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ABSTRACT

Cells perceive their environment through cell surface-expressed transmembrane (TM)
receptors. TM receptors transduce extracellular cues to highly sophisticated intracellular signaling
pathways. Transduction of multiple signaling inputs fine-tunes the regulation of vital effector
responses, such as phagocytosis. All metazoan species possess an innate immune system, which
is critical for host protection and maintaining homeostasis. Multiple innate immune cell-types
constantly sense the extracellular micro-environment through immunoregulatory receptors and
several immunoregulatory receptor families have been identified in vertebrates. Members of the
immunoglobulin superfamily (IgSF) are conserved throughout mammalian, avian, amphibian and
fish species. Although some families contain highly diversified members in teleost fish, they
operate via evolutionarily conserved principles of signaling for regulating effector responses. This
has allowed the study of conserved signaling events and novel immunoregulatory receptor-
mediated signal transduction capabilities using fish receptor models.

Channel catfish (Ictalurus punctatus) leukocyte immune-type receptors (IpLITRs) are a
polygenic and polymorphic immunoregulatory receptor family that share structural and
phylogenetic relationships with a number of vertebrate IgSF receptor-types. This family contains
stimulatory and inhibitory forms that regulate several innate immune cell effector responses via
classical as well as novel cytoplasmic tail (CYT)-dependent signaling capabilities. My thesis is
focused on using an IpLITR model to better understand how receptor CYT signaling versatility
affects the regulation of innate effector responses. Previous functional and biochemical
characterizations were performed in innate immune cell-types. The stimulatory IpLITR 2.6b
directly associated with the ITAM-containing adaptor molecule IpFcRy-L and activated

phagocytosis, cytokine secretion and degranulation in rat mast cells through highly conserved
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pathways. Conversely, the inhibitory IpLITR 1.1b abrogated cytotoxicity via a predictable ITIM-
dependent SHP pathway in mouse natural killer (NK) cells. Uniquely, IpLITR 1.1b could also use
an ITIM-independent Csk pathway to abrogate cytotoxicity. Surprisingly, IpLITR 1.1b activated
a unique ITAM-independent phagocytic phenotype in rat mast cells that occurs in two distinct
actin polymerization-dependent stages to capture and then internalize targets. This functional
plasticity placed IpLITR 1.1b into a growing category of ITIM-containing vertebrate receptors
with versatile CYT-dependent signaling capabilities. Importantly, IpLITR 1.1b evokes different
functional outcomes by switching its signaling potential between cell-types (i.e. NK cell vs. mast
cell), however, detailed mechanistic studies of this potential had not been performed.

Non-immune epithelial cell-types do not express IgSF immune receptors, however, they
express sub-membrane proximal signaling molecules and downstream effectors of actin
polymerization. In other words, these cells only lack expression of a cell surface receptor capable
of orchestrating sub-membrane signaling events to transduce extracellular target recognition into
internalization. This effectively offers a cellular background for isolating receptor CYT-specific
sub-membrane proximal signaling events away from co-activated pathway interference. This
reductionist strategy for studying receptor signaling was used to define CYT signaling
requirements of ITAM-containing receptors in mammals. Therefore, the overall objective of my
thesis is to establish a non-immune epithelioid cell system to examine details of IpLITR CYT-
dependent signaling versatility. My specific research aims were: (1) to characterize signaling
molecule recruitment to the CYT of IpLITR 1.1b; (2) to examine IpLITR 1.1b CYT-dependent
phagocytic signaling potential; (3) to establish an assay for measuring [pLITR CYT-dependent
cross-talk signaling potential; and (4) to examine IpLITR 1.1b CYT requirements for down-

regulating IpFcRy-L CYT ITAM-driven phagocytosis.



v

My research has demonstrated that although IpLITR CYTs recruit various stimulatory
signaling molecules, the functional outcome is predicted by the presence of canonical CYT motifs
when expressed in epithelioid cells. Specifically, IpLITR 1.1b recruited Nck and Syk to the
proximal and distal CYT segments, respectively, in GST pulldown assays. However, while
IpFcRy-L CYT ITAM activated phagocytosis in epithelioid cells, IpLITR 1.1b CYT did not.
Furthermore, co-immunoprecipitation showed that the IpLITR 1.1b CYT recruited the inhibitory
molecules Csk and SHP2 in physiologically activated cells using pervanadate. This facilitated a
shift in my objectives based on previous IpLITR characterizations to assess a novel aspect of
IpLITR signaling potential. [pLITRs contain highly conserved extracellular domains that may bind
common targets and catfish immune cells co-express IpLITRs. Since the IpFcRy-L CYT ITAM
orchestrated sub-membrane signaling events that activated phagocytosis in epithelioid cells, I
examined IpLITR 1.1b CYT-dependent sub-membrane proximal cross-talk signaling potential.
Using a novel imaging flow cytometry-based phagocytosis assay, I demonstrated IpLITR 1.1b
CYT-dependent cross-talk down-regulation of ITAM-driven phagocytic signaling upon co-cross-
linking with bead targets. To examine the details of this down-regulation, I used site-directed
mutagenesis, dominant-negative signaling molecule constructs and shRNA-mediated protein
knockdown techniques. I showed that IpLITR 1.1b CYT-dependent down-regulation of
phagocytosis requires both Y** and Y*#”7 for maximum inhibition, however, neither SHP2 nor Csk
were critically involved. These results indicate that IpLITR 1.1b uses a novel proximal and distal
CYT-dependent co-operative inhibitory signaling mechanism to down-regulate ITAM-driven
phagocytosis. Overall, I have demonstrated novel inhibitory signaling capabilities for I[pLITR 1.1b,

including the first report of cross-talk signaling potential within a teleost immunoregulatory



receptor family. My work shows that teleost immunoregulatory receptors are excellent models to

advance the understanding of innate immunoregulatory processes in vertebrates.
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CHAPTER1
INTRODUCTION

1.1 Introduction
Animals are composed of cells which are the smallest fundamental living units on Earth.

Part of their classification as living is based on their ability to perceive the environment, allowing
them to detect nutrients or avoid stressful conditions. Perceiving environmental cues is important
for single cells, but multicellular organisms have evolved sophisticated networks for
coordinating the activities of many individual cells (1). Multiple immune cell-types like natural
killer (NK) cells and granulocytes (e.g. mast cells) coordinate the detection and elimination of
invading microbes, repairing tissue damage, removing debris and restoring homeostasis.
Importantly, immune cells sense and respond to their environment through cell surface-expressed
immunoregulatory receptors that communicate extracellular stimuli to complex intracellular
signaling pathways. Characteristic modifications of the phosphorylation status of tyrosine-based
motifs allow cells to balance inputs and select appropriate responses. Although these immune
cell signal transduction events are highly conserved throughout the animal kingdom, information
from earlier vertebrate models is relatively limited.

A family of immunoregulatory receptors, called leukocyte immune-type receptors (LITRs),
were originally discovered in the channel catfish (Ictalurus punctatus) over a decade ago (2).
These receptors have ancestral relationships with several amphibian, avian and mammalian
receptor families. Since 2007, the Stafford lab has employed IpLITRs as tools to study
immunoregulatory receptor-mediated functional and signaling potential to address gaps in the
understanding of innate immunoregulatory processes in vertebrates. Specifically, very limited
descriptions of immunoregulatory receptor-mediated control of signal transduction in fish

immune cells were available and our work has since revealed expected as well as unique aspects



of immunoregulatory receptor signaling. For example, the stimulatory receptor IpLITR 2.6b
features conserved functional and signaling capabilities with mammalian receptors, including
associations with stimulatory adaptor molecules such as IpFcRy-L, that allow it to activate
degranulation, cytokine secretion and phagocytosis (Figure 1.1; 3—5). Conversely, the inhibitory
receptor IpLITR 1.1b has demonstrated predictable as well as versatile signaling capabilities.
Originally, IpLITR 1.1b blocked mouse NK cell-mediated cytotoxicity using both conserved
SHP-dependent pathways and a novel SHP-independent pathway (6). More recently, IpLITR
1.1b was shown to stimulate the phagocytic process when expressed in a mammalian myeloid
cell line (Figure 1.1; 5, 7). This response was not inhibited by pharmacological inhibitors of
conserved phagocytic signaling pathways nor decreased temperatures (i.e. 17°C). However,
removing the cytoplasmic tail (CYT) region, which contains proximal and distal segment
signaling modules, blocked phagocytosis. Microscopic examinations also revealed a unique
phagocytic phenotype whereby wild-type IpLITR 1.1b CYT (IpLITR 1.1b WTcyt)-expressing
cells captured targets on actin-rich membranous protrusions. IpLITR 1.1b WTcyr-mediated
phagocytic signaling is driven by recruitment of stimulatory signaling molecules to distinct CYT
regions (8). Importantly, this is the first characterization of functional plasticity for an ITIM-
containing teleost immunoregulatory receptor, revealing conserved principles of innate immune
signal transduction events across vertebrate lineages. However, details of signaling versatility
within teleost immunoregulatory receptor families have not been studied. Due to the ancestral
relationship between LITRs and receptor families in descendant vertebrates, this work may
uncover novel signaling capabilities that are conserved throughout vertebrate lineages.
Therefore, to advance the understanding of versatile signaling capabilities in vertebrates, my

thesis research focuses on IpLITR CYT-dependent signaling events.



1.2 Thesis objectives

Previous characterizations of IpLITR 1.1b WTcyr were performed using transfected
immune cells, however, detailed phagocytic signaling mechanisms can be studied in non-
immune epithelial cell-types. Epithelial cells are the main cell-types that comprise the anatomical
barrier separating external and internal environments which prevents microbial entry to host
tissues. Their primary functions do not include internalization of particulate antigen and they do
not constitutively express cell-surface immunoglobulin superfamily (IgSF) innate immune
receptors. However, epithelial cells do express sub-membrane proximal signaling molecules as
well as the downstream actin polymerization machinery (9, 10). By expressing a receptor
capable of orchestrating sub-membrane proximal signaling events that link to the actin
polymerization machinery, phagocytic signaling pathways can be re-constituted without
interference from co-activated immune pathways. Heterologous expression systems typically use
plasmid vectors (e.g. pDisplay) that drive constitutive expression of the proteins they encode
resulting in over-expression of target protein. However, in the case of phagocytic receptor
protein targets, the purpose of these systems is to detect a cellular response downstream of
receptor activation to be able to study underlying signal transduction events, not match in vivo
levels of receptor protein expression. This represents a reductionist approach for studying
receptor CYT-dependent sub-membrane proximal signaling events and was successfully used to
define CYT requirements of ITAM-driven phagocytosis in mammals (Figure 1.2; 11-18).
Therefore, my overall thesis objective was to establish a non-immune epithelioid cell system to
examine the events underlying IpLITR 1.1b WTcyr-mediated sub-membrane proximal signaling

versatility. The specific aims of my research were: (1) to characterize the signaling molecule

recruitment potential of IpLITR 1.1b WTcyt proximal and distal segments and (2) to examine



IpLITR 1.1b WTcyr-mediated phagocytic signaling potential. Since these aims showed that
IpFcRy-L CYT activated phagocytosis but IpLITR 1.1b WTcyr appeared to mediate inhibitory

signaling, the next aims of my research were: (3) to establish an assay for measuring I[pLITR

CYT-dependent cross-talk signaling potential; and (4) to examine IpLITR 1.1b WTcyt
requirements for down-regulating IpFcRy-L-driven phagocytosis.
1.3 Thesis overview

Chapter II begins by reviewing paradigms of immunoregulatory receptor-mediated control
of effector responses, including detailed examples of dynamic signaling events. In addition,
chapter II will discuss conserved details of signaling versatility and functional plasticity across
vertebrate lineages and establish LITRs as an excellent model for examining novel signaling
capabilities. Chapter III describes the materials and methods used to complete my thesis
research. In chapter IV, I test hypotheses of signaling molecule recruitment and phagocytic
signaling potential of IpLITR CYTs using co-precipitation and imaging flow cytometry-based
approaches. My results show that while IpLITR 1.1b WTcyr differentially recruits several
stimulatory signaling molecules to distinct CYT region segments from cellular lysates, only
inhibitory molecules are recruited from intact, physiologically stimulated cells. IpLITR 1.1b
WTcyr was shown to not mediate phagocytic signaling likely due to the recruitment of inhibitory
signaling molecules, while IpFcRy-L was phagocytic. These observations formed the basis for
testing hypotheses of IpLITR-mediated cross-talk signaling potential. Chapter V details the
development of a novel imaging flow cytometry-based phagocytosis assay involving the
transient transfection of eGFP-tagged IpLITR 1.1b WTcyr constructs into stable IpFcRy-L-
expressing cells. My results show that IpLITR 1.1b WTcyr down-regulates IpFcRy-L-driven

phagocytic signaling via tyrosine-based motif-dependent mechanisms. In chapter VI, I examine



IpLITR 1.1b WTcyt requirements of the down-regulatory mechanism revealed in chapter V.
This involved site-directed IpLITR 1.1b WTcyr YF mutant constructs, dominant-negative
signaling molecule constructs and shRNA-mediated signaling molecule knockdown techniques
in combination with the phagocytosis assay developed in chapter V. I show that IpLITR 1.1b
WTcyt requires proximal and distal CYT segment motifs to optimally inhibit [pFcRy-L-driven
phagocytosis. This down-regulation uses novel inhibitory signaling pathways compared to those
previously demonstrated for IpLITR 1.1b WTcyt. In summary, my research has demonstrated a
novel inhibitory signaling mechanism for down-regulating phagocytosis in vertebrates and is the
first report of cross-talk signaling potential within a teleost immunoregulatory receptor family.
Chapter VII discusses the main findings of this thesis in relation to immunoregulatory receptor-
mediated regulation of immune cell effector responses in vertebrates as well as the potential
utility of other teleost LITR models to expand the current understanding of innate immune

processes in the future. Chapter VIII is a bibliography of thesis references.
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Figure 1.1. Versatility of IpLITR cytoplasmic tail (CYT)-mediated signal
transduction capabilities. Heterologous expression of N-terminal hemagglutinin
(HA) epitope-tagged IpLITRs in mammalian immune cells allows receptor-
specific activation of signal transduction by aHA antibody-mediated cross-linking.
Conserved aspects of IpLITR-mediated control of effector responses include the
activation of stimulatory responses (e.g. phagocytosis, left panel) and the inhibition
of cytotoxicity (middle panel) through ITAM (green) Syk-dependent and ITIM
(red) SHP-dependent pathways, respectively. Two unique aspects of IpLITR-
mediated control of effector responses include: 1) inhibitory signaling plasticity
through an ITIM-independent, Csk-dependent membrane proximal cytoplasmic tail
(CYT) segment pathway (middle panel) and 2) functional plasticity via activation
of phagocytosis through a co-operative ITAM-independent Nck- and Syk-
dependent pathway (right panel).
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Figure 1.2. Cytoplasmic tail (CYT) ITAM-dependent phagocytic signal
transduction pathways. Receptor-mediated target recognition leads to receptor
clustering and the activation of phosphotyrosine-dependent signaling events,
resulting in membrane remodeling and target internalization. CYT ITAMs (green)
are phosphorylated by membrane-associated Src family kinases (SFKs) leading to
recruitment of Syk. Syk can recruit the guanine exchange factor Vav or the adaptor
proteins Grb2 and Gab2, leading to the activation of phosphoinositide 3-kinase
(PI3K). PI3K catalyzes the phosphorylation of membrane lipids, leading to the
accumulation of phosphatidylinositol-(3,4,5)-trisphosphate (PI-3 4 5-P3) which
activates myosin and recruits the small GTPases cdc42 and Rac that are activated
by Vav. Small GTPases activate effectors of actin polymerization, WASP/WAVE
and Arp2/3. Arp2/3 facilitates actin polymerization leading to membrane

remodeling and target internalization.
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CHAPTERII
LITERATURE REVIEW

2.1 Overview of innate immunity

All multi-cellular animals possess an innate immune system broadly composed of
anatomical barriers and underlying cellular components (19). While anatomical barriers present a
formidable and hostile obstacle, invading microbes must then evade various innate immune cell-
types that actively search for and destroy them (20). The study of innate immune cell-types
across vertebrate models established evolutionarily conserved phenotypes and functional
responses activated during microbial encounters. Seminal observations in a number of
organisms, including starfish larvae in 1883, but also reptiles, birds and primates made by Elie
Metchnikoff, contributed to the development of cellular defense theories in animals and the
awarding of the 1908 Nobel Prize in Physiology and Medicine (21-23). Indeed, mammals, birds,
reptiles, amphibians and fish all possess innate immune cell-types that execute conserved cellular
responses. These responses serve to maintain anatomical barriers by secreting anti-microbial
peptides, kill infected or stressed host cells via cytotoxicity, eliminate microbes by phagocytosis,
influence inter-cellular communication by secreting and responding to cytokines and
chemokines, and guide adaptive immune responses by presenting antigen. Collectively, these
cell-mediated processes eradicate infections, orchestrate tissue repair, and re-establish host
homeostasis (20, 24-26). Overall, these outcomes rely on the ability of cells to sense and respond
to their micro-environments.

Cell surface-expressed innate immune cell receptor proteins (called immunoregulatory
receptors) communicate extracellular stimuli to complex, highly conserved intracellular signaling
networks that control cellular responses. These events are collectively known as signal

transduction. Several immunoregulatory receptor families discovered in mammals have helped
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define key molecular principles of innate immune cell signal transduction (27). In general,
receptor ligation leads to clustering and activation of receptor cytoplasmic tail (CYT)-dependent
signaling cascades (28, 29). The integration of signaling cascade inputs balances cellular
activation and inhibition (30—33). Molecular signal transduction events are highly conserved
throughout vertebrate lineages, however, detailed mechanistic information from earlier
vertebrate models (i.e. teleost fish) is relatively limited. The Stafford lab has focused on
biochemical and functional characterizations of a family of immunoregulatory receptors
originally discovered in the channel catfish (Ictalurus punctatus) called leukocyte immune-type
receptors (IpLITRs; 2). The research described in this thesis is a continuation of these
characterizations with a focus on expanding novel receptor CYT-dependent regulatory
capabilities of two representative IpLITR family members.

In this review, [ will first provide an overview of innate immunity components,
highlighting select innate immune cell-types and their effector responses in vertebrates, with a
focus on teleost fish. I will then introduce concepts of immunoregulatory receptor-mediated
control of effector responses and biochemical currencies of signal transduction. Next, I will
integrate these two concepts by reviewing historical aspects of the paired (i.e.
stimulatory/inhibitory) receptor paradigm. I will then review detailed molecular mechanisms of
specific stimulatory and inhibitory receptor-types, including examples from select vertebrate
species, which I will then contrast with more recent characterizations that exemplify receptor
CYT signaling versatility (e.g. inhibitory receptor-types that activate functions). These
contrasting examples provide a basis for reviewing underlying dynamics of receptor CYT-
mediated integration of biochemical signal transduction currencies during immune cell-target

interactions. In doing so, I will highlight recent advances in our understanding of how receptor
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CYTs activate specific intracellular signaling pathways and the central role that actin
polymerization plays in organizing membrane structure and consequently, sub-membrane
proximal signaling events.

Throughout this review, I will primarily discuss evolutionary relationships between
vertebrate innate immune cell-types and the immunoregulatory receptors they express, focusing
on IpLITRs and their counterparts in birds and mammals. However, when discussing
mechanisms of receptor CYT signaling dynamics and the role of actin polymerization, I will
include select adaptive immune cell receptor examples (e.g. CD28). Since theories that adaptive
immune cells are evolutionary descendants of innate cell-types (e.g. B cells are specialized
macrophages and T cells are specialized cytotoxic cells; 32, 33) have been proposed, the CYT
phosphotyrosine- and actin-dependent nature of mechanisms downstream of adaptive immune
receptors likely also operate during innate immunoregulatory receptor signaling.

2.1.1 Physical/chemical barriers

The first barrier that microbes interact with during invasion is the skin, which includes a
continuous external (i.e. skin) and internal (i.e. digestive tract) lining. Although macroscopically
the external lining appears much different in terrestrial versus marine animals (e.g. feathers/fur
versus scales), both linings are generally composed of two major microscopic cellular layers: the
dermis and the epidermis, along with their associated connective and immunological tissues.

In fish, constant contact with potentially pathogenic microbes in aquatic environments
facilitated the evolution of robust epidermal defenses, including mineralized scales supported by
actin-, collagen- and keratin-rich filaments (36, 37). In addition, this penetration-resistant barrier
is bathed in a gel-like mucous secreted by specialized goblet cells within the epidermis and it

contains various glycoproteins, anti-microbial peptides and immunoglobulins (i.e. protective
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antibodies). Furthermore, the epidermis contains multiple secondary lymphoid tissues that
combat infection by housing interaction sites between various immune cell-types. These include
the gill-associated lymphoid tissue, gut-associated lymphoid tissue (GALT), mucosae-associated
lymphoid tissue, nasopharynx-associated lymphoid tissue (NALT), and skin-associated lymphoid
tissue. Lymphoid tissues contain several resident immune cell-types including T and B cells
(which are adaptive immune cells), macrophages, dendritic cells, non-specific cytotoxic cells and
neutrophils. Within these tissues, innate and adaptive immune cell-types interact directly to
influence immune responses. Specifically, dendritic cells and macrophages present antigen to
resident T and B cells thereby inducing antigen-specific adaptive immune responses. All
vertebrates possess a GALT and NALT indicating that communication between innate and
adaptive cell-types is highly conserved throughout vertebrate lineages (38—41). If these initial
barriers fail, the next line of defense depends upon the induction of cellular effector responses by
various innate immune cell-types.
2.1.2 Cellular barriers

Invading microbes can establish infections in virtually any tissue of the host. Innate
immune responses are activated immediately and include the mobilization of specific cell-types
to sites of infection where they activate effector responses to combat the infection. In mammals,
the major cellular participants during innate responses include innate-like lymphoid cells (e.g.
natural killer cells), dendritic cells, monocytes/macrophages and the granulocytes (e.g.
neutrophils, basophils and eosinophils; 40, 41).

Traditionally, innate cell-types have been identified using a combination of cyto- and
histo-chemical staining, ultrastructural morphology and broad functional assessments. These

functions include increased adhesion after immune stimulation, cell migration into particular
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tissues after immune challenge or proliferation during in vitro mixed leukocyte reactions in the
presence of allo- or xeno-geneic cells. Innate immune cell-types have been identified in several
vertebrate species including birds, reptiles, amphibians, jawed fishes and jawless fishes. In fact,
additional granulocytic cell-types have been identified in earlier vertebrates called heterophils
and azurophils (44—46). More advanced molecular techniques have supported the evolutionary
conservation of innate cell-types.

The development of techniques to characterize cells at the transcriptional (i.e. DNA and
RNA) and translational (i.e. protein) levels has deepened our understanding of evolutionary
relationships. Vertebrate innate cell-types not only appear morphologically, cytochemically and
functionally similar, they express evolutionarily conserved genes including various cytokines,
chemokines and cell surface-expressed receptors, some of which are extensively characterized in
teleost fish. For example, orthologous mammalian interferon-y, colony stimulating factor and
interleukin (IL) cytokine genes, like IL1p, IL6, IL8, IL10, have been characterized in teleost fish
(47, 48). The expression of conserved receptors has greatly facilitated studies of innate immunity
by enabling the isolation of specific cell-types through antibody staining of molecular markers
on their surfaces. For example, early vertebrate (i.e. fish, amphibian, reptile and chicken) T and
B cells are functionally similar and express orthologs of mammalian T cell receptor (TCR), B
cell receptor (BCR), major histocompatibility complex (MHC) class I and I, CD4, CD8 and
CD28 IgSF genes (49-53). Likewise, early vertebrate monocyte/macrophages express
mammalian-like markers such as scavenger receptors (54) and are highly efficient phagocytic
cells (55). However, molecular characterizations have also started to explain differences between

vertebrate innate cell-types.
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2.1.3 Innate immune cell effector responses

Common effector responses include cytotoxicity, phagocytosis, degranulation, cytokine
secretion and netosis, which have been demonstrated in chicken, reptiles, frogs and fishes (56,
57, 6668, 58—65). In fishes, cytotoxic responses can be activated by several cell-types including
natural killer (NK)-like cells, macrophages, cytotoxic T cells and non-specific cytotoxic cells
(69—72). While mammalian innate-like NK cells target allogeneic cells, non-specific cytotoxic
cells have the ability to recognize and kill allo- and xeno-geneic targets spontaneously (i.e.
without prior activation) and cells with similar abilities have been described in cartilaginous
fishes (73). Internalization of opsonized and/or microbial targets has been observed for multiple
phagocytic cell-types in fishes (74, 75). In fact, goldfish macrophages are thoroughly
characterized and have a unique ability to proliferate in in vitro cultures and differentiate into
distinct activation states (76, 77). In mammals, macrophages and neutrophils were thought to be
the predominant tissue resident phagocytic cells. However, phagocytic B cells, originally
observed in teleost fish and frogs (78), have been observed in mammals as well (79). These
contrasting capabilities in fish have facilitated molecular investigations to identify the genes and
proteins involved and, consequently, have informed our understanding of immune-related gene
evolution. In the case of B cells, the IgM and IgD isotypes are conserved throughout vertebrate
lineages (80). Although not thoroughly tested, it would be interesting to know which mammalian
immune genes are ancestral gene homologs of fish genes that have since, evolved specialized
cell-type-specific roles. In comparison, innate cell-types of earlier vertebrates evolved several
highly diversified gene families that likely confer unique phenotypic but similar functional
capabilities (19). For example, several teleost fish contain conserved adaptive cell markers yet

adaptive responses like affinity maturation are not as efficient compared to mammals (81-83).
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Conversely, teleost fish cytotoxic cells exhibit broader target specificity and higher potency in
killing targets after alloantigen stimulation (69, 84). This may be explained in part, by expanded
immunoregulatory receptor families involved in mediating cytotoxic cell function (71, 85-88).
These trade-offs between adaptive and innate responses may be a consequence of an additional
whole genome duplication event in teleost (89). Specifically, the apparent lack of co-evolution
between MH class I and II genes (called MHC class I and II in mammals) and NK cell receptors
(e.g. like the LRC complex in mammals) in fish, along with the preservation of large families of
immune genes that give rise to diverse immunoregulatory proteins by mechanisms of alternative
splicing may also underlie some of these trade-offs (52, 90, 91).

