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ABSTRACT

The ability of immune cells to perform a range of potent antimicrobial effector responses
is tightly regulated by intracellular signaling events. These signals are transduced via distinct sets
of membrane expressed proteins termed immunoregulatory receptors that translate extracellular
cues (e.g. ligand binding) into immunological responses. Such effectors are vital for the
elimination of invading microbes and the removal of cellular debris and dying cells from the
body. One such effector response is the engulfment and destruction of extracellular targets such
as microbes, cellular debris, and necrotic or apoptotic cells by the process known as
phagocytosis. Phagocytosis evolved from a nutrient acquisition process in primitive unicellular
organisms into a dynamic, complex and fundamental component of innate immunity. The ability
of phagocytic cells to recognize and internalize large extracellular particulates is dependent on
the expression of specialized immunoregulatory receptors on the cell surface. Phagocytic
receptors relay their engagements with extracellular targets to promote filamentous (F)-actin (F-
actin) polymerization events that induce dynamic remodelling and reshaping of the plasma

membrane through specialized intracellular signaling events.

Channel catfish (Ictalurus punctatus) leukocyte immune-type receptors (IpLITRs) are a
polygenic and polymorphic immunoregulatory receptor family that share basic structural and
distant phylogenetic relationships with several immunoregulatory proteins within the mammalian
immunoglobulin super family (IgSF). IpLITRs exist as both stimulatory and inhibitory sub-
types, which regulate several innate effector responses via classical as well as unique

biochemical signaling networks. The focus of my thesis was to utilize IpLITRs as a receptor



model system for better understanding the control of innate effector responses in teleost.
Previously, it was demonstrated that the stimulatory IpLITR 2.6b directly associated with ITAM-
encoding adaptors (e.g IpFcRy-L) and induced cellular degranulation and phagocytosis when
expressed in mammalian myeloid cell-line. Alternatively, the inhibitory receptor IpLITR 1.1b
abrogated NK cell-mediated killing via SHP-dependent and SHP-independent mechanisms,
which was revealed after transfection and expression in primary mouse NK cells. Since catfish
myeloid cells express both stimulatory and inhibitory IpLITR types, the signaling and functional
potential of IpLITR 1.1b in myeloid cells was examined and activities were compared to that of
the stimulatory IpLITR 2.6b/IpFcRy-L receptor. Surprisingly, IpLITR 1.1b when expressed in
myeloid cells exhibited phagocytic activities. However, the mechanism surrounding [pLITR
1.1b’s stimulatory capabilities remained unclear. Therefore, the overall objective of my thesis
was on the examination of the regulatory capabilities of IpLITRs. Specifically, my research aims
were; (1) to characterize the ITAM-independent phagocytic pathway facilitated by IpLITR 1.1b;
(2) to confirm that the surface expression of IpLITR 1.1b was necessary for the unique target
acquisition and engulfment phenotype; (3) to examine IpLITR 1.1b selective induction of F-actin
dynamics; (4) to examine the recruitment of Syk and Nck during IpLITR 1.1b-induced filopodia

and the capture and internalization of targets.

My research demonstrates IpLITRs can selectively activate distinct components of the
phagocytic process. Specifically, I show that IpLITR 1.1b uses an alternative phagocytic
pathway that is functionally distinct from the classical ITAM-mediated response. I further show
trypsin selectively reduced IpLITR 1.1b cell surface expression levels and phagocytic activity. [
also observed a significant alteration of the IpLITR 1.1b phagocytic phenotype post-trypsin

exposure while IpLITR 2.6b//IpFcRy-L-mediated target engulfment phenotype was unchanged,



indicating the presence of IpLITR 1.1b on the cellular surface effects the way in which cells
engage in target-cell interactions through the formation of membranous protrusions. In addition,
I show that during the early stages of the IpLITR 1.1b-mediated phagocytic process, filopodia-
like structures retract after target contacts to secure captured microspheres to the cell surface. |
identified IpLITR 1.1b endogenously colocalizes with Nck in filopodia-like plasma membrane
structures and suggesting IpLITR 1.1b-Nck interactions play a pivotal role in the receptor-
specific formation of filopodia. Lastly, I demonstrate IpLITR 1.1b recruits Syk and Nck to sites
of bead-cell interfaces providing new mechanistic details regarding ITAM-independent
phagocytosis. Overall, these results offer new insights regarding the capability of
immunoregulatory receptors to initiate filopodia formation and provide new understandings into
the cellular events surrounding alternative transduction dynamics that regulate F-actin
polymerization and membrane remodelling events. Therefore, IpLITRs as a receptor model
system serve to extend our understanding of how other vertebrate immunoregulatory receptor-
types may link with intracellular signaling components to regulate effector responses such as

phagocytosis.
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CHAPTER1
INTRODUCTION

1.1 Introduction

Innate immunity consists of complex and highly specialized cells capable of inducing
potent effector responses that are important for the destruction of microbes. For example, innate
cellular responses such as phagocytosis, degranulation, and cell-mediated cytotoxicity have all
been characterized in both mammals and fish, representing vertebrates that diverged more than
450 million years ago [1]. This suggests that components of vertebrate innate cellular immunity
are conserved among endothermic and ectothermic vertebrates. Furthermore, examining such
vital processes in a range of model systems will offer unique opportunities to study the

convergent and divergent aspects of vertebrate innate immune responses.

One highly conserved effector response in vertebrates is the ability for specialized
immune cells to recognize, bind, and engulf extracellular targets. This process, termed
phagocytosis, was initially utilized by simple cellular organisms for the acquisition of nutrients,
but over the course of evolution has become a vital process in both host defense and tissue
homeostasis [2]. The engagement of surface expressed receptors by pathogens or other targets
such as dead/dying cells trigger receptor-specific intracellular signaling events in phagocytes that
ultimately leads to the internalization of a diverse range of targets [2]. Although different
phagocytic receptor-types often use similar signaling components to induce phagocytosis, recent
studies have also identified several alternative phagocytic mechanisms that rely on receptor-
specific signaling components to coordinate the regulation of the phagocytic machinery [3].
However, detailed examination of the cellular mechanisms associated with the dynamic

regulation of various modes of phagocytosis are not well understood.



Phagocytosis has been mostly studied using mammalian receptor model systems [4—8].
Although phagocytic uptake of targets has been identified and studied in fish [9], much less is
known about the receptor-types that regulate this process, and therefore my research focused on
the regulation of phagocytosis by the channel catfish IpLITR receptor family. IpLITRs are a
polymorphic teleost immunoregulatory receptor family, which share phylogenetic and structural
characteristics with other receptors in mammals. IpLITRs have been shown to control immune-
effector responses when transfected into mammalian immune cell lines using both prototypical
stimulatory and inhibitory signaling mechanisms. Specifically, the putative stimulatory chimeric
receptor IpLITR 2.6b/IpFcRy-L has been shown to induce degranulation, cytokine secretion and
phagocytosis in an immunoreceptor tyrosine-based activation motif (ITAM)-dependent manner
[10,11]. In contrast, [pLITR 1.1b, a putative inhibitory receptor, abrogated NK cell-mediated
killing response through both immune receptor tyrosine-based inhibitory motif (ITIM)-
dependent and -independent mechanisms [12,13]. More recently IpLITR 1.1b has been shown to
exhibit functional plasticity by inducing phagocytosis when expressed in myeloid cells,
representing the first demonstration of functional plasticity for an ITIM-containing teleost
immunoregulatory receptor. Characterization of this functional plasticity may reveal the
conserved nature of innate signaling events among vertebrate immunoregulatory receptors.
Furthermore, the conservation of functional plasticity among the ITIM and immunoreceptor
tyrosine-based switch motif (ITSM)-containing vertebrate immunoregulatory proteins is
unknown. By understanding the plasticity of certain teleost immunoregulatory receptors, we may
also uncover new cellular mechanisms responsible for the control of important innate immune

cell effector functions that may be conserved throughout the vertebrate linage. Therefore, to



advance our understanding of the induction and regulation of phagocytosis in vertebrates my
thesis research focused on the facilitation of phagocytosis by IpLITRs.

1.2 Objective of thesis

The overall objective of this thesis was to examine the regulatory capabilities of IpLITRs.

The specific aims of my research were: (1) to characterize the unique ITAM-independent

phagocytic pathway regulated by IpLITR 1.1b; (2) to confirm that the surface expression of
IpLITR 1.1b was a requisite for the unique target acquisition and engulfment phenotype; (3) to
examine IpLITR 1.1b selective regulation of F-actin dynamics, and; (4) to examine the
recruitment of spleen tyrosine kinase (Syk) and non-catalytic region of tyrosine kinase (Nck)

during IpLITR 1.1b-induced formation of filopodia and the capture and engulfment of targets

1.3 OQutline of thesis

Chapter II is an overview of the literature related to my thesis work. In this chapter I first
provide a brief overview of teleost innate immunity with an emphasis on teleost cellular effector
responses. I then review information surrounding phagocytosis including its evolution as a
process and discuss phagocytosis as a receptor-mediated F-actin dependent response. Then I will
discuss information on key examples of phagocytic receptors in mammals. Next, I will review
and discuss the phagocytic cell-types and phagocytic receptors in fish. Lastly, I will give a
comprehensive overiew of the recent characterization of IpLITRs with an emphesis on their
phagocytic capabilities. Chapter III contains the detailed descriptions of the procedures and
methods [ used during the completion of my thesis. In Chapter IV I tested the hypothesis that
ITAM-dependent and ITAM-independent phagocytic pathways are engaged by different sub-
types of the IpLITR family. I provide a kinetic and pharmacological profile of IpLITR 1.1b- and

IpLITR 2.6b/IpFcRy-L-induced phagocytosis in addition to a detailed phenotypic analysis of the



phagocytic responses activated by these immunoregulatory receptors using confocal microscopy.
Overall my results show that IpLITR 1.1b uses an alternative phagocytic pathway that is
functionally distinct from the classical ITAM-mediated response. In Chapter V I examined the
effects of the serine protease trypsin on IpLITR-mediated phagocytosis. Using flow cytometry, I
show trypsin potently inhibited IpLITR 1.1b-mediated phagocytosis, which closely correlated
with a reduction in the surface expression of this protein. In comparison, cell surface expression
and phagocytic activity of IpLITR 2.6b/IpFcRy-L was trypsin-insensitive. My confocal
microscopy results revealed trypsin-treated IpLITR 1.1b-expressing cells rarely displayed fully
internalized beads and they had a significant reduction in the number of beads captured in
phagocytic cups or at the ends of membranous protrusions. Overall, my results show that the
presence of IpLITR 1.1b on the cellular surface influences the way in which cells engage in
target-cell interactions through the formation of unique membranous protrusions. In Chapter VI I
tested the hypothesis that IpLITR 1.1b-expressing cells selectively induce the formation of F-
actin dense protrusions, also known as filopodia. I used a combination of live cell imaging (LCI)
and high-resolution scanning electron microscopy (SEM) to provide detailed new information
regarding IpLITR 1.1b-induced plasma membrane dynamics during the phagocytic process. |
show that expression of IpLITR 1.1b, but not IpLITR 2.6b/IpFcRy-L, specifically triggers
filopodia formation in the absence of any known stimuli. In addition, I show during the early
stages of the IpLITR 1.1b-mediated phagocytic process, these filopodia-like structures retract
after target contact to secure the captured microspheres to the cell surface. Overall, my results
show IpLITR 1.1b can selectively regulate filopodia formation over a range of incubation
temperatures for target capture and engulfment. In Chapter VII I wanted to develop

immunofluorescence-based imaging protocols to directly examine the recruitment of Syk and



Nck during IpLITR 1.1b-induced formation of filopodia and the capture and engulfment of
targets. I show Nck but not Syk colocalize with IpLITR 1.1b within constitutively generated
filopodia structures. Furthermore, during the various phases of IpLITR 1.1b-mediated target
binding, capture, and engulfment, both Syk and Nck were found to specifically accumulate at
cell-target interfaces. Overall, these results provide a first look at the unique dynamics of IpLITR
1.1b-mediated molecular recruitments during F-actin-dependent membrane dynamics and
provide new details regarding Syk and Nck recruitments during ITAM-dependent and
independent phagocytic modes. In summary, my research provides new information about the
mechanism(s) facilitating unique F-actin dependent membrane dynamics during IpLITR 1.1b-
mediated phagocytosis. Finally, in Chapter VIII I provide an overview of my findings and
describe how these findings relate to the current understanding of both phagocytic signaling as
well as filopodia formation by immunoregulatory receptors. Chapter IX lists all the references

used in this thesis.



CHAPTER 11
LITERATURE REVIEW

2.1 Overview

Comparative immunology is the study of immunity across a wide spectrum of animals
ranging from invertebrates to vertebrates. While a great understanding of immune mechanisms
has come from focused studies using mammalian models (e.g. humans, mice, and rats),
significant advancements in our understanding of immune protection mechanisms, and the
evolution of immunity, has also come from research focused on exploring immune processes in
ectothermic vertebrate (e.g. amphibians and fish) and invertebrate (e.g. insects, arthropods, and
echinoderms) animal models. For example, comparative immunological studies using teleost
(boney) fishes has provided seminal insights into our understanding of vertebrate immunity and a
broader understanding of the evolution of antimicrobial mechanisms. Select examples include
the identification of phagocytic B cells in fish [14], the discovery of novel subtypes of fish
antibodies [15], and the description of several large and diverse teleost multigene
immunoregulatory receptor-types belonging to both the immunoglobulin and c-type lectin
superfamily’s [16,17]. Beyond bony fishes, research in lamprey and hagfish has revealed a
completely divergent mechanism of adaptive immunity, which is independent of the generation
of classical antibody proteins through the production of variable lymphocyte receptor (VLR)

proteins in these primitive jawless vertebrates [18-20].

Teleost represent the most diverse class of extant vertebrates that contain both adaptive
and innate immune components. Fish live in diverse aquatic environments and are constantly

bathed in waters populated with numerous bacterial, viral and parasitic pathogens. Consequently,



fish are armed with a robust innate antimicrobial defense system that begins with their natural
barriers to infection (e.g. skin, scales, and mucus) that if breached then requires engagement of
potent immune cell effector responses such as degranulation and phagocytosis. Importantly,
teleost represent one of the earliest vertebrates to have adaptive immune system components
(e.g. T cells, B cells, and antibodies) like those found in mammals and thus comparative studies
in fishes offers a unique opportunity to study the evolution of immunological mechanisms of
higher vertebrates. Fish are also of interest in immunological studies since they are heavily relied
on in aquaculture practices throughout the world. Therefore, an understanding of fish immunity
is vital for maintaining healthy and thriving populations of fish for both economical reasons as

well as to ensure aquatic farms remain a sustainable source of food.

Over the past few decades, immunological studies in fish have disproportionately focused
on the cloning, sequencing, and molecular characterization of fish cytokines, chemokines, and
several immunoregulatory receptor-types. While aided by the availability of several completed
genome sequencing projects in fish and advancements in DNA and RNA sequencing
technologies, the known inventory of teleost genes exponentially exceeds our understanding of
their functions. Therefore, a return to the biochemical and functional assessments of teleost
immune proteins is required to fully appreciate the mechanisms underlying fish immune cell

mediated effector responses.

The research described in this thesis represents a series of studies focused on
understanding the regulatory capabilities of a specific immunoregulatory receptor family
identified in the channel catfish termed (Ictalurus punctatus) leukocyte immune-type receptors
(IpLITRs). In this review I first provide a brief overview of teleost innate immunity with an

importance on teleost cellular effector responses. I will then review in brief evolutionary origins



of phagocytosis as well as phagocytosis as a cellular process. I next review major phagocytic
receptors that have been characterized in mammals involved with the phagocytic uptake of
microbes and dead/dying cells. I then review information surrounding the characterization of the
cell-types in fish associated with phagocytosis as well as the limited information surrounding
phagocytic receptors in fish. Lastly, I will discuss recent research surrounding the functional
characterization of the channel catfish leukocyte immune-type receptor (IpLITR) family with a

focus on their ability to regulate the phagocytic process.

2.1.1 Overview of innate immunity in fish: physical barriers

The separation of the extracellular environment from the internal tissues of an organism
represents a fundamental feature of innate immunity that functions to block pathogen entry
[21,22]. In general, vertebrate skin contains two major cellular layers, the dermis and the
epidermis, which provides a formidable anatomical barrier that acts as the first line of defense
against pathogens [21,22]. Since teleost live in aquatic habitats they have evolved a robust
epidermal layer, which is protected by ossified scales and rigid actin-rich filaments. This unique
histology helps protect this anatomical barrier from injury, which if breached would provide a
portal of entry for potential pathogens [22]. Teleost also have diverse array of lymphoid tissues
located within their epithelial tissues that help combat infection. These consist of immune cell
rich areas such as the mucosal associated lymphoid tissue (MALT), gust-associated lymphoid
tissue (GALT), skin-associated lymphoid tissue (SALT), nasopharynx-associated lymphoid
tissue (NALT), and the gill-associated lymphoid tissue (GIALT) [23,24]. [23,24]. These sites
contain site-specific variations of resident immune cells, and include in some combination B
cells, T cells, melano-macrophages, dendritic cells (DC), nonspecific cytotoxic cells (NCCs), and

neutrophils (Reviewed in [23,24]). With such large collections of immune cell-types, these sites



are important for the interplay between the innate and adaptive arms of teleost immunity. For
example, macrophages and DCs act as antigen presentation cells for tissue resident B and T cells,
thereby inducing the activation of adaptive immune responses [23,25,26]. Another important
innate immunological barrier in fish is their generation of mucus. Mucus is composed of high
molecular weight glycoproteins and is secreted by specialized cells known as the globlet cell
[27]. Fish mucus plays a major role in antimicrobial responses. For example, mucosal layers
within the gills of fishes represents a main contact point with microbes and therefore it contains
numerous antimicrobial peptides (AMPs), a low pH, hydrolytic enzymes, and resident immune
cells [22,26-28]. If these initial barriers fail to keep pathogens from invading, the next line of
defense is the induction of cellular effector responses by the various innate immune cell-types

found throughout the body.

2.1.2 Overview of innate immunity in fish: cellular effector responses

Innate immune cell effector responses are critical to the health of an organism as these
are facilitated by immune cells at sites of infection. In mammals, the major contributors to innate
effector responses are monocytes, macrophages, granulocytes (e.g. neutrophils, basophils, and
eosinophils), natural killer (NK)-like cells, and the recently discovered phagocytic B cells. These
cells perform a wide variety of immunological responses such as degranulation, phagocytosis,
cytokine production, antigen presentation, and cytotoxicity. The specific effector response(s) of
these cell-types are in part associated with the type(s) of surface receptors they express that

mediates their ability to interact with various binding partners (e.g. ligands).

In mammals, one major antimicrobial effector response is the release of destructive
molecules from intracellular stores termed degranulation. One major inducer of degranulation is

the binding of IgE antibodies to the Fc epsilon receptor (FceR) expressed on the surface of
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specific granulocyte-types such as eosinophils and basophils, which when triggered by antigen,
induces the release of granule contents vial exocytosis [29]. In teleost, two major pathways of
basophilic degranulation have been identified. For example, basophils extracted from the blood
of fugu (Takifugu rubripes) can be induced to release two distinct types of granules after the
addition of IgM [30]. A secondary degranulation pathway was also induced by stimulating the
cells with the protease enzyme papain, revealing both antibody-dependent and independent
degranulation mechanisms in fish [30]. A secondary degranulation pathway was also induced by
stimulating the cells with the protease enzyme papain, revealing both antibody-dependent and
independent degranulation mechanisms in fish [30]. The first identification of neutrophils in fish
were from gilthead seabream (Sparus aurata ) head kidney and peripheral blood leukocytes
(PBLs) that positively stained for both alkaline phosphatase and peroxidase; hallmark identifiers
of neutrophil granules [31-33], which showed specific cell-types in the head kidney and
peripheral blood leukocytes (PBLs) that positively stained for both alkaline phosphatase and
peroxidase; hallmark identifiers of neutrophil granules [32,33]. These granules have basophilic-
like stores of antimicrobial molecules similar to those found in mammalian neutrophils such as
proteinase-3, cathepsin-G, elastase, and azurocidin [34]. Neutrophils are routinely classified as
the first cellular responders to infection, and upon arriving at inflammatory sites they elicit a
variety of immunological effector responses including degranulation, production of reactive
oxygen species (ROS), and phagocytosis to help combat invading pathogens. Fish neutrophils
represent a larger portion of circulating leukocytes under homeostatic conditions compared to
mammals [35,36] and have been identified as major inducers of degranulation upon stimulation
with zymosan, Aeromonas salmonicida, and mitogens [35,37,38]. Interestingly, recent studies

have identified that neutrophil migration is bi-directional as in vivo imaging studies have shown
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zebrafish neutrophils migrating back towards the vasculature post inflammation, suggesting a
novel resolution role in inflammatory processes. This alters the general view of neutrophils
during inflammation, which after completing their pro-inflammatory roles during early stages of
inflammation are believed to undergo rapid cell-death. Interestingly, recent studies have
identified that neutrophil migration is bi-directional as in vivo imaging studies have shown
zebrafish neutrophils migrating back towards the vasculature post inflammation, suggesting a
novel resolution role in inflammatory processes [39]. This alters the general view of neutrophils
during inflammation, which after completing their pro-inflammatory roles during early stages of
inflammation are believed to undergo rapid cell-death. Finally, neutrophils have also been shown
to promote a unique mechanism for pathogen destruction by forming and releasing neutrophil
extracellular traps (NETs). Like mammals, generation of NETs by fish neutrophils has been
shown in several species including carp (Cyprinus carpio), fathead minnows (Pimephales
promelas), zebrafish (Danio rerio), and the smooth tongue sole (Cynoglossus semilaevis)
[35,40-43]. NETs represent nuclear DNA-containing filaments mixed with granular proteins
(e.g. elastase) that are expelled from the intracellular space of the cell acting as a potent
antimicrobial substance [35]. NETs have been shown to specifically degrade bacterial and viral

virulence factors and the ability to bind, trap, and kill pathogens directly [35,40—43].

NK cells and cytotoxic T lymphocytes (CTLs) are important immune cells that survey the
health of host cells by monitoring the body for signs of infection, stress, or transformation. NK
cells and CTLs are able to recognize unhealthy cells using three major mechanisms; 1) non-self
recognition (e.g. recognition of pathogen induced molecules), 2) missing self (e.g. recognition of
reduced self markers on healthy cells), and 3) induced self (e.g. recognition of self stress

markers) [44]. If NK cells and CLTs recognize any of the above-mentioned scenarios, then NK
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cells and CLTs facilitate cell death of these unhealthy cells in a process known as cytotoxicity.
The induction of cytotoxicity by NK cells and CTLs in mammals is facilitated by granule
exocytosis and FasL/Fas interactions [45], which also have been verified to occur in fish[46,47].
The two main types of non-specific cytotoxic cells identified in fish are known as nonspecific
cytotoxic cells (NCC) and NK-like cells [48—50]. NCCs were first identified in channel catfish as
small agranular lymphocytes, which are characterized by the expression of the NCC receptor
protein 1 (NCCRP-1) These cells induce spontaneous cytotoxicity for a variety of xenogeneic
targets and virally infected autologous cells without the need for prior stimulation .[51-53].
Since fish NCCs facilitate similar effector responses to mammalian NK-cells, they are thought to
be the evolutionary pre-cursors of these innate killers [46,54]. The second major non-specific
cytotoxicity cell in fish are referred to as NK-like cells and unlike NCCs, these cells kill
allogenic but not xenogeneic targets spontaneously [48,53,55,56]. NK-like cells are also distinct
from NCCs as these cells express a putative FcuR and are negative for classical markers of other
teleost immune cell-types [51]. Another differentiating feature of NK-like and NCC teleost cells
is their origins within the fish. NK-like cells are found within PBL while NCCs are derived in the
head kidney [52]. Recently, the antimicrobial peptide NK-lysin, an ortholog to mammalian
granulysin, was identified in the tilapia [57]. Granulysin is a cytolytic and pro-inflammatory
molecule that is a major component in CTL and NK cell-mediated cytotoxicity against infected
host cells [58]. Overexpressing NK-lysin tilapia had significantly lower bacterial load post
challenge compared to control fish, indicating NK-lysin to function similar to that of mammalian
granulysin [57]. Interestingly, flatfish turbot (Scopthalmus maximus) red blood cells (RBCs) also
contain NK-lysin when undergoing autophagy [59]. Expression of NK-lysin in turbot RBCs was

shown to increase upon viral infection prior to the induction of autophagy and if autophagy was
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blocked viral replication was significantly higher compared to controls [59]. This identified a

novel role of teleost RBCs in anti-viral immunity.

Phagocytosis is another vital innate immune cell effector response. This cellular
engulfment process is performed by specialized cells known as phagocytes that can recognize,
bind, and then internalize extracellular targets such as microbes, cellular debris, and dying/dead
host cells [2,60]. Initially a process utilized for nutrient acquisition by single cell organisms,
phagocytosis has evolved as a major process in immunity across evolution [2]. The recognition
of pathogens by phagocytes is elicited by specialized surface expressed phagocytic receptor
proteins that when bound to their respective ligands, induce intracellular signaling events that
lead to F-actin polymerization and dynamic remodelling of the plasma membrane. In mammals,
many phagocytic receptors have been identified with the most well characterized of these being
the Fc receptor (FcR), dectin-1, and complement receptor 3 [2,61-63]. In teleost, the main
phagocytic effectors are macrophage, monocytes [24,37,64—69], DCs [70], and neutrophils [35—
37,71,72]. These cells elicit destructive intracellular responses such as ROS and nitric oxide
(NO) production during the binding and internalization of extracellular targets. An interesting
aspect of phagocytic activities in fish was the recently discovered ability for sub populations of
teleost B cells to perform phagocytosis [14]. First identified for rainbow trout and catfish B cell
populations [14], IgM+B cells were shown as potent inducers of phagocytosis of both IgM-
opsonized bacteria and IgM-opsonized latex beads. [14]. The importance of these phagocytic B
cells was further demonstrated as IgM+B cells with phagocytic abilities were subsequently
identified in other teleost species including Atlantic salmon (Sa/mo salar) [72] and zebrafish

[73]. Following the discovery of phagocytic B cells in teleost, research began searching for this
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unique cell-type in other vertebrates and to date, most vertebrate species (fish, amphibians,

mammals) have been identified to contain phagocytic B cells [74].

In mammals, the receptors that initiate and regulate the innate immune cell effector
responses described above have been well-studied and in general they represent two major
classes of receptor-types; PRRs and other immunoregulatory receptor-types such as those
belonging to the immunoglobulin superfamily (IgSF). In contrast, although fish immune cells
generally elicit the same overall repertoire of antimicrobial responses (e.g. degranulation,
cytotoxicity, and phagocytosis) very little is known about the receptor-types and associated
mechanisms that regulate these important protective actions in fish. However, representatives of
both PRRs and immunoregulatory receptor-type genes belonging to the IgSF have been
identified in fish. Unfortunately, despite this large molecular inventory of immunoregulatory
receptor-types, most have yet to be functionally examined. In the next sections of this review, I
will provide a more in-depth examination of phagocytosis as an evolutionarily conserved process

and give some details of phagocytosis in both mammals and fish.

2.2 Phagocytosis

2.2.1 Introduction

The emergence of multicellular organisms in evolution offered a new opportunity for the
generation of specialized cells with specific cellular functions. This division of labour allowed
for the formation of specific types of tissues, organs and systems within multicellular organisms.
The immune system is a fundamental component to any organism as a means of defending
against possible infectious agents. One cellular process within the immune system that existed

prior to the emergence of complex cell-types is the ability for immune cells to dynamically
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regulate their membranes during internalization of extracellular targets. This process is termed

phagocytosis.

2.2.2 Evolution of phagocytosis

Mitochondria and related organelles exist in all eukaryotes studied to date, suggesting
that early unicellular organisms possessed these structures very early on in evolutionary history
[75,76]. The rise of such a diverse array of cellular structures is believed to have occurred due to
an endosymbiosis event whereby an autotrophic bacterium was engulfed by a larger primitive
heterotrophic eukaryotic cell [75]. This event lead to the formation of a cell with both a
mitochondria-like organelle as well as other intracellular structures we observe today in more
complex eukaryotic cells. Known as the archezoan hypothesis, this suggests that the
internalization of a simple single cell organism by a larger and more complex cell gave rise to
the complexity and organization of cells that we see today [77]. The ability to internalize large
extracellular particulate targets via phagocytosis was utilized by simple unicellular organisms for
a variety of functions such as the internalization of nutrients from the extracellular environment
to the internalization of whole organisms such as bacterium as a food source [75,77].
Consequently, phagocytosis has evolved into a fundamental component of innate immune

defense and tissue homeostasis in all animals.

2.2.3 The phagocytic process

Formally, phagocytosis is defined as the ability of specialized cells called phagocytes to
recognize and engulf large insoluble particles greater than 0.5 pm in diameter [2]. Also a
receptor-mediated process, phagocytosis is important for food acquisition, removal of apoptotic

cells, tissue remodeling, and in more complex organism’s host defense against invading
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microbes [78]. Phagocytosis has been demonstrated in unicellular organisms such as amoebas,
plants, and has been described in numerous invertebrates and vertebrate animal species [78]. As
a cellular process, phagocytosis consists of a series of connected stages, which includes: (i)
detection and recognition of extracellular targets through surface expressed phagocytic receptors;
(i1) attachment of particles to the surface of phagocytes; (iii) internalization of particles into a
phagosome via F-actin polymerization; (iv) fusion of the phagosome with the lysosome
generating the destructive phagolysosome; (v) the intracellular killing and degradation of the
ingested particle, and; (vi) the presentation of degraded antigens to adaptive immune cells
[2,65,79]. Professional phagocytes consist of neutrophils, macrophages, monocytes and DCs.
Epithelial and fibroblast cells have also been shown to contain phagocytic abilities and are
considered non-professional phagocytes that regulate routine homeostatic clearance of
dead/dying cells [65]. The distinction between professional and non-professional phagocytes is
the types of molecules these cells can recognize as well as their ability to facilitate secondary
signaling events for the promotion of target destruction [80]. In general, professional phagocytes
are capable of engaging a broader array of extracellular molecules while non-professional
phagocytes have limited recognition capabilities [81]. Secondly, professional phagocytes can
generate additional signaling events, which facilitate the destruction of an internalized target,
while most non-professional phagocytes cannot [79,81]. Given the importance of the ability of
phagocytes to recognize potentially harmful targets, much interest in understanding the
phagocytic process comes from trying to understand the relationship between phagocytes and
their abilities to recognize microbial targets. Specifically, the two major classes of molecules
recognized by phagocytes as potentially harmful to a host are apoptotic/necrotic (altered self)

molecules and microbes (non-self) [2,78,79,82]. How phagocytes distinguish altered self versus
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non-self is due to the presence of surface expressed proteins on their membranes known as
phagocytic receptors. These phagocytic receptors recognize extracellular targets via direct
interactions (e.g dead/dying cell or microbe) or through indirect interactions via host-derived
proteins or opsonin’s, which include antibodies and complement proteins that are often pre-

bound to targets in the extracellular environment [2,79,82].

One specific phagocytic receptor-type known as Dectin-1, recognizes pathogens directly
by its ability to bind carbohydrate motifs located on the outer portions of fungal pathogens
[63,83]. This engagement stimulates intracellular signaling events in the cell terminating in F-
actin polymerization that induces remodeling of phagocytic membranes as they bind and then
fungal targets [63]. Indirect recognition of pathogens is facilitated by host-derived antibodies,
which bind to a diverse array of microbes, essentially tagging them for phagocytic uptake [2,82].
This is induced by antibody recognizing receptors known as Fc-receptors (FcRs), which bind to
the conserved regions of antibodies causing intracellular signaling events that also promote F-
actin controlled plasma membrane dynamics required for target capture and enfulfment
[2,78,84]. F-actin polymerization is a fundamental and distal event during the phagocytic
process. In general, activation of F-actin polymerization is a receptor-mediated process that
induces the formation of pseudopods [2,85], which extend outwards from the membrane to form
a phagocytic cup at the target-cell interface [2,82,85]. As the process progresses this cup begins
to fully engulf the target as the membrane flows over the outer surfaces of the target by the
extension of pseudopods until it becomes completely sealed, eventually forming the phagosome
[2,84,85]. Once a target is completely internalized, the fusion of the phagosome with
intracellular lysosomes generates the destructive phagolysosome, which will facilitate the

degradation of the internalized target [79,86]. Recently, imaging studies of the phagocytic
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process have identified F-actin polymerization events that occur prior to the initial binding phase
of the target to the cell surface. This represents an early capturing mechanism via formation of F-
actin dense membranous protrusions [87,88]. These protrusions extend well beyond the cell
surface and are used by phagocytes to increase the likelihood that they will encounter a potential
extracellular target. Once engaged with a target, extended protrusions retract back towards the
cell body facilitating phagocytic receptor engagements [87,88]. Overall, the accumulation of all
of the above-mentioned events are considered as the phagocytic process. Moreover, target
binding, pseudopod formation, engulfment, as well as protrusion formations are all facilitated by
the spatial-temporal regulation of F-actin polymerization events. In the next section I will discuss
the regulatory properties of F-actin polymerization in the context of receptor-induced

phagocytosis.

2.2.4 F-actin polymerization

Actin is one of the most abundant proteins in all eukaryotic cells and it is highly
conserved [77]. Recently, this protein was also identified within prokaryotes, suggesting that
actin is one of the most ancient proteins identified to date [75,77]. Actin exists in two physical
states, a monomeric form (G-actin) and a filamentous form (F-actin) allowing this protein to
dynamically regulate a variety of cellular processes including phagocytosis [89]. A characteristic
feature of all these processes is the conversion of G-actin monomers into long extensions of F-
actin via the joining of G-actin to the barbed growing end of a cellular filament [90-92].
Cytoskeletal dynamics are tightly regulated by the homeostatic balance of actin between these
two forms, and this balance can be polarized in the presence of extracellular stimuli and/or the
activation of surface expressed receptors [90,92]. The reorganization of the actin cytoskeleton

during processes like phagocytosis is regulated spatially and temporally by many factors, one of
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the most important is the activation of small Rho family GTPases that act as molecular switches
[62,90,91]. Within the family of Rho GTPases are Cdc42, Rac, and Rho, which are important
facilitators of actin assembly [4,92,93]. GTPases are activated via another set of proteins known
as guanine nucleotide exchange factors (GEFs), which induce the release of the non-energetic
GDP for the activate form GTP on small GTPases [62,90,92—-94]. This activation of small
GTPases is relatively poor, however, through their engagement of GTPase-activating proteins
(GAPs), small GTPase activity can be significantly enhanced [2,82,90]. GTPases activate other
important components of the actin polymerization machinery, specifically effector proteins
known as nucleation promoting factors (NPFs) such as Wiskott-Aldrich syndrome protein
(WASP), neural WASP (N-WASp), and WASP-family verprolin homologous protein (WAVE)
[2,82]. When activated by GTPases directly, NPFs activate the actin polymerization protein Arp
2/3 complex by inducing a conformational change within the protein complex [82,90]. The Arp
2/3 complex consist of seven proteins including Arp2, Arp3 and subunits ARPC1-5, which upon
activation via NPFs facilitate the generation of F-actin filaments that induce membranal changes
needed for cellular processes like phagocytosis [90-92]. The binding of the Arp2/3 complex to
actin within the cell initiates new actin filaments to form from already existing actin branches
thereby generating the highly branched F-actin filaments needed to facilitate membrane
remodeling events [92]. To facilitate the internalization of extracellular targets, phagocyte
membranes must be able to extend beyond the already existing structure of the plasma
membrane. In part, this is induced by a class of proteins known as formins [90]. A variety of
formins have been identified, including mammalian diaphanous-related formin 1 (mDial) and
Saccharomyces cerevisiae BNI 1 gene product (Bnilp) [90,92]. These proteins are important for

a variety of cytoskeletal changes involved in phagocytosis such as regulation and dimerization of
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actin during nucleation events induced by Arp 2/3 complex and elongation of the plasma
membrane [90,92]. Another major protein-type involved in F-actin polymerization events are
actin crosslinking proteins, which are made up of a-actinin, spectrin, and dystrophin [90]. These
proteins are localized to the submembrane of the cytoskeleton at the leading edges of the
membrane extending around cell-bound targets during phagocytosis [90-92]. Actin crosslinking
proteins anchor newly polymerized F-actin to the extracellular matrix and therefore act as
scaffolds for newly polymerized F-actin [90]. Lastly, due to the spatiotemporal nature of the
membrane dynamics associated with F-actin polymerization and phagocytosis, there must be
ways in which these events are regulated as the phagocytic process occurs. This in part is
regulated by Bin/Amphiphsyin/Rvsp (BAR) domain-containing proteins, which connect
intracellular signaling pathways to the dynamics of F-actin polymerization events [90]. In
general, BAR-containing proteins are regulated by directly associating with the above mentioned
small GTPases, which generates localized F-actin polymerization events at specific sites at the
plasma membrane causing curvature changes of the membrane as engulfment of targets proceeds
[2,82,90]. These BAR-containing proteins also facilitate the recruitment of other signaling
molecules to the sites of F-actin polymerization, thereby connecting extracellular stimuli to the
F-actin machinery such as the Arp 2/3 complex [2]. Interestingly, recent proteomic studies have
identified some of the above-mentioned F-actin polymerization associated molecules back to
early archaeon’s, and therefore suggests that the ability for cells to change their shape has been a
fundamental component of almost every single cell since the earliest known single cell

organisms existed [75].
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2.2.5 Evasion of phagocytosis

Since phagocytosis is important for host defense, pathogenic microbes have evolved
mechanisms to evade capture and destruction by phagocytes. One of the most common
mechanisms by which pathogens can avoid being detected by phagocytes is through the ability to
inhibit host-derived proteins from opsonizing [2,95]. Bacteria and fungal pathogens can produce
polysaccharide-based coatings that prevent the ability for antibodies and complement proteins
from binding to their surfaces, thus reducing their chances of being targeted by phagocytic
receptors such as FcR and CR3 [2,95]. Pathogens also use host-derived molecules to down
regulate receptor binding. Specifically, group A Streptocci generates M proteins, which recruit
host-derived C4-b complement proteins to their cell surfaces [2]. C4-b acts as an inhibitor of
complement activation and downregulates complement-mediated phagocytic uptake [2]. The
ability to employ host-derived opsonin’s for avoiding detection has been identified for other
microbes as well. For example, Staphylococcus aureus secretes Protein A onto its surface, which
has a very high binding affinity for the Fc region of the antibody IgG [2,95]. This interection
prevents IgG from being able to bind and activate FcRs on the surface of phagocytes [2,95].
Even more complex mechanisms have been evolved by microbes to utilize a host’s immune cells
for their own advantage. For example, Pseudomonas aeruginosa injects into immune cells, via a
type-3 secretion system, bacteria-derived GAPs [2,95]. As mentioned earlier, GAPs stimulate the
activation of small GTPases, which regulate F-actin polymerization events for membrane
remodeling processes like phagocytosis. The injection of P. aeruginosa GAP molecules ExoT
and ExoS causes immune cells to become more phagocytic and thereby internalize the pathogen,
which allows its entry into host cells [2,95]. This is wanted by P. aeruginosa in order to utilize

intracellular compartments of cells as a mechanism for protection against extracellular
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antimocribal responses and for replication purposes [2,95]. Alternatively, some microbes directly
inhibit the phagocytic process to prevent their internalization and destruction. For example,
Escherichia coli injects EspB and EspH into cells, which act as GEF inhibitors and therefore
block F-actin polymerization phagocytosis [2,95]. Lastly, HIV-1 blocks membrane exocytosis
during phagocytosis via the release of the viral molecule Nef and therefore abrogates the ability
for phagocytes to remodel their plasma membranes [2]. Overall, pathogens have evolved unique
capabilities to alter or utilize a host’s immune system for their own benefit. However, host
defenses have also co-evoled to combat pathogen infection mechanisms. One example is the
evolution of a diverse array of phagocytic receptors that can recognize pathogens using a variety
of mechanisms and can facilaite phagocytic uptake of microbes using converget and diverget
intracellular signaling pathways. In the next section I will discuss some phagocytic receptors that

have been characterized in mammals.

