valuable tools to understand the expression of these 

receptors in specific cell-types under homeostasis conditions, over the course of and infection, 

and also during developmental stages of the animal. 

In agreement with the idea that this diverse receptor family is likely ubiquitous among 

teleost species, LITR sequences have also been identified in immune cells isolated from goldfish 
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(Jiahui Wang, unpublished data). This provides an alternative model system to functionally 

characterize these teleost proteins using well-established primary kidney macrophage (PKM) 

cultures in goldfish (221). PKM represents three distinct subpopulations, including progenitor 

cells, monocytes and macrophages; upon supplementing with appropriate colony-stimulating 

factors, progenitor cells can differentiate into mature macrophages under two distinct pathways: 

one is consistent with the traditional pathway of macrophage development in mammals that 

progenitor cells differentiate into monocytes which further mature into macrophages; the other 

one represents an alternative pathway that progenitor cells directly differentiate into mature 

macrophages. It would be interesting to characterize the expression profile of LITRs at each 

developmental stage and could potentially be identified as specific markers for respective 

differentiation pathways.  

7.2.4 Identification of IpLITR ligands 

One of the most interesting and yet difficult questions yet to be addressed about IpLITRs 

is the identity of their endogenous ligands. Answering this question will not only add to a greater 

understanding of the in vivo roles that IpLITRs play in controlling effector responses but will 

also help to determine if IpLITRs are functional orthologs to other immunoregulatory receptors 

across evolution. Furthermore, identification of endogenous ligands will largely advance IpLITR 

research from solely relying on heterologous expression system to a more physiologically 

relevant models (e.g. primary fish cells) for understanding the contributions of IpLITRs in teleost 

immunity. 

Previous sequence alignment and structural modelling of IpLITRs D1 and D2 domains 

suggest a relationship to the mammalian LILR receptor family and amino acid residues critical 

for binding of MHC-I molecules have been identified in similar positions within the D1 domain 
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of some IpLITR-types. To test the hypothesis that IpLITRs may be involved in self/non-self 

recognition via MHC-I interactions, I would first generate recombinant IpLITRs proteins with a 

fluorescent epitope-tag (e.g. GFP) fused to the C-terminus. Then a binding assay could be 

performed by incubating these recombinant proteins with transfected cells that overexpress 

channel catfish MHC-I molecules. Binding between MHC-I and respective recombinant IpLITRs 

proteins could then be detected as increased fluorescent intensity on the flow cytometry. 

Alternatively, fish immunoglobulins play a vital role in regulating effector responses in 

teleost immunity. With respect to channel catfish, two Ig isoforms (i.e. IgM and IgD) have been 

identified so far and are responsible for the induction of antibody-dependent cellular cytotoxicity 

(ADCC) and degranulation in IgM
+ 

NK-like cells and IgD
+ 

granulocytes isolated from channel 

catfish, respectively (1,222). Although a FcR homolog (i.e. IpFcRI) has been identified in 

channel catfish, this represents a secreted form of teleost FcRs with no identifiable 

transmembrane/CYT or GPI-linkage motifs (223). Therefore, the identity of putative FcμR and 

FcδR expressed on catfish immune cells remain to be established. IpLITRs represent an 

attractive candidate for binding teleost Igs as i) this polymorphic and polygenetic receptor family 

shares phylogenetic relationships with mammalian FcRs and FCRLs, and; ii) representative 

IpLITR types are capable of inducing effector responses (e.g. phagocytosis and degranulation) 

that are mediated by FcRs in mammals (110). Therefore, it would be interesting to explore the 

possibility that IpLITRs may recognize and bind teleost Igs. To address this hypothesis, I would 

use IpLITRs-expressing AD293 stable lines generated in this thesis study and then incubate cells 

with purified IgM and IgD that are labeled with fluorescent dyes. Then potential binding of IgM 

and IgD to respective IpLITR types can be detected on flow cytometry. Of note, IpLITR types 

may not recognize or bind monomeric Igs with low affinity and thus, Igs could be aggregated via 
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high temperatures incubation as described in (224). Alternatively, anti-TNP IgMs could be 

generated and purified from catfish serum (225), which could be used to opsonized large 

particles (e.g. TNP-haptenated red blood cells/latex beads) to further increase the binding avidity 

when incubate with IpLITR-expressing cells.  

7.3 Final summary 

It has been an emerging theme that some immunoregulatory receptors-types are capable 

of exerting both inhibitory and activating effects on immune responses, a term referred to as 

functional plasticity. This blurs the definition of inhibitory and activating receptors based on key 

structural features of their CYT regions. Recent studies, including those presented in this thesis, 

are providing new insights into mechanistic details underlying this dual-regulatory effects on 

effector responses. Initially our lab reported that 1.1b
WT CYT

 induced a distinct phagocytic 

phenotype when overexpressed in RBL-2H3 cells. However, a re-examination of this 

observation in AD293 cells indicates that 1.1b
WT CYT

 displays dual-regulatory features and exerts 

potent inhibitory effects on 2.6b
ITAM CYT

-mediated induction of phagocytosis. This dynamic 

signaling potential of 1.1b
WT CYT

 is likely dependent on networking through distinct signaling 

pathways and consequently, facilitate intricate tuning of effector responses under different 

contexts. As such, my work provides new evidence in support of the hypothesis that the ability of 

certain immunoregulatory receptors to exhibit functional plasticity in regulating effector 

responses may represent a conserved yet important regulatory mechanism that has been 

preserved throughout evolution. Furthermore, my results also provide new insights into the 

regulation of innate effector responses and represents the first report of teleost immunoregulatory 

proteins operating during the crosstalk inhibition of phagocytosis. This information broadens our 

understanding of mechanistic details that occur during the control of phagocytosis and in 



  

 

185 

principle demonstrates that 1.1b
WT CYT 

and its signaling capabilities can coordinately target 

specific signaling pathways to sustain the inhibitory effects. Overall, these foundational studies 

have set the stage for further exploring the dynamic signaling potentials controlled by 

immunoregulatory receptors and a path towards understanding the complex molecular 

mechanisms underlying immunoregulatory receptor functional plasticity features across 

vertebrates.  
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APPENDIX 

 

Appendix Figure A1. Masking description for connected component strategy. Outline of 

masks created to identify beads (peak, dilate, and range masks) and components (component 1–

3). To show the mask, green beads were pseudo‐coloured pink. And masked beads show up as 

purple. Component masks were created to identify beads with increasing pixel area (ascending 

area component mask). Each component mask is identified by a white arrow. 