In any event, highly diversified immunoregulatory receptor families in teleost offer an
opportunity to expand the current understanding of fundamental principles of regulatory
signaling pathways. Immunoregulatory receptor proteins fall into several structurally related
categories and this review will focus on the IgSF receptors which have evolved vital roles in
vertebrates.

2.2 Immunoregulatory receptor-mediated control of effector responses

Cell surface-expressed immunoregulatory receptors transduce extracellular stimuli into
intracellular signaling cascades and these events are governed largely by the CYT regions of the
receptors. Several immunoregulatory receptor families have been identified in teleost fish
including the leukocyte immune-type receptors (LITRs; 2), novel immune-type receptors
(NITRs; 77) and novel Ig-like transcripts (NILTs; 78). While some appear to be present in fish
only (e.g. NITRs and NILTs), the LITRs represent an immunoregulatory receptor family with
relatives in frogs (XFLs), chickens (CHIRs) and mammals (KIRs, LILRs, FcRs and FcRLs; 79,

80). Immunoregulatory receptor CY T-dependent mechanisms of cellular activation and
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inhibition were originally identified for mammalian KIRs (called the paired receptor paradigm)
and involve a balance between kinase- and phosphatase-driven pathways. By integrating
opposing stimulatory and inhibitory signaling inputs, innate immune cells can tightly regulate
various potent effector responses.

In this section, I will review biochemical currencies of signaling transduction and use the
paired receptor paradigm to establish phosphotyrosine-dependent currency models. The
categorization of stimulatory and inhibitory receptor-types based on structural features and their
phosphotyrosine-dependent signaling capabilities will then be discussed in detail. Finally, I will
discuss recent examples that show how functional outcomes of receptor engagement do not
always correspond with the presence of canonical structural features as versatile signaling
capabilities contributing to functional plasticity have emerged.

2.2.1 Currencies of signal transduction

Transmission of information across the cellular membrane via intracellular pathways is
dependent on sequential changes in the states of specific proteins. Signaling proteins act like
switches that change states in response to an input signal (e.g. ligand binding), generating a
signaling output that is ‘read’ by the next switch. Wiring several switches together in a ‘circuit’
allows cells to transform receptor ligations into signaling-dependent antimicrobial responses. In
general, innate immune cells contain several co-operating circuits, allowing them to integrate co-
incident input information to effect appropriate output responses (96-98).

Signaling proteins can change their states in four general ways: association/dissociation,
conformation, localization and post-translational modification (PTM). It is very important to note
that protein state changes virtually never occur in isolation and this can generate multiple

outputs. For example, phosphorylation of a molecule can provide a binding site for another
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molecule while simultaneously causing conformational changes that reveal multiple binding sites
for additional interactions. Protein tyrosine phosphorylation (i.e. a PTM) is an energetically
cheap, rapid and reversible currency of immunoregulatory receptor-mediated signaling vital for
the control of a range of immune cell effector responses (1).
2.2.2 Paired receptor paradigm

Natural killer (NK) cell-mediated cytotoxicity was originally observed in 1975 (99, 100),
however, the receptors and molecular mechanisms involved were not described for nearly two
decades. An allogeneic target-specific NK cell-type expressing novel surface markers was
identified by monoclonal antibody (i.e. aGL183 and aEB6) staining (101, 102). The cytotoxic
function of these NK cells could be inhibited by specific MHC class I expression on target cells
(103, 104). Subsequently, a direct relationship for activating or inhibitory signals provided by
aEB6/aGL183 staining surface markers (named p50/58 molecules) after binding MHC class I
(i.e. HLA-C) on target cells was demonstrated (105, 106). P50/58 family receptors, re-named
killer cell Ig-like receptors (KIRs; 92), were cloned along with additional p70 receptor members
(108) revealing their polymorphic molecular structures (109—113). KIRs contain two or three
extracellular immunoglobulin-like domains, a neutral or charged transmembrane (TM) segment
and variable length CYT regions (114). In addition, genomic mapping localized ~10 KIR genes
to chromosome 19q13.4 (115), a region known as the leukocyte receptor complex (LRC). The
LRC also contains genes for other polygenic immunoregulatory receptor families, including
leukocyte Ig-like receptors (LILRs), carcinoembryonic antigen-related cell adhesion molecules
(CEACAMs) and leukocyte-associated Ig-like receptors (LAIRS).

Several key observations of regulatory signaling in NK and B cells supported the

hypothesis that KIRs mediated SHP-dependent down-regulation of cytotoxicity. NK cell
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activation involved FcyRIIIA-induced phosphorylation events while KIRs utilized FcRy and the
tyrosine kinase Lck (116—120). In B cells, the protein tyrosine phosphatase SHP1 opposed
kinase-driven signaling and inhibited cellular activation (121-124). Antibody-mediated cross-
linking of KIR2DLI1 resulted in receptor phosphorylation and recruitment of SHP1, leading to
inhibition of NK cell-mediated cytotoxicity and the definition of a new CYT motif later named
the immunoreceptor tyrosine-based inhibitory motif (ITIM; 110—112). In general, stimulatory
receptor-types contain short CYT regions devoid of signaling motifs and a positively charged
TM segment that facilitates association with the negatively charged TM segment of adaptor
signaling molecules (e.g. FcRy, DAP12) containing cytoplasmic immunoreceptor tyrosine-based
activating motifs (ITAMs; defined by a YxxLxs-8YxxL sequence; 126—-128). Upon receptor-
ligand engagement, ITAMs are phosphorylated and recruit kinases that activate various signaling
pathways. Conversely, inhibitory receptors have long CYT regions that contain one or more
ITIMs (defined by a S/L/I/VxYxxL/I/V sequence) that are also phosphorylated after receptor
engagement. The phosphorylated ITIM recruits Src homology 2 (SH2) domain-containing
cytoplasmic phosphatases (e.g. SHP1/2) that dephosphorylate signaling pathway intermediates,
thereby down-regulating cellular activation. Altogether, these studies established a model for the
regulation of immune cell activation that depends on a balance of phosphorylation signals from
polygenic families of co-expressed stimulatory and inhibitory receptors, called the paired
receptor paradigm (131, 132).

This signaling paradigm has been applied to predict the biochemical recruitment potential
of a number of vertebrate receptors, some of which are described in sections 2.2.4 and 2.2.5

below. Importantly, the selective activation of phosphotyrosine-dependent signaling pathways is
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largely dependent on the modular SH2 protein domain and the molecular determinants of this

selectivity have been reported.

2.2.3 SH2 domains confer selective activation of phosphotyrosine-driven signaling
pathways

The organization and prevailing activities of molecules (e.g. kinase, phosphatase,
scaffolding) within receptor CYT region-associated signaling complexes, or signalosomes,
determine the stimulatory or inhibitory outcome of signaling. SH2 domains are protein modules
that recognize specific linear tyrosine-based motifs thereby mediating specific protein-protein
interactions (133).

The SH2 domain was originally identified by multiple sequence alignment of viral and
mammalian kinases that contained an ~100 residue segment with a highly conserved FLVRES
motif (134). High through-put peptide binding microarray approaches have since identified
consensus binding motif requirements of several human SH2 domains (and a handful from other
organisms like Drosophila and C. elegans; 117-119). Crystallization has revealed that the
tertiary structure of an SH2 domain is composed of three central anti-parallel B-sheets with a
single a-helix on each side. This structure resembles a two-pronged electrical socket and each
inlet or groove binds to a different peptide ligand residue, defining SH2 domain binding
specificity (Figure 2.1).

Overall, the ability of SH2 domains to recognize negatively charged phosphotyrosine
(pY) residues is dependent on: (1) the depth of the phosphotyrosine binding groove, which
prevents recognition of shorter phospho-serine or -threonine side chains; and (2) a positively
charged arginine residue at the base of the pY binding groove contained within the signature

SH2 domain FLVRES motif. Fine-tuned binding specificity depends on critical residues at
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positions minus 2 and plus 3 relative to tyrosine (e.g. LxYxxV, ITIM described in section 2.2.2).
Alternatively, for other SH2 domains, the plus 1 and/or 2 positions may also be involved. For
example, in comparison to ideal ligand binding affinity (e.g. Kp ranging from 3 nM to 5 uM), the
presence of non-ideal flanking residues reduces affinity (i.e. ~20 uM; 120, 121). However,
binding affinity can drop up to 10,000-fold between phosphorylated and unphosphorylated
ligands containing identical flanking residues (1) but, recognition of unphosphorylated ligands
may influence signaling. For example, the Grb2 cytoplasmic adaptor molecule facilitates
stimulatory pathways downstream of growth factor receptors. Interestingly, the Grb2 SH2
domain is capable of binding unphosphorylated peptide ligands and this unique interaction may
play a role in downstream epidermal growth factor receptor signaling and oncogenic
transformation (140).

SH2 domains are present within all eukaryotic genomes, including single-celled protists
like Acanthamoeba castellanii (141) and Monosiga brevicollis (142), indicating that SH2
domain-mediated phosphotyrosine signaling networks are ancient (143). The channel catfish
genome contains genes for most, if not all, SH2 domain-containing signaling molecules that play
major roles in immune signaling in mammals (6, 95). The highly conserved specificity of SH2
domain-mediated signaling networks in vertebrates is apparent after analyzing SH2 domain-
peptide ligand crystal structures. While the residues flanking tyrosine on ligands are important
for specificity, additional SH2 domain residues outside of the FLVRES motif also interact with
peptide ligands and are highly conserved in vertebrates (Figure 2.2). While SH2 domains are by
far the most studied phosphotyrosine-binding modules, a second phosphotyrosine-binding (PTB)

domain has also been characterized.
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2.2.3.1 Non-SH2 domain-mediated phosphotyrosine-dependent signaling

The PTB (a.k.a. SAIN) domain was first discovered in the SH2 domain-containing
transforming protein (Shc) downstream of epidermal growth factor receptor signaling (144, 145).
Shc phosphorylation downstream of B cell receptor activation requires binding of SHIP to the
PTB of Shc (146). In contrast to SH2 domains, PTB domain binding specificity is more
dependent on N-terminal (i.e. Y minus 5) rather than C-terminal (i.e. Y plus 1, 2 and 3) residues
flanking the tyrosine residue. Approximately 60 PTB domains have been identified in the human
genome, compared to ~120 SH2 domains (129; 121).

2.2.4 ITAM-dependent signaling

Clearly, phosphotyrosine recognition domains are critical for selective activation of
cellular signal transduction pathways. Cells must respond rapidly to activate downstream
functions to facilitate immune processes. Stimulatory signaling is organized both temporally and
spatially into membrane proximal and/or distal events by the association and dissociation of
signaling complexes. This discussion will focus on common principles of stimulatory signaling
and describe the downstream intracellular ITAM-dependent pathways used by select vertebrate
receptors (27, 148).

In general, receptor engagement by ligand- or antibody-induced cross-linking results in
the clustering of receptors on the cell surface. These receptor clusters form segregated
microdomains within specialized membrane lipid rafts. Lipid rafts are enriched with signal
transducing molecules including Src family kinases (SFKs) that are critical for initiating
intracellular signaling. Immune cells contain several hematopoietic (e.g. Lyn, Lck) and
ubiquitous (e.g. Src, Yes) SFKs. During cluster formation, stimulatory receptors associate with

ITAM-containing adaptor molecules (e.g. FcRy, DAP12) through charged transmembrane (TM)
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segments. In humans and mice, several activating receptors associate with adaptor molecules
including KIRs and natural cytotoxicity receptors (NCRs) such as NKp30, NKp44 and NKp46
(148). Chicken CHIR-A contains a charged arginine TM segment and associates with the ITAM-
containing adaptor FcRy to activate phosphotyrosine signaling (149). Two families of LRC-
related receptors have been identified in amphibians. The Xenopus FcR-like (XFL) receptor Ig-
like domains are related to FcRLs, KIRs and CHIRs, however, XFL proteins may contain one of
two unrelated TM segments, TM1 or TM2. TM1 facilitates associations with FcRy (150). A
second family of receptors in amphibians are the Ig-like receptors (ILRs). ILRs appear to be
activating receptors and Xenopus ILR1 may associate with FcRy due to increases in cell surface
expression when the two are co-expressed (151). ITAMs are phosphorylated by SFKs and recruit
the cytoplasmic tyrosine kinase spleen tyrosine kinase (Syk). Sites of sustained signaling
between targets and cells are called synapses (152—156). The formation of different types of
synapses leads to the activation of different effector responses like cytotoxicity, degranulation or
phagocytosis.

Phagocytosis is a vital effector response with well-defined spatio-temporal signaling
dynamics. This receptor-mediated process involves the recognition of targets, activation of
specific intracellular pathways, actin polymerization, membrane remodeling and target
internalization. While phagocytic signaling may alter gene expression or endosomal trafficking,
the pathways responsible for target internalization occur exclusively at the membrane.
Phagocytic signaling involves the activation of kinases (e.g. Syk, protein kinase C), intermediate
molecules (e.g. Grb2, PI3K), guanine nucleotide exchange factors (e.g. Vavl, Sos), small
GTPases (e.g. cdc42, Rac, Ras) and actin nucleating machinery (e.g. WAVE, WASp, Arp2/3).

The exact pathway involved depends on the receptor being triggered. In the case of ITAM-
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containing FcyRs, a Syk-PI3K-Vav-Rho/Rac/cdc42-WASp/WAVE2-Arp2/3 pathway
polymerizes actin and remodels the membrane to internalize the target. Mammalian phagocytic
signaling molecules share 44-96% sequence identity with their teleostean homologs, including
channel catfish (6, 95). Additional pathways are simultaneously activated, for example, by
recruitment of Btk and PLCy to PI3K-generated PI-3 4 5-P; membrane lipids, resulting in Ca>*
influx and PKCa activation which up-regulate cytokine gene transcription and secretion (21,
157-160).

Cell-mediated cytotoxicity is a primary function of natural killer cells and results in the
targeted exocytic release of cytoplasmic granules. This function can be activated by antibody-
dependent mechanisms or alternative mechanisms, but both use ITAM-dependent FcRy/DAP12-
Syk-LAT-SLP76-PLCy-Ca*" pathways (161, 162). Activating receptors include KIR2DS and
several NCRs in humans (131, 163). Cytokines are simultaneously induced by several co-
operating pathways downstream of PLCy or Vav-MAPK including Ras-ERK and PKC-NF-
KB/NFAT or p38 and JNK, respectively (164—166). Lastly, degranulation is activated by human
FceRI and a chimeric mouse receptor CY T-containing construct FcyRIII/PIR-A, which associate
with FcRy and Syk when cross-linked in mast cells and activate Ca*>" mobilization (167).

ITAM-dependent signaling potential has also been reported in fish. For example,
zebrafish NITRO associates with the ITAM-containing DAP12 adaptor (168). In channel catfish,
the putative stimulatory receptor, IpLITR 2.6b, recruits ITAM-containing adaptor molecules like
IpFcRy-L, which activates degranulation, cytokine secretion and phagocytosis (3—5). Several
pharmacological inhibitors that effectively block FcyR-mediated phagocytosis also inhibited
IpLITR 2.6b-mediated phagocytosis. In addition, temperatures below 37°C inhibited this

response and the cellular phenotype during target internalization resembled that of FcyR-
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expressing cells (7). Furthermore, the cross-linking of IpLITR 2.6b induced phosphorylation of
downstream intermediates of ITAM-dependent pathways such as ERK1/2 and Akt (5).
2.2.5 ITIM-dependent signaling

The ability for cells to down-regulate responses is equally important to avoid aberrant
immune cell activation and cellular phosphatases play critical roles. This includes the
dephosphorylation of signaling intermediates by the cytoplasmic SH2 domain-containing protein
tyrosine phosphatases (SHPs) but also the dephosphorylation of membrane lipids by SH2
domain-containing inositol 5’-polyphosphatases (SHIPs). Additional inhibitory mechanisms also
operate downstream of ITIMs and rely on specialized kinase pathways. Temporally and spatially
organized recruitment of phosphatases to forming signalosomes and synapses affects target
recognition and adhesion and can occur during early or late stages of signaling. KIR family
inhibitory mechanisms have been extensively characterized.

The paired receptor paradigm studies, described in section 2.2.2, revealed inhibitory
receptors block early activation because downstream IP3 and Ca?* influx were not detected in
cells (169). This is explained by recruiting and activating SHP1 to receptor CYT ITIMs at the
plasma membrane (31, 126). This is further supported by observations that activating and
inhibitory receptors must be co-cross-linked within the same signalosome to effect inhibition
(170). Co-cross-linking of CD16 with an inhibitory receptor results in decreased phosphorylation
of FcRy, Syk and PLCy (169). In fact, SHP1 directly targets Vavl (171), LAT and PLCy for
dephosphorylation downstream of KIR2DL1. KIRs contain one (e.g. KIR2DLS5, KIR3DL3) or
two (e.g. KIR2DL1/2/3, KIR3DL1/2 ) CYT ITIMs. It appeared that dual ITIMs were required
for recruiting and activating SHP1, while single ITIMs favor SHP2 binding. Indeed, KIR N-

terminal and C-terminal CYT ITIMs play distinct roles in inhibiting cytotoxicity. When co-
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cross-linked with FceRI or BCR, an N-terminal ITIM only-containing KIR and wild-type KIR
inhibited activation via SHP2 and SHP1/2, respectively (172). In support of differential SHP
signaling by KIRs, KIR2DLS contains one CYT ITIM and an ITSM, recruits SHP1/2 and
inhibits NK mediated cytotoxicity. While a dominant-negative SHP2 restores cytotoxicity
downstream of FcyRII/III in the presence of KIR2DLS, a dominant-negative SHP1 has no effect.
In contrast, KIR3DL1 recruits SHP1/2 and blocks NK cell-mediated cytotoxicity, which is
restored by both dominant-negative SHP1 and SHP2 (173). These characterizations established
early inhibitory signaling that prevents signalosome and synapse formation. In fact, KIRs do not
require adhesion or cytoskeletal dynamics to recruit SHP1 and inhibit early NK activation and
cytotoxicity (174).

More advanced imaging techniques allowed for visualization of KIR signaling dynamics.
Ligand binding to KIR2DL3 causes translocation to the centre of a forming NK cell
immunological synapse (NKIS), recruitment and activation of SHP1 and a dissolution of the
forming NKIS, leading to inhibited NK responses. In cytolytic NKISs, KIR2DL3 is non-
specifically distributed and eventually displaced from the centre of the NKIS, where exocytic
vesicles accumulate (175). However, ITIM phosphorylation is not required in all cases of SHP-
mediated inhibitory pathways nor is SHP required by all inhibitory pathways initiated by KIRs.

Alternative SHP-independent inhibitory mechanisms also contribute to balancing cellular
activation. LAT phosphorylation occurs downstream of FcRy-Syk activation and provides
docking sites for several SH2 domain-containing signaling molecules. However, the ubiquitin
ligases c-Cbl and Cbl-b also associate with and ubiquitinate phosphorylated LAT, leading to its
degradation and inhibition of cytotoxicity (176). KIR engagement leads to c-Abl-mediated

phosphorylation of Crk (177). Since unphosphorylated Crk is required for activation downstream
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of CD16, the phosphorylation of Crk inhibits cytotoxicity (177, 178). Interestingly, KIR2DL4
inhibits NK cell-mediated cytotoxicity via CYT ITIM-dependent recruitment of SHP2, not
SHP1. In this case, cytotoxicity and recruitment of SHP2 was not phosphotyrosine-dependent
and a non-phosphorylated KIR2DL4 ITIM peptide weakly recruited SHP2, which correlated
with inhibition (179). Several additional LRC family members, LILRB1, LILRB2 and LILRB4
inhibit activation by recruiting and activating SHPs (180).

ITIM-dependent inhibitory signaling has been characterized using several vertebrate
models including mouse, chicken and fish receptors. The human LRC homolog gp49B is
expressed by mouse NK cells and inhibits NK cytotoxicity (181, 182) and mast cell
degranulation (183). Phosphorylated gp49B CYT ITIM peptides recruit SHP1/2 and SHIP (184).
Another LRC homolog, mouse PIR-B, contains ITIMs and recruits SHP1 to inhibit mast cell and
BCR-evoked activation of mouse B cells when co-cross-linked with antibodies (185). Inhibitory
LRC homologs called CHIRs have been identified in chicken. Three inhibitory CHIRs (B2, B3
and B4) have been identified. CHIR-B2 contains two CYT ITIMs, associates with SHP2
constitutively, recruits SHP1/2 when cross-linked with antibody and inhibits immune cell
proliferation (186). In teleost fish, NITR3 contains a CYT ITIM which down-regulates
MAPK/ERK activation when cross-linked in NK cells exposed to allogeneic target cells (187). In
channel catfish, the putative inhibitory receptor, IpLITR 1.1b, contains two CYT ITIMs that
recruit SHP1/2 to inhibit NK cell-mediated cytotoxicity (6, 188).

It is clear that ITAM-ITIM signaling is an effective system for regulating immune cell
responses. In support of the utility of this system, paired receptor families are a highly conserved
immunoregulatory feature throughout vertebrates. However, versatile signaling capabilities of

ITAM- and ITIM-containing receptors have also emerged.
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2.2.6 Immunoregulatory receptor-mediated signaling versatility and functional plasticity

A stimulatory/inhibitory signaling paradigm over-simplifies the regulation of immune
cell responses as strictly an on/off phenomenon. In reality, receptor CYT signaling events are
less restricted and more dynamic in fine-tuning intracellular signaling events. A growing
category of receptors demonstrate versatile ITAM or ITIM signaling capabilities that result in
inhibitory or stimulatory signaling outcomes, respectively. This is known as functional plasticity
and in this section, I will discuss examples of inhibitory ITAM (ITAMi) signaling and
stimulatory ITIM signaling. Furthermore, a number of receptors contain additional tyrosine-
based motifs: the hemITAM, immunoreceptor tyrosine-based switch motif (ITSM) and Ig tail
tyrosine (ITT) motif, that uniquely regulate effector responses and contribute to signaling
versatility.

ITAMi signaling was first observed during low and high affinity hapten triggering of
FceR in mast cells, which showed an inhibition and activation of cells, respectively (189). A
subsequent study showed low affinity anti-FcaRI Fab fragments partially activate FcaR and
inhibit FcyR-mediated phagocytosis in transfected macrophages (190). In addition, monovalent
FcaRI activation inhibits MCP1- and TNF-guided chemotaxis of immune cells via SHP1-
dependent mechanisms, attenuating tissue damage in an antibody-induced glomerulonephritis
model (191). Furthermore, ITAM-dependent pathways can down-regulate TLR-evoked
signaling. Specifically, FcRy- and DAP12-deficient mice display increased TLR-evoked
responses to CpG, LPS or zymosan (192). In fact, ITAM-TLR cross-talk may occur during an
early sub-membrane proximal stage via Syk since B2 integrin activation through DAP12/FcRy-
Syk pathways makes macrophages and dendritic cells resistant to TLR stimulation (193, 194).