2.3 Phagocytic receptors

2.3.1 Introduction

In mammals, a diverse array of phagocytic receptor-types has been identified for both the
phagocytic uptake of microbes as well as dead/dying host cells. Most of our understanding of
phagocytosis has been uncovered using two major phagocytic receptors in mammals, namely
FcRs and CR3 However, there are several other phagocytic receptor-types that utilize
overlapping yet distinct signaling mechanisms from the FcR and CR3 receptors such as Dectin-1
and CEACAM3. In the following sections I will discuss the functions and signaling mechanisms
identified for Rs, CR3, Dectin-1, and CEACAM3. I will also discuss details surrounding the
phagocytic uptake of dead/dying host cells via a related engulfment process known as

efferocytosis.
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2.3.2 Fc-receptors (FcRs)

FcR-mediated phagocytosis occurs via the binding of surface expressed FcR proteins to
antibody opsonized targets [2,79,96]. Phagocytic FcRs in humans include FcyRI, FcyRlIa,
FcyRlIlc, FeyRIIla, FeeRI, FcaR1, and FcRn [2,97,98]. These receptors recognize and bind their
respective antibody types (IgG, IgE, IgA and IgG) and initiate spatial and temporal intracellular
signaling events that activates effector proteins that in turn, stimulate F-actin polymerization
leading to membrane remodeling [2,97-99]. FcR signaling is induced by the clustering of the
receptors through their lateral movements within the membrane to contact sites of bound targets
causing signaling events, the first of which is the phosphorylation of an ITAM[2,99] . This
activation motif is characterized by a tandem YxxI/L amino acid sequence [100], which acts as a
substrate for phosphorylation events facilitated by Src family kinases [2,100,101]. ITAMs can be
directly contained in the FcR cytoplasmic tail (CYT), as is the case for FcyRIla and FcyRIlc [2].
Alternatively, FcRs can associate with ITAM-containing cytosolic adaptor proteins through
transmembrane electrostatic interactions such as the case with FcyRI and FeyRIlIla [2,100,102].
Following receptor clustering, these ITAMs become phosphorylated, causing them to become
docking sites for other intracellular signaling proteins, specifically spleen tyrosine kinase (Syk)
[2,103,104]. Syk contains two Src homology 2 (SH2) domains which it uses to bind the tandem
tyrosine’s located within the ITAM motif and once bound to an ITAM Syk itself becomes
phosphorylated and activated [2,101,105]. Interestingly, it has been shown in knock-out studies
that in the absence of Src kinases, Syk may also facilitate the phosphorylation of nearby ITAMs,
which augments other stimulatory signaling cascades during phagocytosis [2]. Syk recruitment to
ITAM induces the activation and recruitment of a large variety of other intracellular signaling

molecules to promote F-actin polymerization during the engulfment stages of targets. For
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example, the activation of Syk leads to the phosphorylation and recruitment of adaptor proteins
including the transmembrane protein linker of activated T cells (LAT) that acts as a scaffold for
the recruitment of additional intracellular signaling molecules to the site of receptor activation
[106,107]. The adaptor protein non-catalytic region of tyrosine kinase (Nck) has also been
identified as a major scaffolding protein associated with the induction of FcR-mediated
phagocytosis [108—110]. Due to the recruitment of LAT or Nck to receptor-activated sites, new
signaling molecules including growth factor receptor-bound protein 2 (Grb2), docking protein 1
(Dok1), and Grb2-associated binder (Gab2) are brought into close proximity of the activated Syk
kinase, which in turn can phosphorylate and activate the above-mentioned molecules amplifying
further downstream signaling events [2,108,109,111,112]. Syk also activates the GEF Vav,
which is important for the activation of small GTPases including Rho, Cdc42, Rac and RhoA
[4,93,94,111,113]. The activation of these GTPases induces the activation of NPFs including
WAVE, N-WASP, and WASP, which all directly initiate Arp 2/3 activation, causing the
polymerization of F-actin and the remodeling of the plasma during target engulfment
[2,5,108,111,114]. Another major contributor to FcR-mediated phagocytosis is
phosphatidylinositol 3-kinase (PI3K) [2,94,111,115]. PI3K is activated by Syk kinase activity
and it is localized to the inner membrane leaflet of the plasma membrane [2,94,111,115]. As a
lipid kinase, PI3K promotes the phosphorylation of lipid molecules at the plasma membrane
[111]. Specifically, PI3K converts phosphatidylinositol 4,5-tris-phosphate (P1(4,5)P2) to
phosphatidylinositol 3,4,5-tris-phosphate (P1(3,4,5)P3) which is then used by the cell as an anchor
for the recruitment of other intracellular signaling proteins such as Rac and Cdc42 [116].
Dynamic lipid compositions during receptor-mediate signaling creates docking sites for small

GTPases, among other protein-protein interactions such as the stabilization of Gab2, causing the
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localized generation of F-actin polymerization at receptor-target sites [112,116]. FcR-stimulated
membrane remodeling dynamics during antibody-coated target engulfment is considered the
classical model of phagocytosis, which when observed via microscopy lead to the description of
its zipper-like internalization of extracellular targets [2,111,116]. Activation of FcRs facilitates
the generation and extension of pseudopodia from the cell-target interface, which are propelled
around the outer edges of a bound target causing it to become enveloped within the plasma
membrane [79,86,111]. As the membrane surrounds the bound target, newly formed FcR-target
interactions are generated, which propagates the activation of intracellular signaling and
promotes the elongation of the membrane around a target until it becomes completely

internalized by the phagocyte [2,111].

In contrast to stimulatory FcR-types, inhibitory FcRs also exist within the FcR receptor
family, namely FcRyBII1 and FcyRBII2. These FcR-types contain ITIMs within their long CYT
regions, a motif that consists of the amino acid sequence S/I/VLxYxxI/V/L [102,117]. Inhibitory
FcRs abrogate the activation of downstream signaling molecules such as Src and Syk kinases as
well as modulate lipid compositions at the sites of inhibitory receptor engagement [102,117].
This is promoted by the binding of inhibitory FcRs to antibodies, which induces the
phosphorylation of the tyrosine’s found within the ITIMs, leading to the recruit of cytoplasmic
phosphatases such as Src homology 2 phosphatase (SHP)-1/2 and Src homology 2 (SH2)
domain-containing inositol phosphatase (SHIP)-1/2 [102,117]. These phosphatases deactivate
intracellular signaling proteins or induce lipid compositional changes, which abrogate
stimulatory signaling through de-phosphorylation events [102]. Overall, inhibitory FcRs block
the activation of immunological responses including phagocytosis and downregulate immune

cell activation thereby dampening the activation state of the cell [111]. A tight balance between
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stimulatory and inhibitory FcR signaling dictates the activation state of an immune cell in

response to antibody-opsonized extracellular targets.

2.3.3 Complement receptor 3 (CR3)

Another well characterized phagocytic receptor in mammals is the integrin CR3 receptor,
which recognizes complement protein (iC3b)-opsonized extracellular targets [2,111,118]. CR3 is
involved in multiple cellular processes including adhesion, diapedesis, as well as phagocytosis
[2,79,118]. Unlike the zipper-like model of phagocytosis associated with FcR-mediated
engulfment of targets, CR3-mediated phagocytosis has been described as an invagination event
whereby targets ‘sinks’ into the cell during the engulfment process [2]. A major difference
between CR3-mediated and FcR-mediated phagocytosis is the spatial-temporal nature of CR3-
mediated signaling of F-actin polymerization. For example, CR3-mediated phagocytosis is
largely regarded as an ITAM-independent process and it requires priming in order to effectively
promote phagocytosis [119,120]. This unique receptor activation event has been termed
‘outside-in’ signaling whereby CR3 changes its conformation intracellularly post extracellular
stimulation in order to facilitate a response such as phagocytosis [120]. Unlike what has been
shown for FcR-mediated phagocytosis, CR3-mediated phagocytosis is largely independent of
Syk recruitment and signaling [2]. F-actin polymerization and localization events during CR3-
mediated phagocytosis appears to rely solely on the small GTPase RhoA [113], unlike FcR-
mediated phagocytosis, which requires both Rac and Cdc42 [4]. During CR3-mediated
phagocytosis, RhoA facilitates F-actin polymerization via two distinct intracellular signaling
mechanisms. First, RhoA can induce the activation of Rho kinase causing the phosphorylation
and stimulation of myosin II, which is important for the recruitment of Arp 2/3 complex at sites

of surface bound targets [2,86,121]. RhoA also facilitates the recruitment of the formin mDial,
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which associates with the microtubule protein CLIP-70, indicating that unlike FcR-mediated
phagocytosis, microtubules play an important role in CR3-mediated events [122]. Ultimately
these signaling events induce F-actin polymerization at localized sites of bound targets, which
facilitates membrane dynamics that are required to accommodate internalization of extracellular
targets [2,111,119]. Overall, the characterization of CR3 indicates that the distal stimulation of
F-actin polymerization is vital, however this phagocytic process is facilitated by unique and
receptor-specific events that are distinguishable from FcR-mediated phagocytosis. This concept
is further reinforced in the next section with the descriptions of Dectin-1 and CEACAM3-

mediated specific phagocytic events.

2.3.4 Dectin-1 and CEACAM3

Dectin-1 is an ITAM-containing phagocytic receptor-type that recognizes carbohydrate
motifs on the surfaces of fungal pathogens [63,123]. Like FcR-mediated phagocytosis, Dectin-1
signals phagocytosis via phosphorylation of a single ITAM-like motif recruitments Syk at sites
of receptor-target interactions [2,63,124]. However, since Syk requires both of its SH2 domains
to be engaged to be optimally activated, it is necessary that two Dectin-1 receptors dimerize to
accommodate Syk recruitment, activation, and downstream signaling [2]. From the initial
associations of Syk to Dectin-1, a similar set of signaling events to that of FcR-mediated
phagocytosis progresses, with the activation of PI3K, Cdc42, and Rac leading to WAVE2
activation and F-actin polymerization [2]. Similarly, CEACAM3 contains an ITAM-like motif
within its CYT region that it uses to stimulate the phagocytic uptake of Neisseria gonorrhea in
humans [8]. However, CEACAM3 stimulates a novel intracellular signaling mechanism to
facilitate F-actin polymerization during the engulfment process. Specifically, CEACAM3

directly recruits Nck to its CYT region, which directly associates with the WAVE2 NPF
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complex [3]. Nck and WAVE engagement with CEACAM3 in conjunction with activated Syk,
Vav, and Rac directly activates F-actin polymerization leading to the induction of phagocytosis
[3,8]. Therefore, compared with other phagocytic receptors, CEACAM3 uses a short-circuited
minimal F-actin polymerization mechanism to facilitate the rapid uptake of CEACAM3-bound
Neisseria gonorrhea [3,8]. Overall, these phagocytic receptor-induced processes reveal
convergent and divergent aspects of signaling events that ultimately terminate at the induction of
F-actin polymerization during phagocytic processes required for the uptake of various microbial

targets.

2.3.5 Efferocytosis

Phagocytes are also important for the removal of dead/dying host cells via a process
termed efferocytosis [125,126]. Programmed cell death (PCD) or apoptosis is an important
aspect for multicellular organisms as the induced death of old or infected cells is vital for tissue
homeostasis [125,126]. During apoptosis, host cells begin to undergo changes in shape including
blebbing (cell fragmentation) and become smaller in size, making apoptotic cells easier for
phagocytic cells to ingest. [125] This changing of the cellular membrane of apoptotic cells alters
the types of molecules found on their surfaces, which serve as ‘eat me’ signals to phagocytes
[127]. The most common of these ‘eat me’ signals is phosphatidylserine (PS), which for healthy
cells is generally found in the inner leaflet of the plasma membrane making it not readily
accessible [125,127]. However, during apoptosis, PS is translocated to the outer leaflet of the
plasma membrane where it acts as a signal for initiation of efferocytosis by phagocytes
[125,127]. To facilitate efferocytosis, phagocytes must express unique phagocytic receptor-types
which can recognize the distinct signatures of apoptotic cells death (e.g. PS exposure) [127].

Examples of these include the PS receptor (PSR), T cell immunoglobulin mucin 1 (TIM-1),
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TIM-4, brain specific angiogenesis inhibitor 1 (BAI1), avp3, avp5, TAM (Tyro3, Axl, MER),
and CD300f [125,127]. BAI1 as a phagocytic receptor is restricted to gastric and intestinal
phagocytes and induces the uptake of dying cells via the recognition of PS [128] . TIM-1/TIM-4
also bind PS, however TIM-4, unlike TIM-1, has only been shown to bind PS but not to
stimulate efferocytosis. [129—-131] TAM receptors also bind PS, however they first require the
binding of PS to PS-binding proteins GAS6 and Protein S1 (ProS1) to recognize apoptotic cells
[125]. Ax1 and Mer are expressed on both macrophages and DCs and elicit the phagocytic
uptake of apoptotic bodies by the recognition of PS [125,132,133]. Similar to the TAM
receptors, avB3 and avp5 facilitate efferocytosis uptake of apoptotic cells through first binding to
PS-binding proteins MFG-E8, CCN1, GAS6 and ProS1 [125]. Lastly, CD300f recognizes PS but
uniquely it can activate and inhibit efferocytosis depending on the cell-type it is expressed by
[125,134,135]. Whether or not CD300f acts as an inhibitor or stimulator of efferocytosis is due to
variations in the levels of inhibitory molecules like SHP-1/2 across different cell-types
[125,134,136]. Another aspect of efferocytosis that differs from microbial phagocytosis is the
coordination of multiple receptors in order to effectively undergo the internalization of apoptotic
cells. This coordination, termed the tethering and tickling model, requires an individual receptor
to facilitate the binding of the apoptotic cell to the surface of the phagocyte (tethering receptor),
while another receptor is necessary for the induction of intracellular signaling to promote the
actual internalization of the target (tickling receptor) [137]. For example, avp3 and avp5
facilitate the binding of apoptotic cells to the surface of phagocytes, but alone this interaction
does not induce internalization [138]. However, when avp3/avB5 and PSR are engaged on the
surface of a cell, the internalization of apoptotic cells is initiated by the phagocyte [137,138].

This system exists as cells can transiently express PS on the cell surface, and therefore in order to
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negate unwanted internalization of healthy cells, efferocytosis requires strong avidity from both
the tethering and the tickling receptor to stimulate uptake [137]. Overall, it is the accumulation of

these two events that effectively allows phagocytes to remove apoptotic cells from the body.

Imaging studies have shown that the uptake of apoptotic bodies via efferocytosis occurs
via a wave-like membranous structure, which extends across one side of the cell and flows across
through the extracellular fluid towards the opposing side [139,140], effectively sweeping across
the cell to capture and engulf a bound target. This process, similar to FcR-mediated
phagocytosis, requires key F-actin polymerization signaling components including small Rac,
Cdc42, RhoA, PI3K, and WASP that terminate with the activation of Arp 2/3 complex to
facilitate F-actin polymerization [125—-127]. Activation of avB5 expressed on non-professional
phagocytes causes the recruitment of p130, CrkII and Dock180 [137], which triggers Rac
GTPases [137] activity suggesting that cell-specific and receptor-specific types of signaling also
exist during efferocytosis, as described earlier for the various phagocytic receptor-types. Once an
apoptotic body has been internalized, intracellular signaling pathways are activated that are
usually associated with the release of anti-inflammatory molecules such as IL-10 and vascular
endothelial growth factor (VEGF) [125,141] and reduced generation of pro-inflammatory
molecules such as tumor necrosis factor (TNF) and IL-2 [125] to prevent further host cell

destruction.

2.5 Phagocytosis in fish

2.5.1 Introduction

Initial studies of phagocytosis in fish were done using in vivo assays. This work identified

that fish immune cells could facilitate the phagocytic uptake of particles such as bacteria or
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opsonized targets, but the identification of the cell-types responsible for these functions was
unknown. With the development of new techniques for the isolation and culturing of fish
immune cells, in vitro assays began to address many of the unanswered questions surrounding
phagocytosis and the cell-types which facilitated it in fish. The following sections will discuss
the characteristics of phagocytic cell-types in fish and the known but limited information

regarding fish phagocytic receptor-types.

2.4.2 Fish macrophages

The development of fish immune cell isolation techniques and the establishment of fish
macrophage cell-lines have led to the functional characterization of fish. One of the first fish
macrophage culturing techniques developed to assess their functional capabilities was the
isolation of pronephros macrophages from both salmon and trout. Specifically, these studies
isolated macrophages via density gradient centrifugation [142]. The phagocytic abilities of these
cells were the examined by incubations with fixed sheep red blood cells (SRBC), carbon
particles, live/dead yeast, and Vibrio anguillarum [142]. These studies demonstrated that both
salmon and trout macrophages were capable of phagocytic uptake of all the above-mentioned
targets, indicating fish macrophages are potent phagocytes. Further development of fish
macrophage culturing techniques established long-term macrophage cell lines which were
instrumental in the study of fish macrophage functions. Specifically, goldfish kidney
macrophages were isolated in a similar manner to the previously mentioned trout macrophages
through the isolation from mixed cell cultures by density gradient centrifugation [143].
Combined with the generation of a specialized culture media formula consisting of N-2-
hydroxyethylpiperazine-N’-2-ethansulfonic acid (HEPES), 10% FBS and 5% goldfish serum,

these cells were capable of surviving extensive periods in culture [143]. These cells were also
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shown to have morphological similarities to mammalian macrophages, were capable of living up
to two years in culture and were positive for non-specific esterase’s (marker for mononuclear
phagocytes) [143,144]. Functionally, these cells elicited antimicrobial responses including the
phagocytic uptake of SRBC, generation of ROS intermediates and the production of NO

[143,144].

The ability to isolate and culture fish macrophages also lead to further characterization of
these cell-types in other fish species. For example, salmon head kidney macrophages performed
complement-dependent phagocytic uptake of human CR3b and C3bi opsonized latex beads
[145], indicating the presence of a complement-like receptor on the surface of these cells.
Furthermore, salmon pronephric macrophages phagocytosed yeast generated glucan particles
[146] and carp pronephros macrophages internalized bacteria as well as yeast cells, which both
induced the generation of ROS production [147]. Channel catfish macrophages also perform
phagocytosis and interestingly can do so at temperatures as low as 4°C [148]. This was identified
when catfish peritoneal macrophages internalized E. icaluri when incubated together at 4°C
[149]. This contrasts with what has been observed for the phagocytic abilities of zebrafish
macrophages that are unable to internalize E. ictaluri at 4°C, suggesting that species-specific
regulation of phagocytosis exists among teleost [150]. It has also been shown that fish
macrophages can be sub-divided into two phenotypes, M1 and M2 [151,152]. Goldfish M1
macrophages can rapidly kill pathogens through the induction of phagocytosis and the formation
of toxic reactive intermediates and the acidification of a phagolysosome [66]. In goldfish, M2
macrophages can be induced through the stimualation of recombinant fish IL-4/IL-3 [153].
Goldfish kidney macrophages stimulated by recombinant fish IL-4/IL-3 were shown to have

reduced NO responses and increased mRNA levels of arginase-2 (marker of M2 macrophages in
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mammals) post parasite challegenes, suggesting that like in mammals IL-4/IL-3 can facilaite
macrophage polarization in fish [154]. Recent studies using translucent zebrafish larvae and
whole organism live imaging observed macrophages migrating towards sterile wound sites using
thin pseudopod membrane extensions [155]. Once these macrophages reached wound sites they
internalized tissue debris, indicating that fish macrophages also play important roles in
homeostasis and wound healing [155]. Lastly, like mammalian macrophages, trout macrophages
have been shown to potentially play roles in antigen presentation. Specifically, the trout
monocyte/macrophage cell-line RTS11 has been shown to contain and assemble the MHC-I
peptide loading complex [156]. Further studies using RTS11 have also shown that upon poly I:C
or viral exposures a major contributor to the peptide loading complex Tapasin, is significantly
upregulated along with the MHC-I heavy chain [156], indicating that antigen presentation
capabilities of macrophages likely exist in fish. This concept is further reinforced by studies
involving melano-macrophages in catfish. Melano-macrophages are found in clusters in the
spleen and kidney of catfish [157], which are thought to represent the early forms of germinal
centers found in mammals. Melano-macrophages have the capability of retaining antigen on or
near their surfaces for long periods of time following vacation [157], indicating their abilities to
act as APC. Taken together, all these discoveries have led to the conclusion that macrophages in

fish can facilitate the same fundamental immune functions as they do in mammals.

2.4.3 Fish neutrophils

Neutrophils represent one of the first immune cell-types to migrate towards sites of
infections and are armed with many antimicrobial capabilities [35]. Their functional roles are
similar to those of macrophages, which includes recognition, internalization, and destruction of

invading microbes [35]. Neutrophils also have cell-specific antimicrobial mechanisms such
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degranulation and the release of neutrophil extracellular traps (NETs) [158], which facilitate
extracellular killing of microbes. NETs contain nuclear DNA filaments along with granular
proteins such as elastase that are expelled from the intracellular space of the cell acting as a
potent antimicrobial substance which facilitates the degradation of virulence factors, direct
killing bacteria, as well as restricting microbial dissemination during infection [35]. The release
of NETs is stimulated by the activation of neutrophils by pathogens or pathogen related
molecules, which induces the break down of the plasma membrane allowing for the release of its
intracellular components, causing pathogens to be trapped in the NETs and within a localized

area of antimicrobial molecules [158].

Recent culturing techniques have been able to generate long-term primary kidney-derived
neutrophil-like cells from goldfish [159]. These cells stained positive for sudan black and acid
phosphatase (neutrophil markers), expressed myeloperoxidase (MPO), and performed
degranulation and respiratory burst when exogenously stimulated with mitogens or in the
presence of pathogens (zymosan, 4.salmonicida) [159,160]. Moreover, when exposed to live or
heat killed Mycobacterium marinum, gold fish neutrophils exhibited phagocytic abilities,
increased mRNA levels of pro-inflammatory cytokines including IL-181, IL-1B2, TNFa-1 and
TNFa-2, and significant increases in their production of ROS [160]. Taken together these studies
identified that fish neutrophils facilitate antimicrobial responses akin to those attributed to
mammalian neutrophils. Continued studies of gold fish neutrophils also identified their abilities
to facilitate the phagocytic uptake of apoptotic bodies [37]. In these studies, activated goldfish
neutrophils, but not activated mouse neutrophils, were capable of the phagocytic uptake of
apoptotic bodies [37]. The internalization of apoptotic bodies by goldfish neutrophils generated

reduced ROS production, suggesting fish neutrophilic roles in the resolution phase of
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inflammation [37]. This was further identified in vivo when goldfish neutrophils were shown to
participate in both pro- and anti-inflammatory responses. After injection with zymosan,
neutrophils were isolated during the pro-inflammatory phase and the resolution phase of the
infection [36]. Neutrophils isolated during the pro-inflammatory phase demonstrated neutrophilic
antimicrobial responses such as respiratory burst and the release of pro-inflammatory molecules
such as leukotriene B(4) [36]. Those neutrophils isolated during the resolving phase of the
infection had reduced respiratory activity and released anti-inflammatory molecules such as
lipoxin A(4) [36], suggesting that fish neutrophils are important at both the initiaton and
resolution stages of an inflammatory response. This concept was reinforced by zebrafish in vivo
studies through whole organism live imaging which demonstrated zebrafish neutrophils
migrating away from sites of inflammation during the resolution phase of infection [39]. These
neutrophils had an activated-state morphology and when tested against a secondary infection of
Staphylococcus aureus were capable of mounting effective antimicrobial responses, indicating
that experienced neutrophils, which migrate back to circulation do not have altered cellular
behaviour [39]. Goldfish neutrophils can also facilitate protection against Aeromonas veronii in
both in vivo and in vitro [38]. This study identified that post Aeromonas veronii infection,
neutrophils were important for the removal of bacteria infected macrophages which had died due
to infection [38]. Interestingly, these neutrophils were also capable of generating antimicrobial
responses such as ROS production after infected macrophage uptake, indicating that the
phagocytic uptake of infected dead/dying cells maintains the pro-inflammatory state of the

neutrophils instead of switching to an anti-inflammatory role [38].

Aside from goldfish, other fish species neutrophils have been functionally characterized.

For example, trout neutrophils can internalize Staphylococcus aureus over a range of
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temperatures [161] and catfish neutrophils have been shown to phagocytose Ewardsiella
ictalurid, Aeremonas hydrophilla, and Micrococcus luteus but not Ewardsiella tarda [162,163].
During phagocytosis of these bacteria, catfish neutrophils facilitated extracellular microbe killing
through the release of antimicrobial complexes into their surrounding environment [162].
Continued studies of catfish neutrophils showed that similar to catfish macrophages, these cells
performed phagocytic responses at reduced temperatures. Specifically, it was demonstrated that
catfish anterior kidney derived neutrophils incubated at both 18°C and 10°C were capable of
phagocytosing Aeromonas hydrophilia [164]. The ability for fish immune cells to facilitate
defense mechanisms like phagocytosis at reduced temperatures likely is an evolutionary adaption
to the diversity in environmental temperatures that fish inhabit. This also suggests that fish have
adapted intracellular signaling mechanisms to generate F-actin polymerization events to induce
the phagocytic uptake of extracellular microbes over a wide-range of environmental

temperatures.

As mentioned above, one cell-specific response of neutrophils is the release of
antimicrobial NETs into the surrounding extracellular environment. Recent studies of zebrafish,
fathead minnow, and carp have identified that like mammalian neutrophils, fish neutrophils can
clearly facilite the release of antimicrobial NETs. For example, kidney-derived zebrafish
neutrophils were shown to generate MPO and release NETs upon stimulation with ionophore,
phorbol myristate acetate (PMA), and B-glucan [40]. These NETs were identified to contain
DNA fibers along with intracellular granular proteins, similar to that identified for NETs in
mammals [40]. In carp, NETs were shown to be released by neutrophils when stimulated with
bacteria, fungi or viral pathogens, which also consisted of DNA fibers, MPO, and multiple

antimicrobial proteases [165]. Neutrophils isolated from the kidney of fathead minnows were
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also shown to release NETs post stimulation with PMA, B-glucan, and zymosan [166]. As these
studies show, it is apparent that neutrophils in fish can elicit a range of potent pro- and anti-

inflammatory processes.

2.4.5 Fish Dendritic cells

DCs in mammals play a pivotal role in bridging the innate and adaptive immune systems
through the phagocytic uptake and subsequent presentation of antigens to lymphocytes [167]. In
mammals, DCs have distinct cellular characteristics which include; (i) cellular morphology
consisting of membranous spines; (ii) high mobility; and, (iii) lack of adhesion to substrates
[65,168,169]. Through the utilization of mammalian DC cell culturing techniques and conserved
aspects of DC morphology/behavior, DC-like cells from trout hematopoietic tissues were
discovered [170]. These were identified as DC-like due to similar cellular characteristics to those
associated with mammalian DCs such as non-adherent properties and having a tree branch-like
morphology. Trout DCs were also shown to express MHC-II on their surfaces and therefore it
was suspected that like mammalian DCs [171], fish DCs may also facilitate antigen presentation.
The ability of fish DCs to act as APC was identified when DCs from zebrafish immunized
against keyhole limpet hemocyanin (KLH) were incubated with native T cells [172]. In this
study, these T cells experienced increased levels of proliferation that could be modulated in an
antigen-dependent manner [172]. These studies demonstrate that the evolution of DC antigen
presentation to activate adaptive immune responses emerged early on in vertebrate evolution.
Further characterization of trout and salmon DCs demonstrated their capabilities to phagocytosis
trout serum-opsonized beads, expressed the mammalian DC cell marker CD207 and could be

activated via toll-like receptor ligands [65], all of which are characteristics of mammalian DCs.
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Overall, it appears that DC exist within fish and like DC in mammals they play important roles in

the phagocytosis and presentation of antigens.
2.4.6 Fish Thrombocytes

Thrombocytes are nucleated hemostatic blood cells in non-mammals and are the
functional equivalents to mammalian platelets [65]. In mammals’ platelets facilitate a variety of
cellular roles including a central role in inflammatory and immune responses, including
phagocytosis [173]. In fish, some evidence suggests that these cells can facilitate immunological
processes such as phagocytosis. Specifically, it was shown that thrombocytes isolated from carp
were capable of ingesting live bacteria and carp serum-opsonized latex beads both in vivo and in
vitro [174]. The internalization of bacteria by carp thrombocytes induced intracellular killing
responses determined by bacterial colony formation post thrombocyte lysing, suggesting carp
thrombocytes are capable of antibacterial responses [174]. Further studies in other fish species

are needed to confirm if function of thrombocytes is conserved across fish species.
2.4.7 Phagocytic B cells in fish

Up until the early21* century the concept that B cells had phagocytic properties was not
identified. This paradigm was changed in 2006 when phagocytic IgM B cell populations in both
trout and catfish were identified [14]. Specifically, these cells were shown to phagocytose both
bacteria and salmon IgM opsonized-beads in vitro [14]. Initial studies identified small cells in
trout PBLs which contained phagocytosed trout-opsonized beads [14]. This led to the use of a
mAb which specifically recognized IgM on trout B cells and not serum IgM. These small cells,
which internalized opsonized beads stained positive for the B cell specific IgM antibody,

indicating that these were B cells which facilitated a phagocytic response [14]. Further tests
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using bacteria showed that the internalization of bacteria coincided with the IgM B cells
activating degradation pathways which facilitated bacterial killing [14], indicating for the first
time that subsets of B cells could perform phagocytosis. A similar study was conducted in trout
examining IgT+B cells. Like trout IgM+ B cells, IgT+B cells could also facilitate the phagocytic
uptake of IgT-opsonized targets [175]. These studies also concluded that IgT+ B cells when
incubated with bacteria can facilitate intracellular killing, indicating the presence of antibody-
dependent receptor-mediated phagocytosis in fish [175]. Interestingly, zebrafish phagocytic B
cells have also been shown capable of performing antigen presentation. Specifically, it was
shown that phagocytic B cells presented both soluble antigens and bacterial particles to naive
CDA4(+) T cells causing T cell activation [176]. This is a similar process identified for phagocytic
APC B cell population in mammals, known as B-1 cells [177]. It is likely that similar APC
functions of phagocytic B cells in zebrafish are conserved across fish species, however more
studies will need to be conducted to confirm this notion. Based on these studies it is clear that a
phagocytic antibody-dependent pathway is utilized by fish phagocytes, however the receptor(s)
that facilaite this response remains unclear. Overall, the identification of phagocytic B cells in
fish lead to the discovery of a new subset of immune cell-types which exist across the vertebrate
lineage that play important roles in both antimicrobial responses as well as the stimulation of the

adaptive immune system.
2.5 Phagocytic receptors in fish

Identification and characterization of phagocytic receptors in fish is limited. In the next
sections I will discuss current information surrounding what is known regarding fish phagocytic

receptor-types.
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2.5.1 Evidence for a CR3-like receptor in fish

As mention previously, complement receptors facilitate the phagocytic uptake of C3 and
C3bi-osponzied targets. To date, no functional homolog of the mammalian CR3 receptor has
been identified in fish, however evidence does suggest that they exist. Specifically, it has been
shown that human complement proteins C3b and C3bi can bind salmon macrophages directly
[145]. It has also been shown that salmon macrophages, when incubated with targets coated in
human C3b and C3bi or salmon serum, are readily phagocytosed, suggesting that a complement-
like receptor(s) is/are expressed on the surface of salmon macrophages [145]. Further studies
showed that carp C3-coated beads are phagocytosed by carp peritoneal neutrophils [178].
Treatment of carp neutrophils with the serine protease trypsin to remove surface-bound receptors
significantly reduced the phagocytic uptake of C3-opsonized targets; further suggesting the
presence of C3 receptors on the surface of fish phagocytes [178]. Evidence for the presence of a
CR3-like receptor has also come from studies in trout, which identified a CR3-like sequence
[179]. Whether or not this protein facilitates CR3-mediated phagocytosis remains to be
determined. Therefore, based on these studies it is likely that a CR3-like receptor is expressed

and utilized by fish phagocytes.

2.5.2 Evidence for FcR-like receptor(s) in fish

The induction of phagocytosis in an antibody-dependent manner is facilitated by the IgSF
receptor family of FcRs in mammals. In fish, multiple antibody-types have been identified
including IgM, IgD and the fish specific IgT/Z [180]. Evidence for the presence of antibody-

associating receptors in fish aside from the previous work mentioned on phagocytic B cells is
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demonstrated by the description of antibody-dependent cell-mediated cytotoxicity (ADCC) by
catfish NK-like cells [181]. Specifically, catfish PBLs were identified to have sub populations of
cells which were positive for F and G IgL chain isotypes [181], suggestive that these cells could
passively acquire serum derived IgM through an unknown FcuR. Cells which were positive for F
and G IgL isotypes were capable facilitating the spontaneous killing of allogenic targets [181].
Long-term viable alloantigen stimulated PBLs were further shown to contain both IgM" and
IgM" cell populations that expressed a catfish homolog of the FceR chain [181]. Co-
immunoprecipitation studies from lysates of NK-like [gM+ cells identified the presence of a
putative FcuR [181]. Lastly, removal of IgM from NK-like IgM+ cells, which were subsequently
given an anti-hapten antibody, were capable of killing hapten-expressing targets but unable to
kill using a non-specific IgM control [181]. These results indicate that a putative FcuR is likely
expressed by these NK-like cells for ADCC. Other studies in catfish identified a putative FcR
homolog, termed IpFcR. This was identified through the mining of catfish expressed sequence
tag (EST) databases, which used mammalian FcR sequences as a query [182]. IpFcR is
phylogenetically and structurally related to mammalian FcRs [182]. Qualitative PCR and
Northern blot analysis identified that IpFcR is primarily expressed in IgM- catfish leukocytes
isolated from lymphoid kidney tissues [182]. When expressed in insect cell lines, IpFcR was
generated as a secreted protein and as a recombinant protein it bound catfish IgM [182].
Although it appears that FcRs exist within teleost, their functional roles associated with

antibody-dependent effector responses remains unclear.
2.5.3 Mannose receptor (MR) in fish

In mammals, the mannose receptor (MR) is a well-characterized macrophage-expressed

phagocytic receptor [86,183]. As its name suggests, mammalian MR receptor recognizes
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microbes (bacteria, yeast, and select protozoa) through the detection of carbohydrates such as
mannose and fructose in a Ca*"dependent manner [183,184]. Recent studies in the blunt snout
bream (Megalobrama amblycephala) identified a putative MR receptor (termed MaMR) [69].
Functional studies identified that the blocking of MaMR via antibodies on the surface of blunt
snout bream macrophages inhibited the phagocytic uptake of GFP-expressing E. coli [69].
Further studies demonstrated that the uptake of the E. coli was Ca** dependent [69], suggesting

that MR function and activity has been conserved between fish and mammals.
2.5.4 MARCO receptors in fish

In mammals, the macrophage receptor with collagenous structure (MARCO) acts as a
PRR receptor, which is important for the recognition and induction of phagocytosis for a variety
of pathogens including mycobacterium, gram-positive, and gram-negative bacteria [6]. Recently,
two variants of the scavenger receptor MARCO in rainbow trout were identified (tMARCO-1
and tMARCO-2) [185]. When rtMARCO-1 and rtMARCO-2 were overexpressed in fish CHSE-
214 cells, a cell line with known low bacterial binding capabilities, both receptors showed
significant binding capabilities of both gram-positive and gram-negative bacteria [185]. This
response was specific to bacteria, as no binding was identified for tMARCO-expressing cells
that were treated with either zymosan or dsRNA [185]. Interestingly, the expression of both
rtMARCO-1 and rtMARCO-2 in CHSE-214 cells appeared to have altered cellular morphology
of some transfected cells [185]. Specifically, it was shown that these cells generated F-actin
protrusions or spikes from the cell surface when expressing tMARCOs [185]. Although the
function of these protrusions was not identified, it could possibly be that the expression of
rtMARCOs may influence the membrane dynamics of the cell for extracellular target binding

through protrusion-target interactions [185]; an early stage event important in phagocytosis.
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Further studies of MARCO in ayu fish (Plecoglossus altivelis) (termed PAMARCO) showed both
binding and phagocytic uptake of gram-positive and gram-negative bacterial strains indicating
that similar to mammalian MARCO [186], this fish receptor plays an important role in the

removal of bacterial pathogens.

2.6 Channel catfish leukocyte-immune type receptors (IpLITRs)

2.6.1 Introduction

There is a large diversity of receptor-types found within the IgSF and these interact with
a variety of ligands consisting of microbial and viral antigens, host derived proteins (e.g.
antibodies, complement, adhesion molecules), and altered or damaged host cells (e.g. viral-
infected and necrotic cells) [187,188]. Often IgSF receptor-types are members of large gene
families, which are highly polymorphic and polygenic [187]. The expansion of germline encoded
receptor families is likely due to rapidly evolving ligands or pathogen products that these
proteins are known to engage. IgSF receptors influence a variety of immunological responses
such as phagocytosis, antibody-dependent cytotoxicity, antigen presentation, degranulation,
cytokine production, and cytotoxicity [98,189]. Structurally, IgSF immunoregulatory receptor-
types consist of extracellular ligand-binding regions containing one or more Ig-like domains, a
hydrophobic TM segment, and a variable length CYT region [98,189]. These CYT regions often
contain one or more tyrosine residues, which following phosphorylation facilitates intracellular
signing events that regulator a vast array of immune cell effector responses such as those
mentioned above [98,189]. The number of tyrosine residues situated within the CYT often
dictates the signaling possibilities of immunoregulatory receptor-types and can vary between
individual receptors. For example, inhibitory immunoregulatory receptor-types abrogate immune

cell functions through recruitment of cellular phosphatases to ITIMs, whereas stimulatory
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immunoregulatory receptor-types often promote immune cell effector responses via kinases-
driven signaling initiated through ITAMs [102,117]. Overall, the activation of an immune cell is
regulated through a delicate balance of stimulatory and inhibitory signaling pathways [102,117].
In teleost, many large IgSF receptor families have been recently identified, but only a few have
been functionally characterized [187]. The next sections will discuss one of these major IgSF

receptor, the channel catfish (Ictalurus punctatus) leukocyte immune-type receptors (IpLITRs).

2.6.2 Overview of IpLITRs

IpLITRs were first identified in the channel catfish (Ictalurus punctatus) and share distant
phylogenetic relationships with numerous other IgSF families in mammals. This includes the
previously mentioned FcRs, FcR-like proteins (FcRL), and a variety of NK receptors (NKRs)
found within the leukocyte receptor complex (LRC) [190]. The IpLITR gene complex is
polymorphic, polygenic, and is separated between multiple homologous loci [190]. Initial
IpLITR prototypes were identified to have variable numbers of extracellular C2-like Ig domains,
a charged or uncharged TM segment, and either long or short CYT regions that in some
instances contained tyrosine-based signaling motifs (e.g. ITIMs and ITAMs) [190]. In general,
IpLITRs that contain short CYT and a positively charged TM segment were predicted to be
stimulatory in nature, as the positively charged TM of immunoregulatory receptors facilitate
associations with stimulatory ITAM adaptor proteins as described previously for FcRs [190].
IpLITRs with long CYT regions were identified to contain inhibitory ITIMs and/or ITSMs,
indicating that these receptor-types may abrogate immune cell responses [190]. In the following
sections I will describe recent work associated with the functional characterization of stimulatory
and inhibitory IpLITR-types as a first step towards understanding their overall

immunoregulatory potentials.
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2.6.3 Stimulatory IpLITRs

IpLITR 2.6Db is a putative stimulatory receptor containing a positively charged lysine
residue and a short CYT region lacking tyrosine-based signaling motifs that was predicted to
require the recruitment of intracellular adaptor proteins for surface expression and to facilitate
immune responses [190,191]. This was tested using HEK 293T cells co-transfected with
hemagglutinin (HA)-tagged IpLITR 2.6b and results showed the co-immunoprecipitation of
IpLITR 2.6b with the catfish ITAM-containing IpFcRy, IpFcRy-L, and IpCD3(-L signaling
adaptors, but not with IpDAP12 [191]. The engagement of IpLITR 2.6b with both IpFcRy-L
and IpFcRy also coincided with increased levels of surface expression, but not when co-
expressed with IpCD3C-L, I[pDAP10 or I[pDAP12 [191]. Site-directed mutagenesis studies
converting the lysine residue within the TM segments of IpLITR 2.6b to arginine or alanine
residues did not affect surface expression or adaptor recruitment of IpLITR 2.6b, indicating
that a charged residue within its TM was not required for receptor-signaling adaptor
engagement [191]. Additionally, the neutralization of the TM segment of IpLITR 2.6b caused
the acquisition of binding of IpLITR DAP12 [191]. These results suggested that unlike what
is characterized for immunoregulatory receptor-adaptor molecule associations in mammals, a
positively charged TM segment is not always required to facilitate these interactions. The
functional activities of [pLITR 2.6b associated with IpFcRy-L were further examined using an
N-terminal HA-tagged chimeric receptor construct consisting of the extracellular domains of
IpLITR 2.6b fused with the TM segment and ITAM-containing CYT region of IpFcRy-L (Fig
2.1; left side) [10]. This construct was transfected and stably-expressed in the rat basophilic

leukemia (RBL-2H3) cell line, where it then could be activated by aHA mAbs. This led to the
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identification that IpLITR 2.6b/IpFcRy-L activated intracellular signaling and was capable of
stimulating degranulation in RBL-2H3 cells [10]. IpLITR 2.6b/IpFcRy-L was further
examined using a mitogen activated protein kinase (MAPK) signaling array and a cytokine
secretion profile [10]. Crosslinking of IpLITR 2.6b/IpFcRy-L using aHA mAb increased
phosphorylation of extracellular regulated-kinase (ERK1/2), glycogen synthase kinase (GSK)-
3a/B, RSK1 (ribosomal S6 kinase-1), cAMP-response element binding protein (CREB), c-jun
N-terminal kinase (JNK), extracellular signal-regulated kinase kinase (MEK)6, mitogen-stress
-activated protein kinase (MSK)2, p389, and protein kinase b (Akt2) [10]. Furthermore,
pharmacological inhibition of PI3K, MAPK kinase (MEK)1/2, and protein kinase C (PKC)
caused significant reduction in IpLITR 2.6b/IpFcRy-L-mediated degranulation [10]. A
cytokine profiling assay also showed that cross-linked IpLITR 2.6b/IpFcRy-L facilitated the
secretion of multiple cytokines such as IL-3, IL-4, IL-6, and TNF-a [11]. IpLITR 2.6b/IpFcRy-
L phagocytic abilities were then examined using yellow-green (YG) 4.5 pum aHA mAb-
opsonized beads that showed for the first time the phagocytic activity potential of IpLITR
2.6b/IpFcRy-L-expressing cells [11]. IpLITR 2.6b/IpFcRy-L-mediated phagocytosis was
dependent on both F-actin polymerization and extracellular Ca** [11]. Overall, these studies
demonstrated that IpLITR 2.6b in association with an ITAM containing adaptor protein
stimulated the activation of several innate immune cell effector responses, including

phagocytosis.
2.6.4 Inhibitory IpLITRs

Initial studies of inhibitory IpLITR-types were performed to determine if these
receptors recruited inhibitory cellular phosphatases, specifically SHP-1 and/or SHP-2 [13]. To

do this, the inhibitory prototypes, IpLITR 1.1b and IpLITR 1.2a, were expressed as chimeric
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constructs containing the extracellular regions and TM segments of the human NK cell
receptor KIR2DL3 fused with the tyrosine-containing CYT regions of the IpLITR 1.1b or
IpLITR 1.2a [13]. The KIR2DL3 extracellular domains were specifically chosen for these
studies as this human inhibitory receptor is known to bind human leukocyte antigen (HLA)-
Cw3 found on the target cells used in killing assays [13]. KIRgp-LITR receptor constructs
were first examined using transient expression experiments in HEK 293T cells. Post tyrosine
phosphorylation, the CYT segments of IpLITR 1.1b and IpLITR 1.2a recruited both SHP-1
and SHP-2 to their CYT ITIMs. IpLITR 1.1b also had a unique tyrosine containing TM
proximal CYT region lacking classic inhibitory or stimulatory tyrosine-based signaling motifs
that did not bind SHP-1 or SHP-2 [13]. To examine IpLITR-mediated inhibitory signaling
these constructions were transfected into mammalian NK cells and incubated with HLA-Cw3-
positive targets to activate the chimeric proteins. These experiments identified that [pLITR -
mediated signaling events were capable of manipulating cytotoxic activities and that the
engagement of IpLITRs facilitated the abrogation of NK cell-mediated killing responses [12].
Inhibitory functions of IpLITRs were additionally examined using a vaccinia virus system to
express KIRgp-LITR 1.2acyr and KIRgp-LITR 1.1bcyt in mouse spleen-derived cytotoxic
lymphocytes to identify directly IpLITR-induced inhibitory signaling associated with both
IpLITR 1.1b and IpLITR 1.2a [12]. These experiments showed that IpLITR 1.2a and IpLITR
1.1b can both facilitate the inhibition of NK cytotoxicity. Specifically, it was shown that
IpLITR 1.2a-mediated inhibition occurred through a SHP-dependent mechanism [12].
Surprisingly, the inhibitory ability of IpLITR 1.1b persisted when co-expressed with an
inactivate SHP-1 recombinant protein [12], indicating that [pLITR 1.1b’s inhibitory response

was not solely facilitated by SHP-1 phosphatase activity.
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The IpLITR 1.1b (Fig 2.1; right side) CYT region contains six tyrosine residues,
among its membrane proximal (Y433, Y453, and Y4e3) and distal (Y477, Y499, and Ys03) regions
[13]. Specifically, the CYT distal region contains two ITIMs located at Y*’” and Y**° and one
overlapping ITSM (Yso03) (Fig 2.1; right side). When tested as a separate construct, [IpLITR
1.1b CYThpistaL induced effective inhibitory activity that was dependent on recruitment of
SHP-1 [12]. A construct encoding only the proximal region of IpLITR 1.1b CYT was also
generated and when tested it unexpectedly also abrogated NK cell-mediated killing responses
in the absence of any ITIM or ITSM motifs [12]. This study indicated that a SHP-independent
inhibitory pathway was engaged by IpLITR 1.1b that likely required a tyrosine within its
proximal region. Further analysis of I[pLITR 1.1b’s proximal region didentified an amino acid
sequence, which closely resembled the consensus-binding motif for c-terminal Src kinase
(Csk) [12]. In mammals, Csk facilitates inhibition of Src-mediated intracellular signaling
causing the downregulation of cellular responses [12]. Using site-directed mutagenesis and
co-immunoprecipitation assays, Csk was shown to bind IpLITR 1.1b [12], suggesting it as a

possible reason for the ITIM-independent inhibitory activity observed for [pLITR 1.1b.
2.6.5 IpLITR 1.1b functional plasticity

The complexity of IpLITR 1.1b, aside from its unique ability to facilitate inhibition using
two distinct signaling mechanisms, was further demonstrated when it was identified as an
effective stimulatory of the phagocytic response. This was shown by the stable expression of an
N-terminal HA-tagged construct of IpLITR 1.1b in rat basophilic leukemia (RBL)-2H3 cells
[11]. This suggested that the differential recruitment of signaling mediators by [pLITR 1.1b in
different cell-types (e.g. lymphoid vs. myeloid) may facilitate a context-dependent plasticity

during the receptor-mediated control of cellular processes. It was further demonstrated that
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activated IpLITR 1.1b induced phosphorylation of ERK1/2 and Akt with distinct kinetics
from those observed for IpLITR 2.6b/IpFcRy-L and that its phagocytic response was not
dependent on the presence of extracellular Ca®>* [11]. Generation of a truncated CYT IpLITR
1.1b construct showed that although IpLITR 1.1b remained expressed on the cell surface, it
did not phagocytose target beads, indicating that the signal to initiate phagocytosis was

induced by its tyrosine-containing CYT region [11].