TLRs require the adaptors MyD88 and TRIF to initiate signaling (195). However, Syk also
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activates the c-Cbl ubiquitin ligase which ubiquitinates Syk, MyD88 and TRIF, causing their
degradation and accounting for a TLR signaling refractory period (196). Collectively, these
studies demonstrated an ITAMi signaling capability. Conversely, ITIM-containing receptors can
activate instead of inhibit functions and the following section features mammalian (i.e. KIRs,
PECAM and CD300), chicken (i.e. CHIR-AB) and teleost (i.e. IpLITR 1.1b) receptor examples
of functional plasticity.

KIR2DL1 contains two CYT ITIMs and mediates opposite modulatory effects on CD4+
T cell TCR-evoked activation if co-ligated. Ligated KIR2ZDL1 CYT ITIMs are phosphorylated
and recruit SHP1/2, which inhibits IL2 secretion. However, unligated KIR2DL1 CYT ITIMs are
phosphorylated and activate a SHP2-PKCO pathway that enhances IL2 secretion (197).
KIR2DLA4, expressed in NK and some T cells, contains one CYT ITIM but also a charged TM
segment arginine. It activates NK cell-mediated cytotoxicity by the classic FcRy pathway
resulting in Ca®" influx, cytotoxicity and secretion of IFNy, IL8 and MIP1a. However, a TM
mutant fails to activate cytotoxicity, but still activates MIP1a cytokine secretion. This example
shows that distinct TM and CYT modules can activate multiple signaling pathways (198, 199).

Platelet-endothelial cell adhesion molecule (PECAM) 1 is expressed by platelets and
leukocytes and contains 4 tyrosine-based motifs including a CYT Y®% ITIM and Y®¢ ITSM with
extensively characterized signaling potential. Initial inhibitory characterizations showed that
PECAMI1 CYT ITIM and ITSM were the only targets of kinase-mediated phosphorylation and
that these residues recruit SHP2. While an ITIM or ITSM phosphopeptide stimulates similar
SHP2 phosphatase activity, the ITIM phosphopeptide shows 10-fold higher affinity for SHP2. A
detailed SH2 binding assessment revealed differences in binding specificity such that the ITIM

prefers the N-terminal SH2 domain of SHP2, while the ITSM only binds the C-terminal SH2
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domain of SHP2 (200). The functional consequences of SHP recruitment were subsequently
demonstrated. An FcyRIIB/PECAM1 CYT chimeric receptor construct inhibited BCR-evoked
Ca?" influx via phosphorylated ITIM- and ITSM-dependent SHP1/2 activation upon co-cross-
linking (201). PECAMI attenuates mast cell activation, which is dependent on Fer/Fps kinase-
mediated phosphorylation of Y7°! followed by Lyn-mediated ITIM/ITSM phosphorylation
resulting in SHP1/2 recruitment (202). In platelets, PECAMI activates a SHP2-PI3K pathway to
decrease Gab1-LAT signaling and reduce GPVI-evoked platelet responses (203). However,
PECAM1 also binds stimulatory signaling molecules. For example, antibody cross-linked
PECAM1 triggers Syk phosphorylation and a dually phosphorylated ITIM-ITSM
phosphopeptide binds and activates Syk. This PECAM1-Syk pathway may mediate macrophage
spreading (204). In addition, the PECAM1 ITIM binds SAP, which mediates adhesion in T-like
cells (205). Finally, the PECAM1 CYT ITIM and ITSM bind Nck, coupling the receptor to
activation of p21-activated kinase and NF-xB during oxidative stress in endothelial cells (206).
Overall, these examples demonstrate that an ITIM-containing receptor PECAM1 activates
functional plasticity due to signaling versatility and differential signaling molecule recruitment in
different cell-types.

The CD300 family of IgSF receptors play multiple regulatory roles in human and mouse
immune cells and also exhibit signaling versatility. For example, human CD300f binds
sphingomyelin and ceramide, preventing anaphylaxis in a mouse model by inhibiting mast cell
degranulation. Inhibition by human CD300f is dependent on two CYT ITIMs or an ITSM via
SHP1. Interestingly, when CYT ITIMs and ITSM are mutated (i.e. converted from tyrosine to
phenylalanine to abolish phosphorylation and therefore signaling and function), cross-linking

human CD300f activates mast cell degranulation via PI3K-dependent pathways (207, 208). The
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mouse CD300f contains two ITIMs and an ITSM and binds ceramide in vivo to prevent
activation of mast cells via ITIM/ITSM-dependent inhibitory signals (209), which plays a role in
preventing ATP-induced experimental colitis in mice (210). In addition, co-cross-linking with
FceRI inhibits cytokine production via ITIM/ITSM-dependent pathways in mast cells. However,
cross-linking an ITIM/ITSM mutant alone induces IL6 cytokine secretion, which depended on
FcRy-PI3K signaling. In mice, CD300f co-cross-linking with TLR4 enhanced cytokine
production while suppressing activation through other TLRs (211). Finally, mouse CD300f binds
phosphatidylserine and mediates apoptotic cell phagocytosis by macrophages via a PI3K-
Rac/cdc42 pathway (212). Four CD300 genes have been identified in chickens, but only one,
ggCD300L-B1, contains recognizable tyrosine-based motifs in the form of an ITIM and ITSM
and none have been characterized further (213). In teleost, three CD300-like proteins (i.e.
CD300a, CD300b and CD300f) were identified in salmon and CD300a and CD300f transcript
expression increased in the skin of fish after infection, indicating a role in mucosal immunity
(214).

Similar to KIR2DLA4, chicken CHIR-ABI contains a CYT ITIM and a charged TM
segment. While no inhibitory signaling has been described for the ITIM, the positively charged
TM segment facilitates FcRy association and activates Ca*" influx in B cells when cross-linked
by heat-aggregated IgY. In fish, the IpLITR 1.1b CYT contains six tyrosine-based motifs,
including two ITIMs and an ITSM, and inhibits NK cell-mediated cytotoxicity using two distinct
pathways: an ITIM-dependent SHP mechanism and an ITIM-independent Csk mechanism (6).
Furthermore, IpLITR 1.1b demonstrated an ability to activate actin-rich protrusions and
phagocytosis when expressed in a rat basophilic cell line that was not inhibited by

pharmacological inhibitors of ITAM pathways (7, 8). Collectively, these examples demonstrate
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that ITIM-containing receptors can trigger stimulatory signaling pathways leading to activation
of cellular responses.
2.2.6.1 Non-ITAM- or ITIM-dependent signaling versatility

Since the identification of ITAMs and ITIMs, three additional CYT motifs have been
defined: hemITAM, ITSM and ITT (28). HemITAMSs are partial ITAMs (i.e. only one tyrosine)
with additionally conserved N-terminal residues (i.e. defined by DEDGYxxXL sequence) present
in the CYTs of multiple receptors including carcinoembryonic antigen-related cell adhesion
molecule 3 (CEACAM3) and dectinl. CEACAMS3 is strictly expressed in activated human
neutrophils where it mediates bacterial recognition and phagocytosis. While FcyR-mediated
phagocytosis progresses to Vav via Syk-PI3K signaling upstream, the CEACAM3 CYT binds
directly to a complex of Nck-WAVE2 and the guanine exchange factor Vav (215, 216). These
components activate the actin polymerization machinery without the need for Syk. However,
production of reactive oxygen species (ROS) for target degradation requires both PI3K and Syk
which are activated during later stages of phagocytic signaling (217, 218). Interestingly, the
adaptor molecule Grb14, a relative of Grb2, binds the CEACAMS3 CYT directly, but attenuates
phagocytic signaling (219).

Dectinl is a type II TM receptor belonging to the C-type lectin superfamily that forms
non-covalent homodimers (220-223). It is expressed by dendritic cells, macrophages,
neutrophils and a ydT cell subset in mice (224, 225), but also by B cells, eosinophils and mast
cells in humans (226, 227). Dectinl synergizes with TLR2-dependent signaling via Syk and
MyD88 (228), while ligation on dendritic cells allows cross-priming of CTLs by a CARD9
pathway (229). Dectinl activates phagocytosis (230, 231), ROS production (232) and IL2 and

IL10 secretion that promote adaptive cell differentiation (233, 234). Interestingly, dectinl binds
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zymosan (a component of fungal cell walls) which activates phagocytosis. However, the
mechanism of internalization depends on the availability of signaling molecules within the
cytoplasm, which differs between cell-type due to differential signaling molecule gene
expression (i.e. the cellular context). In fibroblasts, phagocytosis depends on SFKs and Syk, but
in macrophages, phagocytosis depends only on SFKs (231). A subsequent study characterized a
detailed molecular mechanism of dectinl-mediated phagocytosis in which Syk is recruited to the
signalosome via phosphorylation of a cryptic ITAM in the C-terminus of SHP2 (235).
Collectively, the hemITAM-containing receptor dectinl demonstrates cell context-dependent
signaling versatility upstream of the same functional outcome (i.e. phagocytosis). In addition, the
activation of Syk can occur in the absence of a dectinl CYT ITAM via phosphorylation of
tandem tyrosine residues (i.e. a cryptic ITAM) within an upstream signaling molecule.

The ITSM was first identified in a family of immunoregulatory receptors expressed by
NK cells called the SLAM family receptors (236). Subsequently, the functions of these receptors
were thoroughly investigated due to a causal link with X-linked lymphoproliferative (XLP)
syndrome in humans (237-239). In general, SLAMEF receptors homodimerize in trans with target
cells (except SLAMF4 which binds SLAMF2) and activate NK cell-mediated cytotoxicity
through CYT ITSM-dependent pathways. However, the versatility of SLAMF receptor CYT
signaling is exemplified by SLAMF4 (a.k.a. 2B4, CD244). For example, SLAMF4 binds
SLAME?2 on target cells resulting in CYT ITSM phosphorylation and activation of a SAP-Fyn-
PLCy-LAT-Vavl pathway for cytotoxicity (240, 241). In the absence of SAP (e.g. in patients
with XLP syndrome) phosphorylated ITSMs recruit SHIP, SHP1/2 and Csk resulting in cellular

inhibition (236, 242, 243). SLAMF receptors have also been identified in chickens (244) where
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SLAMF4, expressed by platelets, monocytes, NK cells, some T and B cells, binds to SLAMF2
on target cells just like its mammalian counterpart (245).

Finally, the ITT motif (defined by a YXNM sequence) is present in the CYT of DAP10 and
CD28. DAP10 is an adaptor molecule that, like DAP12, associates with multiple activating
receptors via charged TM segment interactions, however unlike DAP12, it activates a PI3K-
Grb2-Vav pathway downstream of the NK cell receptor NKG2D (246). CD28 is a co-stimulatory
receptor expressed by T cells that enhances TCR-evoked T cell activation by a Grb2-PI3K
pathway (247).

Clearly, receptor CYT regions are important and dynamic regulatory components of
immunoregulatory receptor-mediated responses due to their signaling capabilities and earlier
vertebrate models have not been studied in as much detail as mammalian models. In the next
section, I will extend these discussions to highlight detailed temporal and spatial receptor CYT
sub-membrane dynamics and the recently appreciated role that actin polymerization plays in
organizing signaling dynamics.

2.3 Diverse cytoplasmic tail (CYT)-dependent molecular mechanisms regulate effector
responses

While extracellular domains and TM segments of receptors may influence signaling, the
CYT regions of receptors are directly involved in activating specific signaling pathways.
However, the presence of canonical CYT motifs does not always predict the stimulatory or
inhibitory signaling outcome. In addition, immunoregulatory receptor-mediated regulation of
effector responses progresses through temporally and spatially organized signaling events.

To gain a better understanding of signaling dynamics the following discussion will

highlight detailed molecular examples of sub-membrane proximal signaling events. Roles for Src



35

family kinases (SFKs), CYT requirements for differential signaling pathway activation and pre-
formed signaling molecule complexes will be discussed. An emergent appreciation for actin
should be apparent throughout these examples due to recent studies that show direct links
between receptors and the actin cytoskeleton via actin-binding adaptors. The study of individual
receptors and pharmacological inhibitors of actin dynamics are providing a refined
understanding of membrane organization and its impact on signal transduction during, but also
before and after, formation of cell-target synapses.

2.3.1 SFKs mediate activation of specific pathways

SFKs are critical regulators of phosphotyrosine-dependent signaling pathways because
they initiate and facilitate phosphorylation events.

SFKs are conserved throughout vertebrate lineages (248) and nine family members are
expressed in humans (248, 249). Broadly expressed SFKs include Fyn, Src, Yes, while Blk, Fgr,
Hck, Lck, Lyn and Yrk are restricted to immune cells. SFKs contain 3 or 4 modular domains that
include an SH2 domain and a catalytic kinase domain. In general, kinase activity is regulated by
intramolecular interactions involving Y*#!¢ (within the catalytic domain) and Y>?7 (at the C-
terminus). Inactive SFKs are phosphorylated at Y>*7 by the C-terminal Src kinase (Csk), causing
an auto-inhibited phospho-Y>*’-SH2 domain ‘closed’ conformation. Removal of auto-inhibition
by dephosphorylating Y27 allows the kinase domain to unfold into an ‘open’ conformation.
Subsequent phosphorylation of Y*!® activates kinase activity. Interestingly, sequential
phosphorylation of the catalytic domain Y>°° then C-terminal Y**” in Lyn SFK (homologous to
Y*6 and Y37, respectively) stabilize an active conformation (250).

Co-expression of multiple isoforms of SFKs and their regulation by Csk allows cells to

differentially regulate signaling pathways. For example, differential activation of phagocytic
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signaling by SFKs was investigated in mouse macrophages. Phagocytosis-negative cell lines
were generated by co-expressing a membrane-bound form of Csk (mCsk). In mCsk-expressing
cells, constitutively active (i.e. lack C-terminal regulatory Y>2") Lyn, Hck and c-Src SFKs restore
Vav and c-Cbl phosphorylation downstream of FcyR cross-linking. However, only Lyn and Hck,
but not c-Src, associated with lipid rafts and restored phagocytosis. This demonstrates that SFKs
are differentially involved in FcyR-mediated signaling pathways (251).

SFK-mediated activation of specific pathways also depends, in part, on substrate
specificity of the kinase enzyme (252). For example, SFKs specifically phosphorylate tyrosine
residues using an FP**IKWTA motif within the kinase active site. P**° co-ordinates tyrosine
residues within the active site but does not co-ordinate serine or threonine. Residues flanking the
target tyrosine also influence substrate phosphorylation. Src and Lck prefer EEEIYG/EFD and
xExIYGVFF substrate sequences, respectively (253). Furthermore, an HRDLA/R**AA/RN
motif within the catalytic domains of Src and Lck contributes to a preference for N-terminal
acid-rich sequences relative to the targeted tyrosine in substrates (254).

Finally, since SFKs require close proximity to phosphorylate substrates, the binding
specificity of SFK SH2 domains also impacts the selection and progression of signaling pathway
activation. In some cases, SFK recruitment via their own SH2 domains, to specific substrates that
are then phosphorylated by their kinase activity, facilitates signaling through ‘processive’
phosphorylation (255). On top of this, detailed mechanistic investigations have shown that after
initial SFK recruitment, SFK SH2 domains can be phosphorylated, changing binding specificity,
altering protein-protein interaction to facilitate signaling. Specific examples include
phosphorylation of Lck and Lyn SH2 domains. An elegant study of TCR signaling showed that

Lck Y2 is critical for facilitating TCR-evoked actin polymerization and maintaining
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immunological synapses (IS). Specifically, CD4" T cells that lack an adaptor protein, TSAd,
display impaired actin polymerization at the IS and reduced phosphorylation of downstream
signaling molecules, Pyk2 and Itk. After TCR-evoked signaling, Itk-TSAd promote Lck Y!%?
phosphorylation resulting in recruitment of Pyk2. In other words, Lck Y'? phosphorylation
changes the binding specificity of the Lck SH2 domain to release CD3-contained ITAMs and
bind and activate Pyk2, which sustains IS formation (256). Upon inspecting Lck Y'?2, this
residue is adjacent to the SH2 domain ligand binding grooves and is conserved in several human
SFKs (257). Indeed, phosphorylation of the Lyn SH2 domain Y'** (homologous to Lck Y'%?)
also alters its SH2 domain binding specificity (258). These examples demonstrate dynamic
mechanisms of SFK-mediated regulation of selective signaling pathway activation.
2.3.2 CYT requirements for differential signaling pathway activation

In some cases, receptors contain more than one signaling motif or exist as isoforms with
differing CYT compositions. This allows receptors to facilitate independent signaling pathways
often resulting in co-activation of pathways and functions.

For example, the co-stimulatory molecule CD28 contains four tyrosine residues (i.e. Y7
ITT, Y8, Y1 and Y?%) that it uses to activate various signaling pathways via distinct CYT
motifs. CD28 cross-linking results in Vav and p62°° phosphorylation that depend on a Y'”* ITT
Grb2-PI3K pathway and an intact Y%, respectively (259). CD28 also evokes IL2 secretion,
which is reduced in a Y?*°F mutant receptor and blocked when the receptor is truncated after
YL, This indicates that the CD28 C-terminus activates IL2 secretion that is enhanced by an
intact Y2%° (260). Another example involves FcyRIIB ,which is expressed in two isoforms (e.g. 1

and 2) that appear to be CYT region splice variants. FcyRIIB2 activates endocytosis and
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phagocytosis but FcyRIIB1 only activates endocytosis. While phagocytosis requires both CYT
Y272 ITIM and Y%, endocytosis requires only CYT ITIM Y272 (261).

In contrast with these examples, a single pathway may require distinct CYT segments for
recruiting and activating a signaling molecule. The integrin amp2 activates phagocytosis of C3bi-
opsonized targets by a RhoA pathway. The B2 CYT recruits RhoA via C-terminal residues 758-
760, while 16 residues in the membrane proximal CYT segment are necessary for activating
RhoA (262). Similarly, inhibitory SHIP signaling pathways mediated by FcyRIIB require the C-
terminal 16 residues for detection of SHIP association in vivo and catalytic activity (263).
Altogether, CYTs display versatile recruitment and activation capabilities to selectively activate
intracellular signaling pathways.

2.3.3 CYT-membrane interactions limit CYT motif availability

Another dynamic regulatory mechanism involves CYT associations with the inner leaflet
of the membrane, which can limit CYT motif accessibility.

During TCR-mediated signaling, both CD3¢ and CD3( ITAM-containing adaptor
molecules must be released from the membrane by phosphorylation for full stimulatory signaling
(264-266). Downstream of TCR activation, a basic residue-rich sequence within CD28 binds to
the SFK Lck and the negatively charged inner membrane leaflet. The phosphorylation of Y!*!
(reported as Y27) causes CYT dissociation from the membrane allowing Lck to bind via its SH2
domain. Mutating the basic residues reduces Lck binding and downstream PKC8 activation,
reducing T cell activation (267). A final example of an elegant mechanism involving the
PECAMI1 CYT, which contains an N-terminal ITIM and C-terminal ITSM, has been reported. At
rest, the PECAM1 CYT adopts a helical conformation that begins with serine residue 673 (S°73)

and encompasses the C-terminal ITSM. Upon activation, S®”* and the C-terminal ITSM are
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phosphorylated, releasing the CYT-membrane association and allowing N-terminal ITIM
phosphorylation (268). Overall, interactions between the inner leaflet of the membrane and
receptor CYTs can influence signaling by limiting motif access.
2.3.4 Pre-formed signaling molecule complexes

Signaling molecules can exist as pre-formed complexes. Upon receptor cross-linking,
these pre-formed complexes localize to a receptor. For example, an SLP65/CIN85 pre-formed
heterodimer is necessary for BCR-evoked signaling (269). The ITAM-devoid PSGL1 receptor
activates a Syk-dependent pathway. In this case, the actin-binding adaptor molecule ERM
contains a constitutively phosphorylated C-terminal cryptic ITAM-like sequence that associates
with Syk. By binding to a membrane proximal CYT segment of PSGL1, ERM localizes Syk to
the receptor allowing its activation (270). Syk also associates with the fifth Ig domain of filamin
A, an actin-binding adaptor molecule, and activates Syk-dependent pathways downstream of
GPVI and CLEC2 platelet receptors (271). Intriguingly, pre-formed signaling complexes may
interact with the actin cytoskeleton via actin-binding adaptors. These actin-binding adaptors are
gaining more attention recently, and this concept will be revisited in section 2.3.6 below. Next, |
will discuss integrated examples of transmembrane receptors, signalosomes and the underlying
role of actin polymerization in forming cell-target contacts.
2.3.5 Transmembrane signaling complexes and actin polymerization control synapse

formation

Depending on the cell-type and receptors being triggered, immune cells form different
types of synapses with targets. These synapses are called the immunological synapse (IS), the
natural killer/cytotoxic immunological synapse (NKIS), the phagocytic synapse and the mast cell

synapse (152, 154, 272-275).
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In general, synapse formation involves the recruitment of several receptors, co-receptors
and cytoplasmic signaling complexes that organize its structure. IS dynamics are extensively
characterized and its formation requires sustained signaling through multimolecular complexes
involving the T cell receptor (TCR), CD3, CD4/8, CD80/86 and CD28, for example. These
complexes form microclusters across the membrane that are constantly remodeled as actin
mediates trafficking of molecules to and from different regions of the synapse. Three regions of
the IS are the central supramolecular activation cluster (cSMAC), peripheral supramolecular
activation cluster (pSMAC) and distal supramolecular activation cluster. Sustained signaling in
the cSMAC involves intracellular signaling hubs like Gab2, LAT and SLP76/65 that function as
scaffolding platforms for signalosome formation while the pPSMAC is enriched with cell-cell
adhesion molecules (276-280). Investigations of the NKIS have revealed the formation of
inhibitory microclusters which dissociate activating receptor clusters by collapsing the pPSMAC-
associated actin cytoskeleton (281). The phagocytic synapse is also a highly organized structure.
In fact, after FcyR is triggered, an outwardly diffusing integrin barrier excludes membrane-
associated phosphatases (e.g. CD45, CD148) from the forming cSMAC, allowing underlying
signaling complexes to form. While FcyR recruits and activates Syk-PI3K-SLP76/LAT
pathways, the downstream formation of a PLD2-Grb2-WASp heterotrimeric complex appears to
dissociate from the receptor while facilitating actin polymerization and target internalization
(282). These events exemplify the dynamics underlying immune cell-target contact sites. The

next section will focus on the role of actin before and after synapse formation during signaling.
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2.3.6 Sub-membrane organization controls receptor dynamics before and after

phosphotyrosine-dependent cellular activation

The preceding examples demonstrate some dynamics underlying immunoregulatory
receptor-mediated signaling. While phosphotyrosine-driven cascades predominate at formed
synapses, the trafficking of receptors before and after synapse formation has gained much
attention in recent years. In this section, I will highlight examples of sub-membrane receptor
dynamics, including serine phosphorylation, inside-out receptor activation and actin-mediated
receptor trafficking, and how they impact phosphotyrosine-dependent cellular activation.
2.3.6.1 Serine/threonine motifs and protein kinase A and C

FcRy contains an ITAM containing two tyrosine residues at positions 47 and 58 that are
critical for activating Syk-dependent pathways. However, within the ITAM is a serine residue at
position 51 that can be phosphorylated by two kinases, protein kinase A and protein kinase C5.
S3! phosphorylation blocks dual ITAM tyrosine phosphorylation, resulting in decreased Syk
recruitment and cellular activation (283).
2.3.6.2 Inside-out integrin activation

Integrins are well-characterized vertebrate receptors that mediate several biological
functions including cell-cell adhesion and phagocytosis. Integrins are composed of heterodimeric
af complexes and at least ten are expressed by immune cells, including eight integrins that
activate phagocytosis (e.g. oamf2).

The ability to mediate ligand recognition requires cytoplasmic recruitment events to
‘open’ the receptor (i.e. inside-out activation), which then binds ligands and activates
phagocytosis (i.e. outside-in signaling). Inside-out activation is mediated by signals from other

receptors that activate the small GTPase Rap1 which promotes the recruitment of the adaptor
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molecule talin to CYT NPxY motifs of integrin B subunits. In other words, participation in
signaling through some immunoregulatory receptors may be controlled by conformational
changes that turn on ligand recognition.
2.3.6.3 Actin-dependent sub-membrane receptor trafficking

The preceding sections have alluded to underlying roles that actin plays during dynamic
regulation of immunoregulatory receptor signaling. Recent imaging studies have implicated
direct roles for actin in these processes and provide mechanistic explanations for the
heterogenous structure of membranes. By tracking single particle movement on the membrane in
the presence of pharmacological inhibitors of actin polymerization, it appears that membrane
components are segregated into microdomains by CD44-dependent ‘picket fences’, for example,
that restrict lateral diffusion through the membrane (284-286). Not only have these observations
highlighted the importance of alternative receptor CY T motifs that participate in receptor-actin
adaptor molecule associations, they have also complemented previous observations of the effects
of receptor-actin associations. For example, CYT motifs that link receptors to actin-binding
adaptors include: basic residue-rich juxta-membrane sequences (287), L/IRRRY of 4.1 family
proteins (288), SRRRC and QKKKL of CD44 (289) and ®xxBxxxBB (where @ is a
hydrophobic residue and B is a basic residue) of FcyRI (290).

Several receptors demonstrate actin-dependent dynamics. For example, CD44-spectrin-
actin linkages facilitate CD44 clustering after it binds E-selectin on activated endothelial cells
during neutrophil extravasation (291). A poly-lysine motif within the CD86 CYT is necessary to
re-organize CD86 within the immunological synapse during T cell stimulation (292). A number
of studies have also focused on examination of phagocytic synapse dynamics. For example,

FcyRlI is constitutively serine phosphorylated and associates with the actin adaptor 4.1G,
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tethering FcyRI to lipid rafts allowing rapid clustering upon receptor engagement (293). In
addition, FcyRI segregates from inhibitory receptors upon IgG cross-linking, facilitating
phagocytic synapse formation (294). The control of FcyR diffusion depends on CD44 picket
fences and SFK-Syk pathways. Specifically, at the leading edges of advancing membrane
protrusions during phagocytosis, actin branching facilitates lateral diffusion of FcyR, enhancing
target avidity and signaling (284). SFKs and Syk induce cytoskeletal rearrangements that
facilitate FcyR engagement and control phagocytic signaling (295). Finally, the scavenger
receptor CD36 is confined to linear diffusion channels. This restricts perpendicular diffusion
which effectively increases local receptor density 5-fold, compared to unrestricted diffusion, in
resting cells. Upon target contact, linear diffusion channels accelerate receptor clustering and
signal transduction (296). Clearly, receptor-actin linkages affect signaling dynamics and studying
diverse receptor CYTs may lead to the identification of alternative receptor CYT motifs for
actin-binding adaptors.
2.4 Summary of receptor CYT-mediated regulation of signaling events

The phosphotyrosine-dependent regulation of immune cell effector responses is critically
dependent on receptor CYT motifs that activate specific pathways. Receptor CYT dynamics
fine-tune the integration of input signaling and recent evidence has established the importance of
non-canonical CYT motifs and the role of actin polymerization in controlling receptor
trafficking. Signal transduction pathways often require inputs from several receptors, especially
in organizing synapse formation, which effectively restricts signaling to sites of cell-target
interaction.

To conclude this chapter, I will discuss two intrinsic themes of this review, cross-talk and

the temporal stages of signaling, before addressing the utility of teleost models in expanding the
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understanding of immune cell signal transduction, which sets the stage for the specific research
objectives and aims of my thesis.
2.4.1 Immunoregulatory receptor cross-talk

A central theme of the examples presented in this review has been the co-ordinated
signaling events of multiple receptor-types. Although signal transduction is most commonly
studied by activating a single receptor within a reductionist system, mechanisms of signaling
never involve a single receptor. In fact, immune cells co-express multiple immunoregulatory
receptor-types, including related and unrelated families. Paired receptor families contain highly
related extracellular domains, suggesting they bind similar targets, which has been demonstrated
for LRC members that interact with MHC class I. However, in mammals, certain receptor
families have evolved cell-type-specific regulatory functions like the FcR-like (FcRL) family in
mammalian B cells.

The seven human and six mouse FcCRL members are structurally diverse proteins
containing up to nine extracellular Ig-like domains and variable combinations of CYT ITIMs or
ITAMs or even composite CYTs with both ITIMs and ITAMs (297). FcRL-like genes are
present in many different vertebrates including mammals, birds, frogs, and fish, but extensive
molecular characterizations demonstrating FCRL cross-talk have only been conducted using
mammalian models. For example, both FCRL2 and FcRL3 CYTs contain combinations of ITIMs
and putative ITAM-like sequences. While FcRL2 is preferentially expressed in memory B cells,
FcRL3 expression increases as B cells mature. Both FCRL2 and FcRL3 inhibit BCR-evoked
signaling through CYT ITIM or ITIM-like-dependent SHIP/SHP pathways (298-300). FcRL3
promotes TLR9-mediated B cell proliferation, activation and survival but it suppresses the final

stage of B cell maturation into plasma cells. Underlying these effects, FCRL3 amplified NF-«xB
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and MAPK activation but inhibited the activation of a transcription factor for plasma cell
differentiation BLIMP1 (301). FcRL4 CYT contains ITIM and ITAM-like motifs and has
demonstrated functional versatility in B cells. While FcRL4 reduces BCR-evoked early
activation signals (i.e. blocks PLCy2 and Vav phosphorylation, and Ca*" influx) via SHP1/2
recruitment, it also localizes to endosomes and enhances CpG-evoked TLR9-mediated
activation. Interestingly, the inhibitory function requires all three CYT tyrosines (one ITSM, two
ITIMs) but not receptor ligation (302). In a second study, FcRL4 differentially regulated B cell
function in the presence of Hck or Fgr SFKs. In MAPK activation reporter assays, Fgr co-
expression caused inhibition while Hck caused activation upon FcRL4 co-cross-linking with
BCR. However, FcRL4 co-expression with either Hck or Fgr promoted IL10 and IFNy secretion
in human memory B cells (303). FcRL5 CYT contains an ITAM-like motif and two ITIMs and
enhances proliferation when co-activated with BCR and TLR9 during B cell activation (304).
Cell-type-specific regulation by FcRLS5 differs in marginal zone B cells and peritoneal B1 cells
where it inhibits BCR signaling via SHP1 recruitment to a phosphorylated CYT ITIM and has no
effect on BCR activation due to decreased SHP1 expression levels, respectively (305). Finally,
FcRL6 is expressed by natural Killer cells and CD8" cytotoxic T lymphocytes (CTLs) and its
expression increases during cell differentiation. Although FcRL6 recruits inhibitory signaling
molecules SHP1/2 and SHIP1/2, it can also recruit a stimulatory signaling molecule Grb2.
However, FCRL6 does not affect cytotoxicity nor cytokine secretion in NK cells and CD8+ CTLs
(306, 307).

These studies show that expression of FcRLs increases during maturation of immune
cells. In fact, the innate-like B cell known as a B1 cell was described nearly three decades ago

and thanks to the works above, the molecular mechanisms and immunoregulatory receptors
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governing their innate-like functions have been revealed (308-310). In other words, not only do
fully differentiated adaptive B cell-types fine-tune their activation thresholds by regulating the
expression of cell-type-specific FcCRL immunoregulatory receptors, but expression of these
receptors also controls innate-like capabilities of B1 cell-types.

2.4.2 Early and late progression of signaling events

Another central theme of this chapter has been the temporal progression of signaling.
Immunoregulatory receptors activate different signaling pathways during receptor engagement
by recruiting molecules at different times. Two studies have demonstrated early and late
signaling events during platelet activation and NK immunological synapse (NKIS) formation.

Platelet activation occurs via two waves of phosphorylation involving recruitment of
molecules by three receptors. IgG-opsonized S. sanguis first activates an FcyRIIA-Syk-LAT-
PLCy phagocytic pathway. PECAMI then localizes SHP1 to this complex, deactivating
signaling via dephosphorylation. Subsequent localization of a3 integrin re-phosphorylates
Syk-LAT-PLCy2 pathway leading to granule exocytosis (311).

During NK cell activation, the ITIM-containing KIR2DL1 mediates inhibitory signaling
by recruiting cellular phosphatases, like SHP1. However, NKISs contain activating receptors
centrally and adhesion receptors peripherally that stabilize cell-target adhesion. The efficient
inhibition of NKIS formation may involve differential inhibitory pathways that target centrally
and peripherally forming complexes. Indeed, SHP1-mediated inhibitory signaling
dephosphorylates cSMAC signaling complexes including Syk and Vav. An additional inhibitory
pathway involves the phosphorylation of an adaptor molecule Crk, which no longer associates

with the Rapl GTPase C3G, thereby inhibiting the inside-out activation of the adhesion molecule
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o2 integrin which no longer binds intercellular adhesion molecule 1 in the pPSMAC (177).
These examples demonstrate early and late signaling events during signaling.
2.4.3 Thesis objectives and aims

The regulation of immune cell effector functions depends in large part on dynamic
signaling of cell surface-expressed immunoregulatory receptors. In particular, emergent details
are revealing how ITIM-containing receptor CYT regions fine-tune signaling pathway activation
across vertebrate lineages. Importantly, the teleost LITR family is evolutionarily related not only
to LRC members, but also to FcRLs, which are traceable throughout amphibian, avian and
mammalian lineages (297). In other words, LITRs may represent an ancestral family of receptors
in fish that occupy important functional niches in descendant vertebrate lineages. Importantly,
LITRs and their evolutionary homologs have maintained conserved and divergent
phosphotyrosine-dependent CYT signaling capabilities, making them a valuable model.

The engineering of chimeric and epitope-tagged receptor constructs has allowed for
heterologous expression of IpLITRs in mammalian cells. In combination with hemagglutinin
(HA) epitope-tagging, commercially-available tHA antibodies trigger cellular activation through
these receptors in the absence of natural ligands allowing for functional and biochemical
characterizations of IpLITR signaling. This approach has revealed predictable ITAM-dependent
signaling capabilities, as described in section 2.2.4, as well as unexpected details of [pLITR
signaling potential. In particular, the ITIM-containing IpLITR 1.1b WTcyT inhibited mouse NK
cell-mediated cytotoxicity via ITIM-dependent SHP1/2 pathways, but also using an ITIM-
independent Csk pathway (6). Subsequently, IpLITR 1.1b WTcyT activated a unique ITAM-
independent mode of phagocytic signaling that evokes actin-rich membrane protrusions to

capture and internalize targets in rat myeloid RBL-2H3 cells (5, 7, 8). Clearly, IpLITR 1.1b
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WTcyt mediates versatile signaling and functional plasticity that depend on the cellular context
of receptor expression (i.e. NK cell vs. RBL). The basis for my research came from observations
of IpLITR 1.1b WTcyr-mediated functional plasticity, however I aimed to establish a system for
detailed molecular characterizations in a reductionist non-immune cell context.

Non-immune epithelial cells comprise the anatomical barrier to infection, separating the
external environment from host tissues and preventing microbial entry and tissue damage.
Maintaining this barrier requires multiple additional cell-types. For example, goblet cells secrete
protective mucous and M cells sample and present particulate antigen to underlying sub-mucosal
lymphoid tissues and immune cells. Epithelial cells express certain innate immune receptors (e.g.
Toll-like receptors) that trigger constitutive cytokine release which stimulates underlying tissues
and cells and maintains barrier integrity. Importantly, they do not typically bind, internalize nor
process microbial antigen because they do not express the appropriate immune recognition
receptors (e.g. certain IgSF members; 9, 282-284), except for specialized retinal pigment
epithelium that express immune scavenger receptors (315). However, epithelial cells do require
dynamic actin polymerization signaling pathways to polarize their membranes (i.e. apical and
basolateral sides; 285). As such, resting epithelial cells express SH2 domain-containing sub-
membrane proximal signaling molecules and effectors of actin polymerization but do not express
a receptor capable of linking sub-membrane signaling events to transduce extracellular target
recognition into internalization (9, 10, 313, 317). This provides a cellular context for isolating
receptor CYT-specific sub-membrane proximal signaling events while mitigating interference
from co-activated signaling pathways. This reductionist strategy successfully defined CYT

requirements of mammalian ITAM-dependent signaling pathways (12, 14—18), which were
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described in detail in section 2.2.4. Therefore, my primary objective was to establish a non-
immune AD293 epithelioid cell system to examine IpLITR 1.1b WTcyr signaling versatility.
Specifically, I generated GST-IpLITR CYT fusion proteins to characterize signaling
molecule recruitment to I[pLITR CYT regions (outlined in Figure 4.1). My results showed
several stimulatory molecules were recruited to IpLITR 1.1b WTcyr. Next, I generated stable
IpLITR-expressing AD293 cell lines (outlined in Figure 4.7) to test IpLITR-mediated phagocytic
signaling potential (outlined in Figure 4.6). While the ITAM-containing IpFcRy-L WTcyt
activated phagocytosis, IpLITR 1.1b WTcyr-mediated phagocytosis observed in RBL-2H3 cells
could not be re-constituted in AD293 cells. This led me to examine gain-of-function re-
constitution hypotheses (outlined in Figure 4.14), including co-expression with the promiscuous
vSrc SFK and over-expression of Syk or SAP signaling molecules, to restore IpLITR 1.1b
WTcyr-mediated phagocytosis. My results showed that IpLITR 1.1b WTcyr was not capable of
‘bona fide’ phagocytic signaling, suggesting that while it can evoke phagocytosis in RBL-2H3
cells, it may revert to an inhibitory signaling potential, similar to previous mouse NK cell
characterizations, when expressed in AD293 cells. Subsequent biochemical characterizations
revealed an inhibitory signaling molecule recruitment profile in physiologically stimulated cells
using pervanadate (outlined in Figure 4.11), indicating an inhibitory signaling potential. Since
innate cell-types co-express paired receptor families, IpLITRs are co-expressed in channel
catfish immune cell-types and IpLITR extracellular domains are highly similar (i.e. may bind
common ligands), I pursued two main objectives. First, I established a novel phagocytosis assay
to measure IpLITR-mediated cross-talk signaling potential using fluorescent bead targets and
transiently transfected eGFP-tagged IpLITR 1.1b CYT constructs into stable IpFcRy-L WTcyr-

expressing cells (outlined in Figure 5.6). Next, I used site-directed I[pLITR 1.1b CYT YF mutant



50

constructs, dominant-negative signaling molecule constructs and shRNA-mediated signaling
molecule knockdown techniques to characterize IpLITR 1.1b WTcyr requirements for down-
regulating ITAM-dependent phagocytosis (outlined in Figure 6.2). My results show a novel
IpLITR 1.1b WTcyr-mediated inhibitory signaling capability for down-regulating ITAM-driven
phagocytosis. Interestingly, this inhibitory down-regulation required co-operativity between the
proximal and distal CYT segments of IpLITR 1.1b WTcyr for maximal effect. Altogether, this
represents a new inhibitory signaling capability for IpLITR 1.1b WTcyt and the first functional
and biochemical assessments of signaling cross-talk potential within a teleost immunoregulatory

receptor family.
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Figure 2.1. Tertiary crystal structure schematic of the cellular Src kinase SH2
domain bound to a phospho-YEEI peptide ligand. The SH2 domain is
composed of three anti-parallel B-sheets (A, B, C) in between two a-helices (D, E),
one on each side. The peptide ligand phosphotyrosine residue (F) co-ordinates the
arginine residue (G; of the signature SH2 domain FLVRES motif) of B-sheet A
within the phosphotyrosine binding groove. SH2 domain binding specificity is
dependent on phosphotyrosine + 1, 2 and/or 3 C-terminal position residues.
Isoleucine (H) at position + 3 within the binding specificity groove. Protein Data
Bank ID for this crystal structure is 1SPS. Each chain is colour-coded purple to red

from N- to C-terminus, respectively.
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Figure 2.2. SH2 domain residues that co-ordinate peptide ligand residues and
determine binding specificity are highly conserved throughout vertebrates.
Crystal structures of SH2 domains complexed with phosphopeptide ligands were
analyzed in RCSB Protein Workshop. By visualizing specificity-determining
ligand residue side chains, closely coordinating SH2 domain residue side chains
were identified (red boxes). Consensus sequence similarity is indicated by “*’ or .
symbols. Black or grey shading indicates identical or similar (e.g. hydrophobic,
polar, charged) residues in a column, respectively. Protein Data Bank IDs for the
crystal structures analyzed include: Csk (2RSY); SHP1 (2YU7); SHP2 (3TLO,
4JEG, 4QSY); Syk (1A81). GenBank accessions for the N- and C-terminal (N- and
C-, respectively) SH2 domain sequences used include: Csk (NP _004374.1,
JAA38735.1, NP_001291690.1, NP_001025210.1, NP_990756.1,
NP_001079062.1, NP_001071067.1, AHH39155.1); SHP1 (AAA36610.1,
PNI21144.1, AAC36009.1, NP_446360.1, NP_001026655.1, AA160526.1,

NP _956254.1); SHP2 (Q06124.2, JAA44247.1, AAHS59278.1, P41499 4,

NP _990299.1, NP_001084076.1, NP_956140.1); Syk (P43405.1,

XP 016816611.1, AAA87462.1, Q64725.1, NP_001026601.1, NP_001086665.1,
NP_998008.1).
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CHAPTER I1I

MATERIALS AND METHODS
3.1 Cell lines and antibodies

3.1.1 Cells

Human embryonic kidney HEK293T cells (ATCC #CRL-3216) and an adhesion-
enhanced derivative of HEK293 cells called AD293 cells (Stratagene #240085) were grown at
37°C and 5% CO> in complete Dulbecco’s minimal essential medium (¢cDMEM; Gibco
#12800017) containing 10% (v/v) heat-inactivated fetal bovine serum (FBS; Sigma #F1051), 44
mM NaHCO; (Sigma #S5761), 50 U/mL penicillin (Gibco #15070-063) and 50 pg/mL
streptomycin (Gibco #15070-063).

Human natural killer YTS cells (provided by Heather Eaton, Dept. of Medical
Microbiology & Immunology, University of Alberta) were grown at 37°C and 5% CO: in
complete Iscove’s modified Dulbecco’s medium (Sigma #13390) containing 15% FBS, 50 uM B-
mercaptoethanol (Bio-Rad #161-0710) and 4 mM L-glutamine (Gibco #25030-081).

3.1.2 Antibodies

The following blotting antibodies were used: mouse THE™ oFLAG HRP-conjugated
monoclonal antibody (mAb; Genscript Corp. #A01428), goat anti-B-actin IgG polyclonal
antibody (pAb; Santa Cruz #sc-1616), rabbit aCsk IgG pAb (Santa Cruz #sc-286), rabbit aSHP2
IgG mAD (Cell Signaling #3397S), mouse aGST IgG mAb (Thermo Scientific #MA4-004),
mouse PY20 a-phosphotyrosine HRP-conjugated mAb (Thermo Scientific #MA1-12445), mouse
THE™ a-hemagglutinin (HA) HRP-conjugated mAb (Genscript Corp. #A01296), bovine a-goat
IgG HRP-conjugated secondary antibody (Santa Cruz #sc-2350), goat a-mouse IgG(H+L) HRP-
conjugated secondary antibody (Bio-Rad #170-6516) and goat a-rabbit [gG(H+L) HRP-

conjugated secondary antibody (Bio-Rad #172-1019).
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The following antibodies were used for flow cytometric staining of cell surface-expressed
IpLITR constructs: mouse aHA IgG3 mAb HA.C5 (ABM #G036), mouse IgG3 isotype control
antibody MG3-35 (BioLegend #401302) and goat a-mouse IgG(H+L) phycoerythrin-conjugated
secondary antibody (Beckman Coulter #731849).

The following antibodies were used in bead-based phagocytosis assays: mouse aHA 1gG3
mAb HA.C5 (ABM #G036) and rabbit a-mouse IgG(H+L) AlexaFluor647-conjugated secondary
antibody (Invitrogen #A21239).

3.2 Cloning SH2 domain-containing signaling molecules into the FLAG epitope tag-
encoding p3XFLAG-CMV14 expression vector

To generate C-terminal FLAG-tagged recombinant proteins, AD293 and YTS cell mRNA
was isolated using TRIzol™ reagent (Invitrogen #15596026) and full-length cDNA was prepared
using the SuperScript® VILO™ cDNA synthesis kit (Invitrogen #11754-050), according to the
manufacturer's protocol. The cDNA was then used in polymerase chain reactions (PCRs) to
amplify the various SH2 domain-containing signaling molecules and adaptors listed in Table 3.1.
A pRS316 plasmid encoding the Avian sarcoma virus vSrc was a gift from Dr. Robert Ingham
(Dept. of Medical Microbiology and Immunology, Faculty of Medicine and Dentistry, University
of Alberta). All PCR reactions were performed using Phusion High-Fidelity DNA polymerase
(Thermo Scientific #F530S) and the following cycling parameters: 98°C for 5 min, then 30
cycles @ [98°C for 10 s, 60°C for 30 s, and 72°C for 30 s], with a final extension step at 72°C
for 5 min. Amplified products were gel purified and cloned into pJET1.2/blunt using the blunt-
end protocol (CloneJET Thermo Scientific #PMK1231). PJET1.2/blunt plasmids were digested
with the restriction enzymes indicated in Table 3.1 and the inserts ligated into the p3XFLAG-

CMV 14 eukaryotic expression vector (Sigma #E7908). All p3XFLAG-CMV 14 expression
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constructs were sequenced (Molecular Biology Services Unit, University of Alberta) prior to
expression studies. See Figure 3.1 for schematic representations of all SH2 domain-containing
signaling molecules.
3.2.1 Generating dominant-negative Csk-FLAG and SHP2-FLAG signaling molecule
constructs

Sequenced p3XFLAG-CMV 14 vectors encoding Csk and SHP2 were re-amplified with the
same forward primers as above, in combination with dominant-negative reverse primers (denoted
by A in Table 3.1) and the same cycling parameters and sub-cloning procedures described in the
previous section. See Figure 3.1 for schematic representations of all SH2 domain-containing
signaling molecules.
3.3 Generating GST-CYT fusion protein constructs
3.3.1 Sub-cloning receptor CYT sequences into the GST vector, pFN2A

The cDNA templates for generating GST-CYT fusion proteins include pDisplay

expression constructs encoding IpLITR 2.6b/IpFcRy-L and IpLITR 1.1b (5) as well as a
commercially synthesized pUC vector encoding human carcinoembryonic antigen-related cell
adhesion molecule 3 (CEACAM3; ACCN# BC106728.1, Genscript Corp). GST-IpLITR 1.1b
WTcyr contains the full-length CYT region of [pLITR 1.1b (i.e. residues 393-510; ACCN#
ABI16050) including Y*3, Y43, Y463 Y477 'y*° and Y39, GST-IpLITR 1.1b PROXcyT contains
the proximal CYT segment of IpLITR 1.1b (i.e. residues 389-474) including Y**, Y**3, and Y*%,
and GST-IpLITR 1.1b DISTcyr contains the distal CYT segment of IpLITR 1.1b (i.e. residues
464-510) including Y*7, Y*?, and Y°®. In addition, GST-IpFcRy-L WTcyr contains the full-
length CYT region of IpFcRy-L (i.e. residues 50-87; ACCN# AF543420), GST-CEACAM3

WTcyt contains the full-length CYT of human CEACAMS3 (i.e. residues 182-252), and the GST
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control construct contains only the GST epitope tag encoded by the bacterial GST expression
vector pFN2A (Promega #C8461). All CYT cDNA sequences were amplified using primers
listed in Table 3.2 and PCR reactions were performed with Phusion High-Fidelity DNA
polymerase (Thermo Scientific #F530S) and the following cycling parameters: 98°C for 3 min,
then 30 cycles @ [98°C for 10 s, 60°C for 15 s, and 72°C for 30 s], with a final extension step at
72°C for 5 min. Amplified products were gel purified and cloned into pJET1.2/blunt using the
blunt-end protocol (CloneJET Thermo Scientific #PMK1231). PJET1.2/blunt plasmids were then
digested with Sgfl (Promega #R7103) and Pmel (New England BioLabs #R0560S) restriction
enzymes and the inserts ligated into the GST expression vector pFN2A according to the
manufacturer's protocol. All GST-CYT fusion protein construct vectors were sequenced
(Molecular Biology Services Unit, University of Alberta) prior to expression studies.
3.3.2 Synthesis and affinity purification of GST-CYT fusion proteins from E. coli