IpLITR 1.1b-mediated phagocytosis was further characterized using imaging flow
cytometry-based phagocytic assays and glutathione-s-transferase (GST) pulldowns [192].
These studies were performed to examine what portion(s) of the IpLITR 1.1b CYT region were
important for generating signals required for inducing phagocytosis. To test whether signaling
from the IpLITR 1.1b CYT proximal and distal segments also differentially regulated
phagocytosis, as was observed for the previously mentioned NK killing experiments, expression
constructs were generated encoding these CYT regions and their phagocytic activity and
biochemical recruitment potential were independently examined [192]. This was done via
expression of HA-tagged IpLITR constructs in the non-myeloid AD293 cell line and these
studies supported that teleost receptors activate distinct phagocytic modes for target acquisition
and engulfment [192]. Specifically, AD293 stables expressing IpLITRs with an ITAM-
containing CYT region completely engulfed tHA mAb-coated beads while those expressing the
full-length CYT region of IpLITR 1.1b displayed a capture and tethering phenotypic response
with an overall reduced ability to fully engulf beads [192]. Two additional constructs containing
IpLITR 1.1b CYT proximal or distal segments only were also examined. These constructs both

showed target capture and engulfment responses akin to the originally described IpLITR
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1.1b wild-type (WT) phagocytic response [192]. These results suggested that I[pLITR 1.1b may

use two distinct signaling mechanisms for the initiation of the phagocytic process [192].

This hypothesis was further examined through qualitative assessment of the recruitment
capabilities of various CYT regions of IpLITRs in GST pulldown assays. In these studies,
phosphorylated constructs were generated containing a GST domain fused to different CYT
regions to examine possible intracellular-CYT binding interactions of IpLITRs [192].
Specifically, GST-expressing constructs were generated containing the CYT of IpLITR 1.1b
wild type (GST-IpLITR-WT), IpLITR 1.1b proximal (GST-IpLITR 1.1b-PRX), IpLITR 1.1b
distal (GST-IpLITR 1.1b-DST), IpFcRy-L (GST-ITAM) and a construct consisting of the human
CEACAMS3 CYT (GST-CEACAM3) [192]. These constructs were used as ‘bait’ recombinant
proteins in AD293 cellular lysates expressing C-terminal FLAG-tagged versions of various SH2-
domain containing ‘prey’ signaling molecules [192]. After pulldowns were conducted, tFLAG
mAb Western blots were performed to identify which constructs associated with each of the
tested signaling proteins which included SHP2, Csk, Syk, Grb2, Nck, PI3K, p85a, and Vav1/3
[192]. These studies showed that GST-IpLITR WT associated with Csk, Syk, Grb2, Nck, SHP2,
PI3K, p85a and Vavl [192]. In comparison, GST-IpLITR 1.1b-PRX did not recruit SHP-2, Syk
or Vav3 but did associate with Csk, Grb2, Nck and Vavl [192]. Furthermore, GST-IpLITR 1.1b-
DST recruited SHP-2, Syk, PI3K and p85a only [192]. The GST-ITAM construct recruited Syk,
PI3K, p85a and Vavl and finally, the positive control for Nck binding GST-CEACAM3
interacted with Nck as wel las PI3K, p85a, and both Vav1/3 [192]. Taken together, these studies
supported hypothesis that IpLITR 1.1b has a unique ability to differential recruit signaling
molecules to its CYT regions that may affect its control of various effector responses. This work

also showed that both the proximal and distal regions of [pLITR 1.1b CYT can independently
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activate the phagocytic process and identified some potential signaling molecules that may be

associated with its activity.

Overall these studies revealed that [pLITRs have potent immunoregulatory potentials for
the control of selected immune cell effector responses and that [pLITR 1.1b is a versatile
immunoregulatory protein with both inhibitory and stimulatory abilities via distinct CYT region-
mediated mechanisms. Furthermore, the differential recruitment capabilities of each individual
region of IpLITR 1.1b CYT region for key intracellular signaling molecules associated with F-
actin polymerization, indicates that distinct signaling mechanisms may facilitate [pLITR 1.1b-
mediated phagocytosis. To further examine the control of phagocytosis by IpLITR 1.1b, the
research aims of my thesis were to; (1) further characterize IpLITR 1.1b’s ITAM-independent
response through pharmacological profiling and kinetic studies; (2) identify that [pLITR 1.1b-
expression was fundamental to its unique capture and engulfment phenotype; (3) examine
IpLITR 1.1b selective induction of F-actin dynamics; and (4) determine the recruitment of
hypothesized intracellular signaling molecules to IpLITR 1.1b during its induced phagocytic
events. The examination of alternative signaling mechanisms associated with F-actin
polymerization and membrane dynamics offers novel insights into the regulation of phagocytosis
overall. Morever, this research expands our understanding of how immunoregulatory receptors
network with intracellular signaling to promote immunological responses across vertebrate

evolution.
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FIGURE 2.1
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FIGURE 2.1 Schematic of IpDLITR 2.6b/IpFcRy-L and IpLITR 1.1b. Representative
diagrams of IpLITR 2.6b/IpFcRy-L (left) and IpLITR 1.1b (right). IpLITR 2.6b/IpFcRy-L
(left) contains two extracellular domains (D1 D2) and is a chimeric protein fused with the
channel catfish adaptor protein IpFcRy-L which contains an ITAM motif. [pLITR 1.1b (right)
contains four extracellular domains (D1-D4) and has a long CYT which contains two ITIM
motifs and an ITSM motif. For experiments conducted in RBL-2H3 cells both IpLITR
2.6b/IpFcRy-L and IpLITR 1.1b were expressed with the addition of a HA-epitope tag
located on the D1 of each receptor in order to induce receptor activation for functional and
mechanistic studies.
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CHAPTER III

MATERIALS AND METHODS
3. Material and Methods

3.1 Cells, Pharmacological Drugs and Antibodies

3.1.1 Cells

Rat basophilic leukemia-2H3 (RBL-2H3) cells were grown at 37°C and 5% CO: in
minimal essential medium (MEM) supplemented with 2mM L-glutamine (Life sciences), 100
units/mL penicillin (Life sciences), 100 mg/mL streptomycin (Life Sciences) and 10% heat-

inactivated fetal bovine serum (Hyclone).

3.1.2 Pharmacological Drugs

The following drugs were used in this thesis: Latrunculin B (Calbiochem), Akt Inhib VII
(Calbiochem), Bis II (Calbiochem), ML 141 (Tocris Bioscience), PP2 (Tocris Bioscience),
LY294002 (Tocris Bioscience), EHT 1864 (Tocris Bioscience), ER 27391 (Tocris Bioscience),
U0126 (Tocris Bioscience), KB SRC4 (Tocris Bioscience), nocodazole (Tocris Bioscience),
GSK 233470 (Tocris Bioscience), Go6976 (EMD Biosciences), and Wortmannin (Sigma-

Aldrich)

3.1.3 Antibodies

The following antibodies were used in this thesis: aHA mAb IgG3 clone HA. C5
(Abcam), algG3 goat amouse (Abcam), goat amouse IgG (H+L)-PE pAb (Jackson Immuno
Research), HRP-conjugated goat aHA pAb (GenSript Corp), HRP-conjugated streptavidin
antibody (Sigma-Aldrich), rabbit aNck mAb (Cell Signaling Technologies), rabbit a-pSyk mAb

(Cell Signaling Technologies).
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3.2 Cloning and expression in RBL-2H3 cells

3.2.1 Transfections of IpLITRs in RBL-2H3 cells

Transfection and selection of RBL-2H3 cells stably expressing N-terminal (extracellular
domains) hemagglutinin (HA)-tagged IpLITRs has already been described in detail within
previous work [11]. pDISIPLAY IpLITR 2.6b/FcRy-L is a chimeric receptor which encodes two
extracellular Ig-like domains (GenBank Accession: ABI23577) fused with the endogenously
associated immunoreceptor tyrosine-based activation motif (ITAM)-containing signaling adaptor
IpFcRy-L. IpLITR 1.1b (GenBank Accession: ABI16050) encodes the full length TS32.17 L1.1b
sequence containing a cytoplasmic tail (CYT) that contains multiple immunoreceptor tyrosine-
based inhibitory motifs (ITIMs). Xfect (Takarabio) transfected RBL-2H3 cells were grown at
37°C and 5% CO; in complete culture media (minimal essential media (MEM) with Earl’s
balance salt solution (GE Healthcare), 2 mM L-Glutamine (Life Technologies), 100 Units/mL
Penicillin (Life Technologies, Inc.), 100 pg/mL Streptomycin (Life Technologies, Inc.), 400
pug/mL G418 disulfate salt solution (Sigma-Aldrich) and 10% heat inactivated fetal bovine serum
(FBS; Sigma-Aldrich). Surface expression of IpLITRs was monitored by flow cytometry using
an o-hemagglutinin (HA) monoclonal antibody (mAb; Cedarlane Laboratories Ltd) as described

previously [11,193].

3.2.2 Generation of Stable RBL-2H3 expressing IDLITRs with LifeAct-GFP F actin Probe

In order to visualize IpLITR-mediated phagocytosis and membrane dynamics in real
time, I generated LifeAct-GFP expressing IpLITR cells to observe F-actin regulation by IpLITR-
types. Stable IpLITR expression was continuously examined throughout the studies and stably

expressing IpLITR RBL-2H3 cells were transfected with LifeAct-GFP. LifeAct-GFP is a C-
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terminal conjugated GFP probe which binds specifically to F-actin molecules within the
intracellular spaces when transfected into cells [194] (A generous gift from Dr. Nicholas Touret,
University of Alberta). RBL-2H3 expressing IpLITRs were transfected with LifeAct-GFP by
using a nucleofection technique specific for RBL-2H3 cell lines according to the manufactures
protocol (Amaxa Cell Line Nucleofector Kit T, RBL-2H3). IpLITR- expressing cells (either
IpLITR 2.6b/IpFcRy-L or IpLITR 1.1b) were grown to confluency (~ 2.6x10° cells) in a 6-well
tissue culture plate (Fisher Scientific Company) and were subsequently harvested using RBL-
2H3 harvest buffer, washed with PBS, and then given 100 pL of Cell Line Nucleofector Solution
T (Amaxa) and 5 pg of LifeAct-GFP plasmid. Samples were transferred into a nucleofection
cuvette and transfected using the Nucleofector II Device (Amaxa) using the program designated
for RBL-2H3 cell line specifically (Program X-001). After transfection, cells were placed into
pre-warmed selection media (complete MEM supplemented with 400 pg of G418) and allowed
to grow to confluency. Once confluent, cells were harvested and sorted based upon GFP
expression (high FL-1 intensities). The top 15% FL-1 expressing cells were sorted into a new
cell population via the FACS flow cytometer Canto II (BD Bioscience) and further cultured.
Sorted cells were then plated and allowed to reach confluency. Cells were once again harvested
and IpLITR expression along with LifeAct-GFP expression was assessed via flow cytometry

(FL-2 and FL-1 intensities respectively as previously described [11,193].
3.3 Flow cytometric analysis of IpLITR phagocytic activities
3.3.1 IpLITR-phagocytic responses analyzed by flow cytometry

In order to determine quantifiable differences between IpLITR 2.6b/IpFcRy-L and
IpLITR 1.1b-mediated phagocytosis I performed flow cytometric population-based assays under

various conditions (time course (kinetics), temperature sensitives, susceptibility to
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pharmacological drugs). Flow cytometric analysis of phagocytosis was performed as previously
described [11]. For IpLITR-mediated phagocytosis experiments, target beads included 10 ug/mL
of aHA monoclonal antibody (mAb; Cedarlane Laboratories Ltd) to specifically ligate surface
expressed IpLITRs or 10 ug/mL of mouse IgG3 (Beckman Coulter) as an isotype control which
were adsorbed onto protein A (from Staphylococcus aureus; Sigma-Aldrich) pre-coated 4.5 um
YG beads (Fluoresbrite™ Carboxy YG microspheres; Polysciences). Testing the activation of
endogenous phagocytic pathways in RBL-2H3 cells was accomplished via 4.5 um YG beads
opsonized with 20% (v/v) non-heated fetal bovine serum (FBS; Sigma-Aldrich) diluted in
Dulbecco’s phosphate buffered saline (PBS) or non-opsonized (i.e. 0% FBS) beads incubated
with PBS alone were used. FBS was used in these studies to activate the endogenously expressed
receptors on RBL-2H3 cells. For each standard phagocytosis experiment, 1x10° cells in
phagocytosis buffer (1:1 mixture of 1X PBS containing 2 mg/mL BSA and 1X OptiMEM
reduced serum medium; Gibco) were incubated with either Ab- or FBS-opsonized beads (3x10°
beads) for 1 hr at 37°C. Cells were centrifuged at 5000xg for 1 min and the supernatant aspirated,
cell pellet was then gently agitated, and cells were re-suspended in ice-cold PBS/EDTA
containing 0.05% trypsin (Hyclone) and 1 mM EDTA to remove non-specifically bound targets.
After a 15 min incubation on ice, ice-cold PBS containing 2 mM EDTA and 0.5% BSA was then
added to each tube and the cells were centrifuged at 5000xg for 1 min and then re-suspended in
1% paraformaldehyde (PFA) dissolved in PBS. Samples were analyzed via flow cytometry (Cell
Lab Quanta; Beckman Coulter) using FL-1 intensities to distinguish between cells with and

without beads as done previously here [11].
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3.3.2 Assessment of IpLITR phagocytic activity with respect to their Kinetics,

temperature and pharmacological sensitivities.

To identify functional and mechanistic differences among IpLITR-types I performed time
course, temperatre and pharmacological sensitivity I used population-based based flow
cytometric studies. For kinetic studies of IpLITR-mediated phagocytosis cells were incubated at
37°C with target beads (either aHA or IgG3-coated (isotype control beads)) for 15, 30, 60, and
90 min prior to analysis. For temperature sensitivity studies cells were incubated at the reduced
temperatures of 27, 22, 17, 12, or 4°C with 4.5 um beads opsonized with either tHA mAb or
mouse IgG3 isotype control prior to analysis. Additionally, phagocytosis experiments were also
performed with FBS-opsonized 4.5 pm beads at incubation temperatures of 37, 22, or 4°C. To
examine the effects of selected pharmacological inhibitors (listed in 3.1.3) on RBL-2H3
endogenous pathway or IpLITR-induced phagocytic activity cells were first pre-treated for 1 hr
at 37°C with each drug tested or with 0.1% dimethyl sulfoxide (DMSO) as the vehicle control.
Phagocytosis was then performed for 1 h4 min at 37°C using the indicated target beads (aHA,

IgG3 or FBS-coated) in phagocytosis buffer supplemented with the pharmacological inhibitor.
3.4 Confocal imaging analysis of IpLITR phagocytic phenotypes

3.4.1 IpLITR-specific phagocytic phenotypes examined using confocal imaging and 3D

renders

To examine phenotypic and quantitative differences among IpLITR-types at the
individual cell level I performed confocal imaging and 3D rendering of IpLITR-mediated
phagocytosis. In brief, 5x10° cells of either Parental RBL-2H3 cells or those stably expressing

IpLITRs were seeded into 6-well tissue culture plates (Fisher Scientific Company) containing 3
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mL of complete MEM and a sterile microscope glass coverslip. RBL-2H3 cells were allowed to
attach and grow overnight at 37°C (~75% confluence over the coverslip). After incubation,
growth media was removed, coverslips washed twice with PBS and live cells were stained using
the membrane stain CellMask Orange™ (Life Technologies Inc) at 1:1000 v/v dilution in
phagocytosis buffer for 10 min at 37°C. Membrane stain was then aspirated from the well and
cells washed with PBS. Once washed cells were given 1.25 mL of phagocytosis buffer
containing 15 pl of target beads at the same target-to-bead ratio (i.e. 3 beads per cell) as
described in the phagocytosis assay protocol from Section 2.2. Culture plates containing cells
and beads were then centrifuged for 1 min at 1500 rpm and then incubated at either 37°C or 22°C
for 1 hr. Supernatants were then removed and cells were washed with PBS prior to fixation using
4% PFA at room temperature for 10 min. After a final PBS wash, coverslips were placed on a
glass slide containing a drop of ImmunoMount™ Mounting Media (GeneTex, Inc) and sealed.
Samples were viewed with a Laser Scanning Confocal Microscope (LSCM; Zeiss LSM 710,
objective 40X and 60X 1.3 oil plan-Apochromat; Cross Cancer Institute Microscopy Facility,
Edmonton, AB). All images were collected and analyzed using Zen 2009 or 2011 software and

3D rendering was performed using Imaris 9.2.1 (Bitplane).
3.5 Examination of trypsin-induce alteration of IpLITR-mediated phagocytic phenotypes
3.5.1 Receptor-specific effects of trypsin on IpLITR expression and phagocytic activity

To test the possibility of receptor-specific sensitives of IpLITRs to the enzymatic activity
of trypsin, I performed flow cytometric analysis of both IpLITR-expression and IpLITR-function
post trypsin exposure. Prior to incubation with target beads, IpLITR-expressing RBL-2H3 cells
were pre-treated for 15 min at 4°C in a PBS/EDTA (1 mM) solution containing various

concentrations (e.g. 0.03125, 0.0625, 0.125, 0.25, 0.5, 1.0, 2.0, and 20 uM) of porcine trypsin
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(Gibco), which cleaves at the C-terminal side of lysine and arginine residues. Phagocytosis
assays were then performed as described above. BLAST searches using the UniProt porcine
trypsinogen (TRYP_PIG) sequence (ID: P00761) show that teleost trypsin’s are ~75% similar to
the mammalian enzymes. Trypsin is also a member of a large family of serine proteases with
highly conserved enzymatic mechanisms that require a catalytic triad composed of serine,
histidine, and aspartic acid residues. Although the sequences can vary among vertebrates, at the
ideal temperate for a given trypsin, their proteolytic processing activities are likely highly
conserved. To determine the effects of trypsin pre-treatment on IpLITR surface staining, FL-2
intensities were translated to mean fluoresce intensity (MFI) values via FlowJo 7.2 software
(Treestar Inc). Fold-changes in receptor expression for IpLITR 2.6b/IpFcRy-L and IpLITR 1.1b
were then calculated as follows: [MFI value for untreated cells (i.e. 0 uM Trypsin) / MFI values
for enzyme-treated cells (i.e. 0.03125 to 20 uM trypsin)]. In some experiments, cells were
allowed to recover for 2 hrs at 37°C in complete MEM after trypsin exposure, prior to

performing phagocytosis assays and surface expression analysis.

3.5.2 Immunoprecipitation and western blot assessment of the effects of trypsin on

IpLITR surface expression

In order to identify at the protein level the receptor-specific effects of trypsin on IpLITR-
expression and IpLITR-mediated phagocytosis I performed whole cell lysate
immunoprecipitation assays post trypsin exposure. I[pLITR 2.6b/IpFcRy-L- and I[pLITR 1.1b-
expressing RBL-2H3 cells (4x10°) were harvested as described [193] and washed twice with ice-
cold PBS. Surface proteins were biotinylated by the addition of 5 mg/mL of biotin (Thermo
Fisher Scientific) for 30 min at 4°C according to the protocol described in [195]. Excess biotin

was quenched by washing the cells with ice-cold 100 mM glycine. Surface biotinylated cells



61

were then centrifuged at 5000xg for 1 min and re-suspended in 400 uL lysis buffer (S0mM Tris-
HCI, 150mM NaCl, 1% Triton X-100) and sonicated. Lysates were incubated on ice for 30 min
with intermittent vortexing. Cellular debris was removed by centrifuging samples at 16,000xg for
10 min. Whole cell lysates (400 ul) were then mixed with 25 pL of aHA coated microspheres
(Thermo Fisher Scientific) and incubated at 4°C for 14 hours. Beads were washed three times
with lysis buffer and proteins were eluted by the addition of 100 uL of 2x SDS-PAGE reducing
buffer (Bio-Rad) and boiled at 95°C for 10 min. Immunoprecipitated samples were separated
using a 10% SDS-PAGE gel, transferred to a nitrocellulose membrane (Bio-Rad), and then
probed with either a horseradish peroxidase (HRP)-conjugated goat aHA polyclonal antibody
(1:1000; GenScript Corp. Piscataway, NJ, USA) or streptavidin (SA)-HRP (1:1000; Sigma-
Adrich) as previously described [13,191]. Detection of immunoreactive bands using the Super
Signal West Pico Chemiluminescent Substrate kit (Pierce Biotechnology) have been previously
described [13]. Receptor glycosylation was examined by treatment of IpLITR 1.1b-expressing
cells with an endoglycosidase and by treating the immunopurified IpLITR 1.1b protein with
endoglycosidase directly. Briefly, cells 2.5x10° were harvested, washed with PBS (1X), and then
treated with 50 U of Neuraminidase (New England Bio Labs Inc.) and then either 0 U or 40,000
U of O-Glycosidase (New England Bio Labs Inc.) for 3hrs at 37°C. Cells were then lysed and
immunoprecipitated as previously described prior to Western blot detection. Another approach
was to first immunopurify the IpLITR 1.1b protein and then treat it with 50 U of Neuraminidase
and either 0 U or 40,000 U of O-Glycosidase for 1hr at 37°C as outlined in the manufactures
protocol (New England Bio Labs Inc.) prior to the detection of immunoreactive bands by

Western blot as described above.
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3.5.3 Examination of the effects of trypsin on IpLITR surface expression and phagocytic

phenotypes by confocal imaging

To examine the nature by which trypsin effected IpLITR 1.1b-mediated phagocytosis
specifically, I examined IpLITR-expressing cells exposed to trypsin and then incubated with
target beads and visualized phenotypic differences between IpLITR-types. For visualization of
phagocytosis, IpLITR 2.6b/IpFcRy-L- and IpLITR 1.1b-expressing RBL-2H3 cells were plated
overnight and then trypsin-treated as described above. Target beads (15x10°) suspended in
phagocytosis buffer were added to each well and centrifuged at 400xg for 6 min in order to
initiate bead-cell contacts. Cell solutions were then incubated for 1 h3 at 37°C and then washed
with PBS to remove any beads not associated with cells. Coverslips were fixed with 4% PFA and
mounted onto microscope slides (Thermo Fisher Scientific). Phagocytosis of target beads was
analyzed as previously described by staining the cellular membranes of the cells with
CellMask™ [193]. Three-dimensional reconstructions of cell-bead interactions were generated
from the z-stacks using the Imaris 9.2.1. To visualize the translocation of IpLITR 1.1b into the
cell after trypsin treatment IpLITR 1.1b-expresing cells were plated onto 18mm diameter #1 2
circular coverslips at a cell density of 2x10° and allowed to adhere overnight. The following day
these cells were treated with 2 um trypsin for 15min at 4°C, fixed with 4% PFA for 10min at
37°C and then stained for receptor presence as previously above. After receptor staining was
done these coverslips were mounted and imaged using a Zeiss LSM 710 laser scanning confocal
microscope (Objective 60x, 1.3 oil plan-Apochromat) located at the Cross Cancer Institute
Microscopy Facility (Faulty of Medicine & Dentistry; University of Alberta) and analysis was

performed using Zen 2011 software (Carl Zeiss).
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3.5.4 Flow cytometry and confocal analysis of intracellular IpLITR 1.1b proteins

To further examine the possibility that IpLITR 1.1b was being internalized post trypsin
exposure, | used a modified surface staining protocol for both flow cytometric analysis and
confocal imaging of IpLITR 1.1b-expressing cells. IpLITR 1.1b-expressing cells were either
grown on a coverslip (for confocal imaging) or harvested from a 6-well plate and subsequently
were pre-treated with trypsin at either 0 or 2 pM for 15 min at 4°C. Trypsin enzymatic activity
was then inhibited by the addition of 1% BSA/PBS solution. Post trypsin treatment IpLITR 1.1b-
expressing cells were then immediately stained with a aHA mAb and subsequently stained with
either a goat amouse IgG (H+L)-PE pAb for flow cytometric analysis or a secondary goat
amouse Alexa-488 immunofluorescence for confocal imaging. For assessing the intracellular
localization of IpLITR 1.1b proteins after trypsin treatment these cells were first fixed with 4%
PFA for 10 min at 37°C (induces small level of permeabilization) and then stained for the
presence of IpLITR 1.1b either with a goat amouse IgG (H+L)-PE pAb for assessing the relative
levels of IpLITR 1.1b after permeabilization and trypsin treatment or a secondary goat amouse
Alexa-488 immunofluorescence for assessing the localization of IpLITR 1.1b post trypsin

treatment.
3.6 SEM and live cell imaging analysis of IpLITR phagocytic responses
3.6.1 SEM imaging of IpLITR-mediated phagocytosis

To better resolve the membrane dynamics of IpLITR-mediated phagocytosis I performed
high resolution scanning electron (SEM) microscopy. Briefly, RBL-2H3 cells expressing either
IpLITR 2.6b/IpFcRy-L or IpLITR 1.1b were plated onto a sterile 18mm diameter #1 - circular

coverslip (Electron Microscopy Sciences) at a cell density of 3x10° and cultured overnight at
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37°C and 5% COz in a 6-well tissue culture plate (Fisher Scientific Company). The following
day cells were washed with phosphate buffered saline (PBS) and then given phagocytosis buffer
(1:1 mixture of 1X PBS containing 2 mg/mL bovine serum albumin (BSA); (Sigma Aldrich) and
1X Opti-MEM reduced serum medium; Fisher Scientific Company) containing 9x10° 4.5 pm
target microspheres (beads) (Polybead® Carboxylate YG microspheres) that were either
opsonized with 10 pg/mL of aHA monoclonal antibody (mAb; Cedarlane Laboratories Ltd.) to
ligate specifically surface expressed IpLITRs via their extracellular HA-epitopes or 10 pg/mL of
mouse [gG3 (Beckman Coulter) as an isotype control. Both IgG3 and aHA opsonisation
occurred by absorbing them onto beads pre-coated with protein A (isolated from Staphylococcus
aureus; Sigma-Aldrich). Plates containing cells and beads were centrifuged at 1500 rpm for 1
min to synchronize cell-bead interactions and then incubated for 1hr at either 37°C, 27°C or
37°C after pre-treatment with Latrunculin B to demonstrate F-actin polymerization involved in
the processes I previously observed. Finally, for SEM preparation cells were fixed with 2.5%
Glutaraldehyde/ 2% paraformaldehyde (PFA) in a 0.1 M phosphate buffer solution. Dehydration
of cells was then done by sequential treatments with ethanol and hexamethyldisilazane (HMDS)
according to the procedure outlined in [196,197]. After dehydration, coverslips were mounted
onto round metal double sided sticky stubs and coated with an ultrathin coating of
gold/plutonium via a Hummer 6.2 Sputter Coater (Anatech USA) and coverslips were then
imaged using a Philips/FEI XL30 SEM microscope (FEI: Hillsboro) and analysis was done using

Scandium 5.0 software (Emsis).
3.6.2 Live cell imaging of LifeAct-GFP expressing IpDLITR RBL-2H3

To observe IpLITR-mediated membrane dynamics during phagocytic events [ used my

previous mentioned LifeAct-GFP/IpLITR-expressing RBL-2H3s in live cell imaging studies.
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IpLITR-expressing and LifeAct GFP positive RBL-2H3 stables were plated onto 50mm p-dishes
(Ibidi; Madison, Wisconsin, USA) at a density of 3x10° the day prior to use. Cells were washed
with PBS and then incubated in phagocytosis buffer containing 9x10° aHA mAb-opsonized
target 4.5 um non-fluorescent beads (previously used in section 2.2) or aHA mAb-opsonized 4.5
pm blue beads (Fluoresbrite™ Carboxy BB microspheres; Polysciences) and placed into a
microscope stage chamber which was supplied with 5% CO; and heated to 37°C or 27°C.
Immediately after the addition of target beads, images were collected at 10 sec intervals for ~8
min in a single plane. The use of 10 sec intervals was based on the shortest period of time
allowed by the software to obtain an image based on the scanning speed and imaging speed of
the microscope itself for an individual color (i.e. GFP). Images were obtained using a Zeiss LSM
710 laser scanning confocal microscope (Objective 60x, 1.3 oil plan-Apochromat) located at the
Cross Cancer Institute Microscopy Facility (Faulty of Medicine & Dentistry; University of
Alberta) and analysis was performed using Zen 2011 software (Carl Zeiss). Subsequently
analyzed using both Zen 2011 software (Carl Zeiss) and ImageJ (ImagelJ version 1.51p; Rasband,

1997-2017).

3.7 Examination of IpLITR recruitment of Nck and pSYK during filopodia formation and

receptor activation during phagocytosis
3.7.1 Examination of Syk and Nck colocalization with IpLITR surface expression

In order to determine if Syk ad Nck are associated with IpLITR 1.1b during filopodia
formation I performed cell staining of IpLITRs and both Syk and Nck to identify their
colocalization at various regions of cells. RBL-2H3 cells stably expressing IpLITR 2.6b/IpFcRy-
L or IpLITR 1.1b were plated onto a sterile 18mm diameter #1 % circular coverslip (Electron

Microscopy Sciences) at a cell density of 3x10° and cultured overnight at 37°C and 5% CO; in a
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6-well tissue culture plate (Fisher Scientific Company). The following day cells were washed
with pre-warmed 37°C PBS twice, fixed with 4% PFA warmed to 37°C and then were washed
with antibody staining buffer (0.5% sodium azide; Sigma, 1% BSA in PBS) (ASB). Coverslips
were then transferred to a slip of parafilm containing 50 uL of 5 pg/mL mouse aHA in ASB and
incubated at 4°C for 30 min. Coverslips and cells were then washed with ASB twice and then
placed onto parafilm containing 20 pg/mL goat amouse Alexa-647 (Molecular Probes)
secondary antibody and again incubated at 4°C for 30 min. After secondary antibody staining
cells were washed with ASB again and then given 1X permeabilization buffer (Biolegend) for
15min at room temperature. Once permeabilized cells were washed with cell staining buffer
(CSB) (Biolegend) and then were then placed onto parafilm containing either 1:50 (pSyk) or
1:100 (Nck) v/v of rabbit primary mAb in CSB for specifically probed intracellular protein and
were incubated at room temperature for 30 min. After primary antibody staining samples were
washed with CSB, blocked for 30min in 1%BSA/PBS and then coverslips were transferred to
parafilm containing 20 pg/mL goat arabbit Alex-488 (Molecular Probes) for 30 min at room
temperature. For a positive control sample, IpLITR 1.1b-expressing cells were first incubated
with a aHA mAb followed by the incubation with two goat amouse secondary antibodies; one
conjugated to Alexa-657 and another conjugated to Alexa-488 which was done sequentially. By
using the same specificity of antibody (ie. amouse) these two fluorescent antibodies should
double stain surface IpLITRs and therefore have a significantly high level of colocalization
observationally as well as when analyzed via software. Finally, cells were washed again with
CSB, blocked with 1% BSA/PBS for 30min and then placed onto microscope slides containing a
small droplet of Prolong® Gold antifade (Molecular Probes) mounting media and left overnight

to solidify. Immunofluorescent images were obtained using a Zeiss LSM 710 laser scanning
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confocal microscope (Objective 60x, 1.3 oil plan-Apochromat) located at the Cross Cancer
Institute Microscopy Facility (Faulty of Medicine & Dentistry; University of Alberta) and
analysis was performed using Zen 2011 software (Carl Zeiss) along with Imaris 9.2.1. For
colocalization analysis via Imaris 9.2.1, individual cells were isolated from captured z-stack
images using Zen 2011 along with the chosen regions of interest on each cell. These newly
produced z-stack images for each region of the cell were then ran through the Imaris 9.2.1
colocalization analysis tool for the entire 3D volume of the selected region. Analysis of
colocalization was done on the top 10% intensities for both channels (red; [pLITR, green;
pSyk/Nck) to reduce false positives from low intensity signals and the measure of colocalization
used within these studies was the Pearsons Correlation Coefficient (PCC). PCC values indicate
whether two separate signals are distinctly associated with one another more so then due to
random chance. A PCC value of +1 indicates complete colocalization while a PCC value of -1
indicates perfect exclusion. A PCC value <0.5 is considered inconclusive if the overlap of two
signals is greater then random chance. This was done for three individual cells for each cell-type
tested and three regions of interest were used for each cell (total of 9 regions in all). Statistical
significance between cell-types for a given intracellular protein (i.e RBL-2H3 pSyk values vs

IpLITR 1.1b pSyk values) was done by a student t-test using a two-tailed paired analysis.

3.7.2 Imaging analysis of the recruitment of pSyk and Nck to sites of IpLITR-induced

phagocytosis

In order to examine if Nck and Syk are recruited to regions of IpLITR 1.1b-target
interfaces (or IpLITR 1.1b activation) I performed a variety of staining procedures and utilized
confocal imaging and imaging analysis software. To assess the associations between IpLITR

ligation activity and intracellular signaling, cells were incubated with target beads and
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localization of specific intracellular signaling proteins (ie. Nck, pSyk) was assessed via
immunofluorescence. Like the protocol detailed in section 3.4 and 3.6, RBL-2H3 IpLITR-
expressing cells were grown on a sterile 18mm diameter #1 ' circular coverslip at a cell density
of 3x10° in a 6-well tissue culture plate and allowed to adhere overnight. Coverslips were then
washed with PBS and given 1mL of phagocytosis buffer containing 9x10° aHA coated beads,
centrifuged at 1500rpm for 1 min and then incubated at either 15, 30 or 60 min. After each time
point cells were washed with PBS and then give 4% PFA pre-warmed to 37°C for 10 min for
fixation. Once cells were fixed beads were stained for inside-outside discrimination as described
here [192], which consisted of placing coverslips onto parafilm containing 2 pg/mL of goat
amouse Alexa-647 (Molecular Probes) which binds to exposed regions of the target beads. This
was done for 30 min at 4°C. After staining of the beads, coverslips were washed with ASB and
then given 1X permeabilization buffer (Biolegend) for 15 min at room temperature. Once
permeabilized, cells were washed with CSB and placed onto parafilm containing either 1:50 or
1:100 v/v dilution of primary rabbit mAb in CSB for each respective intracellular protein target
depending on the recommended concentration by the manufactures protocol (Nck, 1:50, pSyk,
1:100). Cells were incubated at room temperature with these primary rabbit mAb for 30 min.
After primary antibody incubation, cells were washed with CSB and then stained on parafilm
with 20 pg/mL of goat arabbit Alexa-550 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 solidify
overnight at room temperature. Imaging was done as previously described [193,198,199] 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 2009 or 2011 software as well
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as Imaris 9.2.1 software for the generation of 3D renders. Individual cellular events were then
isolated from obtained z-stack images and the mean fluorescence interties (MFIs) for both bead
staining as well as for the intracellular molecule being studied (i.e pSyk or Nck). MFIs were
obtained by 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.
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CHAPTER 1V

TELEOST LEUKOCYTE IMMUNE-TYPE RECEPTORS ACTIVATE
DISTINCT PHAGOCYTIC MODES FOR TARGET ACQUISITION AND
ENGULFMENT

A version of this chapter has been published:

Lillico et al. 2015. Teleost leukocyte immune-type receptors activate distinct phagocytic modes
for target acquisition and engulfment. J Leukoc Biol. 98(2):235-248

4.1 INTRODUCTION

Specialized cells called phagocytes can directly or indirectly recognize a range of
microbes- and/or host apoptotic cells, using different phagocytic receptor-types [2]. These
interactions selectively control intracellular signaling pathways that regulate a specialized
engulfment process called phagocytosis, which facilitates the destruction of invading pathogens
or orchestrates the quiescent clearance of dying cells from the body [2]. Although different
phagocytic receptor-types use shared signaling components during the engulfment process,
several distinct cellular modes of phagocytosis have also been identified that rely on receptor-
specific structural and signaling components to coordinately regulate the phagocytic machinery
[61-63,200]. The two classical models of phagocytosis that have been extensively described
involve either FcRs for IgG or CR3 (also known as integrin amp2 or the iC3b receptor) [2] and
these display key differences in the cellular mechanisms controlling target acquisition as well as
engulfment [2,62,200,201]. Despite these differences, the CR3- and FcR-dependent phagocytic
pathways both converge at the recruitment of the actin-related protein (Arp) 2/3 complex, which
is a key nucleator of F-actin polymerization [202]. However, there are recognizable differences
in how F-actin polymerization and associated membrane remodeling culminates in target

engulfment that further differentiates the FcR- and CR3-mediated phagocytic modes. Early
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observations of CR3-mediated phagocytosis demonstrated that target particles appeared to sink
into the phagocyte membrane [203] without generating pseudopod extensions or membrane
ruffles that are often observed during FcR-mediated phagocytosis [62]. The general pattern of
actin polymerization during CR3-mediated phagocytosis also featured discrete foci of F-actin
that were associated with the RhoA-dependent assembly of contractile actomyosin filaments
[62,200] and limited filopodia-like extensions [86]. This is markedly different from the
continuous pattern of F-actin polymerization that generates the lamellipodial and filopodial
membrane protrusions induced by FcR [2,201]. Versatility in phagocytic receptor functions is
further appreciated by the recent description of the cellular actions of carcinoembryonic antigen-
related cell adhesion molecule 3 (CEACAM3) [3,8]. The CEACAM3 receptor is expressed by
human neutrophils and activates a unique short-circuited mode of phagocytosis through a
minimal set of molecules that effectively trigger rapid actin-dependent pathogen internalization
[3,8]. Whether other vertebrate immunoregulatory receptor-types can activate a similar repertoire

of phagocytic modes is largely unknown.