The sequenced GST-CYT fusion protein construct vectors were transformed for 30 min on
ice, followed by a 30 s heat shock at 42°C and a 45 min incubation in 250 pL. SOC outgrowth
medium (New England BioLabs #B9020S) at 37°C in a shaking incubator into both BL21(DE3)
(New England Biolabs #C2527H) and TKB1 (Agilent Technologies #200134) competent E. coli
strains for the production of control (i.e. non-phosphorylated) and tyrosine-phosphorylated
recombinant GST-CYT fusion proteins, respectively, as previously described (198, 318). Briefly,
the production of GST, GST-IpLITR 1.1b WTcyr, GST-IpLITR 1.1b PROXcyt, GST-IpLITR
1.1b DISTcyt, GST-IpFcRy-L WTcyr and GST-CEACAM3 WTcyr fusion proteins was
performed by inducing 100 mL of transformed bacterial cultures in lysogeny broth (171 mM
NaCl, 10 g/L tryptone, 5 g/L yeast) with 0.2 mM isopropyl 1-p-D-thiogalactopyranoside and

incubating them for 2 h at 37°C in a shaking incubator. BL21(DE3) E. coli were centrifuged
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(5000 x g, 5 min) and the bacterial pellets were frozen at -80°C overnight prior to lysis and
purification. TKB1 E. coli contain a tryptophan starvation-induced tyrosine kinase (TK), Elk1
(319, 320), so these transformed bacteria were pelleted and re-suspended in 200 mL TK
induction media containing casamino acids (42.3 mM NaxHPOs, 22.0 mM KH;POy4, 18.7 mM
NH4Cl, 8.56 mM NacCl, 27.0 mM CaCl,, ]| mM MgSO4e7H>0, 0.2% w/v glucose, 0.1% w/v
casamino acids, 1.5 mM thiamine HCI and 53.4 mM 3-indoleacrylic acid), according to the
manufacturer's protocol. Protein phosphorylation proceeded for 1 h at 37°C after which, cells
were pelleted and frozen at -80°C. For affinity purification of the various GST-tagged
recombinant proteins, BL21(DE3) and TKB1 pellets were first lysed in 10 mL of 1% Triton-X
Tris-buffered saline (TBS) lysis buffer (50 mM Tris, 150 mM NaCl supplemented with EDTA-
free protease inhibitor cocktail tablets; Roche #11836170001, pH 7.4) by sonication on wet ice
for 1 min (Braun sonicator 1510; 33Hz, 110W). Bacterial lysates were then centrifuged at 17000
x g for 10 min and supernatants were collected in 1 mL aliquots and stored at -80°C. To affinity
purify GST-CYT fusion proteins, 100 pL of a 50% glutathione-conjugated sepharose bead slurry
(Molecular Probes #G2879), washed 3x in lysis buffer, was mixed with 2 mL of clarified
bacterial lysate for 10 min at 4°C on a rotating mixer. Beads were then washed 3x with lysis
buffer and re-suspended as a 50% slurry in lysis buffer containing 10% glycerol and stored at -
20°C. Affinity protein purifications were visualized by adding 10 pL of purified 50% slurry to
100 pL of 2X reducing buffer (Bio-Rad #161-0747) containing 5% B-mercaptoethanol (Bio-Rad
#161-0710), which were boiled at 95°C for 10 min prior to loading 10 pL of sample on a 12%
SDS-PAGE gel. Separated proteins were transferred to nitrocellulose membranes (Bio-Rad

#162-0112) and visualized with Ponceau S solution (Sigma #P7170), a non-specific protein stain.
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3.4 Generating HA epitope-tagged IpLITR 1.1b CYT receptor constructs
3.4.1 A chimeric IpLITR 1.1b/IpFcRy-L WTcyt phagocytic receptor construct

The cDNA templates for generating the IpLITR 1.1b/IpFcRy-L WTcyr (referred to as
IpFcRy-L WTcyT) phagocytic chimeric receptor construct included pDisplay expression
constructs encoding IpLITR 2.6b/IpFcRy-L and IpLITR 1.1b used previously (5). To generate a
pDisplay-encoded IpLITR 1.1b/IpFcRy-L WTcyT construct, the ectodomain and transmembrane
segments of IpLITR 1.1b were fused with the CYT region of IpFcRy-L by splice overlap
extension (SOE) polymerase chain reaction using the primers indicated in Table 3.3, adapted
from a previously published procedure (4). All sequences were sub-cloned using Smal/Sall
restriction digests into the pDisplay eukaryotic expression vector (Invitrogen Life Technologies
#V660-20), which adds an N-terminal HA epitope tag to the protein. See Figure 4.12 and Figure
6.1 for schematics of the IpLITR constructs.
3.4.2 Site-directed mutagenesis to generate IpLITR 1.1b CYT YF mutant receptor

constructs

The pDisplay-IpLITR 1.1b expression construct synthesized previously (5) was used as a
template for generating IpLITR 1.1b CYT tyrosine to phenylalanine (YF) mutant receptor
constructs using site-directed mutagenesis (SDM) essentially as described elsewhere (3, 6).
Mutant constructs containing a single YF mutation (i.e. IpLITR 1.1b Y***Fcyr, IpLITR 1.1b
Y#"Fcyr and IpLITR 1.1b Y*°Fcyr) were subjected to a single SDM polymerase chain reaction
(PCR) using the corresponding primers from Table 3.3 and the following cycling parameters:
95°C for 2 min, then 35 cycles @ [95°C for 20 s, 59°C for 20 s, and 72°C for 3.5 min], with a
final extension step at 72°C for 5 min. PCR products were visualized on 0.8% agarose (BioShop

#AGAO001) gels and a band was gel purified and subjected to T4 ligase (Thermo Scientific
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#K1231)-mediated ligation. Ligation reactions were directly transformed into DH5a E. coli
(New England BioLabs #C2987H) and positive colonies were inoculated into 10 mL lysogeny
broth (171 mM NaCl, 10 g/L tryptone, 5 g/L yeast) and grown up at 37°C overnight. Plasmids
were purified by mini-prep (BioBasic kit #SD5005) and sequenced (Molecular Biology Services
Unit, University of Alberta) to confirm specific SDM YF mutations. Successive SDM PCRs,
using the sequenced template from the previous round of SDM PCR, were performed to generate
mutant constructs with accumulated YF mutations (i.e. IpLITR 1.1b YP"*Fcyr and IpLITR 1.1b
Y4SPFcyr). For example, to generate IpLITR 1.1b YP™*Fcyr, in which all three proximal tyrosine-
based motifs (i.e. Y*3, Y*3 and Y*%%) are mutated, three successive SDM PCRs were conducted,
first using primer pairs targeting Y**, then Y** and finally Y*%. See Figure 4.12 and Figure 6.1
for schematics of the IpLITR constructs.
3.4.3 Generating eGFP-tagged IpLITR 1.1b CYT receptor constructs

CDNA templates for generating eGFP-tagged IpLITR 1.1b CYT receptor constructs
include those generated in section 3.4.2 above as well as the pDisplay-encoded IpLITR 1.1b
WTcyt synthesized previously (5). Adding a C-terminal eGFP tag was accomplished by sub-
cloning receptors into the eGFP expression vector pEGFP-N1 (Clontech #6085-1) and then re-
cloning the IpLITR-eGFP sequences back into the pDisplay eukaryotic expression vector
(Invitrogen #V660-20). Initial polymerase chain reactions (PCRs) were performed using the
Nhel Fwd and BamHI Rvs primers listed in the bottom box of Table 3.3 and the following
cycling parameters: 98°C for 5 min, then 25 cycles @ [98°C for 10 s, 60°C for 30 s, and 72°C
for 30 s], with a final extension step at 72°C for 5 min. Amplified products were gel purified and
sub-cloned into pJET1.2/blunt using the blunt-end protocol (CloneJET Thermo Scientific

#PMK1231). PJET1.2/blunt plasmids were digested with NAel (Thermo Scientific
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#FD0974)/BamHI (Thermo Scientific #FD0054) restriction enzymes and the inserts ligated into
the pEGFP-N1 vector. PCRs using the same parameters just described were performed with the
Smal Fwd and Sall Rvs primers listed in the bottom box of Table 3.3. Amplified products were
gel purified and sub-cloned into pJET1.2/blunt using the blunt-end protocol. PJET1.2/blunt
plasmids were digested with Smal (Fermentas #ER0665) and Sall (Thermo Scientific #FD0644)
restriction enzymes and the inserts ligated into the pDisplay eukaryotic expression vector. All
eGFP-tagged IpLITR 1.1b CYT receptor constructs were sequenced (Molecular Biology
Services Unit, University of Alberta) before expression studies. See Figure 4.12 and Figure 6.1
for schematics of the IpLITR constructs.
3.5 Generating stable IpDLITR 1.1b CYT construct-expressing AD293 cell lines

1 pg of pDisplay-IpLITR 1.1b CYT construct expression vector (i.e. the constructs
generated in sections 3.4.1 and 3.4.2) was transfected into AD293 cells cultured in 24-well plates
using TurboFECT in vitro transfection reagent (Thermo Scientific #R0531), according to the
manufacturer's protocol. Transfected cells were then cultured in cDMEM to which 800 pg/mL
G418 disulfate salt solution (BioBasic Canada Inc. #GDJ958) was added 2 days post-transfection
and cells were maintained under selection until ~80-90% confluent. Viable cells were cloned as
single cells in round bottom 96-well tissue culture plates by serial limiting dilutions, as described
previously (7). Individual clones were then screened for IpLITR surface expression levels by
flow cytometry (Beckman Coulter Cell Lab Quanta™ SC) as previously described (5). Briefly,
~2x10° cells were incubated with tHA mAb or mouse IgG3 isotype control antibody, followed
by the addition of the goat a-mouse IgG phycoerythrin-conjugated polyclonal secondary
antibody (Figure 4.12). Positive clones were cultured at 37°C and 5% COz in cDMEM with 400

png/mL G418.
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3.6 Generating lentiviral shRNA-mediated signaling molecule protein knockdowns in

stable IpLITR 1.1b/IpFcRy-L WTcyr-expressing AD293 cells

MISSION® short hairpin RNA (shRNA) lentiviral system was used for generating
knockdowns. The protocol for generating lentiviral sShRNA-containing particles and transducing
AD293 cells was adapted from an Ingham lab protocol (courtesy of Zuogiao Wu, Dept. of
Medical Microbiology & Immunology, University of Alberta) essentially as previously described
(321, 322).
3.6.1 Producing lentiviral particle-containing supernatants from HEK293T cells
Pre-mixed lentiviral packaging vectors (Sigma #SHP001) were co-transfected with pLKO.1
vector containing an SH2 domain-containing signaling molecule targeting sShRNA sequence
using TurboFECT in vitro transfection reagent (Thermo Scientific #R0531). The shRNA
sequences used include: three different Csk (TRCN0000000805, TRCN0000000806,
TRCNO0000000807) or SHP2 (TRCN0000005002, TRCN0000005003, TRCN0000005006)
targeting shRNAs and one non-targeting scramble control shRNA (SHC002). Media was
refreshed at 24 h post-transfection, and lentiviral particle-containing supernatants were collected
48 h post-transfection and frozen in 0.5 mL aliquots at -80°C.
3.6.2 Lentiviral titering and generation of stable Csk and SHP2 knockdown IpFcRy-L

WTcyr-expressing AD293 cell lines

Lentiviral particle-containing supernatants were thawed to room temperature and prepared
as 1:3, 1:9 and 1:27 dilutions in cDMEM with 400 pg/mL G418 to a final volume of 500 pL. 1
uL of a 4 mg/mL stock solution of polybrene (EMD Millipore #TR-1003-G) in 0.9% NaCl was
then added to each dilution to enhance viral transduction efficiency (323, 324). Cells were

incubated in 500 pL diluted solutions for 12-16 h, washed 3x with cDMEM and incubated in 3
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mL of fresh cDMEM with 400 pg/mL G418 plus 2 ug/mL puromycin to select for positively
transduced cells. The dilution with optimized transduction efficiency and cell viability reaches
80-90% confluence first, and these cells were propagated for downstream phagocytosis
experiments. SH2 domain-containing signaling molecule protein knockdowns were confirmed by
Western blotting using rabbit aCsk polyclonal antibody (pAb) or aSHP2 mAb followed by goat
a-rabbit [gG(H+L) HRP-conjugated secondary antibody. A goat anti-B-actin pAb followed by
bovine a-goat I[gG HRP-conjugated secondary antibody was used as a loading control. Bands
were analyzed by densitometry using Fiji v1.52i (325) to quantify protein-targeted knockdowns
relative to non-targeting scramble control. ShRNA clones exhibiting the greatest reduction of
target expression (i.e. Csk TRCN0000000805 and SHP2 TRCNO0000005003) were used in
phagocytosis assays (control blots shown in Figure 6.6EF and Figure 6.7EF).
3.7 Biochemical signaling molecule recruitment to IpLITR 1.1b CYT segments and motifs
3.7.1 Transient transfection of FLAG-tagged molecules into AD293 cells to generate

FLAG-containing lysates

Transfections were accomplished using ~10° AD293 cells seeded in 6-well tissue culture
plates. Cells were seeded in 3 mL cDMEM per well 48 h prior to transfection with plasmid
DNA. For each expression construct, DNA was first diluted in 300 pL of reduced serum Opti-
MEM (Gibco #31985-070) and then 4 pL of TurboFECT in vitro transfection reagent (Thermo
Scientific #R0531) was added. For all studies, 2 pg of p3XFLAG-CMV 14 plasmid DNA was
used. The Opti-MEM-plasmid-TurboFECT solution was evenly layered onto the cells, which
were then incubated for 24-48 h at 37°C to allow for protein production. Cells were then lysed in
400 pL of ice-cold 1% Triton-X TBS lysis buffer (50 mM Tris, 150 mM NaCl supplemented

with EDTA-free protease inhibitor cocktail tablets; Roche #11836170001, pH 7.4) for 30 min
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and lysates were collected after centrifuging the samples at 16000 x g for 10 min at 4°C. Protein
expression was confirmed by Western blotting using the mouse HRP-conjugated M2 aFLAG
mADb (1:5000), as previously described (3).
3.7.2 GST-CYT fusion protein pulldowns from FLAG-containing lysates

Pulldown assays were essentially performed according to a previously described protocol
(246). Briefly, the affinity purified GST-CYT fusion proteins were used as ‘bait’ for the capture
of C-terminal FLAG-tagged SH2 domain-containing protein ‘prey’. Ten pL of a 50% slurry
containing the bead-conjugated GST-CY'T fusion proteins were mixed with 70-100 uL of AD293
cellular lysates expressing FLAG-tagged SH2 domain-containing proteins in 900 pL 1% Triton-
X TBS lysis buffer (50 mM Tris, 150 mM NaCl supplemented with EDTA-free protease
inhibitor cocktail tablets; Roche #11836170001, pH 7.4). The bait and prey mixtures were then
incubated at 4°C for 30 min on a rotating mixer. The GST-CYT protein-conjugated GST beads
were then washed 3x with lysis buffer and boiled at 95°C for 10 min in 100 pL of 2X reducing
buffer (Bio-Rad #161-0747) containing 5% B-mercaptoethanol (Bio-Rad #161-0710) to elute
proteins. Finally, eluted protein samples were separated by 12% SDS-PAGE gel, transferred to
nitrocellulose membranes (Bio-Rad #162-0112) and probed with mouse aFLAG M2 HRP-
conjugated mAb (1:5000) to detect any prey proteins captured by the GST-CYT fusion bait
proteins. Mouse aGST IgG mAb followed by goat a-mouse I[gG(H+L) HRP-conjugated
secondary antibody and mouse a-phosphotyrosine HRP-conjugated mAb were controls for GST-

CYT fusion protein re-capture and phosphorylation status, respectively.
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3.7.3 Co-immunoprecipitation and Western blotting from pervanadate-stimulated cells
transiently transfected with FLAG-tagged signaling molecules

Stable IpLITR 1.1b CYT construct-expressing AD293 cells were transfected with 1 pg
p3XFLAG-CMV 14 encoding Csk-, ASHP2- or ASyk-FLAG constructs using TurboFECT in
vitro transfection reagent (Thermo Scientific #R0531) according to the manufacturer’s protocol.
After 48 h, media was aspirated and cells were incubated at 37°C for 5 min in 500 pL of pre-
warmed 100 uM sodium pervanadate in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM
KCl, 10 mM Na;HPOg4, 1.8 mM KH>POys, pH 7.4), essentially as described previously (5). Cells
were then lysed in 100 pL/well of 1% Triton-X TBS lysis buffer (50 mM Tris, 150 mM NaCl
supplemented with EDTA-free protease inhibitor cocktail tablets; Roche #11836170001, pH 7.4)
for 30 min on ice, after which they were centrifuged at 16000 x g for 10 min at 4°C. Twelve pL
of the resulting supernatant was diluted 1 in 5 with 2X reducing buffer (Bio-Rad #161-0747)
containing 5% B-mercaptoethanol (Bio-Rad #161-0710) and boiled at 95°C for 10 min while the
rest was topped up to 1 mL with lysis buffer and incubated with 15 pL of pre-washed aHA-
coated magnetic sepharose beads (Pierce™ #PI88836) overnight at 4°C on a rotating mixer.
Beads were washed 3x with lysis buffer and boiled at 95°C in 100 pL 2X reducing buffer for 10
min to elute proteins. Proteins were then separated via 12% SDS-PAGE gel and transferred to
nitrocellulose membranes (Bio-Rad #162-0112) that were probed with mouse aFLAG M2 HRP-
conjugated monoclonal antibody (mAb; 1:2000) to detect co-precipitating FLAG-tagged
signaling molecules. Probing with mouse THE™ aHA HRP-conjugated mAb (1:2000) and
mouse a-phosphotyrosine HRP-conjugated mAb (1:2000) were controls for [pLITR 1.1b CYT

construct precipitation and phosphorylation status after pervanadate treatment, respectively.
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3.8 Imaging flow cytometry-based assays to assess IpLITR-mediated phagocytosis in
AD293 cells

3.8.1 Measuring IpLITR-mediated phagocytosis of aHA-coated yellow green (YG) bead

targets by component masking analysis

A bead-based phagocytosis assay was performed essentially as previously described (5,
7, 326), except that cells were adherent. Briefly, 4.5 um YG beads (Polysciences #16592-5) pre-
absorbed with protein A (Sigma-Aldrich #P6031) were coated with 10 ug/mL of a-
hemagglutinin (HA) mAb. 9x10° aHA mAb-coated YG beads were added to ~10° stable
IpLITR-expressing AD293 cells in 500 pL cDMEM and incubated for 60 min at 37°C. After
aspirating supernatant, 200 pL of cDMEM containing 2 pg rabbit a-mouse IgG(H+L)
AlexaFluor647-conjugated secondary antibody at 4°C for 30 min to stain the cell surface-
exposed beads. Cells were incubated at 37°C for 5 min in 200 pL of ice-cold harvest PBS
containing 0.05% trypsin (Gibco #25200-056) and 1.2 mM EDTA (Fisher #S311) to loosen cells
for harvest and remove non-specifically cell-adsorbed beads. After 5 min, 500 pL ice-cold
cDMEM was added, the cells were collected and centrifuged at 500 x g for 2 min at 4°C and re-
suspended in 20 puL of 1% paraformaldehyde in PBS fixative prior to data collection using an
ImageStream™ Mark II instrument (Amnis Corporation). For each sample, ~5000 events were
collected and the data was analyzed using IDEAS software v.6.2 (Amnis Corporation) with
connected component masks allowing for the accurate discrimination of phagocytosed versus
surface-bound beads as described elsewhere in detail (327). Component masking allowed for the
accurate gating of cell populations with only surface-bound beads, only phagocytosed beads, or
both surface-bound and phagocytosed beads. Analysis was limited to cells associated with up to

3 beads, as cells with >4 beads are not as accurately gated by component masking.



67

3.8.2 IpLITR 1.1b CYT construct-mediated cross-talk regulation of phagocytosis in co-

transfected parental cells

Pilot experiments to assess IpLITR-mediated cross-talk during phagocytosis were
performed by co-transfecting IpLITR constructs into parental AD293. Approximately 8.5x10*
parental AD293 cells were seeded in a 6-well plate containing 3 mL cDMEM 24 h before co-
transfection. All cells were transfected with 0.625 pg of pDisplay-IpFcRy-L WTcyt construct
expression vector plus 0.625 pg of empty pDisplay vector (mock) or the indicated expression
construct vector (i.e. 1.25 pg total plasmid) using TurboFECT in vitro transfection reagent
(Thermo Scientific #R0531), according to the manufacturer’s protocol. After 48 h incubations at
37°C, cells were subjected to the imaging flow cytometry-based YG bead phagocytosis assay
described in the previous section.
3.8.3 Measuring eGFP-tagged IpLITR-mediated phagocytosis of aHA-coated light yellow

(LY) bead targets by component masking analysis

To assess IpLITR 1.1b CYT construct-mediated cross-talk during bead-based
phagocytosis, an alternative assay was developed using light yellow (LY) bead targets
(Spherotech Inc. #FP-3042-2) and eGFP-tagged IpLITR 1.1b CYT (IpLITR 1.1b CYT-eGFP)
constructs and analyzed with a novel gating strategy. Assays were performed essentially as
described in section 3.8.1 above. Briefly, stable IpFcRy-L WTcyr-expressing cells were
transfected with IpLITR 1.1b CYT-eGFP constructs using TurboFECT in vitro transfection
reagent (Thermo Scientific #R0531). After 48 h, aHA-coated LY bead targets were added to
plate-adherent cells for 30 min at 37°C and then counter-stained with rabbit a-mouse IgG(H+L)
AlexaFluor647-conjugated secondary antibody for 20 min at 4°C on a rocking mixer. Cells were

harvested after trypsinization and fixed in 1% paraformaldehyde PBS before data collection on
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the ImageStream™ Mark II instrument (Amnis Corporation). By transfecting eGFP-tagged

constructs into stable IpFcRy-L WTCY T-expressing cells and gating for eGFP fluorescence,

eGFP positive (i.e. IpFcRy-L WTcyr and IpLITR 1.1b CYT-eGFP co-expressing) and eGFP
negative (i.e. only IpFcRy-L WTcyr-expressing) cell populations could be separated and
phagocytic phenotypes determined. Cells associating with up to three target beads with only
surface-bound beads, only phagocytosed beads, or cells with both surface-bound and
phagocytosed beads were determined by component masking analysis, described in detail

elsewhere (327).

3.8.4 Transient eGFP-tagged IpLITR 1.1b CYT construct transfection into stable
IpLITR 1.1b/IpFcRy-L WTcyr- or IpLITR 2.6b/IpFcRy-L WTcyr-expressing cells
Approximately 8.5x10* cells were seeded in a 6-well plate containing 3 mL ¢cDMEM +

400 pg/mL G418 24 h before transfection. One pg of pDisplay expression vector encoding an

eGFP-tagged IpLITR 1.1b CYT construct was transfected using TurboFECT in vitro transfection

reagent (Thermo Scientific #R0531), according to the manufacturer’s protocol. After 48 h at
37°C, cells were subjected to the imaging flow cytometry-based LY bead phagocytosis assay

described in section 3.8.3.

3.8.5 Transient eGFP-tagged IpLITR 1.1b CYT (IpLITR 1.1b CYT-eGFP) and
dominant-negative FLAG-tagged Csk (ACsk-FLAG) or SHP2 (ASHP2-FLAG)
construct co-transfection into stable IpFcRy-L WTcyr-expressing cells
Approximately 8.5x10* cells were seeded in a 6-well plate containing 3 mL cDMEM +

400 pg/mL G418 24 h before transfection. 0.5 ng of pDisplay-IpLITR 1.1b CYT-eGFP construct

expression vector plus 0.75 pg of p3XFLAG-CMV 14 encoding ACsk- or ASHP2-FLAG

construct using TurboFECT in vitro transfection reagent (Thermo Scientific #R0531), according
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to the manufacturer’s protocol. After 48 h at 37°C, cells were subjected to the imaging flow
cytometry-based LY bead phagocytosis assay described in section 3.8.3. Duplicate wells were
lysed as described in section 3.7.3, except that after centrifuging lysates at 16000 x g for 10 min
at 4°C, supernatants were combined 1:1 with 2X reducing buffer and boiled for 10 min at 95°C.
Proteins were then separated via 12% SDS-PAGE gel and transferred to nitrocellulose
membranes (Bio-Rad #162-0112) that were probed with mouse aFLAG M2 HRP-conjugated
mADb (1:2000) to detect transfected dominant-negative FLAG-tagged signaling molecules. A
goat anti-B-actin polyclonal antibody followed by bovine a-goat IgG HRP-conjugated secondary
antibody was used as a loading control.
3.8.6 Transient transfection of eGFP-tagged IpLITR 1.1b CYT constructs into stable Csk

or SHP2 knockdown IpFcRy-L. WTcyr-expressing cell lines

Approximately 9x10* cells were seeded in a 6-well plate containing 3 mL cDMEM + 400
pug/mL G418 and 2 pg/mL puromycin 24 h before transfection. Half a ug of pDisplay expression
vector encoding an eGFP-tagged IpLITR 1.1b CYT construct was transfected using
TurboFECT® in vitro transfection reagent (Thermo Scientific #R0531), according to the
manufacturer’s protocol. After 48 h incubations at 37°C, cells were subjected to the imaging
flow cytometry-based LY bead phagocytosis assay described in section 3.8.3. Duplicate wells
were used as controls to quantify signaling molecule protein knockdown, as described in section

3.6.2.
3.8.7 Statistical analysis
Means were first compared by ANOVA to determine if any one mean differed

significantly from the rest. If a difference was found, individual means were tested against one



another using a post-hoc Tukey analysis. Significantly different means were denoted with

alphabetically assigned letters, as described in the figure captions.
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Figure 3.1. Schematic representations of all FLAG-tagged SH2 domain-
containing signaling molecule constructs. Full-length signaling molecules and
truncated (A) forms of Csk, Nck1, SHP2 and Syk that were used in biochemical
signal molecule recruitment assays and/or dominant-negative phagocytosis assays
are depicted here. “X” through the C-terminal SH3 domain of Nck1 indicates that
this domain is not contained within the FLAG-tagged construct. Modular domains
of each molecule are labeled as follows: SH2, phosphotyrosine binding domain
that mediates protein-protein interactions; SH3, polyproline binding domain that
mediates protein-protein interactions; kinase, enzymatic domain that
phosphorylates targets; phosphatase, enzymatic domain that dephosphorylates
targets; Rho-GAP, GTPase activating protein domain that deactivates Rho family
GTPases; Rho-GEF, guanine exchange factor domain that activates Rho family
GTPases; p110-binding, protein domain that mediates interaction with the p110
PI3K catalytic subunits; C1, protein kinase C conserved region 1 domain that
mediates various interactions, e.g. Ras-GTP; CH, calponin homology domain that
mediates protein-actin interactions; PH, pleckstrin homology domain that mediates

protein-phospholipid interactions; <, FLAG epitope tag.



Primer Name

Csk HindIII Fwd AAGCTTATGTCAGCAATACAGGCCGCC

Csk BamHI Rvs GGATCCCAGGTGCAGCTCGTGGGTTTT

ACsk BamHI Rvs GGATCCCTGGGCCGCCACTGTGCCCTC
EAT?2 HindIII Fwd AAGCTTATGGATCTGCCTTACTACCATGGAC
EAT2 BamHI Rvs GGATCCAGGCAAGACATCCACATAATCGCTGT
Grb2 HindIII Fwd AAGCTTATGGAAGCCATCGCCAAATAT
Grb2 BamHI Rvs GGATCCGACGTTCCGGTTCACGGGGGT
Nck1ASH3 HindIII Fwd AAGCTTATGAACATGCCCGCTTATGTGAAA
Nck1ASH3 BamHI Rvs  GGATCCTGATAAATGCTTGACAAGATA
PI3K p85a EcoRI Fwd  GAATTCATGAGTGCTGAGGGGTAC

PI3K p85a BamHI Rvs GGATCCTCGCCTCTGCTGTGCATATACTGG
SAP HindIII Fwd' AAGCTTATGGACGCAGTGGCTGTGTAT

SAP BamHI Rvs' GGATCCTGGGGCTTTCAGGCAGACATC
SHP2 HindIII Fwd AAGCTTATGACATCGCGGAGATGGTTT
SHP2 BamHI Rvs GGATCCTCTGAAACTTTTCTGCTGTTG
ASHP2 BamHI Rvs GGATCCAGCAGCATTTATACGAGTCGTGTT
Syk HindIII Fwd AAGCTTATGGCCAGCAGCGGCATGGCT

Syk BamHI Rvs GGATCCGTTCACCACGTCATAGTAGTA

ASyk BamHI Rvs GGATCCAACATTTCCCTGTGTGCCGAT

Vavl HindIII Fwd AAGCTTATGGAGCTGTGGCGCCAA

Vavl BamHI Rvs GGATCCGCAGTATTCAGAATAATCTTCC
Vav3 HindIII Fwd AAGCTTATGGAGCCGTGGAAGCAGTG

Vav3 Kpnl Rvs GGTACCCGTTCATCCTCTTCCACATATGTGGATGG
ASV vSrc HindIII Fwd> AAGCTTATGGGGAGTAGCAAGAGCAAG
ASV vSrc BamHI Rvs’?  GGATCCCTCAGCGACCTCCAACAC

Primer Sequence 5’ to 3’
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GenBank accessions for the sequences used are: Csk (NM_004383.2); EAT2 (AF484964.1); Grb2
(CR541942.1); Nck1 (NM_001291999.1); PI3K p85a (NM_181523.2); SAP (NM_001114937.2); SHP2
(D13540.1); Syk (229630.1); Vavl (NM_005428.3); Vav3 (NM_006113.4); Avian sarcoma virus (ASV,
V01169.1).

!Cloned from human natural killer YTS cells.

Sub-cloned from pRS316 vector provided by Dr. Robert Ingham (Dept. of Medical Microbiology &
Immunology, University of Alberta).

Table 3.1. Primers used to generate human FLAG-tagged SH2 domain-
containing signaling molecules, including truncated (A) Csk-FLAG, SHP2-
FLAG and Syk-FLAG, from AD293 cells and Avian sarcoma virus (ASV)
FLAG-tagged vSre.



Primer Name

GST Sgfl Fwd

IpLITR 1.1b WTcyr Sgfl Fwd
IpLITR 1.1b WTcyr Pmel Rvs
IpLITR 1.1b PROXcyr Pmel Rvs
IpLITR 1.1b DISTcyr Sgfl Fwd
IpLITR IpFcRy-L WTcyr Sgfl Fwd
IPLITR IpFcRy-L WTcyr Pmel Rvs
CEACAM3 WTcyr Sgfl Fwd
CEACAM3 WTcyr Pmel Rvs

Primer Sequence 5’ to 3’
GCGATCGCCTAGAAAGGAAAGGAC
GCGATCGCCAAAGGAAAGGAC
GTTTAAACCTATGTGTTCTGCTT
GTTTAAACCTAATCACTGGGTCC
GCGATCGCCAAGAATAAAGAT
GCGATCGCCCGTTCTGGAAATAAT
GTTTAAACTTATGCCAAAGGTTCCTT
GCGATCGCCACCAGCATCCAGCGT
GTTTAAACCTAAGAAGCCACTTCTGC

GenBank accessions for the sequences used are: IpLITR 1.1b (ABI16050); IpFcRy-L (AF543420);

CEACAM3 (BC106728.1).

Table 3.2. Primers used to generate GST-CYT fusion protein constructs.
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Primer Name Primer Sequence 5’ to 3’

IpLITR 1.1b WTcyr Smal Fwd CCCGGGGTTCTGTCTGTGGAGCCG

3’ IpFcRy-L CYT Overhang Rvs CTCATTATTTCCAGAACGCCACCAAAGCAGGAT

5’ IpLITR 1.1b TM Overhang Fwd ATCCTGCTTTGGTGGCGTTCTGGAAATAATGAG
IpFcRy-L WTcyr Sall Rvs GTCGACTTATGCCAAAGGTTCCTTCTT

IpLITR 1.1b Y433F Fwd AGACCGATGAGCACATTTTTGACACTGTGGAGAACGC
IpLITR 1.1b Y433F Rvs GCGTTCTCCACAGTGTCAAAAATGTGCTCATCGGTCT
IpLITR 1.1b Y453F Fwd AACTCAGTGGGGCCGTTTTTGCACAGGTCATGAAGAA
IpLITR 1.1b Y453F Rvs TTCTTCATGACCTGTGCAAAAACGGCCCCACTGAGTT
IpLITR 1.1b Y463F Fwd TGAAGAAAAAGGAGTCATTCAAGAATAAAGATGATGA
IpLITR 1.1b Y463F Rvs TCATCATCTTTATTCTTGAATGACTCCTTTTTCTTCA
IpLITR 1.1b Y477F Fwd GACCCAGTGATGTGATTTTCACTGAGCTTGAAATCAA
IpLITR 1.1b Y477F Rvs TTGATTTCAAGCTCAGTGAAAATCACATCACTGGGTC
IpLITR 1.1b Y499F Fwd TGAAGGCCAGTGTAGAGTTTGAAACTATTTATTCA
IpLITR 1.1b Y499F Rvs TGAATAAATAGTTTCAAACTCTACACTGGCCTTCA
IpLITR 1.1b Y499,503F Fwd TAGAGTTTGAAACTATTTTTTCACAGCTGAAGCAGAA
IpLITR 1.1b Y499,503F Rvs TTCTGCTTCAGCTGTGAAAAAATAGTTTCAAACTCTA
Igk Nhel Fwd GCTAGCATGGAGACAGACACAC

IpLITR 1.1b WTcyr BamHI Rvs GGATCCCGTGTGTTCTGCTTCAGCTG

IpLITR 1.1b WTcyr Smal Fwd CCCGGGGTTCTGTCTGTGGAGCCG

eGFP Sall Rvs GTCGACTTACTTGTACAGCTCGTCCATGCCGAG

GenBank accessions for the sequences used are: IpLITR 1.1b (ABI16050); IpFcRy-L (AF543420).

Table 3.3. Primers used to generate IpLITR 1.1b CYT receptor constructs,
including IpLITR 1.1b/IpFcRy-L WTcyr chimeric receptor (top box), IpLITR
1.1b CYT YF mutant receptors (middle box) and eGFP-tagged receptors
(bottom box).
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CHAPTER 1V
BIOCHEMICAL AND FUNCTIONAL EXAMINATION OF IpLITR
CYT-DEPENDENT PHAGOCYTIC SIGNALING POTENTIAL

Parts of this chapter are published:

Zwozdesky et al., 2017. Imaging flow cytometry and GST pulldown assays provide new insights
into channel catfish leukocyte immune-type receptor-mediated phagocytic pathways. Dev Comp
Immunol 67: 126-38

4.1 INTRODUCTION

The classification of immunoregulatory receptors as inhibitory or stimulatory has depended
primarily on whether they contain key signaling motifs within the CYT region such as ITAMs
(stimulatory receptors) or ITIMs (inhibitory receptors). However, the functional outcome of
receptor engagement does not always coincide with the presence of these canonical motifs as
versatility in the mechanisms of ITAM- or ITIM-dependent signaling events may contribute to
functional plasticity. Details of molecular signaling versatility that underlie receptor function are
well-defined in mammalian models. Information from earlier vertebrate models has implicated
these receptors in the control of phagocytosis, cytokine secretion and degranulation but also
unique cytotoxic effector responses (63, 328). However, detailed molecular signaling versatility
data from earlier vertebrate models such as fish is lacking.

To gain an understanding of immunoregulatory receptor signaling versatility in fish, our lab
has focused on characterizing two IpLITR members. These efforts have revealed both
predictable ITAM-dependent functional signaling and unexpected details of ITIM-dependent
functional plasticity. Most recently, the ITIM-containing IpLITR 1.1b activated a phagocytic
response in RBL-2H3 myeloid cells (5, 7, 8). This is in direct contrast to initial characterizations
of IpLITR 1.1b in mouse NK cells where it recruited the cytoplasmic phosphatases SHP1/2 and

abrogated NK cell-mediated cellular cytotoxicity (6). In both cases, the functional outcomes
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were dependent on an intact CYT. The IpLITR 1.1b CYT region contains six tyrosine residues,
evenly distributed between its membrane proximal and distal CYT segments. The distal CYT
segment contains two ITIMs located at Y*”7 and Y** and one overlapping ITSM at Y°%. Both
ITIMs were implicated in a potent SHP-dependent inhibitory signaling pathway activity.
Surprisingly, an IpLITR 1.1b construct containing only the proximal CYT segment also inhibited
NK cell-mediated killing responses despite being devoid of ITIMs. This revealed a novel SHP-
independent inhibitory pathway for IpLITR 1.1b that was likely facilitated by one of the tyrosine
residues present within its proximal CYT segment. Upon closer examination, the linear CYT
motif A-V-Y*3-A-Q-V of IpLITR 1.1b closely matched the consensus binding motif of C-
terminal Src kinase (Csk); a cellular kinase known to potently abrogate immune cell signaling.
Subsequently, Csk recruitment was demonstrated at IpLITR 1.1b Y#> and provided a plausible
explanation for its SHP-independent inhibitory activities. The unique proximal and distal CYT
segment-dependent inhibitory mechanisms suggested that variable signaling modules exist
within the CYT region of IpLITR 1.1b, but even so, a stimulatory function was not predicted
before testing IpLITR 1.1b phagocytosis in RBL-2H3 cells. This cell context-dependent shift in
function facilitated detailed imaging and pharmacological studies to examine what appeared to
be a novel ITAM-independent mode of phagocytosis.

Detailed phenotypic examination by confocal microscopy revealed that IpLITR 1.1b-
expressing cells often formed extended membranous protrusions that captured their targets in
phagocytic cup-like structures but failed to completely internalize them. Although the capture
and partial engulfment phenotype was common during IpLITR 1.1b-mediated phagocytosis,
~30% of the analyzed cells fully internalized at least one target in contrast to ~60% for [pLITR

2.6b/IpFcRy-L- (i.e. ITAM)-expressing cells. Surprisingly, while incubations at 22°C completely
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inhibited IpLITR 2.6b/IpFcRy-L-mediated phagocytosis, this temperature had little effect on the
ability of IpLITR 1.1b-expressing cells to capture and partially engulf beads. Furthermore, while
small molecule inhibitors of major kinase and GTPase signaling systems had significant
inhibitory effects on the I[pLITR 2.6b/IpFcRy-L-mediated phagocytic pathway, IpLITR 1.1b-
induced phagocytosis was insensitive to many of these pharmacological inhibitors. Importantly,
a CYT-deficient IpLITR 1.1b did not evoke a response. Collectively, these observations
indicated that IpLITR 1.1b operates independently of several of the key components of the
ITAM-dependent signaling machinery, suggesting that the CYT region of IpLITR 1.1b may
participate in the recruitment and activation of distinct phagocytic effector molecules. Most
importantly, these studies provided an opportunity to explore molecular details of IpLITR 1.1b
CYT-dependent phagocytic signaling events.

The main research objectives of this thesis chapter are the biochemical and functional
characterization of IpLITR 1.1b (referred to as IpLITR 1.1b WTcyr)-mediated phagocytic
signaling potential. This will be conducted in the non-immune AD293 epithelioid cell line, an
established cell system for studying phagocytosis (329). Specifically, I performed detailed CYT
segment- and motif-specific signaling molecule recruitment profiles and imaging cytometry-
based phagocytosis assays. My results show that IpLITR 1.1b WTcyr differentially recruits
several stimulatory signaling molecules to either CYT segment in GST pulldown assays.
However, stable IpLITR 1.1b WTcyt-expressing cells activated with pervanadate showed only
inhibitory molecules are physiologically recruited to the CYT. My functional results show that
while a CYT ITAM-containing (i.e. [pFcRy-L WTcyr) receptor activates phagocytosis, IpLITR
1.1b WTcyr is not capable of activating phagocytosis in AD293 cells. Indeed, molecular

manipulations designed to re-constitute IpLITR 1.1b WTcyr-mediated phagocytic signaling were
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also unsuccessful. Collectively, these data reveal that IpLITR 1.1b WTcyr is not a phagocytic
receptor and have led to the formulation of new hypotheses regarding the utility of an AD293
cell system in studying IpLITR signaling potential, which will be explored further in chapters V
and VL.

4.2 RESULTS

4.2.1 Synthesis and purification of GST-CYT fusion proteins in E. coli

To characterize phosphotyrosine-dependent IpLITR CYT signaling molecule recruitment
potential by GST pulldown, I generated unphosphorylated and phosphorylated GST-CYT fusion
protein ‘bait’ and FLAG-tagged signaling molecule ‘prey’-containing cellular lysates. The GST-
CYT fusion proteins used in this assay include three IpLITR 1.1b-derived proteins (i.e. WTcyr,
PROXcyt and DISTcyT), one IpFcRy-L-derived protein, one human CEACAM3-derived protein
and a GST only protein (Figure 4.1A). ‘Bait’ and ‘prey’ reagents were subsequently combined to
perform GST pulldown assays as outlined in the schematic shown in Figure 4.1B.

BL21 and TKB1 E. coli were induced to express GST-CYT fusion proteins with 1-B-D-
thiogalactopyranoside. Affinity purification of ‘bait” was verified by Ponceau staining as bands
for each GST-CYT fusion protein appear at their expected weights: lane 1 — GST 26 kDa, lane 2
— GST-IpLITR 1.1b WTcyr at 40 kDa, lane 3 — GST-IpLITR 1.1b PROXcyr at 36 kDa, lane 4 —
GST-IpLITR 1.1b DISTcyr at 32 kDa, lane 5 — GST-IpFcRy-L WTcyT at 31 kDa and GST-
CEACAM3 WTcyr at 35 kDa (Figure 4.2A). In all lanes, the largest visualized band corresponds
to the expected weight of the full-length GST-CYT fusion protein, however, some apparent

degradation or partially synthesized products can also be seen as smaller bands.
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4.2.2 Generation of cellular lysates containing FLAG-tagged SH2 domain-containing

signaling molecules

Sequenced p3XFLAG-CMV 14-encoded signaling molecules were transiently transfected
into parental AD293 cells for 24-48 h. Bands for each signaling molecule can be seen at their
expected weights: Csk at 54 kDa, Grb2 at 28 kDa, PI3K p85a at 85 kDa, Nck1ASH3 at 34 kDa,
SHP2 at 70 kDa, Syk at 72 kDa, Vavl at 101 kDa, Vav3 at 94 kDa and EAT2 at 15 kDa (Figure
4.2B). No bands are present in cells transfected with an empty p3XFLAG-CMV 14 vector (EV).
In most lanes, the largest band present corresponds with the expected weight of the signaling
molecule indicated, while smaller bands are likely degradation or partially synthesized FLAG-
reactive products. However, an unknown ~70 kDa band is visible in the Grb2 lane. The
Nck1ASH3 lane represents a truncated Nck1 molecule that lacks its N-terminal SH3 domain,
resulting in the observed size down-shift from 47 kDa (of endogenous Nck1) to 34 kDa (for
Nck1ASH3). Ensuring that no ‘prey’ targets were similar in size to the GST-IpLITR 1.1b WTcyr
and GST-IpLITR 1.1b PROXcyT was necessary due to the unexpected technical coincidence that
the tFLAG M2 monoclonal blotting antibody cross-reacts with these ‘bait’ proteins (Figure 4.3).
4.2.3 Differential phosphotyrosine-dependent recruitment of C-terminal FLAG-tagged

signaling molecules to the proximal and distal CYT segments of IpLITR 1.1b

The potential to recruit SH2 domain-containing signaling molecules to the CYT regions
of IpLITR 1.1b, IpFcRy-L and CEACAM3 were qualitatively assessed using GST pulldowns. In
these assays, the unphosphorylated and phosphorylated GST, GST-IpLITR 1.1b WTcyr, GST-
IpLITR 1.1b PROXcyt, GST-IpLITR 1.1b DISTcyt, GST-IpFcRy-L WTcyt and GST-
CEACAM3 WTcyr were used as ‘bait’ to capture C-terminal FLAG-tagged signaling molecule

‘prey’ from AD293 cellular lysates. Figure 4.4A and Figure 4.5A demonstrate aGST reactive
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bands at their expected weights: lane 1 — GST at ~26 kDa, lane 2 — IpLITR 1.1b WTcyr at ~40
kDa, lane 3 — IpLITR 1.1b PROXcyT at ~36 kDa, lane 4 — IpLITR 1.1b DISTcyr at ~32 kDa,
lane 5 — IpFcRy-L WTcyr at ~31 kDa and lane 6 — CEACAM3 WTcyt at ~35 kDa. I also
observed additional aGST reactive bands in some lanes, but none of them were larger than the
expected sizes of the corresponding ‘bait’ proteins (similar to Ponceau stains in Figure 4.2A).
Next, I probed the blots with a mouse a-phosphotyrosine mAb. Reactive bands were only
detected in TKB1-derived lanes (Figure 4.4B and Figure 4.5B), indicating that these ‘bait’
proteins were successfully phosphorylated while BL21-derived ‘bait’ proteins were not. Finally,
I probed pulldown samples with an HRP-conjugated mouse aFLAG M2 mAb to identify
signaling molecule ‘prey’ that co-precipitated with various GST-CYT fusion protein ‘bait’.

I observed the differential phosphotyrosine-dependent recruitment of signaling molecules
to the proximal and distal CYT segments of IpLITR 1.1b WTcyr (Figure 4.4C and Figure 4.5C).
Importantly, no aFLAG reactive bands were detected in pulldown lanes using unphosphorylated,
BL21-derived fusion proteins, nor were there any such bands in the GST only lanes even though
TKB1-derived GST was phosphorylated (Figure 4.4B and Figure 4.5B). Specifically, the
phosphorylated TKB1-derived GST-IpLITR 1.1b WTcyT ‘bait’ co-precipitated SHP2, Csk, Syk,
Grb2, EAT2, Nck1, PI3K p85a and Vavl, but not Vav3 (Figure 4.4C and Figure 4.5C). In
comparison, TKB1-derived GST-IpLITR 1.1b PROXcyrt co-precipitated Csk, Grb2, EAT2,
Nckl, PI3K p85a (albeit a considerably fainter band) and Vavl, but not SHP2, Syk, or Vav3
(Figure 4.4C and Figure 4.5C). When TKB1-derived GST-IpLITR 1.1b DISTcyT was used as
‘bait’, it co-precipitated SHP2, Syk, EAT2 and PI3K p85a, but not Csk, Grb2, Nckl, Vavl or
Vav3 (Figure 4.4C and Figure 4.5C). Additional ‘bait’ included the ITAM-containing GST-

IpFcRy-L WTcyrt, which co-precipitated Syk, PI3K p85a and Vavl1, but none of the other ‘prey’
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molecules tested (Figure 4.4C and Figure 4.5C). Furthermore, the CYT region of CEACAM3 is
known to associate with Nck1, Vavl and PI3K p85a (215-217) and when used as a positive
control in these assays, it co-precipitated these ‘prey’ molecules, as well as Vav3 (Figure 4.5C).
Taken together, these data strongly suggest that [pLITR 1.1b WTcyr is capable of binding
several AD293 cell-expressed signaling molecules to each CYT segment that may participate in
activating phagocytosis.
4.2.4 oHA-coated bead-induced cross-linking of IpFcRy-L WTcyr, but not IpLITR 1.1b

WTcyr, induces CYT-dependent phagocytic signaling

Based on the biochemical pulldown data above (section 4.2.3), I hypothesized several
models for IpLITR 1.1b WTcyr-mediated phagocytic signaling, including the coordinated
proximal and distal CYT segment recruitment of Nck1 and Syk, respectively. To test this
hypothesis, I employed an Image Stream® flow cytometry-based phagocytosis assay (outlined in
Figure 4.6), developed previously in our lab (327). This assay uses green fluorescent (YG) beads
as phagocytic targets and a counter-staining step which allows discrimination of internalized (i.e.
phagocytosed) vs. surface-bound targets. I performed phagocytosis assays using stable IpLITR-
expressing AD293 cell lines. The IpLITR CYT constructs tested all contain an HA epitope tag
and the four extracellular Ig-like domains and TM segment of IpLITR 1.1b fused to different
CYT regions: the ITAM-containing IpFcRy-L CYT (IpFcRy-L WTcyr), a mutant IpFcRy-L CYT
in which both ITAM tyrosines are converted to phenylalanines (IpFcRy-L MUTcyr) and the
IpLITR 1.1b WTcyr (Figure 4.7A). Similar construct expression levels in stably expressing cell
lines were indicated by aHA mAb staining (Figure 4.7B). In comparison, parental AD293 cells

show very little aHA staining, similar to IgG3 isotype control antibody staining (Figure 4.7B).
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This allows me to specifically cross-link N-terminal HA-tagged IpLITR CYT constructs with
aHA antibody-coated YG beads to trigger phagocytic signaling.

To begin assessing IpLITR CYT-mediated phagocytic signaling in AD293 cells, |
established the phagocytic phenotypes of a positive and negative control by cross-linking a
known phagocytic CYT-containing receptor (i.e. IpFcRy-L WTcyr) and a mutant knockout
receptor (i.e. IpFcRy-L MUTcyT), that were expected to display a phagocytic phenotype (i.e. at
least one YG bead is inside the cell) and a surface-bound phenotype (i.e. no beads are
internalized), respectively. As shown in Figure 4.8A, 47.9% of IpFcRy-L WTcyT-expressing
cells associated with at least one bead, with 42.1% and 5.8% displaying a phagocytic and
surface-bound phenotype, respectively. In contrast, 41.2% of IpFcRy-L MUTcyT-expressing
cells associated with at least one bead, with 6.6% and 34.6% displaying a phagocytic and
surface-bound phenotype, respectively. After establishing these controls, I tested [pLITR 1.1b
WTcyr-mediated phagocytosis. While IpLITR 1.1b WTcyt-expressing cells showed a 52.9%
bead association, only 4.5% had internalized at least one bead (i.e. phagocytic cells; Figure
4.8A). To simplify visualization of the phagocytic vs. surface-bound phenotypes, the bead-
associated cell population data was indexed by normalizing % phagocytic or surface-bound cells
to % bead associated cells (Figure 4.8B). Overall, these data show that while IpFcRy-L WTcyr
invokes CYT-dependent phagocytic signaling, IpLITR 1.1b WTcyr does not. These observations
informed a shift in my perspective that only certain receptor CYTs can co-opt the cellular
machinery of AD293 cells to evoke phagocytosis, but perhaps the intracellular signaling
networks can be altered to allow the CYT of IpLITR 1.1b to do the same. In other words, can I
‘knock-in’ IpLITR 1.1b WTcyr-mediated phagocytic signaling in IpLITR 1.1b WTcyr-

expressing AD293 cells?
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4.2.5 Co-expressing IpLITR 1.1b WTcyt with vSrc does not evoke phagocytic signaling

IpLITR 1.1b WTcyT activates phagocytic signaling in the mammalian myeloid cell line
RBL-2H3 (5, 7), but data presented in section 4.2.4 of this chapter show that I[pLITR 1.1b
WTcyt is not phagocytic in AD293 cells. To determine if receptor phosphorylation is insufficient
to evoke IpLITR 1.1b WTcyr-mediated phagocytosis, I co-expressed a promiscuous viral Src
kinase (vSrc) in stable IpLITR-expressing AD293 cells. vSrc constitutively phosphorylates a
broad range of tyrosine-based motifs (330) and has been used elsewhere to maximize receptor
phosphorylation (216).