To gain a greater understanding of the induction and regulation of the phagocytic process
in vertebrates, my research is focused on members of the polymorphic family of teleost
immunoregulatory receptors: IpLITRs [16,190]. These teleost receptors share phylogenetic and
structural relationships with a wide range of immunoregulatory receptors in humans, including
FcRs, FcR-like proteins, and CEACAMSs [187]. Predictably, IpLITRs also control immune cell
effector responses in transfected mammalian cells using prototypical stimulatory and inhibitory
signaling pathways. For example, the putative stimulatory receptor IpLITR 2.6b associates with
the ITAM-containing catfish adaptor signaling protein IpFcRy-L, and when fused together as a

receptor chimera, IpLITR 2.6b/IpFcRy-L promoted protein tyrosine kinase (PTK)-mediated



72

signaling and induced ITAM-dependent degranulation, cytokine secretion, and phagocytosis in
transfected RBL-2H3 cells [10]. In comparison, IpLITR 1.1b abrogated NK cell-mediated killing
responses via the recruitment of intracellular phosphatases to its ITIM-containing CYT region
[12]. Surprisingly, IpLITR 1.1b also induced the engulfment of extracellular targets when stably
RBL-2H3 cell line [38]: a commonly used mammalian cell model for characterizing receptor-
mediated control of innate effector responses, including phagocytosis [4,115,204—207]. Taken
together, the ability to regulate stimulatory and inhibitory immune cell actions revealed the
signaling versatility of IpLITR 1.1b and suggested that this receptor may utilize a unique
phagocytic mechanism different from the prototypical ITAM-mediated pathway represented by

IpLITR 2.6b/IpFcRy-L.

The main research objective of this thesis chapter was to further characterize the unique
ITAM-independent phagocytic pathway regulated by IpLITR 1.1b. Specifically, I performed
detailed kinetic and pharmacological profile of IpLITR 1.1b- and IpLITR 2.6b/IpFcRy-L-
induced phagocytosis in addition to phenotypic analyses of the phagocytic responses activated by
these different IpLITR-types. My results show that IpLITR 1.1b uses an alternative phagocytic
pathway that is functionally distinct from the classical ITAM-mediated response represented by
IpLITR 2.6b/IpFcRy-L. Examination of IpLITR 1.1b-mediated phagocytosis provides new
information about immunoregulatory receptor-mediated target acquisition and internalization
mechanisms that regulate distinct modes of target engulfment. Furthermore, my data provides the
basis for formulating mechanistic hypotheses regarding how an ITIM-containing
immunoregulatory receptor can uniquely promote F-actin-mediated plasma membrane

remodeling events during the capture and engulfment of extracellular targets.
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4.2 RESULTS

4.2.1 Flow cytometric examinations of IpLITR-mediated phagocytosis

When IpLITR 2.6b/IpFcRy-L-expressing cells were incubated with aHA mAb-opsonized
4.5 um bead targets, I observed 13.7% phagocytosis at 15 min, which increased to 23.2%,
35.5%, and 44.1% after 30, 60, and 90 min, respectively (Fig. 4.1A). Over the same time course,
values obtained using the control IgG3-opsonized beads ranged from 7.4%-12.8% phagocytosis,
which were significantly lower than the corresponding aHA mADb opsonized bead values
(p<0.05). IpLITR 1.1b-expressing cells also phagocytosed 4.5 um aHA beads with values of
39.6%, 64.2%, 75.2%, and 83.2% phagocytosis after 15, 30, 60, and 90 min, respectively (Fig.
4.1B). These % phagocytosis values were all significantly higher (p <0.05) than those observed
for IpLITR 2.6b/IpFcRy-L at each time point. Importantly, as seen for IpLITR 2.6b/IpFcRy-L-
expressing cells, no significant change in phagocytosis by IpLITR 1.1b-expressing cells was
observed using the control IgG3-opsonized 4.5 um beads at any of the incubation periods (Fig.

4.1B).

To identify that IpLITR-mediated phagocytosis was an activate process, I tested IpLITR-
expressing cells abilities to induce phagocytosis at reduced incubation temperatures. At reduced
incubation temperatures, IpLITR 2.6b/IpFcRy-L-mediated phagocytosis was significantly
abrogated (Fig. 4.1C). For example, compared to 43% phagocytosis values at 37°C, IpLITR
2.6b/IpFcRy-L-expressing cells incubated at 27, 22, 17, 12, and 4°C all demonstrated
significantly reduced phagocytic responses ranging from 20% at 27°C to 8% at 4°C. In
comparison, IpLITR 1.1b-mediated phagocytosis was less sensitive to these lower incubation
temperatures (Fig. 4.1D). In fact, at 27°C, IpLITR 1.1b-mediated phagocytosis (61%) was not

significantly different than its 70% phagocytic activity at 37°C; and although IpLITR 1.1b-
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mediated phagocytosis (55%) at 22°C was significantly lower than its phagocytic activity at
37°C, this was not significantly different compared to its activity at 27°C. Only when the
incubation temperatures were dropped below 22°C did IpLITR 1.1b fail to induce a significant
increase in phagocytosis compared with cells treated with IgG3-opsonized control beads (Fig.
4.1D), whereas IpLITR 2.6b/IpFcRy-L-mediated phagocytosis was abolished at 22°C (Fig.
4.1C). An overview of the comparative differences in the temperature-dependent inhibition of

IpLITR 2.6b/IpFcRy-L- and IpLITR 1.1b-mediated phagocytosis are summarized in Figure 4.1E.

To test if the IpLITR transfection protocol affected the endogenous phagocytic responses
of RBL-2H3 cells, I also examined their phagocytic activity using FBS-opsonized beads (Fig.
4.2). When incubated at 37°C for 60 min, parental RBL-2H3 cells (empty vector; Fig. 4.2A) as
well as the IpLITR-expressing cells (Fig. 4.2B and 4.2C) had similar overall phagocytic
activities (i.e. ~50% phagocytosis) when using FBS-opsonized as targets. In comparison, RBL-
2H3 cells did not effectively phagocytose non-opsonized targets (0% FBS) regardless of whether
they were transfected with empty vectors or IpLITR 2.6b/IpFcRy-L or IpLITR 1.1b. At 22°C,
empty vector-expressing cells (Fig. 4.2A), IpLITR 2.6b/IpFcRy-L-expressing cells (Fig. 4.2B),
and IpLITR 1.1b-expressing cells (Fig 4.2 C) all exhibited significantly reduced phagocytic
responses. Similar inhibitory effects (93.7%, 100.4%, and 99.8% inhibition of phagocytosis)

were also observed at 4°C for all the cells tested.

4.2.2 Confocal imaging of IpLITR-mediated phagocytosis

To examine the ratio of captured-to-engulfed extracellular targets, I also examined
IpLITR-mediated phagocytosis using confocal microscopy. At 37°C, cells transfected with an
empty vector did not associate with targets (Fig. 4.3A). In comparison, IpLITR-expressing RBL-

2H3 cells were shown to associate with multiple aHA target beads when incubated at 37°C (Fig.
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4.3B and 4.3C, left columns). At 22°C, most IpLITR 2.6b/IpFcRy-L-expressing cells failed to
associate with any beads (Fig. 4.3B; right column) whereas, at this temperature, I[pLITR 1.1b-
expressing cells consistently interacted with one or more targets (Fig. 4.3C; right column). This
further reinforced that unlike IpLITR 2.6b/IpFcRy-L-expressing cells, which only phagocytosed

beads at 37°C, IpLITR 1.1b-expressing cells readily interacted with beads at both 37°C and 22°C.

4.2.3 Assessment of the phagocytic phenotypes of IpLITR-expressing RBL-2H3 cells

Using images collected by confocal microscopy (Fig 4.3), I generated three-dimensional
(3D) renderings of phagocytic cells using representative z-stacks. These images detail the main
phenotypic differences between IpLITR 2.6b/IpFcRy-L- and IpLITR 1.1b-mediated
phagocytosis. Notable features of IpLITR 2.6b/IpFcRy-L-mediated phagocytosis were that
phagocytic cells consumed three or more beads and each of these beads were completely
engulfed by the plasma membrane (Fig. 4.4A and 4.4B). In comparison, of the IpLITR 1.1b-
expressing cells that had successfully internalized beads at 37°C, only one completely engulfed
bead was usually observed per cell (Fig. 4.4C and 4.4D). Strikingly, the majority of IpLITR
1.1b-expressing cells had beads attached to their plasma membrane unlike IpLITR 2.6b/IpFcRy-
L-expressing cells (Fig. 4.3). In general, these captured beads were firmly embedded in the
plasma membrane in what often resembled phagocytic cup-like structures (Fig. 4.4D). Another
definable feature for the [pLITR 1.1b-expressing cells was the attachment of beads at the ends of
extended membranous protrusions; which, in some cases resulted in the beads being shared
between multiple isolated cells (Fig. 4.4D). Interestingly IpLITR 1.1b-expressing cells still
actively captured beads at 22°C (Fig. 4.4C). Visually, the captured beads were indistinguishable

from those observed at 37°C; displaying a mixture of beads that were either contained within
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phagocytic cups or embedded between the plasma membranes of two or more cells via

membranous extensions (Fig. 4.4E and Fig. 4.4F).

Next, I quantified the cell-bead interaction observed in the confocal images by counting
and then categorizing cells as either: 1) cells with no associated or internalized beads (% No
beads); ii) cells with at least one partially internalized bead contained within a phagocytic cup-
like structure but with no completely engulfed beads (% Captured); and iii) cells that had at least
one completely engulfed bead (% Phagocytosed; Fig. 4.5). Often, cells categorized as phagocytic
also had beads attached to their surface in phagocytic cup-like structures, but these cells were
still considered phagocytic due to the complete engulfment of at least one target bead. Based on
these analyses, the majority (i.e. ~95%) of empty vector-transfected RBL-2H3 cells did not
associate with or engulf any target beads (Fig. 4.5A). However, 62% of the IpLITR 2.6b/IpFcRy-
L-transfected cells completely engulfed at least one bead with very few cells (i.e. 3%) displaying
captured beads on their surfaces when incubated at 37°C (Fig. 4.5B). In agreement with my flow
cytometry data (Fig 4.1C), when IpLITR 2.6b/IpFcRy-L-expressing cells were incubated at
22°C, a significant reduction in their ability to engulf opsonized targets was observed as 81% of
the cells did not associate with any beads (Fig. 4.5B). Examination of IpLITR 1.1b-mediated
phagocytosis revealed a completely different phagocytic phenotype. Unlike IpLITR
2.6b/IpFcRy-L-expressing cells, 70% of IpLITR 1.1b-expressing cells associated with aHA
mAb-opsonized beads with an overall distribution of 32% engulfed to 44% captured beads at
37°C (Fig. 4.5C). Furthermore, at 22°C, IpLITR 1.1b-mediated phagocytosis was reduced from
32% to 11% but the proportion of cells with captured beads was not significantly different to that

observed at 37°C (~ 46%; Fig. 4.5C).
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4.2.4 Pharmacological profiling of IpLITR-mediated phagocytic activities

Selective pharmacological inhibitors of intracellular signaling molecules and cytoskeletal
components were profiled for their effects on RBL-2H3 cell phagocytosis. Intracellular signaling
molecules tested using pharmacological blocking were selected based on an ITAM-induced
phagocytic response. This was done to utilize IpLITR 2.6b/IpFcRy-L-expressing cells as a
positive control for the effectiveness of the blockers tested to identify their roles in IpLITR 1.1b-
mediated phagocytosis. The compound names, doses tested [uM], and intracellular targets of
each pharmacological inhibitor are listed in Table 4.1. I report the efficacy of these blockers as %
inhibition of phagocytosis and the corresponding pharmacological profiles generated from these
results are shown in Figure 4.6 and Figure 4.7. These data were all generated using the flow
cytometry-based phagocytosis assay and the raw data, including statistical analysis, from these

experiments are provided in Figure 4.8 and Figure 4.9.

Overall, three levels of drug efficacy (defined as 25, 50, and 75% inhibition of
phagocytosis) were selected and are indicated on each of the profiles in Fig. 4.6. The inhibitors
tested are listed on the x-axis and they are ordered from left-to-right based on the general trend
of most-to-least effective at reducing phagocytosis of the empty vector transfected cells using the
FBS-opsonized beads (Fig. 4.6A). Overall, the pharmacological profiles for RBL-2H3 (empty
vector), [pLITR 2.6b/IpFcRy-L-, and IpLITR 1.1b-expressing cells (Fig. 4.6A, 4.6B, and 4.6C,
respectively) are similar when the FBS-opsonized bead targets were used. For example, the most
effective small molecule inhibitors of phagocytosis for all cells (i.e. ~70-100% inhibition) were
Latrunculin B (F-actin polymerization), GSK2334470 (phosphoinositide-dependent kinase 1),
and ML 141 (cell division control protein 42 homolog (Cdc42) GTPase). Approximately 50-60%

inhibition of phagocytosis was then observed using drugs that targeted Src kinases (PP2;
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selectivity for Lck and Fyn), PI3Ks (wortmannin and LY294002), and the Rho GTPases ras-
related C3 botulinum toxin substrate (Rac)1/2/3 (EHT 1864). Lower efficacy (i.e. ~15-30%
inhibition of phagocytosis) was observed using blockers of protein kinase B (Akt Inhibitor VIII),
conventional and novel protein kinase Cs (G66976 and BislI), Syk (ER 27391), and extracellular
signal-regulated kinase kinase (MEK1/2; U0126). Nocodazole, which targets microtubules, had
little effect on RBL-2H3 cell-mediated phagocytosis of FBS-opsonized 4.5 um beads (<10%

inhibition for all three cell groups).

Using the same panel of pharmacological inhibitors, I then examined their efficacy
against I[pLITR-mediated phagocytosis by switching to the aHA mAb-opsonized beads. The
pharmacological inhibitory profiles for these experiments are shown in Figure 4.7, and the raw
data, including the statistical analysis, from these experiments are provided in Figure 4.8. To
facilitate direct comparisons with the FBS-opsonized bead results, the same 25%, 50%, and 75%
inhibition markers are indicated on the graphs and the drugs listed on the x-axis remain in the
same order as described above. Since RBL-2H3 cells transfected with the pDisplay empty vector
did not phagocytose aHA mAb-opsonized beads, no pharmacological profile data was generated

for these cells.

Results from these experiments show that relative to the endogenous RBL-2H3
phagocytic pathway, induction of IpLITR 2.6b/IpFcRy-L-mediated phagocytosis with aHA
mADb-opsonized beads generated a distinct inhibition profile (Fig. 4.7A). The major differences
were observed for the increased sensitivity of IpLITR 2.6b/IpFcRy-L-mediated phagocytosis to
the inhibitors G66976 (conventional PKCs), ER 27391 (Syk), Akt Inhibitor VIII (protein kinase
B), wortmannin (PI3K), KB SRC4 (c-Src), and PP2 (Src kinases; compare Fig. 4.7A vs Fig.

4.6A). Latrunculin B (F-actin), Nocodazole (microtubules), and EHT 1864 (Rac1/2/3) were also
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modestly more effective when used to block IpLITR 2.6b/IpFcRy-L-mediated phagocytosis (Fig.
4.7A). The inhibitory effects of ML 141 (Cdc42), LY294002 (PI3K), U0126 (MEK1/2), and
BislI (novel PKC isoforms) were similar between the endogenous and IpLITR-dependent
phagocytic pathways and the only drug that was less effective at blocking IpLITR 2.6b/IpFcRy-
L-mediated phagocytosis compared to the endogenous phagocytic activity was the PDK1
inhibitor GSK2334470 (63.4% inhibition of IpLITR 2.6b/IpFcRy-L-mediated phagocytosis vs.
84.6% inhibition of endogenous phagocytic activity; -21.2% difference). When ten-fold reduced
concentrations of each inhibitor were used (Fig. 4.7C; black bars), a significant reduction in the
efficacy was observed and only Latrunculin B, PP2, wortmannin, and G66976 achieved ~25%

inhibition of phagocytosis (i.e. 87.5%, 24.9%, 23.8%, and 38%, respectively).

Differences in the pharmacological profiles between IpLITR 2.6b/IpFcRy-L- and IpLITR
1.1b-expressing cells are revealed when comparing Figure. 4.7A and 4.7B. Unlike what I
observed for IpLITR 2.6b/IpFcRy-L-expressing cells, the majority of the inhibitors tested did not
effectively block the IpLITR 1.1b-mediated phagocytic response (Fig. 4.7B). Latrunculin B
(83.5% inhibition), ER 27391 (30% inhibition), and PP2 (23.7% inhibition) were the only drugs
that caused >25% inhibition of IpLITR 1.1b-mediated phagocytosis. The remaining eleven
inhibitors used all demonstrated <25% inhibitory effects that ranged from 1.5-16.1% inhibition
(Fig. 4.7B). As described above, when the drug concentrations were reduced ten-fold, a
precipitous drop in their inhibitory activities against IpLITR 1.1b-mediated phagocytosis was
observed (Fig. 4.7C). However, the relative magnitude of the reduction was minimal when
compared to IpLITR 2.6b/IpFcRy-L, due in large part to the general ineffectiveness of the higher

doses of each inhibitor against the IpLITR 1.1b-dependent pathway.



80

4.3 DISCUSSION

In this thesis chapter, my major objective was to characterize the unique ITAM-
independent phagocytic pathway regulated by IpLITR 1.1b. Here, I show that IpLITR
2.6b/IpFcRy-L and IpLITR 1.1b execute different intracellular mechanisms for activating the
phagocytic machinery. These experiments were performed using the heterologous expression of
fish immunoregulatory proteins in the well characterized and representative mammalian myeloid
immune cell line, RBL-2H3 cells. By using N-terminal epitope-tagged (e.g. HA) IpLITR
constructs that allow for the expression of I[pLITRs in mammalian immune cells, I have taken
advantage of commercially available antibodies to easily engage and activate these receptors. In
the absence of identified ligands combined with challenges associated with expressing these
proteins in fish cells, this experimental strategy has assisted in defining the fundamental cellular
mechanisms that contribute to the stimulatory and inhibitory actions of IpLITRs and has outlined
their important regulatory roles in diverse innate cell effector responses, including: cytotoxicity,
degranulation, cytokine secretion, and phagocytosis [10—12,187]. However, I cannot exclude the
possibility that miscommunication between the transfected teleost receptors and the RBL-2H3
signaling machinery resulted in the unique phenotype of target acquisition and engulfment
displayed by IpLITR 1.1b-expressing cells, however due to the lack of available experimental
reagents for fish cell lines a mammalian cell-line offers more diversity in the ways to study
IpLITR functional capabilities. However, the data obtained using IpLITR 2.6b/IpFcRy-L-
transfected RBL-2H3 cells strongly suggest that the IpLITR-overexpression approach does allow
for the engagement of conserved signaling effectors that are involved in ITAM-dependent
phagocytic responses. Consequently, while this experimental strategy is not adequate for

drawing direct comparisons between the actions of IpLITRs observed in RBL-2H3 cells and the
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potential in vivo activities of these receptors in fish, my findings do allow for the examination of
IpLITR-mediated phagocytosis in an innate immune cell-type and provides important new
information regarding the signaling potential of two different teleost immunoregulator-types.
Overall based on my findings the phagocytic phenotype for IpLITR-expressing cells is best
described as two separate outputs: 1) activation of the phagocytic process refers to cells that have
captured their targets by initiating the formation of actin-dependent phagocytic cups, and ii)
completion of the phagocytic process refers to any cell that has fully engulfed at least one bead.
Using these two stages of the phagocytic process I was able to comprehensively detail a classical
ITAM-mediated pathway initiated by [pLITR 2.6b/IpFcRy-L and a unique ITAM-independent

pathway regulated by IpLITR 1.1b using flow cytometry and confocal microscopy.

The ITAM-dependent phagocytic response of IpLITR 2.6b/IpFcRy-L-expressing cells
was abrogated at reduced incubation temperatures and was sensitive to known pharmacological
inhibitors of FcR-mediated phagocytosis. Interestingly, unlike its ITAM-containing counterpart,
IpLITR 1.1b-expressing cells were able to trigger a likely actin-dependent phagocytic process at
depressed temperatures as low as 22°C and were refractory to pharmacological inhibitors of the
classical signaling steps involved in FcR-mediated phagocytosis. Detailed analysis of [pLITR-
mediated target interactions also revealed that IpLITR 1.1b-expressing cells have a unique target
acquisition and engulfment phenotype. This phenotype featured the formation of extended
membranous protrusions that captured targets within phagocytic cup-like structures but were
overall less capable of completing the engulfment process. This was remarkably different than
the phagocytic mode utilized by the ITAM-containing [pLITR 2.6b/IpFcRy-L construct, which
was similar to the classical FcR-mediated target engulfment pathway described extensively in

mammals [2,61,62,200,201].
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The similarities in the pharmacological profiles generated for empty vector-transfected
and IpLITR-expressing cells using FBS-opsonized beads suggest that the endogenous phagocytic
response of RBL-2H3 cells was not affected by my transfection protocols or by the stable
expression of IpLITRs in these cells. Pharmacological profiling also indicated that the potency
(% inhibition of phagocytosis) of each selective inhibitor was dependent on the receptor-types
engaged (i.e. the engagement of endogenous receptors for various serum components using FBS-
opsonized beads [29,208] vs. the receptor specific engagement of IpLITRs using aHA mAb-
opsonized beads). Regardless of these differences, if an inhibitor consistently abrogated the
phagocytic responses >25% when compared to their vehicle controls, I considered that the target
of the inhibitor was likely involved in the intracellular network controlling the phagocytic
response. In most cases, this chosen level of effectiveness (i.e. >25% inhibition of phagocytosis)
also correlated with statistically significant differences between the vehicle control and the
inhibitor treatments (Fig. 4.6). Based on these criteria, my data provides the first biochemical
details describing the phagocytic pathway activated by IpLITR 2.6b/IpFcRy-L; which, was
shown to be similar to the ITAM- and PTK-dependent mode of phagocytosis utilized by
mammalian FcRs [103,209,210]. Specifically, inhibition of proximal (Src and Syk), intermediate
(PI3K, PKCo/B1, Cdc42, and Rac1/2/3), and distal (F-actin) mediators of the classical FcR-
dependent phagocytic pathway all effectively abrogated (i.e. >25% inhibition; ranging from 45-
100%) the IpLITR 2.6b/IpFcRy-L-mediated phagocytic response (Fig. 4.7A). As previously
reported, IpLITR 2.6b/IpFcRy-L-mediated phagocytosis was also inhibited at incubation
temperatures below 37°C [36], as was the endogenous pathway used for the engulfment of FBS-
opsonized beads. These results suggest that the ITAM-dependent mode of signaling, as well as

one or more of the signaling steps leading to activation of actin polymerization and membrane
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remodeling, is/are temperature-sensitive. In addition, the marked similarities observed between
IpLITR 2.6b/IpFcRy-L-mediated phagocytosis and the endogenous pathway elicited within the
same mammalian myeloid cell-type indicates that ITAM-dependent phagocytosis in vertebrates

may represent a conserved signaling mode for target engulfment.

In this chapter, I also characterized a unique ITAM-independent pathway for the
activation of phagocytosis that was both phenotypically and pharmacologically distinct from the
ITAM-mediated mode described above. In particular, the I[pLITR 1.1b-mediated phagocytic
pathway was only significantly blocked by treatment with Latrunculin B (prevents F-actin
assembly; 83.5% inhibition), PP2 (targets Src-family kinases Lck and Fyn; 24% inhibition), and
ER 27391 (targets Syk; 30% inhibition) (Fig. 4.7B). These results indicate that the [pLITR 1.1b
phagocytic process is actin-dependent and possibly requires the activity of common membrane-
proximal PTKs; strongly suggesting that tyrosine phosphorylation of the IpLITR 1.1b CYT is
required for the induction of this pathway. However, despite the convergence of IpLITR-
mediated phagocytic processes at the control of actin polymerization dynamics, IpLITR 1.1b
clearly operates independently of several of the key components of the ITAM-dependent
signaling machinery. That said, at this time, I cannot exclude the possibility that IpLITRs share
other signaling molecules that have not been targeted in these pharmacological profiles.
Specifically, other known effectors of the ITAM-independent phagocytic pathway utilized by
CR3 include RhoA, Rho-associated protein kinase, mDia, and myosin II [113,122,211]. Whether
and how these and other molecules may influence the induction and regulation of IpLITR 1.1b-

mediated phagocytosis remain to be tested.

In addition to pharmacological profiling of the intracellular signaling networks involved,

phenotypic assessments of IpLITR-mediated phagocytic phenotypes were also performed using
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confocal microscopy imaging. The flow cytometry-based phagocytosis assay can accurately
differentiate beads that are non-specifically associated with cell membranes from those actively
captured by the membrane using trypsin treatments prior to analysis. Without the trypsin
treatment step, phagocytic outputs increased ~15-20% suggesting that a proportion of beads are
non-specifically associated with cell membranes; these are likely not captured within active
membrane structures such as phagocytic cups. However, since the trypsin treatment step does not
remove beads that are actively captured and/or partially engulfed by cells, the positive
phagocytic events I reported using flow cytometry represents a mixture of completely
internalized beads and/or those that are actively captured in phagocytic cups. Therefore,
accurately quantifying the numbers of captured vs. engulfed beads is not possible using my
standard flow cytometry protocol. Therefore, to more accurately enumerate the ratio of captured-
to-engulfed extracellular targets, I also examined IpLITR-mediated phagocytosis using confocal
microscopy. In general, IpLITR 2.6b/IpFcRy-L-expressing cells contained three or more fully
engulfed beads per cell (Fig. 4.3B and Fig. 4.5B). In comparison, significantly fewer IpLITR
1.1b-expressing cells had completely internalized their targets and, when they did, only a single
bead was found in each cell (Fig. 4.3C and Fig. 4.5D). Interestingly, many IpLITR 1.1b-
expressing cells interacted with beads by extending their membranes around targets and forming
phagocytic cup-like structures, but many of these captured beads were not internalized.
Incomplete target engulfment is indicative of a stalled phagocytic phenotype and was observed
for ~44% of the IpLITR 1.1b-expressing cells examined, but rarely observed for [pLITR
2.6b/IpFcRy-L-dependent target interactions. IpLITR 1.1b-expressing cells also captured some
of the beads along or at the ends of extended membranous protrusions that often resulted in a

single bead being captured/shared by two or more cells. Again, this unique target acquisition
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phenotype was not observed for IpLITR 2.6b/IpFcRy-L-expressing cells. When combined with
my temperature-dependency and pharmacological studies, the discrepancies observed in the
phagocytic phenotypes provides additional evidence that IpLITR 2.6b/IpFcRy-L and IpLITR
1.1b activate distinct cellular modes of phagocytosis. The ITAM-independent IpLITR 1.1b target
acquisition and engulfment pathway may represent a new mode of immunoregulatory receptor-
mediated membrane remodeling required for immune cell-target interactions and reinforces

previous studies demonstrating that certain IpLITRs exhibit functional plasticity [38].

At present, the mechanism(s) controlling an ITAM-independent target acquisition
pathway activated by IpLITR 1.1b are not understood. However, I hypothesize that the proximal
and distal regions of the IpLITR 1.1b CYT may differentially participate in the recruitment and
activation of select phagocytic effectors. Although the specific molecules recruited are not yet
known, this mechanism may be similar to previous findings suggesting that distinct regions of
the IpLITR 1.1b CYT can differentially regulate NK cell killing responses by selective
recruitment of intracellular signaling effectors [12]. Furthermore, in mammals, CR3-mediated
phagocytosis also requires that various adaptors and signaling molecules are recruited to either
the proximal or distal CYT regions in order to facilitate the ITAM-independent recruitment and

activation of RhoA [119].

The distal CYT region of IpLITR 1.1b encodes three tyrosines (Y477, Ya99, and Yso3) that
are embedded within two ITIMs and one immunoreceptor tyrosine-based switch motif [11,13].
The proximal CYT region also contains three more tyrosine residues (Y433, Yas3, and Y4e3) but
these are not found within ITIMs, ITAMs, or switch motifs. Therefore, for [pLITR 1.1b to
activate phagocytosis, my results suggest that it must stimulate actin polymerization and may

require the catalytic activity of the Src and Syk families of intracellular kinases. Furthermore, I
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hypothesize that I[pLITR 1.1b may exist in a primed state causes the facilitating basal or
constitutive coupling to the machinery requisite for target acquisition and phagocytic cup
extension. This could be due to constitutive association with effectors of actin dynamics, which
would be similar to the novel short-circuited phagocytic pathway recently described for
CEACAMS3 that required the non-ca Nck [3,8]. In this model of phagocytosis Nck serves as a
cytosolic adaptor that couples ligand-occupied/bound receptors with a range of intracellular
effectors that influence actin dynamics [212-214]. The recruitment of Nck to CEACAM3
occurred within the proximal CYT region at a phosphorylated tyrosine [3] and was responsible
for recruiting the WAVE2 complex; a highly conserved multimolecular protein complex that is
vital component of the actin polymerization machinery [215]) to the vicinity of the ligand-bound
receptor. In addition to Nck and WAVE2, the CYT region of CEACAMS3 also recruits the GEF
Vav, which is a known activator of the Rho family GTPase, Racl [94]. Activation of Racl
serves as the trigger for the induction of actin polymerization downstream of the Nck-associated
WAVE2 complex [3]. This alternative CEACAM3-mediated phagocytic signaling pathway
efficiently couples target recognition to a rapid phagocytic mode using a minimal set of

intracellular mediators [3] and a similar scenario may exist for [pLITR 1.1b.

The control of actin-driven pseudopod protrusions and phagocytic cup formation by
IpLITR 1.1b illustrates, for the first time, a unique ITAM-independent mechanism for the
activation of phagocytosis by a non-mammalian immunoregulatory receptor. Outside the detailed
examinations of the classical phagocytic receptors FcR and CR3, the knowledge regarding the
dynamic control of intracellular effectors responsible for actin-dependent membrane remodeling
events by immunoregulatory receptors is still limited. Furthermore, how the growing repertoire

of known phagocytic receptors and their associated signaling pathways contribute to the
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conserved innate cellular activities of target capture and engulfment is largely unexplored across
vertebrates. Interestingly, the phagocytic events for IpLITR 1.1b-mediated phagocytosis detailed
here are reminiscent of the known tethering functions described for other mammalian
immunoregulatory receptors [216,217]. Tethering of extracellular targets to the cell surface
assists in the rapid and efficient immobilizing of captured targets by phagocytes, making them
more susceptible to antimicrobial products and/or increasing the likelihood they will be engulfed.
Capturing mobile pathogens may also prevent their dissemination and make them prone to
subsequent engagement by other phagocytic receptors that use robust internalization pathways
such as the ITAM-dependent phagocytic mode described for IpLITR 2.6b/IpFcRy-L. Such a
system by which one receptor is used for efficiently securing targets to the cell surface while
another receptor triggers the phagocytic machinery, would provide a cooperate mechanism for
the capture and engulfment of extracellular targets. This may also be an operational scenario for
IpLITR 2.6/IpFcRy-L and IpLITR 1.1b as their membrane distal and putative ligand binding Ig-
like domains share 91% aa identity. It is therefore possible that, when co-expressed by immune
cells that these two receptor-types serve to tether extracellular targets (IpLITR 1.1b) and
subsequently trigger the internalization process (IpLITR 2.6/IpFcRy-L). However, whether this
process requires opsonin’s such as Ig or direct interactions with extracellular targets cannot be
determined until the ligands of IpLITRs are identified. Nonetheless, multi-receptor systems
further compound the complexity of understanding phagocytic modes by taking into account the
integration of signals from different immunoregulatory receptors during the binding and
internalization of targets. This is an emerging theme that will be important for understanding the

complexity of innate cell phagocytosis, in mammals and across vertebrates.
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FIGURE 4.1
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FIGURE 4.1 Kinetic and temperature dependency of IpLITR-induced phagocytosis.
Phagocytosis assays were performed by incubating 1x10° IpLITR 2.6b/IpFcRy-L- (A) or

IpLITR 1.1b-expressing cells (B) with 4.5-um YG polystyrene beads (3X105) pre-opsonized
with aHA mAb (grey circles) or mouse IgG3 (open squares) for 15, 30, 60, and 90 minutes at

37°C. Samples were then analyzed by flow cytometry and gated to determine the percentage
of phagocytic cells as previously described [36, 38]. a‘p§0.05 when comparing aHA mAb-
opsonized bead and IgG3-opsonized bead phagocytosis at each time-point examined. p<0.05

when comparing 15 min to 30 min aHA mAb-opsonized bead phagocytosis values; **pS0.0S
when comparing 30 min to 60 min aHA mAb-opsonized bead phagocytosis values, and

***pS0.0S when comparing 60 min to 90 min aHA mAb-opsonized bead phagocytosis values.
Grey circles and open squares represent the mean = SEM of four independent time-course
phagocytosis experiments performed. Phagocytosis assays were also performed by

incubating 1x10° IpLITR 2.6b/IpFcRy-L- (C) or IpLITR 1.1b- (D) expressing cells with 4.5-
um YG polystyrene beads (3x105) pre-opsonized with aHA mAb (black bars) or mouse 1gG3

(white bars) for 60 min at 370C, 270C, 220C, 170C, 120C, and 4°C. apSO.OS when comparing
aHA mAb-opsonized bead phagocytosis values at reduced incubation temperatures to control

incubations (i.e. 37 C). bp§0.05 when comparing aHA mAb-opsonized bead phagocytosis
values to the phagocytosis values obtained at 27°C, “p<0.05 when comparing aHA mAb-

opsonized bead phagocytosis values to the phagocytosis values obtained at 22°C, and *pS0.0S
when comparing the aHA mAb-opsonized bead phagocytosis values to the IgG3-opsonized
values at the same temperature. Each bar represents the mean = SEM of eight independent
time-course phagocytosis experiments performed. A percent summary graph is also shown
(E) demonstrating the differential effects of incubation temperature on I[pLITR 2.6b/IpFcRy-
L - and IpLITR 1.1b-mediated phagocytosis.
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FIGURE 4.2 Flow cytometric examination of endogenous RBL-2H3 FBS-induced

phagocytosis. RBL-2H3 endogenous phagocytic activity was assessed through incubation of
FBS-opsonized beads. Either empty vector (A), IpLITR 2.6b/IpFcRy-L (B), or [pLITR 1.1b-

expressing (C) cells were incubated with FBS-opsonized beads (black bars) or non-opsonized
beads (white bars) at either 37°C, 22°C or 4°C and their phagocytic responses were measured

as %phagocytosis. Data shown here is the result of three independent experiment and each

bar represents the mean =SEM.
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FIGURE 4.3
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FIGURE 4.3
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FIGURE 4.3 Confocal imaging analysis of IpLITR-mediated phagocytosis Empty vector-
transfected RBL-2H3 cells (A) and cells expressing IpLITR 2.6b/IpFcRy-L (B) or IpLITR
1.1b (C) were grown on glass coverslips and stained using CellMask™ membrane stain (Life
Techologies). Phagocytosis was then performed as described for the flow cytometric assay

for 60 min at 37°C or 22°C, and the cells were washed with PBS, fixed using 4% PFA, and
then mounted onto glass slides. Cells were imaged with a Laser Scanning Confocal
Microscope (LSCM): Zeiss LSM 710, objective 40X and 60X 1.3 oil plan-Apochromat
(Cross Cancer Institute Microscopy Facility, University of Alberta). Selected images from z-
stack acquisitions are shown as bright field images, merged fluorescence images showing
membrane (red) and YG bead (green spheres) staining. For each column, selected images
from the experimental groups are shown, and these are representatives of three independent
staining experiments performed.
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FIGURE 4.4 Confocal Imaging and 3D rendering of IpLITR 2.6b/IpFcRy-L and
IpLITR 1.1b phagocytic phenotypes. Representative z stack images obtained from Figure
4.3 were used to assess individual cell-bead interactions by generating 3D renders. IpLITR
2.6b/IpFcRy-L-expressing cells were incubated at 37°C (A) or IpLITR 1.1b-expressing cells
were incubated at 37°C (C) or at 22°C (E) with aHA-opsonized beads and cell-bead
interactions for individual cells were examined. These associations were designated into two
categories; phagocytosed beads (arrows) and captured beads (arrowheads). Renders were
generated for IpLITR 2.6b/IpFcRy-L (B) and IpLITR 1.1b-expressing cells (37°C; D, 22°C;
F) from the same experiments from Figure 4.3 and Figure 4.5. In these 3D renders YG beads
(green) that are completely engulfed within the membrane (red) are marked as ®, YG beads
capture are marked as ©, and those YG beads shared between one or more cells are marked
as o0. Beads devoid of symbols indicate an undetermined association with the cell based on
the angle of the rendered image displayed. Not all cells shown in the 3D renders are those
found within the same images shown in Figure 4.3 or Figure 4.4 but were from the same
experiment.
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FIGURE 4.5 Assessment of the phagocytic phenotypes of IpLITR-expressing RBL-2H3
cells. Confocal images obtained in Figure 4.3 were used to enumerate the percentages of
phagocytosed or captured beads for each cell-type. Confocal images of either Empty vector
expressing cells (A), IpLITR 2.6b/IpFcRy-L (B), or IpLITR 1.1b-expressing cells (C) were
used to count the number of cells which had one of three designated bead associates; %beads
phagocytosed (black), %beads captured (grey) or %no beads (white). * References the
number of cells that were enumerated to obtain the percent shown.
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FIGURE 4.6
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FIGURE 4.6
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FIGURE 4.6
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FIGURE 4.6 Pharmacological profiling of endogenous RBL-2H3 FBS-induced
phagocytosis. To examine the endogenous phagocytic activities of the cells used in this study,

1x10° empty-vector transfected RBL-2H3 cells (A), IpLITR 2.6b/IpFcRy-L-expressing cells
(B), or IpLITR 1.1b-expressing cells (C) were incubated with 20% FBS-opsonized 4.5-um

Y G polystyrene beads (3x105) or non-opsonized PBS treated beads (i.e. 0% FBS) for 60 min
at 37°C. In general, prior to incubating the cells with target beads they were pre-treated for 60

min at 37°C with 0.1% v/v DMSO in phagocytosis buffer (vehicle control) or with the
indicated drugs dissolved in DM SO and the drugs were present throughout the entire
phagocytic assay. After 60 min of phagocytosis, cells were treated with ice-cold trypsin
(0.05%) for 15 min, washed, and fixed in 1% PFA. Samples were then analyzed by flow
cytometry. For each pharmacological profile graph the y-axis represents percent inhibition of
phagocytosis. Three levels of drug effectiveness (e.g. 25, 50, and 75% Inhibition of
phagocytosis) are indicated on the graphs with dashed lines.



112
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FIGURE 4.7
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FIGURE 4.7 Pharmacological profiling of IpLITR-specific phagocytosis.
Pharmacological profiling of IpLITR-mediated phagocytosis was also examined by

incubating 1x10° IpLITR 2.6b/IpFcRy-L cells (A) or IpLITR 1.1b cells (B) in the presence of
the same doses of pharmacological blockers used in Figure 4.7 or by using ten-fold reduced
inhibitor concentrations (low dose) (C). For these assays the cells were incubated with either

aHA mAb- or mouse IgG3-opsonized 4.5 um YG polystyrene beads (3x105) for 60 min at
37°C in the presence of each drug.
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FIGURE 4.8
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FIGURE 4.8
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FIGURE 4.8
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FIGURE 4.8 Standard flow cytometry-based assays for pharmacological profiling of
endogenous RBL-2H3 phagocytic activity using serum-opsonized beads. Percent
phagocytosis data for empty vector-transfected RBL-2H3 cells (A), IpLITR 2.6b/IpFcRy-L-
expressing cells (B), and IpLITR 1.1b-expressing cells are shown (C). For each experiment,

transfected cells were pre-incubated for 1 hr at 37°C with 0.1% DMSO (vehicle control) or
with the indicated drug dissolved in DMSO at the concentrations listed in Table 4.1. Pre-
treated cells were then incubated with non-opsonized beads (i.e. 0% FBS) or with serum-

opsonized beads (i.e. 20% FBS) for 1 hr at 37°C in the presence of the indicated drugs. Cells
were then washed, treated with trypsin, and then fixed prior to examination by flow
cytometry as described (36, 38). Each bar represents the mean £ SEM of at least four

individual blocker studies performed for each drug tested and *pS0.0S when comparing
blocker treated cells (grey bars) to vehicle control cells (black bars) for each drug.
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FIGURE 4.9
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FIGURE 4.9
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FIGURE 4.9
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FIGURE 4.9
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FIGURE 4.9 Standard flow cytometry-based assays for pharmacological profiling of
IpLITR-induced phagocytosis using tHA mAb-opsonized beads. The percent
phagocytosis data for [pLITR 2.6b/IpFcRy-L-expressing cells treated with standard (A) and
low doses of selective pharmacological blockers (B), and for IpLITR 1.1b-expressing cells
treated with standard (C) and low doses of blockers (D) are shown. Standard drug
concentrations refer to the same doses used in the FBS bead assays and low doses are ten-
fold reductions of these concentrations as listed in Table 4.1. For each experiment, [pLITR-

expressing cells were pre-incubated for 1 hr at 37°C with 0.1% DMSO (vehicle control) or
with the indicated drug dissolved in DMSO. Pre-treated cells were then incubated with aHA

mAb-opsonized beads or with IgG3-opsonized beads for 1 hr at 37°C in the presence of the
indicated drugs. Cells were then washed, treated with trypsin, and then fixed prior to
examination by flow cytometry as described (36, 38). Each bar represents the mean + SEM

of at least three individual blocker studies performed for each drug tested and *pS0.0S when
comparing blocker treated cells (grey bars) to vehicle control cells (black bars) for each drug.
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% Inhbition of Phagacytoss % Inhbition of Phagocytosis
Drug Intracellular Target dose W] IpUTR26b  IplTRLL [dose yM][ IpUTR26b  IpLTR 1L
Latrunculin B{Actin polymerization B | 084:45  BS:3 | 45 | @SS 6LL:38
GSK 2334470 |- hsophonostide-dependent proten kiase POK1) 0| et w1028 | 30 | 12617 4
MLI4L  (Cded2 GTPose E)) MEd) 126451 | W0 39158 -B6tR0
PR Sc-fomily ryrosine kingses 0 | Mixd0  B7:00 | W0 | M9:66  14:4T
Wortmannin | shosphatidylinositol 3-kinase (Pl -kinase), MLCK, DNA-PK 01 | 807:4F  S2:41 | OO0 | 288:21  -l4:d3
Y294002  |phosphaticylinositol -4inase (Pl -inose), mTOR ONAPK | 10 | 462261  42:49 | 10 | 80:49  -40:184
EHT 1864 (Inhibitor of Roc fomily GTPoses 0| B7:58 2531 | 80 | BI:lE -42:6d
Akt b VI {Inhibtor of Akt1, Akt2, ond Akt3 0 | 8534 73:36 | 20 | -3:lT 2014
Go376  |Conventional Protein kinose C (PKC)infbitor; PCeond PKCBT | 10 | 70280 2246 | 02 | 38061  -18:43
ER27391 |5y kinose 80| 67:18  00:48 | 80 | -A7:5) -ND:b)
V0126 (MAP kinose kinase; inhibits MEK- and MEK-2 10 100457 43131 10 | <0618 <054l
Bisl Novel (6, 3 n, €) and conventional (g, 61) PXC isoforms 05 | 129:83  15:34 | 005 | -SAzdd -23:d0
KBSRCA | cSrc-fomily tyrosine kinases 10 | R2:50  B2:36 | L0 | -55:R5 -13:58
Nocodazele |Microtubules 01 | W0:49 136262 | 001 | 0785  -17:d8

Table 4.1 List of pharmacological drug names, targets, doses and %inhibition of
IpLITR-mediated phagocytosis.
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CHAPTER V

TRYPSIN DIFFERENTIALLY MODULATES CHANNEL CATFISH LITR
EXPRESSION LEVELS AND PHAGOCYTIC FUNCTIONS

A version of this chapter has been published:

Lillico et al. 2016., Trypsin Differentially Modulates the Surface Expression and Function of
Channel Catfish Leukocyte Immune-Type Receptors. Dev Comp Immunol. 65: 231-244.

5.1 INTRODUCTION

Results from chapter IV of this thesis showed that [pLITRs appear to selectively engage
distinct components of the phagocytic process resulting in unique target capture and engulfment
phenotypes. Specifically, when stably expressed in RBL-2H3 cells, the ITAM-containing
construct IpLITR 2.6b/IpFcRy-L stimulated phagocytic activities that were abrogated at sub-
optimal incubation temperatures and by pharmacological inhibitors of the classical signaling
components of the mammalian FcR-dependent phagocytic pathway. In comparison, although the
ITIM-containing receptor IpLITR 1.1b also induced phagocytosis through an actin-dependent
mechanism, this process was insensitive to most of the pharmacological inhibitors tested and
remained functional at temperatures as low as 22°C. IpLITR 1.1b also elicited a unique target
acquisition phenotype that consisted of complex membranous protrusions that captured targets in
phagocytic cup-like structures but often failed to completely engulf them. These findings suggest
IpLITRs that associate with ITAM-containing adaptors can engage conserved components of the
phagocytic machinery to engulf extracellular targets; whereas, IpLITR 1.1b displays a stalled
phagocytic phenotype that is likely dependent on the selective recruitment of the minimal

molecular machinery required for target capture. Overall, this provides new information
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regarding the target acquisition and internalization mechanisms involved in controlling the

vertebrate phagocytic response.

Since IpLITR 1.1b-phagocytosis was not affected using a range of pharmacological
blockers or at reduced incubation temperatures, it was not possible to selectively inhibit its
ability to induce target capture and engulfment. In this chapter I used the protease trypsin to
selectively cleave IpLITR 1.1b from the cell surface. I also tested the hypothesis that the shorter
construct IpLITR 2.6b/IpFcRy-L (two extracellular Ig-like domains) would be resistant to
trypsin-mediated cleavage whereas the four Ig-domain containing IpLITR 1.1b protein would be
sensitive to this enzyme. Selective removal of IpLITR 1.1b from the surface of stably transfected
RBL-2H3 cells using trypsin would then allow me to specifically block and subsequently verify
that the surface expression of IpLITR 1.1b is requisite for the unique target acquisition and

engulfment phenotype that I reported in chapter I'V.

Proteolysis has already been shown to selectively influence the phagocytic activity of
innate immune cells through targeting of immunoregulatory receptor proteins. For example, in
humans the high-affinity IgG receptor (FcyRI; CD64) is cleaved from the surface of
macrophages by trypsin, whereas the low-affinity IgG receptor (FcyRII; CD32) is insensitive to
trypsin-mediated processing [218,219]. FcyRIIb is also shed from the surface of activated human
neutrophils [220-222], although the enzymes required for these cleavage events vary depending
on the agonists used and can involve both metalloproteinases as well as serine proteases [223].
Trypsin has also been shown to inhibit mannose receptor (MR)-mediated phagocytosis due to
targeted cleavage of the receptor ectodomains, resulting in the rapid internalization and
degradation of MR. This process is suggested to down-regulate receptor activation in the

protease-rich environment produced at inflammatory sites [224]. During the chronic
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inflammation associated with cystic fibrosis and bronchiectasis, neutrophil-derived elastases
selectively cleave phosphatidylserine receptors, but not CD32, to significantly reduce the ability
of macrophages to clear apoptotic bodies [225]. Reduced clearance of apoptotic cells also occurs
in damaged heart tissue due to the unique ability of human cardiomyocytes to directly influence
macrophage phagocytic activities via the secretion of proteases [226]. Altogether, these
examples illustrate the important role that endogenous proteases play in the regulation of
receptor-mediated phagocytosis. However, the cellular mechanisms underlying the potent
immunomodulatory properties of proteases, and in particular selectivity for immunoregulatory

receptor subtypes, are not well understood.

In this chapter, I examined the effects of the serine protease trypsin on IpLITR-mediated
phagocytosis. The ectodomains of [pLITRs are distantly related to a variety of mammalian Ig
superfamily members, including those that belong to the FcR family [16,187,190,227]. Like
mammalian FcR proteins, IpLITR 2.6b/IpFcRy-L and IpLITR 1.1b also vary in their ectodomain
compositions: IpLITR 2.6b/IpFcRy-L has two Ig-like domains (D1 and D2), while IpLITR1.1b
contains four Ig-like domains (D1, D2, D3, and D4). Early studies of mammalian FcR subtypes
determined that protease sensitivities varied considerably depending on FcR ectodomain
compositions [228]. Specifically, FcyRI is cleaved by trypsin due to its unique membrane
proximal D3 region, whereas the low affinity FcyRII contains only D1 and D2 and is not
sensitive to trypsin [228]. Therefore, I predict that IpLITR 1.1b will be selectively cleaved by
trypsin treatments resulting in reduced surface expression levels of this protein. Using this
approach, I will be able to show for the first time that [pLITR 1.1b-mediated control of a unique
phagocytic phenotype can be altered using trypsin as a surrogate and selective ‘inhibitory’

reagent when compared to IpLITR 2.6b/IpFcRy-L-expressing cells.
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In this chapter I present results showing that trypsin selectively reduced IpLITR 1.1b cell
surface expression levels and phagocytic activity in a dose-dependent manner. I also observed a
significant alteration of the IpLITR 1.1b phagocytic phenotype post-trypsin exposure; whereas,
the IpLITR 2.6b//IpFcRy-L-mediated target engulfment phenotype was unchanged. Trypsin
recovery experiments also show that trypsin-induced inhibition of IpLITR 1.1b-dependent
phagocytosis was reversible and that the re-establishment of phagocytic function was associated
with re-expression of IpLITR 1.1b on the cell surface. Taken together, these results reveal a
unique role for trypsin as a selective modulator of IpLITR-mediated phagocytosis and also
demonstrate how receptor-specific regulation of immunological responses can be differentially

controlled by extracellular proteases using a fish model receptor model of phagocytosis.

5.2 RESULTS

5.2.1 Effects of trypsin treatment on IpLITR cell surface expression and function

In the absence of a trypsin pre-treatment (i.e. 0 uM), IpLITR 1.1b- and IpLITR
2.6b/IpFcRy-L-expressing RBL-2H3 cells demonstrated 72.2% and 30.7% phagocytic activity,
respectively (Fig. 5.1A and 5.1B). Trypsin exposures prior to incubations with target beads
caused a striking reduction in the % phagocytosis for IpLITR 1.1b-expressing cells (Fig. 5.1B).
Specifically, 20 uM, 2 uM, 1 uM, 0.5 uM, and 0.25 uM trypsin exposures resulted in a dose-
dependent inhibition of the IpLITR 1.1b-mediated phagocytic responses, ranging from 85.6% to
28.1% inhibition respectively; but lower doses of trypsin (i.e. 0.125-0.03125 uM) had no
significant effect. Conversely, when IpLITR 2.6b/IpFcRy-L-expressing cells were pre-treated
with the same trypsin doses, no significant inhibition of phagocytosis was observed (Fig. 5.1A).
Trypsin treatments also had no effect on the phagocytic activity of RBL-2H3 cells when FBS-

opsonized beads were used as targets to trigger endogenous engulfment pathways (Fig. 5.1C).
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The expression of IpLITRs was also differently affected by trypsin treatments (Fig.
5.2A). Specifically, the surface staining profile for IpLITR 1.1b was significantly reduced after a
2 uM trypsin exposure due to an apparent loss of IpLITR 1.1b surface expression (Fig. 5.2A).
These data were quantified as a reduction in the aHA MFI staining values of IpLITR 1.1b from
~614 (0 uM) to ~27 (2 uM); and although the control aHA MFI (~144) for IpLITR 2.6b/IpFcRy-
L was significantly lower than IpLITR 1.1b, it was not affected by trypsin pre-treatments (Fig.
5.2A). To directly compare the MFI values and the associated effects of trypsin, the fold change
in MFI for both receptors are reported in Figure 5.2B. This shows that the surface expression
levels of IpLITR 1.1b were reduced from ~36-fold to ~5-fold at trypsin concentrations ranging
from 20 uM to 0.5 uM (Fig. 5.2B; grey bars). However, lower trypsin concentrations (i.e. 0.25-
0.03125 uM) had no significant effect on IpLITR 1.1b expression levels (Fig. 5.2B; grey bars).
Finally, imaging of the aHA stained cells at the representative trypsin pre-treatment dose of 2
UM confirmed that IpLITR 1.1b-expressing RBL-2H3 cells displayed an observable reduction in
IpLITR 1.1b surface staining when compared to IpLITR 2.6b/IpFcRy-L, which was not affected
(Fig. 5.2C and 5.2D). It is important to note that for microscopy, the 20 uM dose of trypsin was

not examined since this concentration readily removed cells from the coverslips.

5.2.2 IpLITR 1.1b-mediated target capture and engulfment phenotype is significantly

altered by trypsin

As I have described in chapter IV, IpLITR 1.1b-expressing cells display a unique
phagocytic phenotype that consists of few fully internalized targets, but many more cells with
captured beads at the ends of extended membranous protrusions and/or associated with the
plasma membrane in stalled phagocytic cup-like structures. An overview of this phenotype is

shown in Figure 5.3A (top panel) for IpLITR 1.1b-expressing cells that were not pre-exposed to
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the trypsin enzyme (0 uM). Individual cells (c1-c6) are indicated in this single representative z-
stack image showing several cell (red) and target bead (green) interactions. In Figure 5.3A
(bottom four panels), cell-bead interactions are also shown as 3D reconstructed images that were
rendered from individual z-stacks. In these images it is shown for example that cell #1 (c1) has
internalized three target beads. This cell has also captured a bead at the end of a membranous
extension, and two other targets (green) are shared with ¢2; which itself has also completely
engulfed two beads, along with an individual bead captured on its surface (Fig. 5.3A).
Phagocytic cup-like structures are evident for c5, whereas c3 and c4 display a unique target
capture and engulfment phenotype that features extended membranous protrusions. When
compared to these control images, IpLITR 1.1b-expressing RBL-2H3 cells pre-treated with 2
UM trypsin, demonstrated a dramatic alteration in their overall phagocytic phenotype (Fig. 5.3B).
In the representative z-stack image (Fig. 5.3B, top panel), most target beads appear in close
proximity to the cells (c1-c5), with only ¢3 appearing to have fully phagocytosed a single bead.
Furthermore, the general lack of extended membrane protrusions is evident. As described above,
3D renders were examined to precisely visualize each cell-bead interaction after enzyme
exposure (Fig. 5.3B; bottom panels). In the examples provided, cl has no internalized beads but
five targets are present on its surface, while c2 has two visible membranous extensions but the
beads are not captured at their ends and another bead appears to be partially engulfed. c3 has
engulfed one bead completely, with two others on its surface, and c4 as well as c5 have only
surface-attached beads. Overall, for IpLITR 1.1b there are visually discernable differences
between the phagocytic phenotype of untreated control cells when compared with trypsin-treated
cells. IpLITR 2.6b/IpFcRy-L-expressing RBL-2H3 cells were also imaged after a 2 uM trypsin

pre-treatment (Fig. 5.3C). In comparison, these images detailing several cell-bead interactions
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(c1-c11) show no alteration in the overall phagocytic phenotype for this IpLITR-type as the
majority of the IpLITR 2.6b/IpFcRy-L-expressing cells have completely engulfed three or more
target beads. This reinforces that trypsin treatment does not alter IpLITR 2.6b/IpFcRy-L-

mediated phagocytic activity.

5.2.3 Trypsin-mediated effects on IpLITR 1.1b expression and function are reversible

To examine if the loss of IpLITR 1.1b surface expression following trypsin treatment was
reversible, I examined cells immediately after trypsin treatment and compared them with cells 2
hrs post-trypsin exposures. As shown in Figure 5.4, IpLITR 1.1b-expressing RBL-2H3 cells
examined immediately after trypsin treatment (i.e. 0 hrs recovery) displayed a dose-dependent
decrease in IpLITR 1.1b surface staining (Fig. 5.4A). However, when IpLITR 1.1b-expressing
cells were incubated in trypsin-free media for 2 hrs, a significant recovery of IpLITR 1.1b
surface expression was observed (Fig. 5.4B). Although complete recovery of IpLITR 1.1b
surface staining was not achieved, there was clearly a rebound of IpLITR 1.1b surface expression

when trypsin was removed.

Post-recovery, the phagocytic activity of IpLITR 1.1b-expressing cells was also tested to
determine if the recovery of IpLITR 1.1b surface expression correlated with a gain-of-function.
As shown in Figure 5.4C, IpLITR 1.1b-expressing cells that were incubated for 2 hrs after
enzyme exposures demonstrated a significant recovery in their phagocytic activity when
compared to cells tested immediately following trypsin treatments. Notably, cells treated with 2
uM trypsin showed the greatest recovery in phagocytic function (69.5% increase in phagocytic
activity); whereas, 1 uM and 0.5 pM trypsin-treated cells had 39.5% and 26% increases in their

phagocytic activities, respectively, relative to controls (Fig. 5.4C).
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5.2.4 Biochemical examination of trypsin-exposed RBL-2H3 cells reveals receptor-

selective modification of IpLITR 1.1b

RBL-2H3 whole cell lysates prepared from trypsin-treated cells were immunoprecipitated
with the aHA mAbD in order to examine the relative amounts of IpLITR proteins across trypsin
treatment regimes. As expected, when aHA immunoprecipitations were performed from empty
vector control RBL-2H3 cells no specific protein bands were observed (Fig. 5.5A). However,
immunoprecipitations from IpLITR 1.1b-expressing RBL-2H3 control lysates (i.e. 0 uM trypsin)
produced an immunoreactive band at ~70 kDa as well as a smaller protein band at ~60 kDa (Fig.
5.5B; 0 um lane). The ~70 kDa band identified at 0 uM trypsin samples is suspected to be the
mature form of [pLITR 1.1b which includes likely post-translational modifications as based on
amino acid sequence alone IpLITR 1.1b should be ~60 kDa. The ~60 kDa bad identified I
suspect to be the un-modified or immature form of IpLITR 1.1b as this size correlates with the
predicited size of IpLITR 1.1b based on amino acid sequence prior to any modifications during
occurring during surface expression. Following treatment with 0.5 uM trypsin, a similar banding
pattern was observed, but with relatively more of the ~60 kDa band appearing (Fig. 5.5B; lane 2;
0.5 pm lane). When IpLITR 1.1b-expressing cells were treated with 1 uM or 2 pM of trypsin the
70 kDa band was no longer detected while the 60 kDa band was still clearly visible (Fig. 5.5B; 1
pm and 2 uM lanes). If the IpLITR 1.1b-expressing cells were allowed to recover for 2 hrs after
trypsin exposures, the major band observed in all lanes was the 70 kDa protein with very little of
60 kDa detected (Fig. 5.5C). In addition, the relative amount of the 70 kDa protein appeared to
decrease at increasing trypsin concentrations. In complementary experiments, I also tested the
effects of trypsin digestion directly on the IpLITR 1.1b recombinant protein by first purifying the

receptor by immunoprecipitation and then treating it with 2 uM trypsin (Fig. 5.5D). Results of
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this experiment showed that the effect of trypsin on the cell surface expressed IpLITR 1.1b (Fig.
5.5B) was no different than what I observed for the purified recombinant protein, which
converted from a 70 kDa to a 60 kDa form after enzyme treatment (Fig. 5.5D). I then assessed
whether or not the apparent difference in sizes of the IpLITR 1.1b immunoreactive bands were
due to a post-translational modification. In particular, I examined the O-linked glycosylation
status of IpLITR 1.1b to determine if the mature receptor modification observed for trypsin could
be similarly achieved using an endoglycosidase. Both IpLITR 1.1b-expressing cells (Fig. 5.5E)
as well as immunoprecipitated [pLITR 1.1b protein (Fig. 5.5F) were treated with O-glycosidase,
which showed that targeted removal of putative O-linked sugars on IpLITR 1.1b did not cause a
size shift of the protein unlike what was observed following trypsin exposures (Fig 5.5B and
5.5D). However, based on these results alone I am unable to definitively identify if O-linked or
perhaps some other form of post-translational modification is associated with the effects
observed for IpLITR 1.1b-expression when exposed to trypsin. Finally, when
immunoprecipitations were performed from the IpLITR 2.6b/IpFcRy-L-expressing RBL-2H3
cellular lysates, an ~30 kDa band was detected with a slightly smaller and fainter band observed
just slightly below (Fig. 5.5G). Unlike what was shown for IpLITR 1.1b, trypsin did not appear
to alter the banding pattern observed in IpLITR 2.6b/IpFcRy-L-expressing cells (Fig. 5.5G).
Combined with the relative insensitivity of IpLITR 2.6b/IpFcRy-L-mediated phagocytosis to

trypsin treatment, recovery experiments were not performed for this IpLITR protein.

5.2.5 Immunoprecipitation of IpLITR 1.1b from trypsin-exposed RBL-2H3 cells identifies

a mature cell surface protein and a putative intracellular form

Since immunoprecipitations performed using whole cell lysates cannot differentiate

between cell surface and intracellular IpLITR 1.1b protein forms, I repeated the aHA
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immunoprecipitations using IpLITR 1.1b-expressing cells that had their surface proteins
selectively biotinylated (Fig. 5.6). Subsequently, following the aHA pull-downs, streptavidin
(SA)-HRP reagent was then used to differentiate cell-surface biotinylated proteins from non-
biotinylated intracellular proteins. First, control experiments using empty vector RBL-2H3 cells
revealed one major surface protein at ~50 kDa (indicated by the asterisk; Fig. 5.6A). Importantly,
this unidentified protein is very close in size to the ~60 kDa immunoreactive IpLITR 1.1b
species described above; however, in relationship to the ~60 kDa IpLITR 1.1b form, this non-
specific surface protein could easily be tracked as it consistently migrated below the 55 kDa
marker. Several other cell-surface proteins were also detected from the control RBL-2H3 cell
lysate, but these bands, along with the 50 kDa protein were not detectable when the cells were
treated with trypsin above 0.5 uM (Fig. 5.6A). In addition to the 50 kDa non-specific protein
(identified by an asterisk), a 70 kDa biotinylated protein was also immunoprecipitated from the
surface of IpLITR 1.1b-expressing cells (Fig. 5.6B; 0 uM). Although the non-specific 50 kDa
band disappears following treatment with 0.5 uM trypsin, the 70 kDa biotinylated protein
remains and no smaller IpLITR 1.1b species are detectable. Interestingly, the higher trypsin
concentrations of 1 pM and 2 uM completely eliminated the 70 kDa biotinylated protein. Once
again, unlike whole cell lysates immunoprecipitated with tHA mAb, I did not detect an
immunoreactive 60 kDa band in biotinylated protein lysates. When the IpLITR 1.1b-expressing
RBL-2H3 cells were allowed to recover for 2 hrs after enzyme treatments, the biotinylated 70
kDa protein, as well as several other proteins, were observed in all lanes (Fig. 5.6C). Overall,
these results provide evidence for the possible translocation of IpLITR 1.1b into cells following

exposure to trypsin
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5.2.6 Flow cytometry and confocal imaging experiments further reinforce that trypsin

treatment promotes the translocation of IpLITR 1.1b into the cell

To determine if the loss of IpLITR 1.1b surface expression following trypsin treatment
was in fact due to its internalization, I once again used aHA mAb staining to detect surface
expressed IpLITR 1.1b using flow cytometry. As shown in Figure 5.7A, without a
permeabilization step, IpLITR 1.1b levels are significantly reduced following treatment of the
cells with 2 uM trypsin. In this scenario, the loss of surface expression could be due to cleavage
of the receptor from the cell surface and/or its translocation into the cell. Since my biochemical
findings suggest that trypsin appears to induce IpLITR 1.1b internalization, flow cytometry was
then also performed on permeabilized cells to allow for the detection of both surface expressed
and intracellular HA-tagged IpLITR proteins. As shown in Figure 5.7B, this approach shows that
the observed reduction in IpLITR 1.1b surface staining using non-permeabilized cells (Fig. 5.7A)
is significantly mitigated when intracellular IpLITR 1.1b is made available by permeabilization.
Overall, this suggests that increased intracellular translocation of IpLITR 1.1b following trypsin
exposure, leads to the higher staining levels following permeabilization (Fig. 5.7B). Then using
confocal imaging, I also observed that without permeabilization, trypsin treatment (2 uM) caused
significant reduction in the surface expression levels of [pLITR 1.1b, which can be readily
observed as the loss of green staining around the periphery of the cells (Fig. 5.7C). However,
when the cells were permeabilized prior to confocal imaging, I observed a dramatic alteration in
the staining pattern in cells that were exposed to 2 pM trypsin. This featured an apparent
translocation of the intense peripheral IpLITR 1.1b staining to a more diffuse intracellular pattern
(Fig. 5.7D). Overall, this provides further evidence that IpLITR 1.1b may be translocated

internally following exposure of the cells to trypsin.
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5.3 DISCUSSION

Proteases are important regulators of inflammation through both direct and indirect
modulation of cell surface immunoregulatory receptors. In this chapter, I examined the effects of
trypsin on the surface expression and function of two teleost phagocytic immunoregulatory
receptor-types, IpLITR 2.6b/IpFcRy-L and IpLITR 1.1b. My results demonstrate that these
representative IpLITR subtypes are differentially susceptible to trypsin-dependent proteolysis,
which is likely dependent on unique features of their extracellular receptor ectodomains.
Specifically, trypsin potently inhibited IpLITR 1.1b-mediated phagocytosis, which closely
correlated with a reduction in the surface expression of this protein. In comparison, cell surface
expression and phagocytic activity of IpLITR 2.6b/IpFcRy-L was trypsin-insensitive at all of the
doses tested. Demonstrating that a serine protease can selectively alter the ability of two closely
related immunoregulatory receptor variants to couple with the phagocytic signaling machinery
represents an interesting aspect of enzyme-mediated and receptor-selective regulation of innate

immune cell effector response.

Following trypsin exposures, I did not observe non-specific effects on RBL-2H3 cell
viability, morphology, or any other general perturbations of phagocytic signaling ability. The
RBL-2H3 cells used in my studies effectively internalized serum-opsonized beads after trypsin
treatments, demonstrating that their endogenous phagocytic functions remained intact.
Furthermore, the selective inhibition of IpLITR 1.1b-mediated phagocytosis by trypsin was
reversible and correlated with the recovery of receptor expression on the cell surface. Trypsin-
sensitive and IgM-selective FcRs on human T-cells require 12 hrs recovery before receptor
expression levels return to control levels; however, increases in FCR mRNA expression were

observed as early as 2 hrs post-protease treatment [229]. For FcRs, recovery of their functions
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was completely abolished by treatment with general inhibitors of protein translation; indicating
that de novo synthesis of FcR was the major source of the newly expressed receptors. Unlike
IgM-binding FcRs, the phagocytic activity of MRs expressed by human macrophages rapidly
recovers within 10 min post-trypsin treatment [ 183]. However, the majority of the cell surface
MRs expressed following enzyme exposure were derived from recycling endosomes rather than
as a result of newly synthesized receptor proteins [183]. In comparison to the time course
established from these studies, my results suggest that the recovery of IpLITR 1.1b surface
expression and associated function at 2 hrs likely relies in part on receptor trafficking from
within the endomembrane system, however, since complete recovery of surface expression and
phagocytic activity was not achieved, my findings do not exclude a role for de novo receptor
synthesis. Understanding the precise cellular mechanisms involved in IpLITR 1.1b re-

sensitization following trypsin treatments will require further experiments.

My confocal microscopy results revealed a dramatic alteration in how IpLITR 1.1b-
expressing cells interacted with target beads following trypsin treatment (Fig. 5.3A and 5.3B).
Specifically, trypsin-treated IpLITR 1.1b-expressing cells rarely displayed fully internalized
beads and they had a significant reduction in the number of beads captured in phagocytic cups or
at the ends of membranous protrusions; in fact, most of the beads appeared to be located adjacent
to cells but not bound in membrane-based structures (Fig. 5.3B). However, unlike IpLITR 1.1b-
expressing cells, the phagocytic phenotype did not change for IpLITR 2.6b/IpFcRy-L-expressing
cells exposed to the highest concentration of trypsin (Fig. 5.3C); reinforcing the specificity of
trypsin-mediated effects on IpLITR 1.1b-mediated phagocytic activity. These findings suggest
that extracellular proteases can selectively alter the ability of IpLITRs to uniquely alter the

remodeling of cellular membranes during the process of extracellular target capture and
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engulfment. This also indicates that the yet to be deciphered IpLITR 1.1b-mediated phagocytic
signaling pathway(s) promote the formation of extended cellular protrusions not readily observed

for IpLITR 2.6b/IpFcRy-L.

Trypsin treatment also significantly reduced IpLITR 1.1b surface expression, suggesting
that the proteolytic activity of trypsin may cleave IpLITR 1.1b from the cell surface. However,
my data clearly show that IpLITR 2.6b/IpFcRy-L is resistant to trypsin-dependent cleavage. This
demonstrates a novel aspect of immunoregulatory receptor regulation; especially considering that
both IpLITRs have multiple predicted trypsin-sensitive cleavage sites throughout their
ectodomains [230]. However, the extracellular compositions of these two receptors are not
identical as IpLITR 2.6b consists of only two extracellular Ig-like domains, D1 and D2, whereas
IpLITR 1.1b has four, D1-D4. Since the membrane-distal D1 and D2 domains of these receptors
share ~95% amino acid identity, I hypothesize that trypsin may target the unique membrane
proximal D3 and/or D4 regions of IpLITR 1.1b to remove this protein from the cell surface,
however, repeated attempts to detect soluble forms of IpLITR 1.1b after immunoprecipitation
with aHA antibodies from the cellular supernatants of trypsin-exposed cells were unsuccessful.
These data suggest that trypsin may not actually cleave this receptor from the cell surface, but
that trypsin may induce a conformational change in IpLITR 1.1b structure that stimulates
removal of the receptor from cell surface through regulated endocytosis. It has already been
reported that [pLITRs are rapidly internalized after antibody-mediated cross-linking due to
classical endocytic events [12]. My data provides no direct evidence that the trypsin-mediated
reduction in cell surface IpLITR 1.1b expression occurs due to clathrin-dependent or -
independent endocytosis. However, based on the lack of degradation products in my co-

immunoprecipitation assays (would be indicitative of multiple cleavage sites on IpLITR 1.1b), I



139

support the alternative perspective that proteases may also selectively modulate
immunoregulatory receptor functions by inducing signaling events from within the

endomembrane system.

The hypothesis that trypsin triggers the endocytosis but not cleavage of IpLITR 1.1b is
further supported by my immunoprecipitation and cell-surface biotinylation experiments.
Specifically, I showed that increasing concentrations of trypsin altered the co-
immunoprecipitation profile of IpLITR 1.1b, which was not observed for IpLITR 2.6b/IpFcRy-L.
Specifically, without typsin exposures IpLITR 1.1b predominantly appears as an ~70 kDa band
when immunoprecipitated from cellular lysates, with a minor band also evident at ~60 kDa.
Since the predicted size of the IpLITR 1.1b construct is 57.5 kDa, I propose that the smaller 60
kDa form detected on the blots is most likely the native version of the receptor whereas the ~70
kDa form represents the modified and surface-expressed mature receptor form. A plausible,
however yet to be completely tested, explanation for the ~10 kDa size difference between the
immature and mature versions of this receptor is due to the post-translational modification of the
receptor through glycosylation events [231]. However, the electrophoretic mobility of the mature
~70 kDa form of IpLITR 1.1b was not changed when cells (Fig. SE) or the immunoprecipitated
receptor (Fig. 5F) were treated with O-glycosidase suggesting that [pLITR 1.1b glycosylation is
not likely responsible for the ~10 kDa size difference observed. In addition, if [pLITR
2.6b/IpFcRy-L is also glycosylated, the extent of these post-translational modifications does not
significantly adjust the size of the protein as the native IpLITR 2.6b/IpFcRy-L protein is
predicted at ~30 kDa, which closely matches the predominant size observed following

immunoprecipitations from control and trypsin-exposed cells.
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Based on the observed protein banding patterns of IpLITR 1.1b forms pre- and post-
trypsin treatments it is possible that a trypsin-sensitive post-translation modification may be
selectively removed from the receptor. For example, when IpLITR 1.1b-expressing RBL-2H3
cells were treated with 0.5 uM trypsin, I observed a 70 kDa band as well as a relative increase in
the intensity of the 60 kDa band. At doses of 1 and 2 uM trypsin, the 70 kDa band is
dramatically reduced while the 60 kDa band remained as the major immunoreactive protein. This
suggests that increasing concentrations of trypsin modify the IpLITR 1.1b protein from a mature
70 kDa form to a native 60 kDa form possibly via the selective removal of a functionally-
relevant post-translational modification, which as described above, is unlikely to be O-linked
glycosylation. Interestingly, when the cells were allowed to recovery for 2 hrs following trypsin
exposure, the predominant product that was immunoprecipitated from the cellular lysates was
one again located at 70 kDa. This occurred at all trypsin doses tested but the relative amounts of
IpLITR 1.1b detected per lane were proportionately reduced at increasing enzyme
concentrations. Overall, these results show a clear correlation between the presence of the mature
IpLITR 1.1b protein band at 70 kDa with optimal surface expression as well as phagocytic
function. Furthermore, as demonstrated by the recovery of IpLITR 1.1b-mediated phagocytic
function, trypsin removal facilitates the re-emergence of IpLITR 1.1b on the cell surface, a gain

of phagocytic activity, and the reappearance of the 70 kDa mature protein.

In support of my hypothesis, immunoprecipitation of IpLITR 1.1b from cellular lysates
after trypsin exposure indicates that this receptor is likely associated with internal membranes
and not likely shed into the supernatant by proteolysis. To further differentiate cell-surface from
internalized receptors, I selectively biotinylated proteins on the cell surface of IpLITR 1.1b-

expressing RBL-2H3 and repeated the immunoprecipitation experiments (Fig. 5.6). Using
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streptavidin-based detection, cell surface (i.e. biotinylated) and intracellular IpLITR 1.1b forms
(i.e. non-biotinylated) could be differentiated before and after trypsin exposures. These
experiments support that the predominant surface form of IpLITR 1.1b is the mature 70 kDa
protein, which is clearly present in the control (0 uM) and 0.5 uM trypsin-exposed cells (Fig.
5.6B). However, the mature receptor form was not detected within the biotinylated fraction after
the cells were exposed to trypsin doses of 1 uM and 2 uM (Fig. 5.6B). The putative immature
IpLITR 1.1b protein (60 kDa) was also not detected as a biotinylated protein in all treatment
groups, including cells that were not exposed to trypsin (Fig. 5.6B). By comparing the
biotinylation results with the banding patterns from immunoprecipitation experiments using the
whole cell lysates shown in Figure 5.5B, my results suggest that the immature form (60 kDa) of
IpLITR 1.1b is not present on the cell surface. Overall, these data indicate that IpLITR 1.1b
exists as trypsin-sensitive cell surface 70 kDa protein that is likely internalized following
exposure to concentrations of trypsin ranging from 0.5 uM to 2 uM. However, this intracellular
form of IpLITR 1.1b was not detected in my initial flow cytometric and confocal experiments.
Therefore, I used a different fixation/staining approach to determine if trypsin induced IpLITR
1.1b internalization. This was performed by simply PFA fixing the trypsin-exposed cells prior to
aHA staining, which causes increased permeability of the cells compared to staining for IpLITR-
expression using non-fixed live cells. Comparatively, by performing fixation first, trypsin-
exposed IpLITR 1.1b cells showed significantly more aHA staining compared to cells that were
stained first and then fixed (Fig. 5.7A vs 5.7B; dashed lines). This result suggests that the
increased staining of the cells may be due to increased intracellular translocation of the protein
following trypsin exposure. To further explore this hypothesis, I also used confocal imaging to

visualize the approximate cellular location of IpLITR 1.1b using cells that were fixed and then



142

stained. These confocal imaging results correlated with my flow cytometric data (Fig. 5.7A vs
5.7B) and showed a previously un-detected IpLITR 1.1b protein that seemed to translocate from
a peripheral staining pattern (without trypsin) to one with diffuse intracellular staining (after
trypsin treatment). Taken together, these results further support my hypothesis that trypsin
induces the receptor specific translocation of the mature IpLITR 1.1b surface protein into an
immature intracellular form. This loss of IpLITR 1.1b surface expression directly affects [pLITR
1.1b-mediated phagocytic capabilities, in particular the generation of extended membranous

protrusions that facilitated target binding and capture.

As mentioned earlier, the trypsin-sensitivity of the mammalian MR phagocytic activity
parallels my own observations for IpLITR 1.1b. However, in contrast to my findings, the MR is
proteolytically processed into a surface-expressed form that is smaller than the native protein
[224]. The trypsin-generated MR is internalized and degraded, which supports the hypothesis
that trypsin can provide a trigger for the regulated internalization of surface proteins. However,
since I did not observe any protein fragments <60 kDa after trypsinization of IpLITR 1.1b-
expressing cells, I suggest that trypsin modulates this receptor by selectively removing a post-
translational modification and not by cutting the polypeptide backbone; which coincides with an
apparent reduction in the size of IpLITR 1.1b and the movement of the receptor from the plasma
membrane into internal endomembranes. I also favored the idea that trypsin targets O-linked
glycosylation of IpLITR 1.1b to convert it from a mature to an immature form since
glycosylation prediction software identified only O-linked glycosylation possibilities for IpLITR
1.1b, but my data is suggestive that this may not be the case as treatment with O-glycosidase
failed to shift the size IpLITR 1.1b. However, I only tested one O-glycosidase under one

condition and therefore these studies only superficially suggest this and therefore more extensive
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studies are required to truly identify this idea. Therefore, how trypsin modulates IpLITR 1.1b
remains unknown at this time but my data reinforces the idea that the trafficking and associated
functions of certain IpLITR-types are dependent upon a trypsin-sensitive post-translational

processing event that remains to be deciphered

In summary, serine proteases function as potent immunoregulatory factors through in part
their ability to rapidly modify the primary structure and function of surface proteins.
Collectively, my data provides a detailed conceptual framework for exploring the unique ability
of trypsin to selectively modulate IpLITR structure and trafficking. Importantly, I have identified
that the presence of IpLITR 1.1b on the cellular surface influences the way in which cells engage
in target-cell interactions through the formation of unique membranous protrusions. Combined
with the results presented in Chapter IV, it is now evident that IpLITR 1.1b-induced phagocytic
activity is a receptor-specific event that differentially modulates the actin-dynamics of RBL-2H3
cells using a mechanism that is distinct from the classical ITAM-induced response of [pLITR
2.6b/IpFcRy-L. This study identifies IpLITRs as an excellent model for investigating emergent
concepts involved in the coordination of complex and highly-conserved effector responses, such
as phagocytosis, during innate defense mechanisms that are often performed in a protease-rich

inflammatory environment.
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FIGURE 5.1 Effects of trypsin treatment on IpLITR cell surface expression and
function. (A) IpLITR 2.6b/IpFcRy-L- and (B) IpLITR 1.1b-expressing RBL-2H3 cells
were pre-treated for 15 min with serial dilutions of ice-cold trypsin ranging in doses from

0.03125 puM to 20 uM. Cells were incubated for 60 min at 37°C with either IgG3 isotype
opsonized 4.5 um YG beads (white bars) or aHA mAb opsonized beads (black bars) and
IpLITR-mediated phagocytosis was analyzed by flow cytometry as previously described
(Lillico et al., 2015). The effects of trypsin on the endogenous phagocytic response of
RBL-2H3 cells was also assessed in the same manner as previously described. Empty
vector-expressing cells (white bars), IpLITR 2.6b/IpFcRy-L-expressing cells (light gray
bars), and IpLITR 1.1b-expressing cells (dark gray bars) were pre-treated with either 20 or
0 uM tryspin prior to being incubated for 1 hr at 37° in the presence of FBS-opsonized

beads (C). Each bar represents the mean + SEM of three independent experiments and '
indicates p < 0.05 when comparing the % phagocytosis values (i.e. the proportion of cells
in the population that have associated with at least on target bead) of trypsin-pretreated
cells vs. the untreated (i.e. 0 uM) control group.
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FIGURE 5.2 IpLITR 1.1b but not IpLITR 2.6b/IpFcRy-L surface expression is altered
by trypsin treatment. (A) Flow cytometric histograms show the surface staining profiles for
IpLITR 2.6b/IpFcRy-L- and IpLITR 1.1b-expressing RBL-2H3 cells before (0 uM) and after
(2 uM) 15 min trypsin pre-treatments. Also shown is the IgG3 isotype staining level for
IpLITR 1.1b-expressing cells. Numbers in the bottom left of each histogram represent the
mean = SEM of the MFI calculated from three independent experiments. (B) The fold-change
(A) of IpLITR 2.6b/IpFcRy-L- (white bars) and [pLITR 1.1b (grey bars) surface staining
following trypsin pretreatments were calculated from the MFI values as described in the
methods section. Each bar represents the mean + SEM of three independent experiments and

"indicates p < 0.05 when comparing the A MFI values of trypsin-pretreated cells vs. the
untreated (i.e. 0 uM) control group. (C) IpLITR 1.1b and (D) IpLITR 2.6b/IpFcRy-L- cell
surface staining levels were also examined by confocal microscopy following 15 min trypsin
pre-treatment (2 uM) of RBL-2H3 cells. In these images, the relative aHA mAb staining is
visualized using an Alexa-488 conjugated goat amouse IgG3 and compared with control
IpLITR-expressing cells (i.e. 0 uM trypsin). Statistical significance for changes in IpLITR
expression in the presence of trypsin doses was done using a student-t test using a two tailed
paired analysis.
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FIGURE 5.3 IpLITR 1.1b-mediated target capture and engulfment phenotype is
significantly altered by trypsin. (A) Untreated (i.e 0 uM) and (B) trypsin pre-treated (i.e. 2
uM) IpLITR 1.1b-expressing RBL-2H3 cells were plated overnight on sterile coverslips,
stained with CellMask Orange and then incubated with 4.5 pm aHA mAb-opsonized YG

beads for 60 min at 37°C. Cells were then fixed with 4% PFA and then analyzed by confocal
microscopy. Representative z-stack images demonstrating the cell (red) and bead (green)
interactions are shown. Individual cells (c) are identified on the images. (A) Untreated (i.e. 0
uM) and (B) trypsin pre-treated (i.e. 2 uM trypsin) IpLITR 1.1b-expressing RBL-2H3 cells
are represented as a series of 3D reconstructions to visualize cell-bead interactions. (C) A
representative z-stack (top image) and a 3D reconstruction (bottom image) are shown for 2
UM trypsin pre-treated IpLITR 2.6b/IpFcRy-L- -expressing cells and a series of 3D
reconstructions are shown.
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FIGURE 5.4 Trypsin-induced effects on IpLITR 1.1b-expressing cells are reversible.
Flow cytometric histograms show the surface staining profiles for IpLITR 1.1b-expressing
RBL-2H3 cells immediately following 0 hours (A) or 2 hrs after (B) pre-treatment of the
cells with 2 uM, 1 uM, or 0.5 uM trypsin. Also shown is the IgG3 isotype staining level for
IpLITR 1.1b-expressing cells (top panel; A). Numbers in the bottom left of each histogram

represent the mean + SEM of the MFI calculated from three independent experiments and '
indicates p < 0.05 when comparing the A MFI values at each trypsin pre-treatment dose
between cells allowed to recover for 2 hrs vs. those that had no recovery period (i.e. 0 hrs).
(C) The phagocytic activity of [pLITR 1.1b-expressing cells was also determined by flow
cytometry using 4.5 pum aHA mAb-opsonized YG beads. Cells pre-treated with 2 uM, 1 uM,
or 0.5 uM trypsin all had significantly increased phagocytic activities when compared with
cells that did not have a recovery period (i.e. 0 hrs). Each bar represents the mean + SEM of

three independent experiments and “indicates p < 0.05 when comparing the phagocytic
values after 0 hrs and 2 hrs recovery post-trypsin treatments. The % value indicated on the
graphs represents the % increase of the phagocytic activity after 2 hrs post-trypsin exposure.
Statistical significance for changes in phagocytosis in the presence of trypsin doses was done
using a student-t test using a two tailed paired analysis.
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FIGURE 5.5 Biochemical examination of trypsin-exposed RBL-2H3 cells reveals
receptor-selective modification of IpLITR 1.1b. (A) Empty-vector transfected RBL-2H3
cells, (B) trypsin-treated [pLITR 1.1b-expressing RBL-2H3 cells without a recovery period,
and (C) trypsin-treated IpLITR 1.1b-expressing RBL-2H3 cells with a 2 hr recovery period
were lysed and then immunoprecipitated (IP) using the aHA mAb. Immunoreactive proteins
were detected using an HRP-conjugated goat aHA polyclonal antibody. Values at the top of
each lane represent doses of trypsin (uM). Size markers in kDa are indicated on the left side
of each blot and the arrows on the right side of the blots in (B) and (C) identify the putative
mature (M) and immature (I) forms of the [pLITR 1.1b protein at ~70 kDa and ~60 kDa,
respectively. (D) IpLITR 1.1b-expressing RBL-2H3 cells were lysed and immunoprecipitated
using aHA mAb microspheres. The purified receptor was then treated with either 0 or 2 uM
trypsin and immunoreactive proteins were detected using aHA HRP-conjugated antibody.
For the receptor deglycosylation experiments, RBL-2H3 cells expressing IpLITR 1.1b were
either directly treated (E) or the [pLITR 1.1b protein was first immunoprecipitated from
whole cell lysates (F) and then treated with 0 U (-) or 40,000 U (+) of O-Glycosidase. (E)
cells were incubated for 3 hrs at 37°C with O-Glycosidase and then immunoprecpipitated as
previously described. Alternatively, immunoprecipitated samples (F) were first denatured and
then treated with O-Glycosidase for 1 hr at 37°C. All samples prepared in (E, F) were eluted
and immunoreactive proteins were detected using the aHA HRP-conjugated antibody
protocol previously described. (G) IpLITR 2.6b/IpFcRy-L-expressing cells were pre-treated
with trypsin and then immunoprecipitated using the same protocol as described for IpLITR
1.1b above.
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FIGURE 5.6 Immunprecipitation of IpLITR 1.1b from trypsin-exposed RBL-2H3 cells
identifies a mature cell surface protein and a putative intracellular form. (A) Empty-
vector transfected RBL-2H3 cells, (B) trypsin-treated IpLITR 1.1b-expressing RBL-2H3
cells without a recovery period, and (C) trypsin-treated IpLITR 1.1b-expressing RBL-2H3
cells with a 2 hr recovery period were lysed and then immunoprecipitated (IP) using the aHA
mAb. Immunoreactive proteins were detected by probing with HRP-conjugated streptavidin
(SA). Values at the top of each lane represent doses of trypsin (uM). Size markers in kDa are
indicated on the left side of each blot and the arrows on the right side of the blots in (B) and
(C) 1dentify the putative mature (M) and immature (I) forms of the IpLITR 1.1b protein at
~70 kDa and ~60 kDa, respectively. * indicates the presence of a non-specific surface protein
at ~50 kDa.
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FIGURE 5.7 Flow cytometry and confocal imaging experiments further reinforce that
trypsin treatment promotes the translocation of IpLITR 1.1b into the cell.
Flowcytometry histograms of non-permeabilized (A) or permeabilized (B) IpLITR 1.1b-
expressing cells stained treated with 2 uM trypsin (dashed line) or untreated (solid line)
Represented histograms are one of three independent experiments done. Similarly, non
permeabilized (C) or permeabilized (D) IpLITR 1.1b-expressing cells were plated onto
coverslips and then treated with 2 uM trypsin or untreated (0 uM) and aHA mAb stained
followed by secondary staining with an Alexa 488 goat amouse secondary antibody for
confocal imaging.
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CHAPTER VI

SEM AND LIVE-CELL IMAGING ANALYSIS OF CHANNEL CATFISH LITR-
INDUCED PLASMA MEMBRANE DYNAMICS DURING THE PHAGOCYTIC
PROCESS

A version of this chapter has been published:

Lillico et al. 2018., Selective Regulation of Cytoskeletal Dynamics and Filopodia Formation by
Teleost Leukocyte Immune-Type Receptors Differentially Contributes to Target Capture During
the Phagocytic Process. Front. Immunol. 9; 1144

6.1 INTRODUCTION

The unique ability of phagocytic cells to recognize and engulf large particulate targets
depends on the surface expression of specialized immunoregulatory receptors. Well known
mammalian phagocytic receptor-types include complement receptors [2,200,232,233], members
of the Fc receptor (FcR) family [2,200,232], and dectin-1 [63,83,123,234]. Studies using these
model immune proteins have shown that phagocytosis is a multifaceted process that tightly
regulates the active capture, ingestion, and subsequent destruction of various microbial targets
[2,63,200,232,233]. Phagocytic receptors relay their interactions with extracellular targets into
dynamic F-actin remodelling events that reshape the plasma membrane through specialized
intracellular signaling events [2,61,82,86,203]. Generally, each of these phagocytic pathways
requires localized phospholipid metabolism and the engagement of actin nucleation and
regulatory factors that link surface receptor activation with the cytoskeletal machinery to

facilitate target engulfment [2,61,82,86,203].