IpLITR 1.1b WTcyr stable cells transiently co-expressing a FLAG-tagged vSrc (vSrc-
FLAG) kinase showed 46.3% bead association with 5.4% and 40.9% of cells in the phagocytic
and surface-bound phenotype, respectively (Figure 4.9A). This result was similar to IpLITR 1.1b
WTcyr stables transfected with empty p3XFLAG-CMV 14 vector (EV) control at 6.6%
phagocytic and 41.5% surface-bound phenotype. When EV and vSrc-FLAG were transfected
into IpFcRy-L WTcyr-expressing AD293 cells, a marginal increase in overall bead association
from 38.6% to 48.7% accompanied an increased phagocytic phenotype from 33.6% to 41.4%,
respectively (Figure 4.9A), although indexed data shows no differences between their
phenotypes (Figure 4.9B). Indeed, indexed data also shows no increase in IpLITR 1.1b WTcyT-
mediated phagocytic phenotype at 17.5% and 11.6% for EV and vSrc-FLAG co-expressing cells,
respectively (Figure 4.9B). To control for successful expression of vSrc-FLAG, I performed
transfections prior to the phagocytosis assays in duplicate. Duplicate wells were lysed and
probed with HRP-conjugated mouse aFLAG M2 antibody. Both stable IpFcRy-L WTcyt- and
IpLITR 1.1b WTcyT-expressing AD293 cell lysates demonstrated FLAG-reactive bands at the

expected 60 kDa weight for vSrc-FLAG, but EV transfected cells did not (Figure 4.9C, top blot).
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To ensure equivalent amounts of lysate were loaded into each lane, an anti-B-actin loading

control blot was included (Figure 4.9C, bottom blot). Overall, these data indicate that co-

expressing vSrc in stable IpLITR 1.1b WTcyt-expressing cells does not activate phagocytic

signaling.

4.2.6 Over-expressing Syk or SAP in IpLITR 1.1b WTcyr-expressing cells does not
activate phagocytic signaling

Next I sought to determine if differences in signaling molecule expression levels between
cell-types might account for the lack of IpLITR 1.1b WTcyr-mediated phagocytosis in AD293
cells by over-expressing Syk or SAP signaling molecules in stable IpLITR-expressing AD293
cells.

IpLITR 1.1b WTcyT-expressing cells transiently transfected with FLAG-tagged Syk
(Syk-FLAG) showed 49.3% bead association with 4.3% and 45.0% of cells in the phagocytic
and surface-bound phenotype, respectively (Figure 4.10A). When transfected with FLAG-tagged
SAP, these cells showed 47.0% bead association with 4.8% and 42.2% of cells in the phagocytic
and surface-bound phenotype, respectively (Figure 4.10A). These results are similar to empty
p3XFLAG-CMV 14 vector (EV) transfected IpLITR 1.1b WTcyr stable cells that show 43.7%
bead association with 5.6% and 38.1% of cells in the phagocytic and surface-bound phenotype,
respectively (Figure 4.10A). For comparison, cells expressing IpFcRy-L WTcyr were transfected
with EV or Syk-FLAG. While the data show a 38.6% bead association with 33.3% phagocytic
and 5.3% surface-bound cells for EV-transfected IpFcRy-L WTcyrT stable cells, these same cells
show an increased bead association of 55.8% with 53.0% phagocytic (statistically significant
increase compared to EV) and 2.8% surface-bound cells when transfected with Syk-FLAG

(Figure 4.10A). When data is indexed, Syk-FLAG transfected IpFcRy-L WTcyr-expressing cells
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show a trend towards increased phagocytosis compared to IpFcRy-L WTcyT only cells, while

IpLITR 1.1b WTcyt-expressing cells remain non-phagocytic (Figure 4.10B). To control for

successful expression of Syk- and SAP-FLAG signaling molecules, I performed transfections

prior to the phagocytosis assays in duplicate. Duplicate wells were lysed and probed with HRP-
conjugated mouse aFLAG M2 antibody. Both stable IpFcRy-L WTcyt- and IpLITR 1.1b

WTcyr-expressing AD293 cell lysates demonstrated FLAG-reactive bands at expected weights:

72 kDa for Syk-FLAG (Figure 4.10C, top blot) and 15 kDa for SAP-FLAG (Figure 4.10C,

middle blot), but EV transfected cells did not. Multiple bands in Syk-FLAG transfected lanes

indicate FLAG-reactive degradation or partially synthesized products. To ensure equivalent
amounts of lysate were loaded into each lane, an anti-B-actin loading control blot was included

(Figure 4.10C, bottom blot). Collectively, the over-expression of Syk or SAP did not result in the

activation of phagocytic signaling by IpLITR 1.1b WTcyr. These data strongly suggested that

IpLITR 1.1b WTcyr was not stimulatory under the tested conditions.

4.2.7 Pervanadate stimulation followed by co-immunoprecipitation show that IpLITR
1.1b WTcyr recruits Csk and SHP2 to the proximal CYT motif Y*33 and distal CYT
motif ITIM Y477, respectively
I developed a system to assess biochemical recruitment potential by stimulating cells

using pervanadate (outlined in Figure 4.11). Pervanadate is a cellular phosphatase inhibitor that

allows endogenous cellular kinases (e.g. membrane-bound initiators of receptor activation, the

Src family kinases) to phosphorylate and activate transmembrane receptors (331). In contrast

with GST-CYT pulldowns, this simulates physiological recruitment potential in intact cells as

opposed to recruitment from a cellular lysate. I generated three additional motif-specific IpLITR

1.1b CYT YF mutant constructs by site-directed mutagenesis (Figure 4.12A) including IpLITR
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1.1b Y#3Fcyr (previously shown to recruit Csk (6)) and two ITIM YF mutants: IpLITR 1.1b
Y*#"Fcyt and IpLITR 1.1b Y*°Fcyr (both previously implicated in recruiting SHP2 (6, 188)).
Stable IpLITR 1.1b CYT YF mutant construct expression levels were confirmed by flow
cytometric staining. Relatively similar expression levels were indicated by aHA mAb staining.
Notably, parental AD293 cells show very little aHA staining, similar to IgG3 isotype control
antibody staining (Figure 4.12B).

In all, co-immunoprecipitations (co-IPs) of three target FLAG-tagged signaling
molecules are shown in Figure 4.13 including (A) SHP2, (B) Csk and (C) Syk. Initially, I
conducted three control blots. First, co-IP samples were probed with an HRP-conjugated aHA
antibody to ensure that [pLITR CYT constructs precipitated. The top blot of each panel is the IP
sample displaying aHA reactive bands at the expected weights for IpFcRy-L WTcyr at ~51 kDa
and all IpLITR 1.1b CYT constructs at ~70 kDa (Figure 4.13). Next, I blotted co-IP samples with
an o-phosphotyrosine mAb (PY20) to confirm receptor phosphorylation after pervanadate
treatment. The upper middle blot in each panel of Figure 4.13 shows bands at the expected
receptor weights. An additional band at ~55 kDa is present in all lanes, likely representing the
heavy chain of the mouse aHA antibody used for IP cross-reacting with the HRP-conjugated
goat a-rabbit secondary antibody used to detect PY20. Finally, transfected whole cell lysates
before IP were probed with an HRP-conjugated mouse aFLAG M2 antibody to confirm
successful expression of target FLAG-tagged signaling molecules. Importantly, the unexpected
technical coincidence that the HRP-conjugated mouse aFLAG M2 blotting antibody cross-reacts
with IpLITR 1.1b WTcyT necessitated the design of truncated SHP2 and Syk constructs (denoted
by A in Figure 4.13). Truncated molecules contain SH2 domains only (i.e. they exclude the

catalytic domains of each molecule), shifting their detection in the blots from their native ~70
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kDa weight (same as the IpLITR 1.1b CYT constructs) to ~30 kDa so they are not obscured by
IpLITR 1.1b CYT constructs. The bottom blot of each panel in Figure 4.13 is the lysate
displaying aFLAG reactive bands at the expected weights for: (A) SHP2 at 28 kDa, (B) Csk at
51 kDa and (C) Syk at 32 kDa. After controls, target molecule co-IP was detected in the lower
middle blot of each panel. SHP2 was not detected with IpFcRy-L WTcyt but did co-IP with
IpLITR 1.1b WTcyt. When proximal and distal CYT segment mutants were tested, SHP2 was
only detected with IpLITR 1.1b YP™*Fcyr, indicating that the distal CYT segment is responsible
for the observed recruitment. When the distal CYT segment ITIM mutant constructs [pLITR
1.1b Y#*"Fcyt and IpLITR 1.1b Y*°Fcyt were tested, IpLITR 1.1b Y#"7Fcyr lost the ability to
recruit SHP2 while IpLITR 1.1b Y*?Fcyr did not (Figure 4.13A). Next I looked at the
recruitment of Csk which was not detected with IpFcRy-L WTcyt but did co-IP with IpLITR
1.1b WTcyr. When proximal and distal CYT segment mutants were tested, Csk was only
detected with IpLITR 1.1b Y¥'Fcyr, indicating that the proximal CYT segment is responsible
for recruitment. When the proximal segment mutant motif construct IpLITR 1.1b Y***Fcyt was
tested, the ability to recruit Csk was lost (Figure 4.13B). Additional bands above 62 kDa in the
IpLITR 1.1b Y¥'Fcyt and IpLITR 1.1b Y***Fcyr lanes are likely the aFLAG cross-reactive
IpLITR CYT constructs while smaller bands elsewhere are partial FLAG-tagged Csk products.
These smaller products are also prevalent in the lysate blot (Figure 4.13B, bottom blot). Next I
tested the recruitment potential of the stimulatory signaling molecule Syk, which is known to
bind CYT ITAMs (332) and was recruited by IpLITR 1.1b WTcyt in GST pulldowns presented
in section 4.2.3 above. The IpFcRy-L WTcyr was the only construct capable of recruiting Syk

(Figure 4.13C, lower middle blot).
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Altogether, this co-IP data shows that IpLITR 1.1b WTcyt associates with inhibitory
signaling molecules Csk at proximal CYT motif Y** and SHP2 at the distal CYT segment ITIM
Y#”7_ but not the stimulatory signaling molecule Syk.

4.3 DISCUSSION

Immunoregulatory receptor functional plasticity results from signaling versatility. In other
words, receptors can activate functions via signaling that cannot always be predicted based on
the presence of canonical CYT motifs. Recently, our lab reported a phagocytic function for an
ITIM-containing receptor, [pLITR 1.1b. In this chapter, I established a new AD293 cell system
to study the molecular signal transduction events that underlie IpLITR 1.1b WTcyt functional
plasticity. My results demonstrate that although IpLITR 1.1b WTcyr is capable of recruiting
phagocytic signaling molecules in GST pulldowns, a phagocytic function and a stimulatory
recruitment profile are not demonstrated under physiological conditions. This raises interesting
questions regarding the nature of cell context-dependent functional plasticity and the events that
allow receptors to engage signaling pathways.

My functional and biochemical characterizations of IpLITR 1.1b WTcyr phagocytic
signaling were conducted in the non-immune, human epithelioid AD293 cell line. Derived from
HEK?293, these cells lack classical phagocytic receptors and are not endogenously phagocytic,
however, they can perform this function when transfected with a ‘bona fide” phagocytic receptor
that engages phagocytic signaling pathways. For example, heterologous expression of the ITAM-
containing FcyRIIA mediates phagocytosis in AD293 cells (329). While the development of
stable IpLITR-expressing AD293 cell systems was successful, the biochemical recruitment
profile obtained by GST pulldown was not re-capitulated by the physiologically-directed

inhibitory molecule recruitment profile obtained after cellular activation by pervanadate. In line
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with the latter profile, [pLITR 1.1b WTcyT was incapable of activating phagocytic signaling
upon receptor cross-linking by target beads during functional assessments, thus not supporting
previous notions of IpLITR 1.1b WTcyT as a ‘bona fide’ phagocytic receptor in AD293 cells.
The activation of specific immunoregulatory receptor functions is dependent on limited
repertoires of recruited signaling molecules, known as a receptor interactome (333, 334). For
phagocytosis, SH2 domains within signaling molecules recognize specifically phosphorylated
linear CYT motifs and initiate signaling cascades that converge upon F-actin polymerization and
target engulfment (21, 157, 158, 160). Therefore, underlying CYT-dependent phagocytic
mechanisms can be predicted by comparing linear motif-SH2 domain interactomes generated by
SH2 domain binding specificity libraries (135-137, 335, 336). Collectively, these binding studies
highlight six critical residues that strongly influence SH2 domain binding specificity including:
the phosphorylated tyrosine (pY; designated position 0), the two upstream residues (i.e. Y — 2,
X-X-pY) and the three downstream residues (i.e. Y + 3, pY-X-X-X). This sequence makes up a
consensus binding motif (X-X-pY-X-X-X) for an SH2 domain from a given signaling molecule.
Previously, we showed that [pLITR 1.1b WTcyr activated a unique ‘short-circuited’ ITAM-
independent mode of phagocytosis in RBL-2H3 cells (7), using a pathway similar to Nck-
dependent CEACAM3-mediated phagocytosis (216). The Nck1 SH2 domain consensus binding
motif is H/P/V-I/L-pY-D/E-T/E-V/P (135, 337) and IpLITR 1.1b WTcyrt contains this consensus
binding motif at H-I-Y**-D-T-V within the proximal CYT segment. Subsequently, I showed
proximal CYT segment-specific Nck1 binding by GST pulldown. By applying consensus
binding motif hypotheses, several potential phagocytic signaling participants, including Syk,
were shown to bind IpLITR 1.1b WTcyr. However, the accuracy in translating GST pulldown

recruitment data (i.e. an interactome) to a mechanism underlying a cellular response (i.e. a
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signalosome) is limited. This is due in large part to the complex dynamics that underlie
physiological receptor activation which are not present during GST-CYT pulldowns from
cellular lysates.

Functional assessments of phagocytosis presented in this chapter have demonstrated that
IpLITR 1.1b WTcyt is not phagocytic in human AD293 cells, despite binding several
stimulatory signaling molecules in GST pulldowns. The initial events that underlie phagocytic
signaling occur as three distinct phases including target capture, synapse formation and
internalization (338), but due to technical aspects, data presented in this chapter highlights the
synapse formation and internalization phases only. For example, the use of stable IpLITR-
expressing cell lines enhances reproducibility of results by mitigating variability due to receptor
expression level which would otherwise affect target binding avidity, receptor clustering and
signal strength (339-341). Centrifuging cells immediately after adding bead targets induces
target-cell interactions and drastically reduces reliance of subsequent phases on capturing targets.
Furthermore, by performing these steps at 4°C, the initial target-cell interactions remain static
while synapse formation and internalization begin while re-warming cells to 37°C. The synapse
formation and internalization phases require receptor clustering, activation of phosphotyrosine-
dependent signaling by cellular SFKs and the recruitment of SH2 domain-containing signaling
molecules. In the case of IpLITR 1.1b WTcyr, these events were not sufficient to evoke target
internalization.

Src family kinases (SFKs) are inner membrane-associated enzymes involved in signal
transduction. Upon receptor cross-linking and clustering, SFKs initiate signaling cascades by
phosphorylating receptor CYTs. This family includes nine primary proteins in humans, including

Src, Fyn, Yes, Lyn, Hck, Fgr, Blk, Lck and Frk, that exhibit tissue-specific expression. Lyn, Hck,
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Fgr, Blk and Lck are expressed in the brain and hematopoietic cells. Frk is primarily expressed in
epithelial cells, while Src, Fyn and Yes are broadly expressed (342). The recognition and
phosphorylation of receptor CYT substrates is also selective and differs between members. For
example, each SFK member contains an SH2 domain which influences sub-cellular localization
and substrate recognition. In addition, the catalytic kinase domains of each member show a
preference in phosphorylating specific tyrosine-based motifs (252, 343—345). This facilitated my
hypothesis that co-expressing a viral Src kinase (vSrc), that exhibits constitutive activity towards
a broad repertoire of tyrosine-based motifs (216, 330), with IpLITR 1.1b WTcyr may evoke
phagocytic signaling (Figure 4.14, 1.). However, vSrc co-expression did not activate IpLITR 1.1b
WTcyr-mediated phagocytic signaling (Figure 4.9).

Previous observations of IpLITR 1.1b WTcyr-mediated phagocytosis were reported in
RBL-2H3 cells (5, 7). These myeloid cells display a marked difference in the pattern of signaling
molecule expression compared to epithelioid AD293 cells. This may render IpLITR 1.1b WTcyt
incapable of phagocytic signaling in two ways: (1) relatively higher signaling molecule
expression levels in immune compared to epithelioid cells (e.g Syk (346); Figure 4.14, ii) or (2)
the lack of expression of a critical signaling molecule in AD293 cells, like the SLAM-associated
protein (SAP; Figure 4.14, iii), which is expressed in immune cells where it activates responses
downstream of the SLAM family of IgSF receptors (347, 348). Interestingly, SLAM family
receptors bind to SAP at CYT ITSMs which switches their function and signaling from
inhibitory to stimulatory (236, 243, 349, 350). IpLITR 1.1b WTcyr contains an ITSM at Y>* and
a SAP-dependent mechanism was proposed previously (5), however SAP over-expression did

not evoke IpLITR 1.1b WTcyr-mediated phagocytosis in my experiments (Figure 4.10).
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The phosphotyrosine-dependent signaling events that drive phagocytosis are preceded by
receptor-membrane dynamics which dictate signaling outcomes. During phagocytosis for
example, these sub-membrane dynamics control target capture and receptor clustering within
lipid raft microdomains. These events are pre-requisites for triggering intimate target-cell
binding (i.e. phagocytic synapse formation) and signaling for target internalization (295, 351,
352). Studies of sub-membrane dynamics have demonstrated central roles for the actin
cytoskeleton and actin-binding adaptor molecules. For example, the mobility of receptors to sites
of target-cell engagement, known as the phagocytic synapse, is controlled, to a large extent, by
transmembrane receptor ‘pickets’ anchored to sub-membrane cytoplasmic actin ‘fences’. Once a
target is bound, receptors are released from the confines of this ‘picket fence’ and shuttled to the
forming synapse. This is explained, in part, by receptor-actin linkages mediated by actin-binding
adaptor molecules like the protein 4.1 family, which are expressed in immune cells and bind the
FcyRI CYT (290). Indeed, constitutive 4.1 protein association with FcyRI was critical for
targeting the receptor to lipid raft microdomains (293). Another well-studied example is the
CD44 CYT which binds actin adaptor ezrin-radixin-moesin (ERM) proteins (287, 353). While
this receptor has diverse biological roles, a phagocytic function was reported in mouse
macrophages (354). It is important to note however, that these cells express additional
phagocytic receptors and subsequent reports showed that CD44 tethered targets to the cell
surface while inducing inside-out activation of amf2 integrin which co-ordinated the
internalization of bound targets (355). Importantly, these examples illustrate the importance of
receptor-actin dynamics that directly influence the outcome of receptor signaling in the initiation

of phagocytosis. Although untested, actin-mediated IpLITR 1.1b WTcyr trafficking may render
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this receptor incapable of phagocytic signaling in AD293 cells by preventing phagocytic synapse
formation.

When IpLITR 1.1b WTcyT was activated by pervanadate treatment and precipitated, only
the inhibitory signaling molecules Csk and SHP2 were detected by Western blot. This indicates
that although IpLITR 1.1b WTcyr contains binding motifs for several signaling molecules, the
context within which recruitment occurs drastically influences its interactome. Specifically,
while GST pulldowns effectively combine large amounts of both receptor CYT and signaling
molecule that freely interact within a lysate, pervanadate stimulation relies upon physiological
factors including available cellular SFKs for receptor activation, signaling molecule expression
repertoire and sub-membrane dynamics to co-ordinate recruitment, but not receptor cross-
linking. Since pervanadate irreversibly inhibits global phosphatase activity (331) and full
activation of SFKs requires dephosphorylation at C-terminal Y>3’ and phosphorylation at
catalytic domain Y*'® (356), pervanadate may only partially activate certain SFKs leading to
phosphorylation of a restricted repertoire of receptor CYT motifs. This may introduce bias in
subsequent phosphorylation-dependent recruitment profiles of receptor CYTs. However, the
second tyrosine residue within the catalytic domain of SFKs (i.e. Y*!%) is phosphorylated after
pervanadate treatment (357), suggesting that SFKs may be fully activated. Furthermore, this
approach has been successfully applied for assessing receptor recruitment in intact cells in
numerous studies. Consequently, pervanadate recruitment better reflects a physiological
recruitment profile or receptor signalosome, which is more predictive of stimulatory or inhibitory
signaling outcomes and helps explain why IpLITR 1.1b WTcyr is not phagocytic in AD293

cells.
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Altogether, data presented in this chapter established the ‘bona fide’ phagocytic function of
the IpFcRy-L WTcyt but biochemical data suggest an inhibitory function for IpLITR 1.1b
WTcyrt. These data facilitated a shift in my objectives from characterizing the ‘bona fide’
phagocytic signaling potential of IpLITR 1.1b WTcyT to applying the AD293 cell system for
exploring other aspects of IpLITR signaling biology. IpLITRs and their isoforms contain highly
similar extracellular domains (e.g. >77%, 86%, 92% and 94% identity for D1, D2, D3 and D4,
respectively) indicating they may bind common ligands and IpLITRs are co-expressed by fish
immune cells (2). Since multiple immunoregulatory receptor inputs to immune cells are
integrated to modulate signaling outcomes and AD293 cells are highly suited to transfection, my
research will now focus on establishing an assay to measure the potential cross-talk regulation of

IpFcRy-L WTcyr-driven phagocytosis by IpLITR 1.1b WTcyr.



A.

Derived from:

]
2

IpLITR 1.1b— 3

4
IpFcRy-L 5

CEACAM3  {

Y433 Y453 Y463 Y477Y499 YSOS

96

WT CYT

PROXcyy

DIST yr

WT CYT

WT CYT



97

B.