Interactions between phagocytic receptors and extracellular targets is not always reliant
on passive binding events; rather, phagocytes actively increase the incidence of target-binding
events through the formation of unique finger-like extensions of the plasma membrane called

filopodia [235-238]. These membrane protrusions are composed of un-branched filaments of
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polymerized F-actin that vary greatly in length (1-100 um), thickness (0.1-0.3 pm), molecular
composition, and geometry [235-238]. Early studies using SEM have revealed that mouse
peritoneal macrophages formed cord-like extensions that arose from the plasma membrane to
tether extracellular targets to the cell surface [239]. In addition, the formation of filopodia
following bacterial lipopolysaccharide stimulation of macrophages occurs through the
phosphorylation of various intracellular signaling mediators [240,241]. Following the initial
contact with extracellular targets, filopodia quickly retract back towards the cell body, resulting
in the immobilization and tethering of targets to the plasma membrane [87,88,237-240]. This
action allows for additional surface receptor-target interactions to occur that reinforce the
transduction events responsible for the temporal activation of the phagocytic process
[87,237,238]. While the ability of phagocytes to actively deploy filopodia has been
demonstrated, and some of the molecular components controlling their formation have been
described, relatively little is known about the specific intracellular molecules that participate in
filopodial dynamics within innate immune cells. Furthermore, much less is known about what
specific cell surface receptor-types trigger the formation of these structures and whether the
functional ability of specific immunoregulatory receptor-types to control membrane dynamics

are conserved in basal vertebrates.

My work has shown that when expressed in the RBL-2H3 cell-line, IpLITR 2.6b/IpFcRy-
L activates phagocytosis using a characteristic intracellular transduction response that is
reminiscent of the prototypical mammalian ITAM-dependent FcR phagocytic pathway (chapter
IV) [193]. Subsequently, I also described an alternative phagocytic mechanism mediated by
IpLITR1.1b. As described in chapter IV, this unique IpLITR1.1b-mediated mechanism exhibited

reduced overall target engulfment but featured a significantly enhanced ability to capture
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extracellular beads [30]. While this atypical pathway requires active engagement of the actin
polymerization machinery, I showed that IpLITR 1.1b-expressing cells were insensitive to
pharmacological inhibitors that blocked the classic signaling components of ITAM-dependent
phagocytosis. Furthermore, the ability of IpLITR 1.1b-expressing RBL-2H3 cells to capture
beads was not affected at 27°C, an incubation temperature that completely inhibited IpLITR
2.6b/IpFcRy-L phagocytosis [193]. My static imaging experiments using fixed IpLITR 1.1b-
expressing cells also showed that these cells produced extended plasma membrane structures that
participated in the capture and tethering of microsphere targets to the cell surface; a phagocytic
phenotype that was not observed for IpLITR 2.6b/IpFcRy-L-expressing cells [193]. In chapter V,
I also showed that trypsin selectively modulated IpLITR 1.1b surface expression levels,
revealing that this IpLITR-type directly influenced the production of dynamic membranous
filopodial-like protrusions that facilitated extracellular target capture and engulfment. However,
whether or not IpLITR 1.1b was directly controlling the formation of filopodia during the
various stages of the phagocytic process (i.e. binding, capturing, and engulfment) and how these
structures were utilized for target interactions could not be conclusively deciphered from fixed
cell imaging techniques.

In this thesis chapter I used a combination of LCI and high-resolution SEM to provide
detailed new information regarding IpLITR 1.1b-induced plasma membrane dynamics during the
phagocytic process. My results support the hypothesis that [pLITR 1.1b-expressing cells
selectively induce the formation of F-actin dense protrusions (i.e filopodia). In addition, I show
that during the early stages of the IpLITR 1.1b-mediated phagocytic process, these filopodia-like
structures retract after target contacts to secure the captured microspheres to the cell surface.

This unique target-capturing phenotype is followed by the formation of phagocytic cup-like
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structures at the membrane interface and, in some cases, the eventual engulfment of the
immobilized microspheres. At the reduced incubation temperature of 27°C, I also show that
although the membrane structures had repressed mobility, dynamic filopodia structures were still
generated by IpLITR 1.1b expressing cells and that these continued to facilitate sustained cell-
target interactions. Conversely, no F-actin dynamics or any associated membrane activity was
seen in IpLITR 2.6b/IpFcRy-L-expressing cells at this lower temperature; likely due to an
inability of this receptor to promote or maintain F-actin polymerization events below 37°C.
Interestingly, in the absence of extracellular targets, the unique dynamic membranous behaviour
observed for IpLITR 1.1b-expressing cells at both 37°C and 27°C using LCI provides compelling
evidence that expression of this specific IpLITR sub-type is directly responsible for inducing
filopodia production. Overall, results from this chapter show that IpLITR 1.1b can selectively
regulate filopodia formation over a range of incubation temperatures. This also reinforces the use
of IpLITRs as an alternative vertebrate model for investigating the integration of immune cell
membrane and cytoskeletal dynamics during the coordinate control of the phagocytic process.

6.2 RESULTS

6.2.1 Examination of IpLITR-mediated phagocytosis using SEM

When IpLITR 2.6b/IpFcRy-L-expressing RBL-2H3 cells were incubated with isotype
control IgG3 beads, no internalized or surface-bound targets were observed (Fig. 6.1A; top left
panel). Comparatively, when incubated with aHA-opsonized beads (1 hr at 37°C), these cells
displayed a characteristic flattened morphology and had multiple internalized beads with few
surface-bound targets (Fig. 6.1A; top right panel). Pre-treatment of the cells with the selective
inhibitor of actin polymerization, Latrunculin B abrogated bead internalization; although many

of the beads remained associated with the cell surface (Fig. 6.1A; bottom left panel). Not
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surprisingly, cells treated with Latrunculin B also had a rounded morphology (compare Fig.
6.1A; top right panel with Fig. 6.1A; bottom left panel). When IpLITR 2.6b/IpFcRy-L-
expressing cells were incubated with target beads for 1 hr at the reduced temperature of 27°C,
engulfment was abrogated, and the target microspheres appeared to be loosely associated with
the plasma membrane (Fig. 6.1A; bottom right panel). Notably, when IpLITR 2.6b/IpFcRy-L-
expressing cells were incubated at 27°C they also had an overall rounded appearance. To capture
additional representative images during the early stages of the IpLITR 2.6b/IpFcRy-L phagocytic
process, SEM was performed using cells incubated with the aHA-opsonized beads for shorter
time periods at 37°C (i.e. 4, 8, 16, and 32 min). Characteristic stages of IpLITR 2.6b/IpFcRy-L
phagocytosis, beginning with cell-bead contacts through to complete target internalization are
shown as representative images (Fig. 6.1B (panels i-iv)). For example, phagocytic cup formation
(Fig.6.1B; panel 1, beads b1 and b2) occurs after initial contact of the target beads with the cell
membrane. The cup progresses as extended pseudopod-like structures (Fig. 6.1B; panel ii, b3 and
b4) around the outer edges of the beads, which then continues over the beads (Fig. 6.1B; panel
iii, b5 and b6) until the targets are internalized (Fig.6.1B; panel iv). Overall, this high-resolution
imaging details the standard steps that occur during a prototypical (i.e. ITAM-dependent)
phagocytic process and serves as the basis for comparison with the unique IpLITR 1.1b

phenotype described below.

I also performed SEM analysis of the IpLITR 1.1b-mediated phagocytic process (Fig.
6.1C to 6.1E). Similar to observations for IpLITR 2.6b/IpFcRy-L, when incubated with isotype
control IgG3 beads, no internalized or surface-bound beads were observed (Fig. 6.1C; top left
panel). However, when IpLITR 1.1b-expressing cells were incubated with aHA-opsonized beads

(1 hr at 37°C), SEM revealed that most of the targets appeared to be firmly secured to the cell
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surface but often they were not completely engulfed (Fig.6.1C; top right panel). Pre-treatment of
the cells with the F-actin inhibitor Latrunculin B significantly altered their morphology and also
caused the beads to remain loosely tethered to the cell surface by disorganized plasma membrane
structures (Fig. 6.1C; bottom left panel). When the IpLITR 1.1b-expressing cells were incubated
with targets at 27°C for 1hr, the beads remained secured at the cell surface (Fig. 6.1C; bottom
right panel), but the cells displayed a more rounded appearance compared to when they were
incubated at 37°C. SEM imaging was also performed at 37°C for shorter time periods (i.e. 4, §,
16, and 32 min) and shown in representative images (Fig. 6.1D to Fig. 6.1E) are the temporal
stages of IpLITR 1.1b-mediated target interactions starting from initial cell-bead contacts (Fig.
6.1D; panels i-iv, Fig 6.1E; panels v-viii) through target capture and their eventual tethering to
the cell membrane and occasional engulfment (Fig. 6.1D; panels v-viii). Specifically, during the
early stages of target interactions most IpLITR 1.1b-expressing cells produced thin elongated
membrane protrusions with beads tethered at their ends (Fig. 6.1D; panels i-iv; beads (b1-b5)).
Some cells also generated thicker cellular extensions (Fig. 6.1E; panels v and vi), which also
participated in bead capture (b6-b9). I also consistently observed what appeared to be membrane
ruffling (Fig. 6.1E; vii), which contributed to the tethering of target beads to the plasma
membrane (b10, b11). At later stages, stalled phagocytic cup-like structures (Fig. 6.1E; panel
viii) could be seen interacting with multiple beads (b12, b13) on the cell surface, and

occasionally targets that were almost completely surrounded by the plasma membrane (b14).

6.2.2 LCI of membrane dynamics in IpLITR-expressing stables

Although SEM provided high-resolution static images showing distinct phenotypic
differences between IpLITR 2.6b/IpFcRy-L and IpLITR 1.1b-mediated responses, I next wanted

to observe these membrane dynamic events in real time. To do this I co-transfected IpLITR-
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expressing RBL-2H3 stables with LifeAct-GFP (marker for F-actin). As shown in Figure 6.2A,
the levels of IpLITR 2.6b/IpFcRy-L expression were not affected after stable transfection with
the LifeAct-GFP probe (Fig. 6.2A; top panel; dashed vs. dotted line). The bottom panel of Figure
6.2A shows increased GFP signal (FLI1-intensity) in the co-transfected IpLITR 2.6b/IpFcRy-L-
expressing cells confirming the expressing of LifeAct (Fig. 6.2A; bottom graph; dashed vs.
dotted line). IpLITR 1.1b-expressing cells were also co-transfected with LifeAct-GFP and as
shown in Figure 6.2B, this did not affect their surface expression of (top panel; dashed line) but
did cause an increase in their FL1-intensity indicating LifeAct-GFP was expressed (Fig. 6.2B;
bottom panel; dashed vs dotted line). With the creation of [pLITR/LifeAct-GFP co-transfected
RBL-2H3 cells, I first observed them using LCI without extracellular beads to establish the
imaging protocols. I also tested the hypothesis that IpLITR 1.1b-expressing cells would uniquely
generate filopodia whereas IpLITR 2.6b/IpFcRy-L-expressing cells would not. This was
visualized by examining the F-actin-mediated plasma membrane dynamics in the GFP channel
by confocal microscopy. As shown in Figure 6.2C, time-stamped images demonstrate IpLITR
1.1b-expressing cells clearly have increased membrane dynamics associated with the formation
of F-actin rich (green) filopodia-like structures when compared to IpLITR 2.6b/IpFcRy-L-
expressing cells at 37°C (Fig. 6.2A; left panels vs right panels). When LCI was performed at
27°C, a stark difference in the plasma membrane behaviors of the cells was also clearly evident
revealing that IpLITR 2.6b/IpFcRy-L-expressing cells were ovoid in shape and had little to no
membrane dynamics (Fig. 6.2D; left panels). In comparison, IpLITR 1.1b-expressing cells at the
lower temperature appeared amorphous with clearly visible F-actin rich plasma membrane

structures extending from their plasma membranes (Fig. 6.2D; left panels). This was the first live
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cell evidence showing clear phenotypic difference in the plasma membrane behaviors of [pLITR-

expressing cells.

6.2.3 Examination of IpLITR 2.6b/IpFcRy-L-mediated phagocytosis at 37°C and 27°C

SEM provided high-resolution static images of the IpLITR 2.6b/IpFcRy-L-mediated
phagocytic process. However, to observe the dynamic membrane remodelling events that occur
during cell-target interactions I imaged live cells. To achieve this, I used IpLITR 2.6b/IpFcRy-L-
expressing RBL-2H3 cells stably expressing the fluorescent probe LifeAct-GFP. This allowed
me to visualize and track distinct F-actin polymerization events (green) and associated
membrane dynamics that occur starting from initial target contacts through to the engulfment of

individual microspheres.

My LCI clearly shows that IpLITR 2.6b/IpFcRy-L mediates the internalization of aHA-
opsonized target beads through a series of distinctive phases of F-actin dependent plasma
membrane remodelling events. These F-actin polymerization dynamics are shown in a series of
time-stamped static images extracted from the LCI video. Specifically, in Figure 6.3A and 6.3B
both brightfield images merged with LifeAct-GFP (top panels) as well as the LifeAct-GFP signal
alone (bottom panels) are displayed with the non-fluorescent target microspheres clearly visible
in the brightfield panels, which are indicated with an asterisk. During the initial stages of IpLITR
2.6b/IpFcRy-L-mediated phagocytosis, actin polymerization (green) is clearly visible at the cell
surface-target interface in what appears as a phagocytic cup-like structure (Fig. 6.3A; asterisk, 0-
40 sec). As the phagocytic process proceeds, polymerization of F-actin is visible along the
leading edges of extended pseudopods (Fig. 6.3A; 40-70sec). The accumulated F-actin behind
the bead then depolymerizes as the pseudopods seal together and the microsphere sinks into the

cell (Fig. 6.3A; 120-140sec). Another representative LCI time-lapse video showing IpLITR
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2.6b/IpFcRy-L-mediated phagocytic behaviour is show in Figure 6.3B. Shown here are the
binding of the bead (Fig. 6.3B; 0-40 sec), the extension of pseudopods around the bead, and the
subsequent closure of the phagosome (Fig. 6.3B; 40-180 sec) followed by a secondary burst of
actin, which indicates the engulfment of the bead as F-actin polymerization proceeds up and

around the target (Fig. 6.3B; 180-250 sec).

I next compared the phagocytic activities of IpLITR 2.6b/IpFcRy-L-expressing cells
incubated at 37°C vs. 27°C. For these experiments, aHA-opsonized 4.5um blue beads (BB) were
used as targets instead to allow for simultaneous visualization of both the target beads (blue) and
F-actin dynamics (green). As shown in the time-stamped still images (Fig. 6.3C; asterisk), a
microsphere target (blue) contacts the cell membrane (between 70-120 sec) and is then
progressively engulfed through a series of F-actin-mediated plasma membrane dynamic events
similar to the temporal events described above. From initial contact to internalization, the entire
process is completed in ~400 sec at 37°C (Fig. 6.3C). Although multiple beads are present in
these images, for clarity I selected the target bead that could be resolved from its initial contact
with the cell through to engulfment. In comparison, when IpLITR 2.6b/IpFcRy-L-expressing
RBL-2H3 cells were incubated with aHA-opsonized 4.5um BB at 27°C, no apparent target
contacts or F-actin-mediated membrane dynamic events were observed (Fig. 6.3D). In this
example IpLITR 2.6b/IpFcRy-L-expressing cells were examined over the span of 560 sec
starting from the time when the targets were first introduced to the cells, and although numerous
extracellular beads were observed in the field of view, none of these targets established contacts

with the cell membrane.
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6.2.4 Examination of IpLITR 1.1b-mediated target interactions at 37°C

Using IpLITR 1.1b-expressing cells co-transfected with LifeAct-GFP, a variety of unique
F-actin polymerization-dependent membrane remodelling events could be observed. Specifically,
LCI imaging shows that IpLITR 1.1b-expressing cells generated F-actin rich filopodia-like
structures that extend out from the cell surface, attached to beads, and then rapidly withdrew
back towards the cell membrane. For example, as shown Figure 6.4A (target marked with an
asterisk), an IpLITR 1.1b-expressing cell can be seen producing a thick actin-rich extension
(green) that reaches out and attaches to the target bead (Fig. 6.4A; 410-480 sec panels). After
~10 sec of contact with the target, the bead is then rapidly retracted back towards the cell surface,
which correlates with the disappearance of the F-actin-rich extension as shown in the time-
stamped panels at 480-490 sec (Fig. 6.4A). Following ~100 sec of sustained contact between the
target bead and the plasma membrane, a second F-actin rich pseudopod-like extension (Fig.
6.4A; 600 sec) can be seen crawling up and then over the outer edge of bead until it returns
towards the cell surface; momentarily wrapping the target in the plasma membrane (Fig. 6.4A;
600-610 sec). Subsequently, the filopodia then retracts away from the bead before rapidly
disappearing with the bead now tethered at the cell surface (Fig. 6.4A; 660-690 sec). An
alternative mode of filopodia-mediated capture of targets displayed by IpLITR 1.1b-expressing
RBL-2H3 cells is shown in the time-stamped images presented in Figure 6.4B. Here, the
formation of a thin F-actin containing membrane protrusion (green) rapidly extends out from the
cell surface and makes contact with a bead (Figure 6.4B; 60-110 sec). After initial contact with
the target (indicated with an asterisk), the membrane protrusion rapidly retracts back towards the
cell surface (Figure 6.4B; 110-140 sec), thus pulling the bead towards the cell and tethering it to

the membrane. This is then followed by the transient generation of actin-dense pseudopod-like
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structures that appear to surround the bead (Figure 6.4B; 150-170 sec). Another representative
cell-target interaction phenotype that I uniquely observed for IpLITR 1.1b-expressing cells using
LCI was the generation of an F-actin rich extended membranous stalk that formed after initial
contact with the bead (Fig. 6.4C; target bead indicated with an asterisk; at 40 sec). Following
target contact, this extended stalk exhibited probing behaviour for ~700 sec during which time
there were variable levels of F-actin polymerization observed along the edges and around the
surface of the bead (Fig. 6.4C; 40-740 sec). The plasma membrane stalk also appeared to both
elongate and thicken over the course of its contact with the bead and, unlike what I described
earlier, the target remained at a distance from the cell body as it was not rapidly retracted back
towards the membrane surface during the duration of the video. Of note, this IpLITR 1.1b-
expressing cell also contained one internalized bead as well as one tethered bead in addition to

the target bead documented here.

While IpLITR 1.1b-expressing cells commonly generated and used extended
membranous F-actin containing structures to capture and tether extracellular targets, other
dynamic interaction behaviours were also observed, and representatives of these behaviours are
shown in Figures 6.4D to 6.4F. For example, IpLITR 1.1b-expressing cells were capable of
generating complex membranous ruffles (Fig. 6.4D). Here two extracellular beads are captured
by actin-dense membrane ruffles generated at the cell surface (Fig. 6.4D; asterisk and ®; 130-
270 sec). After being captured, the formation of a second F-actin rich membrane ruftle is
observed, which encapsulates one of the beads (Fig. 6.4D; ©; 290-320 sec) along the outer edge
of the cell before depolymerizing as the bead is tethered to the cell surface (Fig. 6.4E; 340 sec). |
also observed situations where a thin F-actin-dense protrusion captures a target bead at its outer

most end (Fig. 6.4E). As the time-lapse progresses, polymerized actin accumulates around the
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bead as it is contracted down onto the cell surface (Fig. 6.4E; 0-60 sec). After this initial
tethering, actin-dense membrane structures begin to surround the bead (Fig. 6.4E; 110 sec)
initially from the left side and then from the right side of the target (Fig. 6.4E; 170-200 sec).
Over the next 300 sec, the F-actin depolymerizes leading to the apparent internalization of the
bead (Fig. 6.4E; 310-500 sec). Lastly, as shown in Figure 6.4F, multiple cell-bead interactions
could be seen for an individual IpLITR 1.1b-expressing cell (Fig. 6.4F; asterisk, ©® and O). As
the cell moves within the field of view from the top left, one bead had already begun to be
internalized (Fig. 6.4F; asterisk; 160 sec) and another bead was actively tethered to the cell
surface (Fig. 6.4F; 200-260 sec). The generation of an F-actin-rich membrane protrusion then
actively extended towards and contacted a third bead (Fig. 6.4F; red x; 290-320 sec). After this
initial contact, a phagocytic-cup like structure rapidly formed around the edges of the bead (Fig.
6.4F; ©; 370sec), which was subsequently retracted back towards the cell surface (Fig. 6.4F; 470
sec). Overall, these results provide a representative summary of the diverse F-actin mediated
plasma membrane remodelling events uniquely observed for [pLITR 1.1b- but not [pLITR
2.6b/IpFcRy-L-expressing cells. Notably, most IpLITR 1.1b-mediated target interactions

involved the formation of dynamic membranous extensions.

6.2.5 Examination of IpLITR 1.1b-mediated target interactions at 27°C

After documenting several unique phagocytic phenotypes for I[pLITR 1.1b-expressing
RBL-2H3 cells, experiments were then performed to compare IpLITR 1.1b-mediated target
interactions at 37°C vs. 27°C. The rationale for these experiments was based on my previous
results showing the ability of IpLITR 1.1b-expressing cells to facilitate target interactions at
lower incubation temperatures (chapter IV). Here, again, aHA-opsonized 4.5um BB were used to

allow for simultaneous visualization of target beads (blue) and F-actin dynamics (green). As
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shown in the still images extracted from LCI videos (Fig. 6.5A; asterisk), at 37°C an extracellular
bead is located at a distance from the cell membrane until a series of F-actin rich membrane
structures (green) extend towards (Fig. 6.5A; 350-360 sec) and then contacts the target (Fig.
6.5A; 370-380 sec). The bead is then rapidly pulled towards the cell membrane during which
time distinct actin polymerization events appear to mediate extension of pseudopods around the
entire bead (Fig. 6.5A; 390-400 sec). The actin-rich pseudopod immediately retracts away from
the bead as evidenced by the gradual depolymerization of F-actin from around the outer surface
of the bead (Fig. 6.5A; 410-440 sec). Over the remainder of the time series, the captured bead
remains tethered on the cell surface but is not engulfed (Fig. 6.5A; 450-510 sec). There are two
other targets in the frame that are similarly captured by this IpLITR 1.1b-expressing RBL-2H3
cell at 37°C, which are shown in Figures 6.5B and 6.5C. In another representative cell-target
interaction phenotype, I observed an IpLITR 1.1b-expressing cells that continuously probed and
then repeatedly attempted to pull a pre-tethered microsphere away from another cell in the frame.
As shown in Figure 6.5D, a target bead has already been captured, and is visible at the top left of
the image. As the time series progresses, a second cell visible in the center of the image projects
an F-actin containing membrane ruffle towards this target (Fig. 6.5D; asterisk; 130-180 sec),
which is already tethered to the other cell (Fig. 6.5D; red arrow; 130 sec). After the ruffle makes
initial contact with this bead, it appears to then withdraw back towards the cell leaving an
extended membrane structure attached to the target with a detectable F-actin rich area at the
point of contact with the bead (Fig. 6.5D; 190-260 sec). Subsequently, following the cells initial
failed attempt to pull the bead back towards the cell, a secondary F-actin rich membrane ruffle
projects out towards the secured target (Fig. 6.5D; 270-300 sec). As this ruffle subsides and the

F-actin depolymerizes, the cell has again failed to retract the target towards its surface, although
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contact with this bead remains (Fig. 6.5D; 310-490 sec). When viewed in its entirety, three
separate F-actin rich membrane ruffles are actively projected toward the target in what may be
repeated attempts to capture the tethered target. Ultimately, these events leave the bead
remaining attached to two separate cells. Of note, this cell also appears to have engulfed two

other targets (Fig. 6.5D; 430 sec).

Unlike the inhibition of phagocytic responses observed for IpLITR 2.6b/IpFcRy-L at
lower incubation temperatures, IpLITR 1.1b-expressing cells continued to display active target
capture phenotypes at 27°C. However, at this lower incubation temperature the overall activity of
the F-actin mediated membrane dynamics was markedly slower. For example, as shown in
Figure. 6.6A an extracellular target (asterisk) is initially contacted by the cell between 420-430
sec, which promotes the extension of plasma membrane around the left side of the target (430-
470 sec). This contact leads to the formation of a thin F-actin rich structure that extends beyond
the surface of the attached bead and into the extracellular space (480-500 sec). At this stage, the
membrane protrusion appears to momentarily probe the environment before collapsing back
towards the cell, which coincides with the disappearance of the F-actin signal (520-550 sec). At
the conclusion of this time series, the bead remains tethered at the cell surface, but it is not
engulfed (590 sec). Another example shows an IpLITR 1.1b-expressing cells that first uses an F-
actin containing membrane ruffle to attach to a bead at 27°C, which is then followed by the
formation of a thin F-actin containing membrane structure that partially surrounds the tethered
target (Fig. 6.6B). At 650 sec, the bead remains attached to the cell surface and is partially
surrounded by an F-actin rich membranous structure. Further representative examples of the
unique F-actin-mediated capture of extracellular targets using filopodia-like structures are shown

for IpLITR 1.1b-expressing cells in Figure 6.6C to 6.6E. Overall, these examples all demonstrate
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that unlike what I observed for IpLITR 2.6b/IpFcRy-L, IpLITR 1.1b uniquely promotes the
formation of dynamic membrane structures at 27°C, which function to bind and capture

extracellular targets.

6.3 DISCUSSION

Using high resolution SEM and real-time LCI, the results of this chapter provide new
evidence regarding IpLITR-mediated production of dynamic cytoskeletal and membrane
remodelling events. I show for the first time using live cells that [pLITR 1.1b-expressing RBL-
2H3 cells uniquely generate filopodia-like extensions composed of long filaments of
polymerized F-actin and reveal that these plasma membrane structures are actively used for
extracellular target binding and capture. Considering that very little is known regarding the
ability of immunoregulatory receptor-types to induce filipodia formation in other vertebrates,
including mammals, these functional studies set the stage for future studies targeted at
understanding how the dynamic control of intracellular transduction events controlled by IpLITR
1.1b selectively contribute to diverse innate cell effector responses across vertebrates. It is likely
that [pLITR-mediated responses in mammalian cells feature similar signaling components that
would be present in representative fish immune cell-types [227]. Further exploration of these
mechanisms will assist in uncovering the functional versatility for ITIM- and ITAM-encoding
receptors that can eventually be used to explore teleost immunoregulatory receptor networks in

homologous systems.

Filopodia are dynamic membrane structures that can vary in length and thickness but rely
on the cytoskeletal machinery and actin-binding proteins for their formation [235,237,238,242].
Filopodia also play many important physiological roles in health and disease and have been

shown to participate in a range of cellular processes including cell migration, morphogenesis,
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neurite outgrowth, metastasis, and wound healing [235,238,242—-245]. For example, SEM
analysis has shown that prior to the initiation of phagocytosis, bacteria are tethered to phagocyte
surfaces by long and thin membranous protrusions [87,88,236-239]. Importantly, these plasma
membrane extensions provide phagocytes with the ability to dynamically explore their
extracellular environments as the rapid elongation and subsequent retraction of filopodia assists
in the active capture of microbes by increasing the functional radius available for pathogen
contact beyond the circumference of the cell [2,82,87,236-239]. While this shows that immune
cells can actively deploy filopodia to capture targets, very little is known regarding the specific
receptor-types and associated intracellular dynamics that participate in the formation and
regulation of these membrane structures. Previously, I demonstrated that IpLITR 1.1b-expressing
RBL-2H3 cells displayed a unique target acquisition and engulfment phenotype associated with
the formation of extended membranous protrusions [193]. The results of this chapter further
support a role for this specific immunoregulatory receptor-type in the control of cytoskeletal
dynamics and filopodia formations during the initial contact with and then capture of
extracellular targets over a range of temperatures. Taken together, these findings show, for the
first time, that active capture and tethering of extracellular targets to the cell surface might
represent a conserved function for certain members of the IpLITR family via their unique ability
to transmit signals that affect F-actin polymerization and associated plasma membrane dynamics.
Comparatively, for IpLITR 2.6b/IpFcRy-L-expressing cells, filopodia-like structures were not
specifically used to capture targets, as in these cells sustained contact time between the plasma
membrane and microspheres was required to trigger the IpLITR 2.6b/IpFcRy-L-mediated
phagocytic process. In addition, phagocytic activity and membrane dynamics were both

completely abolished at 27°C in IpLITR 2.6b/IpFcRy-L-expressing cells; likely due to an



187

inability of IpLITR 2.6b/IpFcRy-L to promote or facilitate F-actin polymerization events at

temperatures below 37°C in RBL-2H3 cells.

Filopodia are regulated by mechanisms instigated in part by constitutive intracellular
signaling events that involve several conserved transductions [86,242,246-251]. Overall,
constitutively generated filopodia allow phagocytes to constantly probe their extracellular
environments as these membranous probes also contain phagocytic receptors located along their
edges, a process that depends on an unknown mechanism for the loading of phagocytic receptors
into the protrusions [2,87,252]. Any stochastic phagocytic receptor-target interactions that may
occur would facilitate the attachment of specific targets to the extended membranes.
Extracellular targets would then be pulled back towards the cell surface during filopodial
retractions due to the retrograde flow of actin back towards the cell body and the contractile
forces generated by myosins [235]. Once in close contact with the plasma membrane, newly
established target-receptor interactions could activate additional intracellular signaling pathways

to reinforce tethering or subsequently trigger target engulfment [82,87].

While constitutively generated filopodia facilitates continuous sampling of the
environment by phagocytes, it has been shown that these structures are also produced in
responses to specific stimuli. For example, LPS-induced activation of TLR4 increases the
production of filopodia-like structures [240,241]. Receptor-induced filopodia formation has also
been characterized in cancer cells, which use these inducible pathways to produce invasive
membrane protrusions [244,245]. Termed invadopodia, these extensions are formed by the
selective stimulations of tumour cell-expressed platelet-derived growth factor (PDGF) and
epidermal growth factor (EGF) [244]. Upon growth factor stimulation, the local recruitment and

activation of kinases such as focal adhesion kinase (FAK) and Src occurs early in the process of



188

invadopodia formation that initiate phosphorylation of downstream signaling proteins [244,245].
Unlike the receptor-specific production of filopodia or invadopodia described above, IpLITR
1.1b-expressing cells were not stimulated by any known endogenous ligands. Therefore, it seems
that the stable expression of IpLITR 1.1b alone was sufficient to support filopodia generation.
These results suggest that I[pLITR 1.1b can uniquely network with intracellular components
requisite for the production of F-actin containing filopodia-like structures. Based on the results
obtained in chapters IV and V, I hypothesize that [pLITR 1.1b-controlled signaling events induce
formation of macromolecular complexes with its CYT that pre-assemble prior to receptor
engagement; effectively priming the receptor for subsequent interactions with extracellular
targets [11,193,227]. Pre-associations of IpLITR 1.1b with intracellular effectors capable of
modulating the cytoskeletal machinery would allow for dynamic membrane remodelling events

prior to the formation of stable receptor-ligand interactions [29,30,31].

The unique target acquisition and engulfment pathways facilitated by IpLITR 1.1b likely
requires the differential participation of the proximal and distal regions of its CYT in the
recruitment and activation of select intracellular effectors [12,192]. Specifically, for IpLITR 1.1b
to constitutively trigger filopodia formation in RBL-2H3 cells without ligand engagements, this
receptor may exist in a primed state, facilitating its basal coupling to effectors of actin dynamics.
In this model (Fig. 6.7), Nck serves as a cytosolic adaptor that could couple surface expressed
IpLITR 1.1b with the intracellular effector WAVE2. Interestingly, this Nck-dependent
mechanism closely aligns with the short-circuited phagocytic pathway recently described for
human CEACAM 3 [3]. In addition, I have shown in chapter IV that IpLITR 1.1b-mediated
activity is partially dependent upon the catalytic activity of Src and Syk [193]. Although yet to

be confirmed, sustained activation of these kinases in the absence of agonist stimulation would
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likely require pre-aggregation of IpLITR 1.1b on the cell surface. This would maintain basal Src-
dependent tyrosine phosphorylation of the IpLITR 1.1b CYT region facilitating constitutive
coupling of IpLITR 1.1b to select components of the cytoskeletal machinery. In mammalian
cells, activation of WAVE2 requires state-specific phosphorylation as well as interactions with
GTP-bound Rho superfamily proteins, most commonly Rac [253]. As a result, the assembly of
the Nck-WAVE2 complex within the proximal CYT region of IpLITR 1.1b would most likely be
coupled to the recruitment of cytoplasmic guanine nucleotide exchange factors, including Vav.
Recent biochemical studies showed that Syk might be preferentially recruited to the distal region
of the IpLITR 1.1b CYT [192]. Therefore, I suspect that recruitment and activation of Vav by
Syk would provide the necessary catalyst for Rac 1/2 activation and the stimulation of actin-
driven membrane protrusions via the Nck-recruited WAVE2. Overall, this predicted model
encompasses the minimal machinery required for a constitutive IpLITR 1.1b-dependent
deployment of filopodia in the absence of agonist stimulation and is supported by our recent
biochemical studies (new Fig. 6.7) [187,192,193]. Lastly, if [pLITR 1.1b is indeed basally
phosphorylated and pre-associated with intracellular components linking it to F-actin dynamics,
then this would in part explain why IpLITR 1.1b continues to capture targets at suboptimal
incubation temperatures due to pre-assembly of these components with the receptor. The reduced
plasma membrane dynamics for IpLITR 1.1b-expressing RBL-2H3 cells at 27°C are likely due to
specific affects on phospholipid dynamics and membrane mobility at this lower temperature
[254-256], but likely not from an inability of [pLITR 1.1b to associate with signalling

complexes, which would have previously occurred prior to the cooling of the cells.

Following filopodia-mediated capture of extracellular targets, I frequently observed the

generation of secondary waves of F-actin polymerization after the target was secured at the cell
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surface. These events may be triggered by aggregations of IpLITR 1.1b at the newly established
contact sites formed between the plasma membrane and the captured target. In some cases, the
immobilized targets remained firmly tethered on the cell surface and occasionally the beads were
completely internalized. This phenotype is reminiscent of efferocytosis, a process responsible for
phagocyte-mediated clearance of apoptotic bodies through the recognition of phosphatidylserine
(PtdSer) on dying cells [253]. However, unlike linear filopodia that extend perpendicular to the
cell surface, efferocytosis typically involves membrane dynamics that form extended but
laterally moving arcs or wave-like structures that flow along the cell surface [139,253,257].
Functionally, these structures reach out into the extracellular space to make contact with
apoptotic cells and their sweeping motion augments trapping of distant targets. This brings dying
cells into close proximity to the plasma membrane, where they are tethered and eventually
cleared by secondary activated phagocytic processes [253,257]. Rac 1/2, Cdc42, and WAVE2
have all been identified as key players during the control of efferocytosis [126,139,253,257,258],
which occurs in two discrete receptor-specific steps known as the tethering and tickling
[216,253,258,259] that participate in the step-wise capture and engulfment of apoptotic bodies.
For example, engagement of receptors that bind apoptotic cells, including CD36, CD14, CD68,
avp3, and avBS, promotes the tethering of specific targets on macrophages [259]. Uptake of
targets then occurs when tethering receptors are co-engaged with the phagocytic PSR [259].
Interestingly, incubation of the cells with PtdSer-coated erythrocytes was insufficient for both
tethering and phagocytic uptake by the PSR; indicating that both tethering and phagocytic
signals are required for effective apoptotic cell removal [259]. In agreement with this dual mode
for target capture and engulfment, my observations support a model that involves constitutive

mechanisms for [pLITR 1.1b-mediated deployment of filopodia to tether targets to the cell
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surface. Subsequently, captured targets can trigger additional IpLITR 1.1b-dependent pathways,
which may be distinct from the constitutive mechanism that regulates resting filopodia
production. The results of this chapter combined with previous chapters provide the necessary
framework for deciphering how IpLITR 1.1b variably controls the actin polymerization

machinery.

Taken together, my results show that the expression of IpLITR 1.1b, but not IpLITR
2.6b/IpFcRy-L, specifically triggers RBL-2H3 cells to induce filopodia formation in the absence
of any known stimuli. The receptor-specific nature of IpLITR 1.1b-indcued filopodia is clear
when both IpLITR-expressing cell-types were incubated at depressed temperatures (e.g. 27°C).
This also appears to be the first study to suggest that expression of a specific immunoregulatory
receptor can promote the constitutive formation of filopodia without the need for an exogenous
ligand. IpLITR 1.1b-mediated signaling also initiates secondary waves of actin polymerization
events that are associated with the internalization and membrane tethering of extracellular
targets, which I propose to be a distinct event from those involved in the initial generation of
filopodia. These responses are likely due to the unique structure and signaling potential
associated with the IpLITR 1.1b CYT; thereby allowing for diversity in the integrated control of
cytoskeletal and membrane remodelling associated with IpLITR 1.1b expression. Overall, these
results offer novel information regarding the ability of immunoregulatory receptors to initiate
filopodia formation and provide new insights into the temporal organization of cellular events
surrounding the unique transduction dynamics that regulate F-actin polymerization and

membrane remodelling events.
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FIGURE 6.1 Examination of IpLITR-mediated phagocytosis using SEM. SEM of
IpLITR 2.6b/IpFcRy-L (A and B) or IpLITR 1.1b (C-E)-mediated phagocytosis. [pLITR

2.6b/IpFcRy-L-expressing RBL-2H3 cells (3X105) were incubated at 37°C for 1 h with 9x10’

IgG3-coated 4.5 pm microspheres or with 9x10° «HA mAb-coated 4.5 um microspheres prior
to imaging using a Philips/FEI XL30 SEM microscope (FEI: Hillsboro, Oregon, USA). Cells

(3X105) were also pre-treated for 1 h with 12.5 uM of the F-actin inhibitor Latrunculin B
prior to their incubation with 9x10” «HA mAb-coated 4.5 um microspheres or incubated at
27°C for 1 h with 9x10° «HA mAb-coated 4.5 um microspheres prior to imaging. [pLITR-
expressing cells (3X105) were also incubated at 37 C for various times (e.g. 4 min, 8, min, 16

min, and 32 min) with 9x10° aHA mAb-coated 4.5 um microspheres and representative SEM
images of the progressive stages of [pLITR-mediated phagocytosis and specific beads are
labeled (b) as described in the results section.
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FIGURE 6.2 LCI of membrane dynamics in IpLITR-expressing stables. Already stable
expressing [pLITR RBL-2H3 cells were transfected with the F-actin probe LifeAct-GFP via
the use of a nucleofection system designed specifically for the RBL-2H3 cell line as
recommended by the company. Confluent cells expressing IpLITR 2.6b/IpFcRy-L or [pLITR
1.1b were harvested and placed into a nucleofection cuvette, given 5 pug of LifeAct-GFP
plasmid and transfected using the recommended nucleofection settings designed for RBL-
2H3 cells specifically. These cells were then sorted via flowcytometry for their
IpLITR/LifeAct-GFP expression and further cultured. Expression of IpLITR 2.6b/IpFcRy-L
(A; top histogram) and IpLITR 1.1b (B; top histogram) along with the levels of LifeAct-GFP
expression (bottom histograms) was assessed via flowcytometry. The level of IpLITR-
expression in cells transfected with LifeAct-GFP (dashed line) vs non-transfected cells
(dotted line) was assessed for both IpLITR 2.6b/IpFcRy-L-expressing cells (A) and IpLITR
1.1b-expressing cells (B) via their FL2-intensities which were obtained through the use of a
oHA mADb to measure I[pLITR-expression. Validation of LifeAct-GFP transfection was
determined by assessing changes in non-transfected cells vs transfected cells via changes in
the FL1-intensities of cells tested. IpLITR-specific membrane dynamics were assessed using
LCI and overview representative images are shown for IpLITR-expressing cells at either

37°C (C) or at 27 °C (D). Dashed circles indicate observed filopodia.
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FIGURE 6.3 Examination of IpLITR 2.6b/IpFcRy-L-mediated phagocytosis at 37°C
and 27°C. LCI of IpLITR 2.6b/IpFcRy-L-mediated phagocytosis. RBL-2H3 cells (3x105)
stably co-expressing [pLITR 2.6b/IpFcRy-L and LifeAct-GFP were incubated at 37°C (A and

B) with 9x10” «HA mAb-coated 4.5 um microspheres. Immediately after the addition of
target beads, images were collected at 10 sec intervals for ~8 min using a Zeiss LSM 710
laser scanning confocal microscope (Objective 60x, 1.3 oil plan-Apochromat; Munich,
Germany). Both the brightfield-Life Act-GFP merged views (top panels) and the LifeAct-GFP
views alone (bottom panels) are shown with the location of the target microsphere indicated
with an asterisk (A and B). [pLITR 2.6b/IpFcRy-L-mediated phagocytosis at different

incubation temperatures. RBL-2H3 cells (3x105) stably co-expressing IpLITR 2.6b/IpFcRy-L

and LifeAct-GFP were incubated at 37 °C (C) or at 27°C (D) with 9x10° aHA mAb-coated 4.5
um bright blue microspheres. Immediately after the addition of target beads, images were
collected at 10 sec intervals for ~8 min using a Zeiss LSM 710 laser scanning confocal

microscope. Arrows indicate beads of interest. Representative time-stamps were extracted
from LCI videos.
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FIGURE 6.4 Examination of IpLITR 1.1b-mediated target interactions at 37°C. LCI of
IpLITR 1.1b-mediated phagocytosis. RBL-2H3 cells (3X105) stably co-expressing IpLITR

1.1b and LifeAct-GFP were incubated at 37°C with 9x10” «HA mAb-coated 4.5 um
microspheres. Immediately after the addition of target beads, images were collected at 10 sec
intervals for ~8 min using a Zeiss LSM 710 laser scanning confocal microscope (Objective
60x, 1.3 oil plan-Apochromat; Munich, Germany). Both the brightfield-LifeAct-GFP merged
views (top panels) and the LifeAct-GFP views alone (bottom panels) are shown for a series
of representative phenotypes in A-F. The location of the target microsphere are indicated in
the images by an asterisk or with the symbols ® and O when multiple beads were being
tracked.
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FIGURE 6.5 IpLITR 1.1b-mediated target interactions at 37 °C. RBL-2H3 cells (3x105)

stably co-expressing [pLITR 1.1b and LifeAct-GFP were incubated at 37°C with 9x10° aHA
mAb-coated 4.5 um bright blue microspheres. Immediately after the addition of target beads,
images were collected at 10 sec intervals for ~8 min using a Zeiss LSM 710 laser scanning
confocal microscope (Objective 60x, 1.3 oil plan-Apochromat; Munich, Germany) and are
shown for a series of representative phenotypes in A-D. In all time-stamps target beads are
indicated with an asterisk.
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FIGURE 6.6 Examination of IpLITR 1.1b-mediated target interactions at 27 °C. RBL-
2H3 cells (3X105) stably co-expressing [pLITR 1.1b and LifeAct-GFP were incubated at 27°C

with 9x10° aHA mAb-coated 4.5 um bright blue microspheres. Immediately after the
addition of target beads, images were collected at 10 sec intervals for ~8 min using a Zeiss
LSM 710 laser scanning confocal microscope (Objective 60x, 1.3 oil plan-Apochromat;
Munich, Germany) and are shown for a series of representative phenotypes in A-E. Beads of
interest are indicated with an asterisk.
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FIGURE 6.7 Hypothesized mechanism of IpLITR 1.1b-mediated phagocytic target
capture and tethering. Diagram representing hypothesized model of IpLITR 1.1b’s
mechanism for F-actin polymerization events associated with target capture/tethering
phenotype. In this model Nck (proximal) and Syk (distal) are recruited to specific portions of
IpLITR 1.1b’s CYT to promote filopodia and/or tethering activities.
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CHAPTER VII

EXAMINATION OF SYK AND NCK RECRUITMENT BY CATFISH
LEUKOCYTE IMMUNE-TYPE RECEPTORS DURING FILOPODIA-
MEDIATED TARGET CAPTURE AND ENGULFMENT

7.1 INTRODUCTION

Based on results obtained from Chapter VI the stable expression of IpLITR 1.1b but not
IpLITR 2.6b/IpFcRy-L, specifically triggers RBL-2H3 cells to induce filopodia formation.
IpLITR 1.1b-mediated signaling also initiates secondary waves of actin polymerization events
that are associated with the internalization and membrane tethering of extracellular targets. As
discussed in the last chapter, I hypothesized that pre-association of IpLITR 1.1b with
intracellular effectors capable of modulating the cytoskeletal machinery would allow for
dynamic membrane remodeling events prior to the formation of stable receptor-ligand
interactions [29,30,31]. Furthermore, the target acquisition and engulfment pathways facilitated
by IpLITR 1.1b likely require the differential participation of its unique membrane proximal and

distal CYT regions in the recruitment and activation of select intracellular effectors [46,47].

IpLITR 1.1b contains six tyrosine residues within its CYT region. The membrane
proximal CYT region tyrosines (Y433, Yas3, and Y4e3) are not embedded within any known
inhibitory or stimulatory signaling motifs (i.e ITIMS or ITAMs), whereas its membrane distal
CYT region tyrosines (Y477, Y499, and Ys03) are positioned within two ITIM and one ITSM motif.
Although the functional recruitment of signaling molecules to the CYT of IpLITR 1.1b has yet to
be investigated, previous work done by our lab has led to some possible intracellular regulators
as candidates. For example, [pLITR 1.1b may be recruiting Nck to assemble regulators of actin

polymerization, including WAVE2 to the plasma membrane. This interaction may occur by
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WAVE?2 indirectly associating with IpLITR 1.1b using the adaptor protein Nck, which could
possibly bind the proximal IpLITR 1.1b CYT region at the motif H-I-Y-D-E-V located at Y433 in
[66]. This would bring key components of the actin polymerization machinery into proximity of
stimulatory GEFs at the membrane; formulating the necessary tools for F-actin polymerization
events to occur. Together, this would encompass the minimal machinery required for promoting
local rearrangements of the actin cytoskeleton during target capture. Although direct recruitment
of Nck to IpLITR 1.1b has yet to be confirmed, biochemical studies performed in our lab suggest
that Nck may be recruited specifically to its proximal CYT region [192]. Alternatively, Syk may
bind the distal CYT region of IpLITR 1.1b by interacting with phosphorylated tyrosines Y477 and
Y 499 that are positioned in two tandem ITIM motifs. As shown by others, certain spacing of
tyrosines within consecutive ITIMs can accommodate the two Src homology 2 domains of Syk
thus providing a unique docking site for this kinase [105]. If recruited to IpLITR 1.1b, I predict
that Syk would then bind and activate an intracellular Rho-GEF that could then directly regulate
one of the many known Rho GTPases that are responsible for controlling rapid actin-driven
membrane dynamic remodeling through activation of Arp2/3 and the WAVE2 complex.
Unfortunately, biochemical associations of Syk and Nck with IpLITR 1.1b do not confirm if
these molecules are indeed relevant for IpLITR 1.1b-mediated responses, nor does it indicate at
which phases of IpLITR 1.1b-mediated phagocytosis they may be associated with. However, this
proposed mechanism provides the basic framework for further exploring a new mode of ITAM-

independent phagocytosis facilitated by IpLITR 1.1b.

Based on the proposal that Syk and Nck are key players in the IpLITR 1.1b-mediated
regulation of membrane dynamics, the primary focus of this chapter was to develop

immunofluorescence-based imaging protocols to directly examine the recruitment of Syk and
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Nck during IpLITR 1.1b-induced formation of filopodia and the capture and engulfment of
targets. Specifically, I first wanted to determine whether Syk and Nck are present in
constitutively generated filopodia-like structures in the absence of extracellular targets. Then
using my bead-based phagocytosis protocol, plasma membrane-target interactions were used to
qualitatively assess the dynamics of Syk and Nck accumulations during IpLITR 2.6b/IpFcRy-L
and IpLITR 1.1b-mediated activation of the phagocytic process. Results of this chapter
demonstrate for the first time that Nck but not Syk colocalize with IpLITR 1.1b within
constitutively generated filopodia structures. Furthermore, during the various phases of IpLITR
1.1b-mediated target binding, capture, and engulfment, both Syk and Nck were found to
specifically accumulate at cell-target interfaces. Overall, these results provide a first look at the
unique dynamics of IpLITR 1.1b-mediated molecular recruitments during F-actin-dependent
membrane dynamics and provide new details regarding Syk and Nck recruitments during ITAM-

dependent and independent phagocytic modes.

7.2 RESULTS

7.2.1 pSyk and Nck expression patterns in IpLITR-expressing RBL-2H3 cells

To examine the expression and potential colocalization of pSyk with IpLITRs, parental
RBL-2H3 cells (Fig. 7.1A), IpLITR 2.6b/IpFcRy-L-expressing (Fig. 7.1B), and IpLITR 1.1b-
expressing RBL-2H3 stables (Fig. 7.1C) were co-stained with an aHA mouse mAb (red; to
detect IpLITR expression) and an a-rabbit mAb specific for phosphorylated tyrosine’s Ys2s/Ys26
Syk (green) followed by confocal imaging and colocalization analysis. In each staining
experiment, three representative regions of three different cells were analyzed in areas that
approximated the relative positions of their plasma membranes (see i-ix on Fig. 7.1A for an

example, left panels). The z-stack images located at these specific regions were independently
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analyzed using colocalization analysis software (Imaris 9.2.1). These z-stack images at each
region were isolated from individual cells and then were used for colocalization analysis. For
colocalization analysis, Pearsons correlation coefficient (PCC) was chosen as the measure within
the selected regions, since it measures the correlation of localization between two intensities
within a 3D volume and indicates whether the associations of two overlapping signals are greater
than random chance. In general, a PCC value below 0.5 is deemed inconclusive on whether two
stains are colocalized [260] while a PCC value of 1.0 indicates complete colocalization. As
shown in Figure 7.1A, no IpLITR signal (red) is observed using aHA staining but a pSyk signal
(green) was detected in the selected regions (i-ix). PCC values calculated for these parental cells
ranged from 0.09 to 0.33 (Fig. 7.1D), indicating a negative result for colocalization. When
IpLITR 2.6b/IpFcRy-L-expressing cells were examined for receptor (red) and pSyk expression
(green), both proteins were detected but based on the calculated PCC values (e.g. 0.06 to 0.40) in
the defined areas (i.e. i-ix), these two proteins did not colocalize (Fig. 7.1D). Similar results were
also obtained using IpLITR 1.1b-expressing cells, which showed no significant receptor and
pSyk colocalization in all areas of the plasma membrane examined; including those that

contained extended filopodia-like structures (Fig. 7.1C; i-ix and Fig. 7.1D).

When examining Nck expression patterns in parental RBL-2H3 cells and IpLITR stables
(Fig. 7.2), it was once again shown that parental RBL-2H3 cells (Fig. 7.2A) and IpLITR
2.6b/IpFcRy-L-expressing stables (Fig. 7.2B) did not feature significant colocalization values
between aHA and a-Nck staining (Fig. 7.2D). In contrast, based on the areas analyzed in Figure
7.2C (i-ix), IpLITR 1.1b-expressing cells showed a dramatic increase in their PCC values for
regions i (0.84), iii (0.83), v (0.90), vi (0.88), viii (0.83), and ix (0.74). Importantly, these

regions all contained filopodia-like structures unlike regions i, iv, and vii, which did not (Fig.
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7.2C). On average, IpLITR 1.1b PCC values for Nck were significantly different from those
values obtained for parental RBL-2H3 cells and IpLITR 2.6b/IpFcRy-L as shown in the
summary graph (Fig 7.3; black bars) whereas PCC values obtained for pSyk were not
significantly different among all three cell-types (Fig. 7.3; white bars). A positive colocalization
control experiment is provided in Figure 7.4. This control was generated by incubating IpLITR
1.1b-expressing cells with an aHA mouse mAb and then subsequently staining the cells with two
different goat a-mouse IgG secondary antibodies; one conjugated to Alexa-488 probe while the
other being conjugated with an Alexa-647 probe. Since both secondary antibodies have the same
specificity (i.e. mouse IgG) these probes overlap perfectly with one another at positions of the
IpLITR 1.1b (i.e. aHA staining). This control experiment shows consistent high-level PCC

values (0.7-0.94) indicating a positive colocalization results in all areas examined (Fig 7.4).

7.2.2 pSyk recruitment patterns during IpLITR 2.6b/IpFcRy-L-mediated regulation of

phagocytosis

To examine pSyk recruitment specifically at the sites of IpLITR activation, an imaging
based phagocytic assay was performed using both IpLITR 2.6b/IpFcRy-L and IpLITR 1.1b-
expressing RBL-2H3 cells. Here, tHA mAb opsonized beads were incubated with [pLITR-
expressing cells that were subsequently stained for intracellular pSyk using a-rabbit conjugated
Cy3 probe (red) and a fluorescent marker to identify extracellular exposed beads using a a-
mouse IgG conjugated CyS5 probe (to detect the aHA mAb coated on the beads in the far-red
fluorescent channel; coloration of blue changed post image capturing). The principle here is that
internalized beads are protected by the plasma membrane and thus are not accessible to antibody
staining. Therefore, any exposed surfaces of the beads that are not in close contact with the cell

membrane or contained within the cell will be stained blue. Representative examples of pSyk
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staining patterns during IpLITR 2.6b/IpFcRy-L-mediated phagocytosis are shown in Figures 7.5
to 7.8. For each figure, shown are the confocal z-stack images (A), 3D reconstructed images (B),
and a staining intensity histogram (C) that provides MFI intensities for pSyk (red) as well as the
extracellular exposed areas of the selected beads (blue). Arrows in (B) and (C) indicate the areas
of the image that were then analyzed to calculate the MFI. In each image the direction of analysis
for the MFI values are indicated by the arrow over a specific distance across the image (C; x-axis

= distance in pm).

In Figure 7.5A, an extracellular bead (blue; asterisk) appears loosely associated with the
surface of an IpLITR 2.6b/IpFcRy-L-expressing cell (green). This is evident by the fact that bead
staining (blue ring) can be observed completely around the outer edges of the target (Fig 7.5A;
top left image). This is also indicated by the high MFI values (~40,000 MFI) calculated in the
blue channel (Fig 7.5C; blue line; 1.55 pm and 6.20 um). While this target appears to be in
contact with the cells surface (green), very little recruitment of pSyk is observed at the interface
between this bead and the cell (Fig 7.5A; top right panel). This also correlates with relatively low
MFT values in the red channel (~10, 000) calculated along the arrow (Fig 7.5C; red line). In
Figure 7.6, what appears to be a partially engulfed bead (*) is identified since it has reduced
bead-staining intensities (blue) specifically at the bead-cell contact site (Fig 7.6A). Conversely,
at this interface, pSyk staining is clearly visible (Fig 7.6A and 7.6B) and the overall MFI for both
bead (blue line) and pSyk (red line) are displayed in the histogram (Fig. 7.6C). Specifically, the
extracellular exposed region of the bead has a relatively large MFI value of ~40,000 (Fig 7.6C;
1.55 um), whereas at the bead-cell interface the bead staining intensity is lower (Fig 7.6C; 6.20
um, ~10,000 MFI). This measured loss of bead staining at the bead-cell interface is accompanied

by an increased intensity of pSyk accumulation at this site (Fig 7.6C; 6.20 um, ~30,000). The
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next figure shows an overall circular pSyk staining profile around what appears to be a
completely engulfed bead (e.g. this bead displays no blue staining; Fig. 7.7A and 7.7B). The
increased levels of pSyk staining (red line) are shown as two distinct peaks in Figure 7.7C (e.g.
~20, 000 MFT at 2.33 um, and ~30,000 MFT at 6.20 um) where no extracellular bead staining
(blue line) is observed. Finally, in what also appears to be a completely engulfed target, neither
extracellular bead staining (blue) nor pSyk staining (red) are observed at any relative position
around the bead (Fig. 7.8A and 7.8B asterisk). This lack of staining is also clearly shown on the

MEFT histogram plot (Fig. 7.8C).

7.2.3 pSyk recruitment patterns during IpLITR 1.1b-mediated regulation of phagocytosis

Representative examples of IpLITR 1.1b-mediated pSyk recruitments during target
capture and engulfment processes are shown in Figures 7.9 to 7.13. In the first example, two
individual beads (*, ©) are each attached to F-actin (green) containing membrane structures at
two different positions (Fig. 7.9A and 7.9B). At each of the cell-bead interfaces, pSyk staining
(red) 1s observed, and these contact sites are also associated with low levels of extracellular bead
staining (blue). For example, using the arrow to mark the MFI for bead and pSyk staining, each
bead shows pSyk intensity peaks (Fig. 7.9C, red line) at each point of membrane-bead contact
resulting in four distinct histogram peaks (e.g. at locations 1.40 pm, 5.58 um, 11.16 um, and
13.95 um all have MFI values >20,000). These same positions also have relatively low bead
staining intensities (Fig. 7.9C). Figure 7.10 shows two beads (* and ®) associated within what
appears to be a continuous F-actin rich membranous extension (green) or filopodia-like structure.
However, unlike the two beads shown in Figure 7.9, one of these beads (®) is completely
surrounded by the membrane while the second bead (*) is only partially engulfed. Once again, at

the membrane-target interface, reduced bead staining is evident at this position for bead (*), but
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increased pSyk staining is observed at the same site (Fig. 7.10A and 7.10B). For the other target
(®), no bead staining is observed but it is contained within a distinct ring of pSyk (Fig. 7.10A
and 7.10B). The overall MFI profiles for these images are shown in Figure 7.10C, once again

demonstrating the nature of pSyk patterning at the various bead-cell interfaces.

Another example of pSyk recruitment at the bead-cell interfaces of I[pLITR 1.1b-
expressing cells is shown in Figure 7.11. Here a bead (blue) is attached to the cell (green) in what
appears to be a phagocytic cup-like structure (Fig. 7.11A). The side of the bead that contacts the
cell is devoid of blue staining, but this interface does contain a clear ring of pSyk (Fig. 7.11A
and 7.11B; red staining). An MFI profile staining histogram for this target-cell interaction is also
provided in Figure 7.11C. A similar cell-bead phenotype is observed in Figure 7.12, showing
multiple surface attached targets with underlying pSyk staining at the bead-cell interfaces. In this
figure, two specific beads of interest are indicated by the symbols * and ®, and these where used
to create the MFI intensity histogram (Fig. 7.12C). Lastly, shown in Figure 7.13 is the
recruitment of pSyk to a bead that has undergone complete engulfment by an [pLITR 1.1b-
expressing cell. This is suggested by a lack of extracellular bead staining (Fig 7.14A; top left
image) as well as a significant localization of pSyk at that the same position (Fig 7.14C; top right
image). MFI calculations across the bead (Fig. 7.13B) show a relatively large recruitment of
pSyk at the location of the bead proximal to the cell (Fig. 7.13C; 2.33 pm, ~40,000 MFI). These
values gradually diminish as the arrow approaches the membrane distal face of the bead (Fig
7.14C; 6.20 um, ~20,000 MFI) and throughout the histogram, no extracellular bead (blue line)
staining is observed. Overall, these results show that IpLITR 1.1b-expressing RBL-2H3 cells

recruit pSyk during various the various stages of extracellular target capture and engulfment.
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7.2.4 Nck recruitment patterns during IpLITR 2.6b/IpFcRy-L-mediated regulation of

phagocytosis

To examine Nck recruitment dynamics during IpLITR-mediated phagocytosis, a similar
imaging-based phagocytic assay was performed as described above, however, for these
experiments IpLITR-expressing cells were subsequently stained using an a-Nck rabbit mAb.
Extracellular regions of the target beads were once again identified using an anti-mouse IgG
conjugated Alexa-647 probe (to detect the aHA mAb coated on the beads in the blue fluorescent
channel). The first representative example of Nck recruitment during IpLITR 2.6b/IpFcRy-L-
mediated phagocytosis is shown in Figure 7.14. Here, three different beads (*, ©, O) are
selected for analysis. The first bead (*) is attached to the cell (green) by a phagocytic cup-like
structure and Nck (red) is observed at the base of the bead-cell interface (Fig 7.15A). Most of
this bead is stained blue indicating that its contact with the cell is likely recent, although Nck
accumulation has begun to occur. A higher resolution of the Nck-containing structure formed at
the bead-cell contact site is provided in the 3D rendered image (Fig. 7.14B) and the MFI
histograms for F-actin (green line), bead (blue line), and Nck (red line) are shown for bead (*) in
Figure 7.14C (top panel). The second bead (®) analyzed appears to have been completely
internalized by the cell as indicated by the significant loss of bead (blue) staining (Fig 7.14A).
This bead is also surrounded by a ring of Nck (red) stain (Fig 7.14A and 7.14B) as measured in
its MFI histogram plot (Fig. 14C, middle panel). Lastly, the third bead (O) is also engulfed
showing no significant extracellular bead staining but with a relatively high overall intensity of
Nck at the bead-cell interfaces (Fig. 7.14). Two additional representative examples showing the

staining patterns for F-actin, bead, and Nck are provided in Figures 7.15 and 7.16.
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7.2.5 Nck recruitment patterns during IpLITR 1.1b-mediated regulation of phagocytosis

Due to the dynamic plasma membrane structures (i.e. filopodia) formed by IpLITR 1.1b-
expressing cells, both individual bead-cell contacts as well multiple contact events along
filopodia-like structures for a given image were analyzed based on Nck (red), F-actin (green),
and extracellular bead staining (blue). In Figure 7.17, three beads (*, ©, O) are imaged at a stage
where they are all captured by an elongated F-actin (green) containing structure (Fig. 7.17A and
7.17B). While the majority of these beads remain exposed to the extracellular environment
(blue), a reduction in blue fluorescence is observed at the sites where Nck staining intensities are
the highest. This is easily seen in the z-stack (Fig. 7.17A) and 3D rendered images (Fig. 7.17)
and is quantified using the MFT histogram (Fig. 7.17C). Each of the beads captured along this
filopodia-like structure were also individually analyzed for relative Nck accumulations relative
to the bead and F-actin stains (Fig. 7.17D). This once again shows that at the interface between
the filopodia and the bead surface, all captured targets displayed their highest MFI for Nck at
these positions. Another excellent representation of the dynamics of Nck recruitment during
filopodia-mediated capture of beads is shown in Figure 7.18. Using the arrow as a guide, prior to
target contact an F-actin and Nck-rich membrane extension contacts one bead (*) and then a
second bead (®). Although a large portion of these beads are not surrounded by the cell
membrane (blue stain), discrete pockets of Nck staining around the beads are observed (Fig.
7.18A and 7.18B). As quantified in the MFT histograms, three clear Nck peaks are featured at the
contact positions 8.06 pm, 12.09 um, and 15.12 um (Fig. 7.18C) and each bead is also
individually analyzed for their staining dynamics (Fig. 7.18D). Continuing with the theme of
filopodia-mediated target capture by IpLITR 1.1b-expressing cells, Figures 7.19 and 7.20

provide two additional examples showing various Nck recruitment dynamics relative to F-actin
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and extracellular bead positions along these uniquely IpLITR 1.1b generated structures. Finally,
Figure 7.21 shows several beads secured on the surface of an IpLITR 1.1b-expressing cells, and

two of these targets (* and ©) have been analyzed in detail.

7.3 DISUCSSION

The goal of this thesis chapter was to investigate the possible roles of two key F-actin
polymerization effector proteins, Syk and Nck, during IpLITR 1.1b-induced filopodia formation
and filopodia-mediated target capture and engulfment. First, I examined if pSyk and/or Nck
colocalized with IpLITR expression in stably transfected RBL-2H3 cells in the absence of target
microspheres. These experiments were performed by fluorescently co-labeling the surface
expressed IpLITRs (using an aHA mAb) with the intracellular proteins pSyk and Nck. Then
using confocal imaging and colocalization software, I calculated the likelihood that IpLITRs
endogenously interacted with pSyk and/or Nck in different regions of the plasma membrane.
Colocalization of protein-protein interactions was calculated using the Pearsons Correlation
Coefficient (PCC) value, which has been used in a variety of other studies [261,262], indicating
that this is an accepted method for detecting colocalization using fluorescent confocal imaging.
For example, colocalization of Nck with the cytoskeletal structural protein paxillin in membrane
protrusions was demonstrated using PCC colocalization analysis [261]. In my study, the positive
control images consistently had high PCC values (>0.7) regardless of whether I calculated PCC
values at the plasma membrane surface or at locations where filopodia-like structures were
generated indicated that I could indeed detect the colocalization of proteins in stained images.
Using this method, I showed that that Nck (PCC >0.7) colocalizes within membrane regions
containing IpLITR 1.1b-generated filopodia structures but not at locations of the plasma

membrane surface where filopodia where not produced. Importantly, unlike Nck, the pSyk PCC



251

values for [pLITR 1.1b-expressing cells were below the threshold for colocalization in IpLITR
1.1b-generated filopodia structures. Colocalization between IpLITR 1.1b and Nck was also
supported by the fact that neither Nck nor pSyk produced significant PCC values (i.e. <0.5) when
parental RBL-2H3 cells or IpLITR 2.6b/IpFcRy-L-expressing cells were examined. Overall, the
predicted interaction of Nck with IpLITR 1.1b in filopodia structures supports previous
biochemical studies from our lab, which showed that Nck binds to the transmembrane proximal
CYT region of IpLITR 1.1b [192]. This interaction likely occurs at the predicted Nck binding
consensus motif located at Y433 (H-I-Y-D-E-V) [3]. Combined with my observations that [pLITR
1.1b and Nck colocalize in constitutively generated filopodia, stable interaction between IpLITR
1.1b and Nck is likely a key component of the mechanism required for the constitutive

generation of dynamic F-actin containing filopodia by IpLITR 1.1b-expressing cells.

Nck and Syk have been identified as major regulatory proteins for F-actin polymerization
events in a wide variety of cellular process [213]. Nck is an adaptor/scaffolding protein
containing one SH2 and three SH3 binding domains which play important roles in receptor
induced signaling events [213]. As a scaffolding protein devoid of enzymatic activity, Nck is
important for connecting other intracellular signaling proteins together at sites of receptor
activation via its SH3 binding domains and it known to have more than 60 binding partners
[213]. Nck is involved in multiple receptor-induced phagocytic responses such as those initiated
by FcR, CEACAM3, and CEACAM4 [3,7,109]. As a facilitator of signaling complex formation,
Nck promotes the recruitment of signaling proteins in a receptor-specific manner to the plasma
membrane to induce activation of the Arp2/3 complex, thereby causing localized F-actin
polymerization events necessary for phagocytosis to occur. Interestingly, Nck has also been

shown to be involved in both filopodia and invadopodia formations [246,263,264]. Filopodia are



252

extracellular membranous extensions used by cells for a variety of cellular processes including
cell mobility, wound healing, and the capturing of extracellular targets [235,242,250,251]. As
exploratory structures, filopodia are characterized by their abilities to extend into surrounding
extracellular environments and act as sensory structures for cells by relaying extracellular
information to the cell via certain receptors [235,237,238,242]. Invadopodium are a specialized
type of extracellular extensions, which are associated with many metastatic cancers
[244,264,265]. Functionally, invadopodium allow aggressive forms of cancerous cells to
transverse across epithelial barriers by breaking down the extracellular matrices between layers
and form secondary tumors [245,265]. Like its role in phagocytosis, Nck is important for
facilitating multiple protein-protein interactions between F-actin polymerization machinery
molecules to sites of filopodia formation thereby promoting the generation and extension of
filopodia/invadopodium into the extracellular environment [109,261,263,265,266]. Unlike the
scaffolding role of Nck, Syk-associated phagocytic responses rely on its enzymatic activity as a
non-receptor tyrosine kinase to initiate downstream signaling events leading to F-actin
polymerization and phagocytosis. Syk contains two SH2 domains, which it uses to bind tandem
phosphorylated tyrosines within an ITAM located within the CYT region of many stimulatory
receptor-types [104]. Syk also contains a kinase enzymatic domain for inducing phosphorylation
of other intracellular proteins [267]. In general, tyrosines within the ITAM are phosphorylated
via Src-family kinases at the initial stages of receptor activation post ligand-receptor interactions.
This initial phosphorylation event then induces both the binding and activation of Syk to
activated receptors [103,206,267]. The activated kinase domain of Syk then induces the
phosphorylation of downstream signaling molecules which leads to the formation of signaling

complexes at the sites of activated receptors on the membrane [267]. Newly phosphorylated
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proteins then promote subsequent downstream signaling events and the formation of signaling
complexes which results in the induction of F-actin polymerization [101,103,109,267]. Due to its
vital signaling role in F-actin polymerization, Syk is required for many receptor-induced
phagocytic responses including classical phagocytic receptors such as FcR and Dectin-1
[63,103,105,123] as well as non-classical phagocytic receptors such as MARCO, CD13, JEDI-

10, CD44, and CEACAM3 [3,6,7,268-270]

The second main objective of this chapter was to examine the recruitment of pSyk and
Nck at sites of receptor activation during the IpLITR-mediated phagocytic process. This was
accomplished by first incubating either IpLITR 1.1b or IpLITR 2.6b/IpFcRy-L-expressing cells
with cHA mAb opsonized targets to engage and activate the receptors. Subsequently, beads were
stained with a fluorescently-labelled secondary anti-mouse Ab to determine their relative
associations with the plasma membrane. The presence of pSyk and Nck were detected after
permeabilizing the cells and staining them commercially purchased antibodies specific for these
intracellular molecules. Extracellular beads were readily detected in the blue fluorescent channel
as their entire surface was accessible to the secondary antibody. However, as the target beads
were bound and progressively surrounded by plasma membrane, these bead-membrane interfaces
excluded secondary antibody staining, which diminished the observed staining at these specific
locations. This was qualitatively assessed as a reduction in the mean fluorescence intensity (MFI)
using imaging software. pSyk and Nck intracellular staining intensities were similarly examined
using MFI to qualitatively measure their signal intensities at specified locations during the
various stages of IpLITR-mediated phagocytosis. For these experiments, IpLITR staining was
not directly measured but as previously described, these receptors are specifically engaged using

the tHA mAb opsonized targets (i.e. bead-membrane contacts represent the sites of IpLITR



254

engagements and are a proxy for IpLITR-induced signaling events). A similar approach has also
been used to track the recruitment and activation of other intracellular signaling effectors to
various immune receptor-types. For example, the localization of the T-lymphocyte specific
tyrosine kinase Lck in CD8+ T cells was identified by measuring MFI values along a cross
sectional line during CD8+ T cell stimulation [271] and another example was shown in the
previously mentioned Nck-paxillin colocalization study [261]. Here, authors also demonstrated
the localization of Nck and paxillin to the leading edges of membrane protrusions by measuring
signal intensities of both mCherry labelled Nck and YFP labelled paxillin. This was done by
measuring GFP-Nck and YFP-paxillin signal intensities (i.e. MFI) and showed preferential

localization of Nck/paxillin to regions within plasma membrane protrusions [261].

As anticipated, IpLITR 2.6b/IpFcRy-L-expressing cells recruited both pSyk and Nck at
the bead-cell interfaces. The patterning of these molecules observed through representative
images of IpLITR 2.6b/IpFcRy-L-expressing cells were consisted with the phases of the
phagocytic process described previously in my thesis and mirrored that of other classical ITAM-
induced response [2,85]. For instance, when a bead was loosely associated with the membrane,
little to no Nck or pSyk was measured at this site. As the level of bead engagements progressed,
the loss of bead staining correlated with the recruitment of pSyk and Nck at the bead-cell
interface; a response expected to occur during receptor activation. Once the bead was completely
engulfed, indicated by the total loss of bead staining, both pSyk and Nck staining were
progressively reduced; indicating that IpLITR 2.6b/IpFcRy-L-mediated signaling events were no
longer required for F-actin mediated engulfment of the target. My observed pSyk and Nck
recruitment patterns during the phagocytic process also correlate with the responses observed for

other ITAM-induced phagocytic receptors such as FcR and CECAM3 [3,103,108]. IpLITR 1.1b-
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expressing cells also showed recruitment of both pSyk and Nck at the bead-cell interfaces
suggesting the recruitment/activation of these molecules in response to I[pLITR 1.1b
engagements. Recruitment of both Nck and pSyk was observed at beads positioned at the leading
edge or on the surface of filopodia-like structures as well as on the exterior of cells, suggesting
that these molecules may be important for the initial capturing phase as well as the
tethering/engulfment phenotype elicited by IpLITR 1.1b-expressing cells. As mentioned above,
if IpLITR 1.1b endogenously associates with Nck, then it is not surprising that it also localizes at
regions of bead-cell interactions. Alternatively, it may also be possible that Nck binds newly
activated IpLITR 1.1b receptors situated at the cell-bead contact sites and therefore may be a
distinct Nck recruitment event from that of the constitutive association described above. The
observed pSyk recruitment to IpLITR 1.1b at the sites of plasma membrane-bead interfaces is
surprising since this receptor does not contain a classical ITAM within its CYT region. However,
a unique mechanism might exist whereby the tandem SH2 domains of pSyk are accommodated
by phosphorylated tryrosines within two tandem ITIMs present within the IpLITR 1.1b CYT. In
chapter VI, I hypothesized that this interaction likely takes place at the tandem ITIMs located
specifically at Y477 and Y499. A similar mechanism has also been demonstrated for the ITIM-
containing surface receptor PECAM-1 which has two ITIMs situated 22 amino acids apart, a
distance that was shown to accommodate pSyk binding [105]. Interestingly, 22 amino acids
separate the tyrosine residues located within the [pLITR 1.1b CYT ITIMs and therefore could act
as a possible docking site for pSyk binding. Additionally, as previously shown in chapter 1V,
inhibition of Syk enzymatic properties reduced phagocytic activities of [pLITR 1.1b-expressing
cells, reinforcing a possible role of pSyk in IpLITR 1.1b-mediated responses. Although I was

unable to directly identify the position of the receptors at the bead-cell interface, the recruitment
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of pSyk and Nck to these sites specifically was used as a proxy for receptor activation as pSyk
and Nck staining was significantly localized at the bead-cell interaction sites. Overall these
results provide further evidence in support of the hypothesis that Nck and pSyk are important
regulators of IpLITR 1.1b-mediated generation of dynamic F-actin containing membranous
protrusions (i.e. filopodia). These structures are constitutively produced by IpLITR 1.1b-
expressing cells and can facilitate the binding, capture, and eventual engulfment of extracellular

targets.

Data presented in this chapter provides new evidence regarding the proximal signaling
events that occur during teleost immunoregulatory receptor-mediated phagocytosis and insights
into the mechanism(s) associated with IpLITR 1.1b-induced cellular responses. My imaging,
colocalization, and recruitment data clearly show interactions of a teleost ITIM containing
receptor (i.e. IpLITR 1.1b) with intracellular effector proteins that are instrumental for regulating
F-actin polymerization cellular responses. Specifically, my data suggests that IpLITR 1.1b
endogenously colocalizes with Nck in filopodia-like plasma membrane structures and suggests
that IpLITR 1.1b-Nck interactions play a pivotal role in the receptor-specific formation of
filopodia. My data also shows that both pSyk and Nck are preferentially recruited at the sites of
bead-cell interactions, providing the first evidence that an ITIM-containing immunoregulatory
receptor can network with Nck and Syk to induce filopodia-mediated extracellular target
binding, capture, and engulfment. Based on previous studies from our lab, it is likely that Nck
binds to IpLITR 1.1b at a binding consensus motif located within its proximal region of its CYT,
while pSyk likely binds to the tandem ITIMs within its distal region of its CYT [105]. The
examination of IpLITR 1.1b and its unique ability to promote F-actin polymerization events

demonstrates that functional plasticity within immunoregulatory signaling pathways had
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emerged early in immunoregulatory receptor evolution. As such, IpLITR 1.1b-mediated
formation of filopodia and their ability to interact with extracellular targets represents a unique
model for further understanding F-actin dynamics during the control cellular effector responses.
Therefore, this model will serve to broaden our understanding of how other vertebrate
immunoregulatory receptor-types may network with intracellular signaling components to
regulate effector responses such as the phagocytic process. An understanding that the unique
composition of tyrosine residues within the CYT regions of immune receptors can form discrete
signaling cassettes broadens our appreciation of immunoregulatory receptor signaling. The fact
that IpLITR 1.1b, an ITIM containing and previously described inhibitory receptor, can also
network with effectors of the F-actin polymerization machinery (e.g. Nck and Syk) shows that an
individual IpLITR-type has variable and versatile immunoregulatory roles. Using imaging
technologies, this thesis chapter provides new evidence for a unique pathway explaining how a
putative inhibitory IpLITR-type can also trigger target capture and engulfment processes and an

overall appreciation of immunoregulatory functional plasticity.
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FIGURE 7.1 Colocalization of pSyk with surface expressed IpLITRs. 2x10 cells of
either parental RBL-2H3 (A) IpLITR 2.6b/IpFcRy-L (B) or IpLITR 1.1b (C) —expressing
cells were plated onto a coverslip and allowed to grow overnight. Next day cells were fixed
with 4% PFA at 37°C. Visualization of IpLITR expression was completed by first staining for
the HA-tag of IpLITRs using an aHA mAb and then subsequently staining of the receptors
with a fluorescent secondary goat amouse Alexa-647 (red) antibody. Cells were then
permeabilized and stained with a rabbit a-pSyk mAb and then a secondary goat arabbit
Alexa-488 (green) to visualize the localization of pSyk in relation to localization of [pLITRs.
Z-stack images were then obtained at 63x magnification using a Zeiss LSM 710 laser
scanning confocal microscope. Colocalization analysis was then performed on obtained z-
stack images using Imaris 9.2.1 at three isolated regions of the membrane (dashed box; i-ix)
for three individual cells and PCC values were obtained for all cell-types for at each region
tested (1-1x) (D).
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FIGURE 7.2 Colocalization of Nck with surface expressed IpLITRs. 2x10° cells of either
parental RBL-2H3 (A) IpLITR 2.6b/IpFcRy-L (B) or IpLITR 1.1b (C) —expressing cells were
plated onto a coverslip and allowed to grow overnight. Next day cells were fixed with 4%
PFA at 37°C. Visualization of IpLITR expression was completed by first staining for the HA-
tag of IpLITRs using an aHA mAb and the subsequent staining of the receptors with a
fluorescent secondary goat amouse Alexa-647 (red) antibody. Cells were then permeabilized
and stained with a rabbit aNck mAb and then a secondary goat arabbit Alexa-488 (green) to
visualize the localization of Nck in relation to localization of IpLITRs. Z-stack images were
then obtained at 63x magnification using a Zeiss LSM 710 laser scanning confocal
microscope. Colocalization analysis was then performed on obtained z-stack images using
Imaris 9.2.1 at three isolated regions of the membrane (dashed box; i-ix) for three individual
cells and PCC values were obtained for all cell-types for at each region tested (i-ix) (D).
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FIGURE 7.3 Averaged Pearson correlation coefficient of values for colocalization. Mean
+SEM values for each cell-type assessed across all regions analyzed for both pSyk (white
bars) or Nck (black bars) colocalization with IpLITR expression. PCC values obtained using
Imaris 9.2.1 for each selected region of interest. No statistical significance was found
between all cell-types and pSyk colocalization when stained with a aHA mAb (ns). Statistical
significance was calculated for Nck and aHA mAb staining between RBL-2H3 and IpLITR
2.6b/IpFcRy-L (*) while IpLITR 1.1b had statistical significance when compared to both
RBL-2H3 and IpLITR 2.6b 2.6b/IpFcRy-L (**). Stats were done using a student t-test two
tail paired variance and significance was determined by p<0.05.
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FIGURE 7.4 Positive control for colocalization analysis. [pLITR 1.1b-expressing cells
were fixed using 4% PFA at 37x. After fixation surface I[pLITR 1.1b was stained using a aHA
mADb and subsequently was double stained using two secondary goat amouse mAb antibodies
one conjugated to Alexa-657 and the other conjugated to Alexa-488 fluorescence probe. Cells
were then imaged using a Zeiss LSM 710 laser scanning confocal microscope (A) and
colocalization analysis was then performed on obtained z-stack images using Imaris 9.2.1 at
three separate regions (dashed box; i-ix) for three individual cells and Pearson Correlation
Coefficient (PCC) were obtained for each region of interest (i-ix) (D).
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FIGURE 7.5
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FIGURE 7.6
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FIGURE 7.7
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FIGURE 7.8
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FIGURE 7.5-7.8 Recruitment of pSyk during IpLITR 2.6b/IpFcRy-L-mediated

phagocytosis. Phagocytosis assays were performed by incubating 1x10° IpLITR
2.6b/IpFcRy-L-expressing cells stably transfected with LifeAct-GFP (green) with 4.5-um

non-fluorescent polystyrene beads (3x105) pre-opsonized with aHA mAb for 60 min at 37°C
while adhered to coverslips. After bead incubation, cells were fixed with 4% PFA at 37°C. To
asses the level of internalization of mAb beads, cells were incubated with a secondary goat
amouse Alexa-647. Post bead staining, cells were permeabilized and then stained for
intracellular pSyk via first incubating with a rabbit a-pSyk mAb and then a secondary goat
arabbit Alexa-488. Z-stack images (A) were then obtained at a magnification of 63x using a
Zeiss LSM 710 laser scanning confocal microscope, with beads of interested indicated by an
asterisk. Post imaging collection, coloration for beads (blue), pSyk (red) and the cell (green)
were artificially changed to better demonstrate the overall associations of all three colors via
the imaging software Zen 2009. Representative z-stacks for individual cells chosen for
further analysis were transformed into 3D renders to better visualize the spatial association of
pSyk recruitment within the cells at bead-cell interfaces with beads used for further analysis
indicated by an asterisk (B). Qualitative analysis was performed on shown z-stack images
(from A) by collecting mean fluorescence intensities (MFI; y-axis) of both bead staining
(blue line) and pSyk staining (red line) across the identified bead in the image shown (x-axis;
distance; um) using ImagelJ 9.2.1 (C).
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FIGURE 7.9
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FIGURE 7.10
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FIGURE 7.11
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FIGURE 7.12
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FIGURE 7.13
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FIGURE 7.9-7.13 Recruitment of pSyk during IpLITR 1.1b-mediated phagocytosis.

Phagocytosis assays were performed by incubating 1x10° IpLITR 1.1b-expressing cells
stably transfected with LifeAct-GFP (green) with 4.5-um non-fluorescent polystyrene beads

(3x105) pre-opsonized with aHA mADb for 60 min at 37°C while adhered to coverslips. After
bead incubation, cells were fixed with 4% PFA at 37°C. To asses the level of internalization
of mAD beads, cells were incubated with a secondary goat amouse Alexa-647. Post bead
staining, cells were permeabilized and then stained for intracellular pSyk via first incubating
with a rabbit a-pSyk mAb and then a secondary goat arabbit Alexa-488. Z-stack images (A)
were then obtained at a magnification of 63x using a Zeiss LSM 710 laser scanning confocal
microscope, with beads of interested indicated by an asterisk. Post imaging collection,
coloration for beads (blue), pSyk (red) and the cell (green) were artificially changed to better
demonstrate the overall associations of all three colors via the imaging software Zen 2009.
Representative z-stacks for individual cells chosen for further analysis were transformed into
3D renders to better visualize the spatial association of pSyk recruitment within the cells at
bead-cell interfaces with beads used for further analysis indicated by an asterisk (B).
Qualitative analysis was performed on shown z-stack images (from A) by collecting mean
fluorescence intensities (MFI; y-axis) of both bead staining (blue line) and pSyk staining (red
line) across the identified bead in the image shown (x-axis; distance; um) using ImageJ 9.2.1

(C).
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FIGURE 7.14
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FIGURE 7.14
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FIGURE 7.15
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FIGURE 7.14- 7.16 Recruitment of Nck during IpLITR 2.6b/IpFcRy-L-mediated

phagocytosis. Phagocytosis assays were performed by incubating 1x10° IpLITR
2.6b/IpFcRy-L-expressing cells stably transfected with LifeAct-GFP (green) with 4.5-um

non-fluorescent polystyrene beads (3X105) pre-opsonized with aHA mAb for 60 min at 37°C
while adhered to coverslips. After bead incubation, cells were fixed with 4% PFA at 37°C. To
asses the level of internalization of mAb beads, cells were incubated with a secondary goat
amouse Alexa-647. Post bead staining, cells were permeabilized and then stained for
intracellular Nck via first incubating with a rabbit aNck mAb and then a secondary goat
arabbit Alexa-550. Z-stack images (A) were then obtained at a magnification of 63x using a
Zeiss LSM 710 laser scanning confocal microscope, with beads of interested indicated by an
asterisk. Post imaging collection, coloration for beads (blue), Nck (red) and the cell (green)
were artificially changed to better demonstrate the overall associations of all three colors via
the imaging software Zen 2009. Representative z-stacks for individual cells chosen for
further analysis were transformed into 3D renders to better visualize the spatial association of
Nck recruitment within the cells at bead-cell interfaces with beads used for further analysis
indicated by an asterisk (B). Qualitative analysis was performed on shown z-stack images
(from A) by collecting mean fluorescence intensities (MFI; y-axis) of both bead staining
(blue line) and Nck staining (red line) across the identified bead in the image shown (x-axis;
distance; um) using ImageJ 9.2.1 (C).
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FIGURE 7.17
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FIGURE 7.17
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FIGURE 7.18
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FIGURE 7.18
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FIGURE 7.19
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FIGURE 7.19
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70000 = '
60000 -
50000
40000
30000
20000
10000
U r 1 1T 1T 1
O 4 N o=t N W~ 00 O QO = NN
O 00000000000Q0 - -
O NN OO O = & ms O
Lo T T e B I o B o B o |

Distance (um)

18.14 -




296

FIGURE 7.20
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FIGURE 7.21
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FIGURE 7.21
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FIGURE 7.17-7.21 Recruitment of Nck during IpLITR 1.1b-mediated phagocytosis.

Phagocytosis assays were performed by incubating 1x10° IpLITR 1.1b-expressing cells
stably transfected with LifeAct-GFP (green) with 4.5-um non-fluorescent polystyrene beads

(3x105) pre-opsonized with aHA mADb for 60 min at 37°C while adhered to coverslips. After
bead incubation, cells were fixed with 4% PFA at 37°C. To asses the level of internalization
of mAD beads, cells were incubated with a secondary goat amouse Alexa-647. Post bead
staining, cells were permeabilized and then stained for intracellular Nck via first incubating
with a rabbit aNck mAb and then a secondary goat arabbit Alexa-550. Z-stack images (A)
were then obtained at a magnification of 63x using a Zeiss LSM 710 laser scanning confocal
microscope, with beads of interested indicated by an asterisk. Post imaging collection,
coloration for beads (blue), Nck (red) and the cell (green) were artificially changed to better
demonstrate the overall associations of all three colors via the imaging software Zen 2009.
Representative z-stacks for individual cells chosen for further analysis were transformed into
3D renders to better visualize the spatial association of Nck recruitment within the cells at
bead-cell interfaces with beads used for further analysis indicated by an asterisk (B).
Qualitative analysis was performed on shown z-stack images (from A) by collecting mean
fluorescence intensities (MFI; y-axis) of both bead staining (blue line) and Nck staining (red
line) across the identified bead in the image shown (x-axis; distance; um) using ImageJ 9.2.1

(C).
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CHAPTER VIII
GENERAL DICSUSSION

8.1 Summary of findings

Many comparative immunological studies have focused on the identification of immune
genes in different animals, with only a small subset of these studies focused on the functional
characterization of immunoregulatory proteins. The findings in this thesis demonstrate that
IpLITRs can selectively engage distinct components of the phagocytic process and provides
important new information regarding the target acquisition as well as internalization mechanisms
involved in controlling phagocytic responses. This also offers new information regarding the
directed ability of immunoregulatory receptor-types to initiate dynamic membrane structures and
provides insights into an alternative ITAM-independent target capture pathway that is
functionally distinct from classically described phagocytic pathways. My results also identify
IpLITRs as an excellent model for investigating emergent concepts involved in the coordination
of complex and highly-conserved effector responses, such as phagocytosis, during innate defense
mechanisms that are often performed in a protease-rich inflammatory environment. The research
provided here also appears to be the first to suggest that expression of a specific
immunoregulatory receptor-type can promote the constitutive formation of filopodia. IpLITR
1.1b-mediated signaling also initiates secondary waves of actin polymerization events that are
associated with the internalization and membrane tethering of extracellular targets, which I
propose to be a distinct event from those involved in the constitutive filopodia generation
pathway. Furthermore, target acquisition and engulfment pathways facilitated by IpLITR 1.1b
likely require the differential participation of its membrane proximal and distal CYT regions for

recruitment and activation of select intracellular effectors. Overall, my thesis research offers
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novel information regarding the ability of immunoregulatory receptors to initiate filopodia
formation and provides new insights into the temporal organization of cellular events
surrounding the unique activation dynamics that regulate F-actin polymerization and membrane

remodelling events during the binding, capture, and engulfment of targets.

Initially I developed assays to test the hypothesis that IpLITRs participated in both
ITAM-dependent and ITAM-independent phagocytic signaling pathways. The results described
in Chapter IV showed that IpLITR 1.1b facilitates phagocytosis through a distinct ITAM-
independent mechanism and appeared to utilize membrane protrusions, or filipodia, during the
early stages of phagocytosis for target capture, indicating that distinct modes of phagocytosis
exist among IpLITR-types. The two classical modes of phagocytosis that have been extensively
described in mammals involve either FcRs and CR3 [2]; with key receptor-mediated differences
in the cellular mechanisms controlling target acquisition and engulfment. For example,
stimulatory FcRs commonly associate with the adaptor protein FcRy chain that encodes an
ITAM in its CYT region. Following interactions with IgG-opsonized targets, FcR-FcRy chain
complexes oligomerize at the receptor-target interface to facilitate tyrosine phosphorylation of
ITAMs by Src-family tryrosine kinases [101,272]. Phosphorylated ITAMs then bind the Syk,
which serves as the main effector of FcR-mediated signaling events by directly binding and/or
phosphorylating other intracellular components [103,209]. Select examples include class I PI3K
[210,273,274], guanine nucleotide exchange factors GEF including Vav, and small Rho family
GTPases such as Racl and Cdc42 [93,275]; the latter being important effectors controlling the
formation of filamentous actin (F-actin) structures during generation of the phagocytic cup and
extension of membranous pseudopods [5,114]. In comparison, CR3-mediated phagocytosis can

occur in cells lacking Syk and is an ITAM-independent process [276]. However, CR3 activation
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of phagocytosis is dependent on protein kinase C (PKC) activity [276] for the recruitment and
activation of the small GTPase RhoA (but not Cdc42 and/or Racl), which links CR3 engagement
to local F-actin accumulation during phagocytosis [119,121]. Additional signaling proteins such
as Talin, Rho-associated protein kinase, formin mDia, and myosin II are also known components
of CR3 phagocytosis [113,122,211] that are not commonly associated with FcR-dependent

phagocytosis.

Plasticity in phagocytic receptor functions is further appreciated by the recent report of
the cellular activities of CEACAM3 [3,8]. CEACAMS3 is a human-specific phagocytic receptor
expressed by neutrophils that activates a unique short-circuited version of phagocytosis through a
minimal set of molecules that effectively generate rapid actin-dependent pathogen internalization
[3,8]. My data indicated IpLITR 1.1b-mediated phagocytosis was only effectively blocked in the
presence of F-actin, Src, and Syk inhibitors. This may indicate that IpLITR 1.1b may exist in a
primed state facilitating constitutive coupling to the F-actin machinery necessary for target
acquisition and phagocytic cup formation. This could be due to constitutive association with
mediators of actin dynamics, which would be like the novel phagocytic pathway described for
CEACAM3. My results shown in Chapter IV I identify the control of actin-dependent filopodia
and phagocytic cup formation by IpLITR 1.1b illustrates, for the first time, a unique [ITAM-
independent mechanism for the stimulation of phagocytosis by a non-mammalian

immunoregulatory receptor.

In Chapter V, I showed trypsin selectively inhibited IpLITR 1.1b-mediated phagocytosis,
which closely correlated with a reduction in the surface expression of this protein. IpLITR 1.1b-
expressing cells trypsin treated rarely displayed fully internalized beads and had a reduction in

the number of beads captured in phagocytic cups or at the ends of membranous filopodia. In fact,
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most beads appeared to be located adjacent to the cell and not bound in membrane-based
structures. This data suggested that extracellular proteases can selectively modulate the ability of
IpLITR 1.1b to uniquely alter the remodeling of cellular membrane during the process of
extracellular target capture and engulfment. My data also suggested that trypsin may not shed
IpLITR 1.1 from the cell surface, but that trypsin may induce a conformational change in IpLITR
1.1b’s structure that stimulates removal of the receptor from cell surface through regulated
endocytosis. The in vivo role that trypsin may play in the translocation and regulation of IpLITR
1.1b-expression remains unknown; however, my results support an alternative perspective that
trypsin may selectively modulate [pLITR 1.1b’s functions by inducing signaling events from
within the endomembrane system. This would be a similar effect identified for other
immunoregulatory receptors in protease-rich environments. For example, when pathogens
circumvent anatomical barriers, neutrophilic granulocytes are rapidly recruited to the site of
infection where they release a variety of pro-inflammatory mediators and antimicrobial factors
[277]. Neutrophil-derived serine proteases (NSPs) are potent antimicrobial agents that also have
additional immunomodulatory functions [278,279]. NSPs are stored in azurophilic granules and
consist predominantly of elastase, cathepsin G and proteinase 3; each of which display unique
substrate specificity [278,280]. NSP-mediated proteolysis participates in complex physiological
functions including the destruction of foreign microbes, tissue remodeling, and enzyme-mediated
processing of select immune proteins [278,279]. NSPs can also directly target immunoregulatory
receptor proteins including TLR4 [281] , CD14, CD43 [282], CD23 [283], complement receptor
1 [284,285], intercellular adhesion molecule 1, vascular cell-adhesion molecule 1 [286,287] and
the cell surface-bound ligand binding chains of the IL-6 receptor [288]. This has varying effects

on immune cell effector functions such as regulating cytokine secretion, cellular migration,
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adhesion, complement activation, respiratory burst, and clearance of apoptotic cells during
inflammation. Exogenously-derived pathogen proteases also serve important immunomodulatory
roles as these enzymes can be used for immune-system evasion. For example, bacterial enzymes
directly target antibody and complement proteins, which block the opsonization of microbes to
inhibit engulfment by phagocytes [2,289] target intracellular signaling molecules belonging to
the TLR pathway [290], and can digest surfactant protein-A [291]. These examples collectively
indicate that host and pathogen proteases play vital roles in a wide variety of biological functions

such as tissue homeostasis, inflammation, infections, and diseases.

Other families of cell surface receptors like IpLITRs display similar sensitivity
specifically to trypsin. The most commonly examined trypsin-sensitive receptors belong to the
protease activated receptor (PAR) family, which are seven-transmembrane domain G protein-
coupled receptors that are directly activated by proteases-dependent cleavage events [292].
PAR?2 is specifically triggered by trypsin [293], mast cell tryptase, and a few other mammalian
serine proteases [292-299]. Activation of PAR2 has been linked with the release of pro-
inflammatory mediators, leukocyte migration, expression of adhesion molecules (reviewed in
[300]), and augments skin pigmentation by stimulating the phagocytic response of keratinocytes
[301-303]. Furthermore, protease-activated PAR2 can transactivate other receptors including
epidermal growth factor receptors (EGFRs; [304]) and TLR4 [290,305] during the coordinate
control of inflammatory signaling cross-talk. Interestingly, transactivation of EGFRs by PAR2
also requires activation of membrane-bound matrix metalloproteinases (MMPs), which induce
the release of membrane-anchored EGF receptor ligands [304]. Many of these MMPs are also
involved in protease-mediated receptor shedding from the cell surface (reviewed in [306]). This

has been increasingly recognized as a key regulatory mechanism since proteolytic shedding of



305

surface receptors often acts in a negative feedback fashion on receptor-mediated signaling events
(reviewed in [307]). Several studies have previously shown that trypsin directly cleaves proteins
from the cell surface, however, trypsin activity can also modify receptors without inducing their
shedding or internalization. For example, the dectin-1 receptor is directly cleaved from the
surface of macrophages by trypsin and this is associated with an inhibition of the internalization
of zymosan particles [308]. Galectin-1 also exists as a trypsin-sensitive surface protein that is
shed into the cellular supernatants following enzyme exposure [309]. Inactivation of the C5a
receptor can also occur in response to various NSPs through the loss of the N-terminal binding
portion of the receptor but not via cleavage of the entire ectodomain [34]. Uniquely, the chicken-
specific TLR15 is activated by pathogen-derived proteases that, unlike host proteases, carry out a
cleavage event that modifies the receptors structure required for TLR15-induced pro-
inflammatory signaling events [310]. The trypsin-sensitivity of the mammalian MR and its
associated reduced phagocytic activity parallels my own observations for IpLITR 1.1b. However,
in contrast to my findings, the MR is proteolytically processed into a surface-expressed form that
is smaller than the native protein [224]. The trypsin-generated MR is internalized and degraded,
which supports my hypothesis that trypsin can provide a trigger for the regulated internalization
of surface proteins. Overall, it appears that the catalytic activity of proteases plays important
roles in the regulation of effector responses by directly and indirectly effecting

immunoregulatory receptors.

In Chapter VI, I used live cell and SEM imaging techniques to identify if IpLITR 1.1b-
expressing cells can uniquely generate actin-dense filopodia-like protrusions during the early
stages of extracellular target interactions. My results support the hypothesis that F-actin-dense

filopodia are generated by IpLITR 1.1b-expressing cells and can be used for target capture. At
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depressed temperatures, although membrane structures had reduced mobility, I[pLITR 1.1b-
expressing cells still generated dynamic filopodia structures that continued to engage in sustained
cell-target interactions. This was in stark contrast to the membrane dynamics observed for
IpLITR 2.6/IpFcRy-L-expressing cells that had no F-actin dynamics, or any membrane
associated activity at lower temperatures. Results obtained from this work led me to conclude
that IpLITR 1.1b-expression is important for the generation of filopodia-like structures prior to
target associations. I therefore hypothesized IpLITR 1.1b may exist in a primed state that
facilitates endogenous coupling to effectors of F-actin dynamics to constitutively trigger

filopodia formation.

Across eukaryotes, the generation of filopodia during diverse cellular events have been
reported to require several classes of protein kinases and kinase-associated molecular scaffolds,
small Rho-family GTPases Rac1/2 and Cdc42, various cytoskeletal elements including
components of the actin-polymerization machinery (e.g. myosins and formins), as well as the
generation of membrane-embedded phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P3)
[2,82,87,88,242,252,311,312]. Filopodia are regulated by mechanisms instigated by constitutive
intracellular signaling events that appear to involve a number of conserved transduction
molecules [235,242]. For example, the tyrosine kinase ableson murine leukemia mammalian
oncogene-1 (c-Abl) is required for the promotion of filopodia during fibroblast cell spreading
[246]. C-Abl induces filopodia production through the phosphorylation of the docking protein 1
scaffold and subsequent recruitment of Nck to docking protein 1 (Dok1) [246]. This causes
increased localization of N-WASp to the plasma membrane, thereby inducing localized F-actin
polymerization and subsequent filopodia production [246]. Filopodia formation also occurs via

the recruitment of the inverse-BAR protein insulin receptor substrate protein of 53 kDa (IRSp53)
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to the inner membrane leaflet [247—249]. Translocation of IRSp53to the plasma membrane is
induced by the presence of Cdc42 whose interaction with IRSp53 recruits formins, WAVE2, and
N-WASp into a growing effector complex required for actin nucleation [249,313]. Formin
proteins enhance the assembly of actin during the progression of filopodia formation while
fascins cause the bundling of F-actin into parallel structures that provides filopodia with their
classical tubular structure [235,242]. Lastly, cellular motor proteins such as myosins are
important for the transportation of additional proteins to the growing tip of filopodia, allowing
their formation to continue farther into the extracellular milieu [242,250,251,312]. Overall,
constitutively generated filopodia allow phagocytes to constantly probe their extracellular
environments and these membranous probes may contain phagocytic receptors located along
their edges; a process that depends on an unknown mechanism for the loading of phagocytic
receptors into these distal protrusions [2,87,252]. Random phagocytic receptor-target interactions
that may occur would enable the attachment of specific targets to the membrane facilitating their

internalization.

An alternative mechanism for filopodia formation from that of constitutive generation is
the activation of certain receptor-types via exogenous stimulation. For example, the exogenous
addition of agonists for TLR4 and the calcium-sensing receptor (CaSR) (LPS and Ca**
respectively) has been shown to increase the production of filopodia-like structures on immune
cells suggesting that receptor-mediated responses to extracellular stimuli can be involved in
forming filopodia [240,241,314]. Receptor-induced filopodia on cancerous cells use inducible
pathways to produce filopodia which can facilitate invasion of surrounding tissues. These
extensions, termed invadopodia, are formed by the exogenous addition of PDGF and EGF which

showed to increase the level of invadopodia formation [244,245]. Invadopodia facilitate tumour
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metastasis by first adhering to and then penetrating extracellular matrices as they contain specific
matrix metalloproteinases at their extending tips that break down tissue barriers creating points
of entry into tissues [244,245] . The generation of filopodia by cancerous cells has been shown to
be in part regulated by FAK, Src, isoforms of PI3K, protein kinase C (PKC), and tyrosine kinase
substrate 5 (TKSS5) that function to regulate changes in lipid membrane composition and recruit
signaling proteins to the site of invadopodia formation [244,245]. In particular, TKSS5 acts as a
scaffolding protein for a variety of proteins controlling F-actin polymerization; such as Nck, N-
WASD, and the growth factor receptor-bound protein 2 (Grb2) [244]. Accumulation of these
molecules allows for the activation of additional cytoskeletal regulatory proteins including the
small Rho GTPases Ras-Rac 1/2 and Cdc42, as well as effectors of the Arp 2/3 complex
[244,245]. Interestingly, my experiments demonstrate a possible third mechanism for filopodia
formation as the stable expression of IpLITR 1.1b alone without exogenous stimulation initiated
filopodia generation. Moreover, perhaps those events that have been identified as ‘constitutively’
induced filopodia are the result of endogenously activated receptors that have yet to be

identified.

One possible mechanism for non-stimulated filopodia formation of IpLITR 1.1b-
expressing cells may be the basal recruitment and activation of Nck to the proximal region of
IpLITR 1.1bs CYT. Like CECAM3, IpLITR 1.1b may also recruit Nck in order to assemble
regulators of actin polymerization, including WAVE2. In one predicted scenario, WAVE2 may
indirectly associate with IpLITR 1.1b using the adaptor Nck that could bind the consensus
sequence H-I-Y-D-E-V located at Y433 in the proximal IpLITR 1.1b CYT region [3]. The binding
of Nck to IpLITR 1.1b could bring key initiators of the F-actin polymerization machinery into

close proximity of stimulatory GEFs, inducing further downstream signaling events. Following
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or during the recruitment of effectors of the actin cytoskeleton to the proximal CYT region of
IpLITR 1.1b, I hypothesized that Syk may bind the distal CYT region of IpLITR 1.1b by
interacting with phosphorylated tyrosines, Y477 and Y499, positioned in two tandem ITIM motifs
that could accommodate the two SH2 domains of Syk. This atypical mode of Syk recruitment to
tandem ITIMs has already been demonstrated for PECAM-1 [105]. These tandem ITIMs located
within the CYT region of PECAM-1 are spaced such that their tyrosine’s are separated by 22
amino acids. Interestingly, this is also the same separation between Y477 and Y99 within IpLITR
1.1b distal region of its CYT and therefore might explain how Syk potentially interacts with the
IpLITR 1.1b CYT. Once recruited to IpLITR 1.1b, I predict that Syk would bind and activate an
intracellular Rho-GEF that could then directly regulate one of the many known Rho GTPases
that are responsible for controlling rapid actin-driven filopodia through activation of Arp2/3 and
the WAVE2 complex. Together, IpLITR 1.1b-mediated phagocytic activity would perhaps
encompass the minimal machinery required (Nck, WAVE2, and Syk) for promoting local
rearrangements of the actin cytoskeleton and would culminate in a PI3K-independent target
capture pathway. A preliminary look at the possible recruitment of signaling effectors to IpLITR
1.1b by co-immunoprecipitation demonstrated that when phosphorylated, IpLITR 1.1b
associated with Nck, Syk, and WAVE2 in RBL-2H3 cells [192]. These data link the CYT region
of IpLITR 1.1b to endogenously available intracellular proteins that could regulate actin-
dependent phagocytosis. This in part would be a similar situation to that identified for the human
FcRLA4, which like IpLITR 1.1b contains two ITIMs and an ITSM within its CYT. Studies of
FcRL4 showed that its ITIMs and ITSM are endogenous phosphorylated in a ligand-independent
manner which facilitated the recruitment of SHP-1/2 to its CYT region [315]. The recruitment of

SHP-1/2 under these conditions was sufficient for inducing the dephosphorylation of Syk,
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causing inhibition of BCR induced signaling [315]. Interestingly, the addition of the TLR9
agonist CpG to FcRL4-expressing cells induced translocation of FcRL4 intracellularly, which
stimulated TLR9 signaling, suggesting a secondary stimulatory role post FcCRL4 internalization
[315]. Therefore, examples of immunoregulatory receptors engaging in intracellular signaling
without receptor-ligation exist, which may explain how IpLITR 1.1b-expressiong alone can
influence filopodia formation. Overall, my results suggest that IpLITR 1.1b may uniquely
network with intracellular components requisite to produce F-actin containing filopodia-like

structures.

In Chapter VII, I developed a confocal imaging-based assays to examine if Nck and/or
pSyk constitutively associated with IpLITR 1.1b in filopodia (before the addition of targets) or at
sites of receptor activation (target-cell interfaces). My colocalization analysis identified that Nck
but not pSyk associated with IpLITR 1.1b in regions of filopodia formation. Nck as an adaptor
protein can bind to a variety of intracellular signaling molecules to generate signaling complexes
at the plasma membrane [213] and it has been shown to be an important regulatory factor of both
filopodia/invadopodia formations [212,246,250,261,263-265,271]. Its importance in
filopodia/invadopoia formations stems from its ability to actively associate with many other
intracellular signaling proteins involved in F-actin polymerization (e.g. WAVE2, Grb2, Cdc42,
Vavl, FAK, p21-kinase (PAK)), c-abl) [3,109,213,232,246,264,313] but also proteins
responsible for generating the geometric shapes associated with filopodial structures (Dok1,
IRSp53) [246,248,249]. Interestingly, Nck has also been shown to constitutively associate with
other intracellular signaling molecules in resting cells. Specifically, Nck can endogenously
associate with PAK in fibroblasts. Upon stimulation of fibroblasts via growth factors this

constitutive complex is then transported to the membrane where it participates in F-actin
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polymerization events [109]. PAK also has been identified as a regulatory factor in filopodia
formation, and therefore perhaps the initial constitutive binding of PAK to Nck and then the
engagement of Nck to IpLITR 1.1b may be a possible mechanism for I[pLITR 1.1b-Nck induced
filopodia formation. Nck can also constitutively interact with the GEF Vavl in T cells as shown
using Forster resonance energy transfer (FRET) analysis [271]. This occurred in resting T cells
and was dependent on Nck interacting with the Vav1 proline-rich region as mutations within this
region of Vavl abrogated Nck-Vavl1 interactions causing significantly altered F-actin
polymerization [271]. Therefore, another possible mechanism by which IpLITR 1.1b-Nck could
facilitate localized filopodia formation without prior receptor activation could be achieved via
Nck binding to Vav1 and localizing it to sites of IpLITR 1.1b at the plasma membrane. Vavl
would be important then for the activation of small GTPases that would facilitate the activation
of the F-actin nucleation effector WAVE2. One of the major factors surrounding the endogenous
associations of Nck with IpLITR 1.1b is that Nck requires tyrosine phosphorylation to bind to
receptors. Therefore, my IpLITR 1.1b-Nck data would suggest that IpLITR 1.1b is
phosphorylated in the absence of ligand binding. Interestingly, as mentioned earlier, recent
examination of the human FcRL4 protein has demonstrated that immunoregulatory receptors can
be phosphorylated without prior activation and more importantly this ligand-independent
phosphorylation can be used to regulate receptor signaling. Specifically, FcCRL4 was shown to be
endogenously phosphorylated on its CYT at two ITIM motifs and a ITSM and that FcRL4 bound
and used SHP-1/2 for inhibitory signaling [315]. Such a mechanism in the case of IpLITR 1.1b
would then allow constitutive associations of Nck with its own CYT and thereby would allow for

the induction of filopodia.
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In Chapter VII, I also showed that [pLITR 1.1b recruits Nck and pSyk to target-cell
interfaces in a similar manner as predicted for IpLITR 2.6b/IpFcRy-L, suggesting that Nck and
pSyk are likely involved in IpLITR 1.1b activation. The requirement of pSyk kinase activity for
phagocytosis is well documented, as its importance has been shown for both classical
[101,209,218] and non-classical phagocytic receptors [6,63,268,269]. The importance of Syk in
F-actin polymerization events is due to its ability to generate downstream signaling events via
phosphorylation of other intracellular proteins. Such examples of Syk-induced phosphorylation
include Vavl, Nck, SLP-76/LAT, PI3K, and PKC just to name a few [267]. Syk binds directly to
phosphorylated receptors by situating itself right at the region where F-actin polymerization
occurs. In the context of IpLITR 2.6b/IpFcRy-L Syk is likely being recruited to its tandem
ITAMs as has been described for many other ITAM-induced responses. For [pLITR 1.1b, based
on my hypothesized model for how IpLITR 1.1b engages the F-actin polymerization machinery,
the binding of pSyk is like occurring within the distal region of its CYT at the site of the tandem
ITIMs. Nck has also been shown to be important for the induction of phagocytosis for ITAM-
induced responses such as FcR-mediated phagocytosis [108,110]. During FcR-mediated
phagocytosis, Nck is part of a large signaling complex consisting of Vav, profilin,
Ena/vasodilator-stimulated phosphoprotein (VASP) and WASP, which are important for
phagocytic cup formation as disruption of this complex abrogates formation of this structure
[3,7]. As mentioned previously, Nck is also an important factor for CEACAM3-mediated
phagocytosis but also recently has been identified to be involved in CEACAM4-mediated

phagocytosis as well [3,7].

Taken together, these data support my proposed model in Chapter VII, whereby Nck and

Syk bind to IpLITR 1.1b to promote F-actin polymerization events leading to the capture and
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engulfment of extracellular targets. Furthermore, this data provides evidence that the generation
of filopodia by the constitutive association of IpLITR 1.1b and Nck is a distinct signaling event
from that of IpLITR 1.1b activation post ligand binding which likely involves both the
recruitment of Nck and Syk. This data represents new insights into a possible mechanism for
constitutive immunoregulatory receptor-induced filopodia formation. Furthermore, my work
provides the first evidence that an ITIM-containing receptor is capable of inducing phagocytosis

utilizing the classical stimulatory molecules Nck and Syk.

8.2 Future directions

8.2.1 Constitutive mechanism of IpLITR 1.1b-mediated filopodia formation

Although my work identified Nck as a possible molecule associated with IpLITR 1.1b-
mediated filopodia formation many other experiments could be done to further this research. For
example, is the colocalization of IpLITR 1.1b and Nck really occurring? What other types of
molecules are involved in the constitutive associations? Is receptor micro-clustering facilitating
the coordination of the filopodia formation? To address my first question, I would want to further
confirm that the associations between IpLITR 1.1b and Nck are important for filopodia
formation. To do this I would conduct site-directed mutagenesis targeting the predicted binding
site of Nck at position Y433 on IpLITR 1.1b’s CYT. I would generate a mutated variant of
IpLITR 1.1b which would change the predicted Nck binding tyrosine (Y433) to a phenylalanine
(F), which should inhibit its binding to IpLITR 1.1b. I would then express this construct in RBL-
2H3 cells and visualize both non-stimulated and stimulated IpLITR 1.1b-F433 mutant in real time
to determine if their abilities to generate filopodia and filopodia-target interactions are abrogated.
Alternatively, I would also perform immunoprecipitation studies whereby either IpLITR 1.1b

wild type (WT) or IpLITR 1.1b-F433 construct would be immunoprecipitated from RBL-2H3
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cells and then tested for the presence of IpLITR 1.1b-Nck interactions prior to cell stimulation. If
IpLITR 1.1b does endogenously associated with Nck to facilitate filopodia formation I would
suspect that IpLITR 1.1b WT but not IpLITR-F433 should co-immunoprecipitate with Nck,
thereby identifying their engagements in a ligand-independent manner. Also, it would be very
interesting to see if [pLITR 1.1b and Nck interactions could be observed in real time during
filopodia formation. To do this, I would generate an IpLITR 1.1b-WT GFP-tagged construct
along with a Nck-RFP tagged protein and co express them in RBL-2H3 cells. In doing so I could
observe in real-time using my previously established LCI protocols the interactions of [pLITR
1.1b and Nck in filopodia, reinforcing my previous data and the hypothesis that these interactions
are important for filopodia formation. Following the same line of experiments, I would want to
test these same parameters but for other signaling molecules that may be involved such as
WAVE2, PAK and Vavl as these all have been shown to constitutively bind Nck in other
receptor systems. These studies would further elucidate unique mechanisms by which
immunoregulatory receptors can engage in F-actin polymerization events. To determine if
perhaps micro clusters of IpLITR 1.1b are facilitating filopodia formation I could generate a
IpLITR 1.1b WT-RFP expressing construct and co-stably express it with the LifeAct-GFP probe.
I could then look at receptor movement and localization prior to the generation of filopodia to
identify if perhaps receptor aggregation creates F-actin foci that eventually evolve into filopodia-
like structures. These studies together would further our understanding of not only how IpLITR
1.1b facilitates F-actin polymerization events for filopodia formation but more importantly they
would provide greater insights into novel mechanisms associated with immunoregulatory

receptor signaling capabilities and the regulation of membrane dynamics as whole.
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8.2.2 Roles of Nck and Syk recruitment to IpLITR 1.1b during phagocytosis

As described in my results, it appears that upon receptor activation both Nck and Syk are
recruited to sites of IpLITR 1.1b post ligand binding. This was demonstrated by both confocal
imaging as well as through qualitative analysis using specialized imaging software. However, to
identify definitively that these recruitments are occurring, I would like to perform the same
experiments using RBL-2H3 cells expressing CYT region mutants of IpLITR 1.1b. As
mentioned above, I would like to generate an IpLITR 1.1b-F433 mutant, which should abolish
Nck binding, but I would also like to generate an IpLITR 1.1b-F477/F499 mutant to test the
hypothesis that Syk is recruited to the tandem ITIMs within the distal region of IpLITRs 1.1b
CYT. These studies would not only further the notion that ITIM-containing receptors can engage
with stimulatory signaling molecules but would also give greater insights into mechanisms of
functional plasticity across vertebrates. The use of these newly expressing IpLITR 1.1b mutant
variants in RBL-2H3 cells would allow me to look at these specific sites as the recruitment
regions for Nck and Syk by demonstrating whether the mutated CYT variants lose Nck/Syk
recruitment capabilities using my immunoflurosence bead-molecule phagocytosis assay as
previously described (Chapter VII). This study would further my hypothesis that Nck and Syk
are directly recruited to IpLITR 1.1b I could also further assess Nck and Syk recruitment during
IpLITR 1.1b-mediated phagocytosis in real time. This would be accomplished by generating
IpLITR 1.1b-WT, IpLITR 1.1b-F433 (as mentioned above) and IpLITR 1.1b- F477/F499 GFP-
tagged constructs and co-expressing them with RFP-tagged Nck or RFP-tagged Syk and
visualizing their localizations using LCI. If Nck and/or Syk recruitment is important for [pLITR
1.1b-mediated phagocytosis, I would suspect that [pLITR 1.1b-WT-expressing cells would

recruit RFP-Nck or RFP-Syk to sites of bead-cell interactions, and therefore localize with the
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IpLITR 1.1b-WT GFP constructs. If these interactions do occur, then I would suspect to see no
localization of IpLITR-F433 GFP or IpLITR 1.1b- F477/F499 GFP with either Nck or Syk
respectively. This loss of binding of Nck or Syk would also be accompanied by the loss of the
ability of IpLITR 1.1b-expressing cells to facilitate either target tethering or engulfment, which I
could observe using both static and LCI imaging techniques. These results would confirm the
utilization of Nck and Syk in IpLITR 1.1b-mediated F-actin polymerization events and support

my hypothesized mechanism.

8.2.3 Identification of IpLITR ligands

One of the most important questions yet to be answered for IpLITRs as a receptor family
is the identification of their endogenous ligands. Answering of this question is important for
addressing not only the in vivo roles that IpLITRs play in regulating immunological responses
but to identify if IpLITRs represent functional orthologs to other mammal receptors. If identified,
functional studies in fish-specific systems could be done to further characterize the endogenous
role that IpLITRs play in teleost immunity. Sequence alignments and structural analysis of the
D1 and D2 domains of [pLITRs suggest a relationship to the LILR receptor family, and key
MHC-I binding residues have been identified in similar positions within the D1 domain of some
IpLITR sub-types [190]. This data suggestions that in part, [pLITRs may be important for
self/non-self recognition via MHC-I interactions, however no binding studies have been
successfully performed. Other members of the IgSF have been shown to bind completely
unexpected ligands as has been demonstrated for the members of the FCRL receptors. For
example, some FcRLs have been shown to bind IgA or IgG (FcRL4 and FcRLS respectively)
[315,316] while other FcRLs have shown to bind MHC-II molecules (FCRL6) as well as the

poxvirus immunoevasin protein (FcRL5) [317] . The CHIRABI IgY FcR in chickens
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interestingly shares more structural similarities to the MHC binding LILR receptor family rather
than mammalian FcRs [318]. These are just a few examples that demonstrate the diversity in

ligand recognition among IgSF members and therefore predicting IpLITR ligands is difficult.

One means by which ligands for IpLITRs could be identified is generating Fc-fusion
proteins containing the EC domains of IpLITRs, which are fused to the Fc portion of IgG
isotype. Once IpLITR-Fc chimerics are developed they could be used to screen for cell-
associated or exogenous molecules (fish and microbial) using screening arrays. This would be a
broad initial screening study to identify where possible IpLITR ligands may exist. Once IpLITR-
Fc binding has been confirmed, pull down assays along with mass spectrometry could be used to
identify specifically what type(s) of molecule(s) are capable of binding to IpLITR EC domains.
Another approach that could be used is the generation of a BWZ reporter assay. This assay has
been used to identify binding partners of other receptor-types with unknown ligands, such as the
studies that identified chicken IgY receptors [319]. This could be done by using IpLITRs EC
domains as bait for possible cell-surface expressed ligands or exogenous molecules. The
transfection of IpLITRs connected to a BWZ reporter cell could be incubated with various other
cell-types or exogenous extracts which once engaged in the expressed IpLITR EC domains
would activate the receptors causing BWZ fluoresence, there by indicating receptor-ligand
binding had occurred. From these studies one could generate a cDNA library and identified
ligands subsequently could be tested by expression in an easily transfectable cell line such as
HEK29T or AD293 and then incubated with IpLITR EC domain containing cells. cDNAs could

be sequenced and the ligand possible identified.



318

8.4 Final Summary

The characterization of IpLITRs offers new insights into the regulation of innate immune
cell effector responses and these fish proteins represent an alternative vertebrate innate immune
receptor model system for examining innate immune processes. Classically, immunoregulatory
receptors are categorized as being inhibitory or stimulatory based on key structural features of
their CYT regions. However recent studies, including those presented in this thesis, are
beginning to bring to light that perhaps this binary system is far more complex. Initially our lab
identified that IpLITR 1.1b could promote phagocytosis when expressed in a myeloid cell line,
however the mechanism underlying this unique function was not characterized. Therefore, my
thesis research was focused on examining how an ITIM-containing receptor can promote a
cellular response such as phagocytosis. Furthermore, I examined the mechanisms underlying the
unique ability of IpLITR 1.1b to constitutively induce filopodia formation that were involved in
the active capture, tethering, and engulfment of extracellular targets. This work sets the stage for
an understanding of the fundamentals of immunoregulatory receptor-mediated control of F-
acting dynamics required for plasma membrane remodelling. As such, my work provides new
information in support of the hypothesis that certain immunoregulatory receptor types may
specifically promote filopodia formations to propel them beyond the surface of the cell, thus
increasing the likelihood that they will engage distant targets. This information broadens our
appreciation of receptor-mediated target interactions and in principle shows that IpLITR 1.1b
and its unique signaling capabilities can network with the minimal proximal signalling
components to trigger filopodia formations. Overall, my work has provided the mechanistic
basics required for further exploring how certain immunoregulatory receptor-types influence

plasma membrane dynamics during target capture and engulfment events
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