Yz YasaYass Yar7YaooYsos IpLITR l.lb
] ] ] ] I]‘ I WTeyr
@@433@453 @63@“?@99@5&%

®@e®

433 Y453 Y463

@ Y3 Yiss Yisa Y77 Yoo Yios
@ Y3 YusaVYiss @ Yyr7 YaooYsos

Ynﬂ? Y499 503

ey

R

FLAG-tagged signaling
molecule-containing lysate

"FLAG

@ ®® T ®
Y433 Y453 Y463 Y47?Y499 YSGS Ym Y453 Y463 Y4‘7?Y499 YSDS
@YﬂS Y453Y463 @Y4‘?‘T Y499Y503 @@33@4&@%3 @@77 @499@503



98

Figure 4.1. Schematic representations of the N-terminal tagged GST-CYT
fusion proteins and overview of the GST pulldown assay. (A) Six GST-CYT
fusion proteins derived from three immunoregulatory receptor proteins (i.e.
IpLITR 1.1b, IpFcRy-L and human CEACAM3) were generated as ‘bait’ for GST
pulldown assays. They include a GST-wild-type (WT)cyr fusion protein for each
parent receptor protein. In addition to the GST-WTcyr fusion protein derived from
IpLITR 1.1b, proximal CYT segment (PROXcyr; blue colour-coded motifs) and
distal CYT segment (DISTcyT; orange colour-coded motifs) fusion proteins were
generated to identify segment-specific recruitment to the IpLITR 1.1b WTcyr
region. A GST epitope tag only protein was generated as a negative control for
signaling molecule recruitment. (B) GST pulldowns were performed using two sets
of GST-CYT fusion proteins: phosphorylated and unphosphorylated. Each set of
fusion proteins was incubated with C-terminal FLAG-tagged signaling molecule
(i.e. ‘prey’)-containing AD293 cell lysates and purified. Phosphotyrosine-
dependent signaling molecule recruitment to a particular CYT region is
demonstrated if phosphorylated ‘bait’ co-precipitates FLAG-tagged ‘prey’, while
GST only negative controls and unphosphorylated ‘bait’ do not.
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Figure 4.2. Generation of N-terminal tagged GST-CYT fusion protein ‘bait’
and C-terminal FLAG-tagged signaling molecule ‘prey’-containing cellular
lysates. (A) Each immunoregulatory protein CYT sequence was sub-cloned into
the 1-B-D-thiogalactopyranoside (IPTG)-inducible GST expression vector, pFN2A,
and transformed into BL21 or TKB1 E. coli. Bacterial cultures were induced with
IPTG at 37°C for 2 h. BL21 E. coli were pelleted and frozen at -80°C overnight.
TKB1 E. coli contain an inducible tyrosine kinase (TK), Elk1, that was activated
after pelleting and re-suspending cells in TK induction media and incubating at
37°C for 1 h, after which, cells were pelleted again and frozen at -80°C overnight.
Affinity purification of all GST-CYT fusion protein ‘bait” was visualized by
eluting beads in reducing buffer and separating by 12% SDS-PAGE gel
electrophoresis. After transfer, nitrocellulose membranes were stained with
Ponceau, a non-specific protein dye. (B) Nine human SH2 domain-containing
signaling molecules were cloned from an AD293 cell cDNA library. PCR
fragments were sub-cloned into pJET1.2/blunt, digested using restriction enzymes
and sub-cloned into the p3XFLAG-CMV 14 eukaryotic expression vector which
were confirmed by sequencing. To generate lysates, 2 nug sequenced vector was
transfected into AD293 cultures using TurboFECT® transfection reagent and cells
were grown at 37°C for 24-48 h. Cells were lysed in 1% triton-X TBS lysis buffer
and clarified supernatants were collected after centrifugation. Samples were
separated by SDS-PAGE and FLAG-tagged signaling molecule ‘prey’ expression
was confirmed by Western blotting using the mouse HRP-conjugated M2 aFLAG
antibody.
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Figure 4.3. GST-IpLITR 1.1b WTcyr and GST-IpLITR 1.1b PROXcyr fusion
proteins cross-react with aFLAG M2 monoclonal blotting antibody.
Unphosphorylated (BL21) and phosphorylated (TKB1) N-terminal GST-CYT
fusion protein ‘bait’ was affinity purified on glutathione-conjugated sepharose
beads. After eluting samples in reducing buffer, proteins were separated by 12%
SDS-PAGE, transferred to nitrocellulose membranes and probed with (A) an
aGST monoclonal antibody to detect unphosphorylated and phosphorylated ‘bait’
proteins or (B) a mouse HRP-conjugated aFLAG M2 monoclonal antibody. Each
lane corresponds to a single ‘bait’ protein purification; see legend for ‘bait’ protein

identity. Blots shown are representative of 3 independent experiments.
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Figure 4.4. Differential phosphotyrosine-dependent recruitment of C-terminal
FLAG-tagged signaling molecules to the proximal and distal CYT segments of
IpLITR 1.1b WTcyt by GST pulldown. Unphosphorylated (BL21) and
phosphorylated (TKB1) N-terminal GST-CYT fusion protein ‘bait’ was affinity
purified on glutathione-conjugated sepharose beads and incubated with C-terminal
FLAG-tagged signaling molecule ‘prey’-containing AD293 cell lysates. Samples
were separated by 12% SDS-PAGE under reducing conditions, transferred to
nitrocellulose membranes and probed with (A) an aGST mAb to detect
unphosphorylated and phosphorylated ‘bait’ proteins or (B) an a-phosphotyrosine
mADb to detect phosphorylation of TKB1-derived ‘bait’ proteins. (C) Samples from
(A) and (B) above were probed with the mouse HRP-conjugated aFLAG M2 mAb
to detect co-precipitating signaling molecule ‘prey’. Each lane corresponds to a
single ‘bait’ protein tested; see legend for ‘bait’ protein identity. Input lane
represents the ‘prey’-containing AD293 whole cell lysate before the pulldowns
were performed. Target signaling molecule ‘prey’ shown here include SHP2, Csk,
Syk, Grb2 and EAT2. Blots shown are representative of 3 independent

experiments.
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Figure 4.5. Differential phosphotyrosine-dependent recruitment of C-terminal
FLAG-tagged signaling molecules to the proximal and distal CYT segments of
IpLITR 1.1b WTcyt by GST pulldown. Unphosphorylated (BL21) and
phosphorylated (TKB1) N-terminal GST-CYT fusion protein ‘bait’ was affinity
purified on glutathione-conjugated sepharose beads and incubated with C-terminal
FLAG-tagged signaling molecule ‘prey’-containing AD293 cell lysates. Samples
were separated by 12% SDS-PAGE under reducing conditions, transferred to
nitrocellulose membranes and probed with (A) an aGST mAb to detect
unphosphorylated and phosphorylated ‘bait’ proteins or (B) an a-phosphotyrosine
mADb to detect phosphorylation of TKB1-derived ‘bait’ proteins. (C) Samples from
(A) and (B) above were probed with the mouse HRP-conjugated aFLAG M2 mAb
to detect co-precipitating signaling molecule ‘prey’. Each lane corresponds to a
single ‘bait’ protein tested; see legend for ‘bait’ protein identity. Input lane
represents the ‘prey’-containing AD293 whole cell lysate before the pulldowns
were performed. Target signaling molecule ‘prey’ shown here include Nck1, PI3K
p85a, Vavl, and Vav3. Blots shown are representative of 3 independent

experiments.
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Figure 4.6. Schematic representation of the Image Stream-based phagocytosis
assay. (i) 4.5 um mouse aHA antibody-coated green fluorescent (YG) beads are
added to stable HA epitope-tagged IpLITR-expressing AD293 cells. (i1) After
centrifugation to synchronize bead-cell engagement, cells were incubated at 37°C
for 30 min to activate phagocytic signaling. (iii) Then, cells were incubated at 4°C
for 30 min with AlexaFluor647-conjugated rabbit a-mouse secondary to label
surface-exposed YG beads, followed by (iv) trypsinization, consisting of a 37°C
incubation for 5 min in harvest buffer containing 0.05% trypsin and 1.2 mM
EDTA. This incubation also removed non-specifically cell-adsorbed YG beads. (v)
Cells were centrifuged and pellets re-suspended in 1% paraformaldehyde fixative

before data collection on the Image Stream® MKII imaging flow cytometer.
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Figure 4.7. Generation and stable expression of N-terminal HA epitope-tagged
IpLITR 1.1b CYT constructs in AD293 cells. (A) Schematic representations of
the three [pLITR 1.1b CYT constructs tested. Each construct contains an N-
terminal HA epitope tag and the four extracellular Ig-like domains (ED) and
transmembrane (TM) segment of wild-type IpLITR 1.1b fused to a different CYT
region. In the first construct, the IpLITR 1.1b ED-TM is fused to the ITAM-
containing CYT region of wild-type IpFcRy-L (IpFcRy-L WTcyr). The second
construct is fused to a Y2>F mutant (i.e. both ITAM tyrosine residues are
phenylalanine) [pFcRy-L CYT (IpFcRy-L MUTcyr) and the third construct is the
wild-type IpLITR 1.1b (IpLITR 1.1b WTcyr). Locations of the tyrosine residues
within each CYT region are indicated by the corresponding tyrosine positions
within the native protein sequences of the wild-type molecules, as previously
published (4, 6). (B) Parental AD293 cells were transfected with pDisplay-encoded
IpLITR 1.1b CYT constructs and incubated at 37°C for 48 h, at which point cells
were cultured in selective media containing G418 antibiotic for two weeks and
cloned by serial dilution into 96-well plates. Confluent wells containing an
individual clone were transferred to a 24-well plate, grown to confluence and
stained for cell surface [pLITR expression with the aHA mAb HA.CS5 (solid line)
or the mouse IgG3 isotype control antibody (dotted line), followed by PE-
conjugated goat a-mouse IgG polyclonal antibody counter-staining. After 5-10
passages, stable IpLITR 1.1b CYT construct expression levels were confirmed by
flow cytometry. A representative stain of at least 3 independent experiments for

each cell line is shown.
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Figure 4.8. aHA-coated bead-induced cross-linking of IpFcRy-L WTcyr, but
not IpLITR 1.1b WTcyr, mediates CYT-dependent phagocytic signaling.
Mouse aHA antibody-coated green fluorescent (YG) 4.5 um beads were added to
HA epitope-tagged stable IpLITR 1.1b CYT construct-expressing AD293 cells for
30 min at 37°C. Surface-bound YG beads were counter-stained with
AlexaFluor647-conjugated rabbit a-mouse secondary antibody. Cells were
harvested by trypsinization and fixed in 1% paraformaldehyde prior to data
collection on the Image Stream* MKII flow cytometer. Raw image files were
subjected to component masking analysis by template-assisted batching using
IDEAS v6.2 software as previously described (327). Each black bar represents the
percentage of phagocytic cells (i.e. a cell with >1 bead fully internalized), grey bars
represent the percentage of cells with only surface-bound beads (no beads
internalized) and the white bars represent the percentage of cells with no associated
beads (e.g. none bound or internalized). Results are representative of the mean +
SEM of three independent experiments as (A) raw or (B) indexed data. Phagocytic
index was calculated as: % phagocytic or surface-bound cells / % total bead-
associated cells. Lower case ‘a’ represents a statistically significant difference (p <

0.05) compared to IpFcRy-L WTcyt % phagocytic cells, respectively.



120

100

80

ated

60

s,
x

% (

40

20

=

1.2

1.0

0.8

Phagocytic index
=
=}

Il 2% Cells with >1 bead phagocytosed
] % Cells with only surface-bound beads
|| % Cells with no beads

a,b a.b
T T T T
T T i
+EV +vSrc +EV +vSrc
IpFcRy-L IpLITR 1.1b
WTcyr WTcyr
a,b a,b
+EV . +vSrec . +EV l +vSre .
IpFcRy-L IpLITR 1.1b

WTCYT WTCYT

118



C' IpFcRy-L. IpLITR 1.1b

WTCYT WTCYT
kDa EV vSrc EV vSre :p3XFLAG-CMV14
B LYSATE
S1= blot a FLAG
42—
51—
1r—| c— - ey smee| LYSATE
blot a B-actin
29—

119



120

Figure 4.9. Co-expressing IpLITR 1.1b WTcyr with a promiscuous Src kinase,
vSrc, does not activate phagocytic signaling. AD293 cells stably expressing
IpLITR 1.1b CYT constructs were transiently transfected with empty p3 XFLAG-
CMV14 (EV) or a FLAG-tagged vSrc kinase for 48 h. Mouse aHA antibody-
coated green fluorescent (YG) 4.5 um beads were added to HA epitope-tagged
stable [pLITR 1.1b CYT construct-expressing AD293 cells for 30 min at 37°C.
Surface-bound YG beads were counter-stained with AlexaFluor647-conjugated
rabbit a-mouse secondary antibody. Cells were harvested by trypsinization and
fixed in 1% paraformaldehyde prior to data collection on the Image Stream®* MKII
flow cytometer. Raw image files were subjected to component masking analysis by
template-assisted batching using IDEAS v6.2 software as previously described
(327). Each black bar represents the percentage of phagocytic cells (i.e. a cell with
>1 bead fully internalized), grey bars represent the percentage of cells with only
surface-bound beads (i.e. no beads internalized) and the white bars represent the
percentage of cells with no associated beads (i.e. none bound or internalized).
Results are representative of the mean = SEM of at least three independent
experiments as (A) raw or (B) indexed data. Phagocytic index was calculated as: %
phagocytic or surface-bound cells / % total bead-associated cells. Lower case ‘a’
and ‘b’ represent statistically significant differences (p < 0.05) compared to
IpFcRy-L WTeyr +EV and +vSrc % phagocytic cells, respectively. (C) After 48 h
transfection, a duplicate well from (A and B) was lysed and clarified by
centrifugation before boiling in reducing buffer. Samples were separated by 10%
SDS-PAGE gel electrophoresis and transferred to nitrocellulose for probing with
an HRP-conjugated mouse aFLAG M2 mAb (top blot) or goat anti-B-actin pAb
(bottom blot) to confirm successful transfection and expression of the promiscuous
FLAG-tagged vSrc kinase and as a loading control, respectively. Blots shown are

representative of 2 independent experiments.
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Figure 4.10. Over-expressing Syk or SAP in IpLITR 1.1b WTcyr-expressing
cells does not activate phagocytic signaling. AD293 cells stably expressing
IpLITR 1.1b CYT constructs were transiently transfected with empty p3 XFLAG-
CMV14 (EV) or FLAG-tagged Syk or SAP for 48 h. Mouse aHA antibody-coated
green fluorescent (YG) 4.5 um beads were added to HA epitope-tagged stable
IpLITR 1.1b CYT construct-expressing AD293 cells for 30 min at 37°C. Surface-
bound YG beads were counter-stained with AlexaFluor647-conjugated rabbit a-
mouse secondary antibody. Cells were harvested by trypsinization and fixed in 1%
paraformaldehyde prior to data collection on the Image Stream* MKII flow
cytometer. Raw image files were subjected to component masking analysis by
template-assisted batching using IDEAS v6.2 software as previously described
(327). Each black bar represents the percentage of phagocytic cells (i.e. a cell with
>1 bead fully internalized), grey bars represent the percentage of cells with only
surface-bound beads (i.e. no beads internalized) and the white bars represent the
percentage of cells with no associated beads (i.e. none bound or internalized).
Results are representative of the mean += SEM of at least 3 independent
experiments as (A) raw or (B) indexed data. Phagocytic index was calculated as: %
phagocytic or surface-bound cells / % total bead-associated cells. Lower case ‘a’
and ‘b’ represent statistically significant differences (p < 0.05) compared to
IpFcRy-L WTeyr +EV and +vSrc % phagocytic cells, respectively. (C) After 48 h
transfection, a duplicate well from (A)/(B) was lysed and clarified by
centrifugation before boiling in reducing buffer. Samples were separated by 10%
SDS-PAGE gel electrophoresis and transferred to nitrocellulose for probing with
an HRP-conjugated mouse aFLAG M2 mAb (top two blots) and goat anti-B-actin
pAb (bottom blot) to confirm transfection and expression of FLAG-tagged Syk or
SAP and as a loading control, respectively. Blots shown are representative of 2

independent experiments.
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Figure 4.11. Schematic representation of pervanadate-mediated cellular
activation and signaling molecule recruitment. p3XFLAG-CMV14-encoded
signaling molecules were transiently transfected into stable IpLITR-expressing
AD293 cells for 48 h prior to cellular activation with pervanadate at 37°C for 10
min. Cells were harvested immediately after activation and centrifuged at 4°C for 2
min at 500xg. Pellets were re-suspended in 1% triton-X TBS lysis buffer and
incubated on ice for 30 min. After high-speed centrifugation, clarified lysates were
diluted to 1 mL and combined with washed mouse aHA antibody-coated magnetic
sepharose beads prior to an overnight 4°C incubation on a rotating mixer. Beads
were washed 3x with lysis buffer and eluted in reducing buffer by boiling. Samples
were separated by electrophoresis on 11% SDS-PAGE gels and transferred to

nitrocellulose membranes for Western blotting.
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Figure 4.12. Generation and stable expression of N-terminal HA epitope-
tagged IpLITR 1.1b CYT YF mutant constructs in AD293 cells for co-
immunoprecipitation assays. (A) Schematic representations of the seven I[pLITR
1.1b CYT constructs tested. To characterize motif-specific signaling molecule
recruitment potential, five IpLITR 1.1b YF mutant receptor constructs were
generated by site-directed mutagenesis. Two constructs contain proximal and distal
CYT segment-specific mutations: IpLITR 1.1b YP*F (i.e. Y#343495F) and IpLITR
1.1b YUSIF (i.e. Y477499593F). Three constructs contain motif-specific mutations:
IpLITR 1.1b Y*F (previously reported to recruit Csk; Montgomery et al., 2012),
IpLITR 1.1b Y#’F and IpLITR 1.1b Y*°F (both of which are implicated in SHP2
recruitment previously; Montgomery et al., 2012). Wild-type constructs containing
the CYT regions of IpFcRy-L and IpLITR 1.1b were also tested. Locations of the
tyrosine residues within each CYT region are indicated by the corresponding
tyrosine positions within the native protein sequences of the wild-type molecules,
as previously published (5, 6). (B) Parental AD293 cells were transfected with
pDisplay-encoded IpLITR 1.1b CYT constructs and incubated at 37°C for 48 h, at
which point cells were cultured in selective media containing G418 antibiotic for
two weeks and cloned by serial dilution into 96-well plates. Confluent wells
containing an individual clone were transferred to a 24-well plate, grown to
confluence and stained for cell surface IpLITR expression with the aHA mAb
HA.CS5 (solid line) or a mouse IgG3 isotype control antibody (dotted line),
followed by PE-conjugated goat a-mouse IgG pAb counter-staining. After 5-10
passages, stable IpLITR 1.1b CYT construct expression levels were confirmed by

flow cytometry. Representative stains for each cell line are shown.
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Figure 4.13. Wild-type IpLITR 1.1b recruits the inhibitory signaling
molecules Csk and SHP2 to the proximal CYT segment Y*** and distal CYT
segment ITIM Y*”’, respectively. Stable IpLITR-expressing cells were transiently
transfected with FLAG-tagged signaling molecules for 48 h. Cells were then
stimulated with pervanadate, lysed and receptors were immunoprecipitated with
aHA antibody-coated magnetic beads. After elution in reducing buffer by boiling,
samples were separated on 11% SDS-PAGE gels, transferred to nitrocellulose
membranes and probed with HRP-conjugated mouse aHA, a-phosphotyrosine
(phospho-Y) PY20 or HRP-conjugated aFLAG M2 mAbs. The top blot in each
panel is a control blot to confirm that IpLITRs precipitated. The upper middle blot
in each panel is a control to show receptor phosphorylation. The lower middle blot
in each panel shows a co-immunoprecipitating target FLAG-tagged signaling
molecule. The bottom blot in each panel is a whole cell lysate control blot to
confirm FLAG-tagged signaling molecule expression prior to co-
immunoprecipitation. The target signaling molecules are (A) SHP2, (B) Csk and
(C) Syk. Lanes are labeled with the IpLITR construct tested. Blots are

representative of 3 independent experiments.
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Figure 4.14. Schematic representation of the ITAM-dependent phagocytic
signaling networks of IpFcRy-L WTcyr, highlighting hypothetical sites for
molecular alteration of signaling. Upon receptor clustering by an extracellular
target/ligand, CYT region tyrosine-based motifs (i.e. ITAMSs; drawn here as green
CYTs) are phosphorylated by membrane-associated Src family kinases (SFKs)
leading to the recruitment of spleen tyrosine kinase (Syk). Syk acts as a hub for the
recruitment/activation of several downstream molecules, including adaptor
molecules (e.g. Grb2 and Gab2), lipid kinases (e.g. phosphoinositide 3-kinase
(PI3K)), guanine nucleotide exchange factors (e.g. Vav), small GTPases (e.g.
cdc42 and Rac) and ultimately, the actin nucleation machinery (e.g. WAVE and
Arp2/3) which results in target engulfment. Sites of molecular alterations tested to
enhance/activate phagocytic signaling are: (i) enhanced receptor CYT
phosphorylation by an SFK, (i1) over-expression of key signaling intermediates
(e.g. Syk) or (ii1) the supplementation of a non-endogenously AD293-expressed

signaling molecule, SAP.
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CHAPTER V
DEVELOPING NOVEL IMAGING FLOW CYTOMETRY-BASED
PHAGOCYTOSIS ASSAYS TO CHARACTERIZE IpLITR 1.1b
WTcyr-MEDIATED CROSS-TALK INHIBITION OF ITAM-DRIVEN

PHAGOCYTIC SIGNALING
Parts of this chapter are published:

Zwozdesky et al., 2019. An imaging flow cytometry protocol for studying immunoregulatory
receptor-mediated regulation of phagocytosis. Methods in Molecular Biology, accepted.
5.1 INTRODUCTION

Innate immune cellular responses like phagocytosis and cellular cytotoxicity are controlled
by the integration of signals from cell surface-expressed immunoregulatory receptors. Signal
transduction involves sensing extracellular stimuli/ligands which cross-links transmembrane
receptors to form signaling complexes or signalosomes that transmit intracellular signals.
Importantly, the formation of signalosomes results from the clustering, or oligomerization, of
receptors at the site of receptor-ligand interaction. Oligomerization is, therefore, a key early
signal transduction event that brings receptors into close proximity, allowing them to modulate
or cross-talk with one another and set the context for downstream stimulatory or inhibitory
outcomes (155, 358-361).

Several innate immune receptors are known to oligomerize (e.g. TLRs, KIRs, FcyRs; 322
324) which directly impacts the formation of stable signalosomes (i.e. a sustained signaling
complex which typically leads to the stimulation of downstream responses) or dissociates
signalosomes (i.e. inhibits downstream responses). For example, multiple related inhibitory KIR-
types are known to bind MHC class [ molecules on target cells (365) and co-cluster with
stimulatory receptors within forming signalosomes (366). As a result, NK cell-mediated

cytotoxicity is attenuated because stimulatory signals are counter-acted by inhibitory KIR2DL3
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signaling (125). In the context of phagocytosis, oligomerization is critical for organizing
phagocytic synapse formation. A phagocytic synapse contains receptor-target complexes as well
as additional co-receptors. Co-receptors may facilitate synapse formation in several ways. These
include segregating the forming synapse away from membrane-bound inhibitory phosphatases
(294, 367, 368), securing captured targets (329, 369-371) and activating signals for
internalization (153, 158, 372, 373). However, co-receptors may also attenuate signaling. For
example, SIRPa and FcyRIIB are known to down-regulate phagocytic signaling through ITAM-
containing FcyRs. Engaging CD47 with SIRPa on phagocytes results in ITIM phosphorylation
and inhibition of FcyR-mediated phagocytosis (374, 375). Similarly, phosphorylated FcyRIIB
ITIMs inhibit FcyR-mediated phagocytosis via CY T-mediated mechanisms (376-378). In this
scenario, the binding of common ligands (i.e. IgG antibodies) by FcyRs leads to co-cross-
linking-induced cross-talk inhibition of phagocytic signals. Altogether, these FcyR studies
highlight how oligomerization induced by co-cross-linking allows receptors to regulate
phagocytic signaling. While well-studied in mammals, the cross-talk regulation of phagocytosis
in earlier vertebrate models like fish has not been investigated.

Various channel catfish immune cell-types co-express stimulatory and inhibitory IpLITR-
types (2). All known IpLITR-types contain both D1 and D2 extracellular domains which contain
a putative MHC class I binding site (94). This suggests that [pLITRs may bind common ligands.
Furthermore, these receptors are known to control several innate immune cell responses,
including phagocytosis (5, 7), and IpLITR-types are known to oligomerize (3). Altogether, these
observations strongly support the hypothesis that receptor cross-talk may play a role during

IpLITR-mediated control of cellular responses.
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In the previous chapter, I demonstrated that the ITAM-containing IpFcRy-L WTcyr
receptor stimulates phagocytosis of antibody-coated bead targets in AD293 cells. In contrast, the
ITIM-containing IpLITR 1.1b WTcyT was not phagocytic. However, physiological recruitment
data showed that the phosphorylated membrane distal CYT ITIM Y#”7 binds SHP2. In addition,
the phosphorylated membrane proximal CYT Y*> binds the inhibitory kinase Csk. This
biochemical data strongly supports a prediction that IpLITR 1.1b WTcyT may transmit motif-
specific inhibitory signals as previously observed in our NK cell studies (6). Combining these
observations with previous reports of ITIM-dependent cross-talk inhibition of FcyR-mediated
phagocytosis, the main research question addressed in this chapter is: Are IpLITRs capable of
mediating CYT-dependent cross-talk regulation of phagocytosis (outlined in Figure 5.1)?

In this chapter, I use three transfection strategies and adapt the phagocytosis assay from
chapter IV to examine IpLITR CYT-mediated cross-talk regulation of phagocytosis of light
yellow (LY) bead targets. The first two transfection strategies involve co-transfecting HA
epitope-tagged IpLITRs into parental AD293 cells. To control co-expression, I generated eGFP-
tagged IpLITR 1.1b WTcyT constructs that were transfected into stable I[pFcRy-L WTcyt-
expressing AD293 cells. This allowed me to separate eGFP negative (i.e. IpFcRy-L WTcyr only
expressing) and eGFP positive (e.g. [IpLITR 1.1b WTcyt-eGFP and IpFcRy-L WTcyr co-
expressing) cell populations during data analysis. Since previous studies demonstrated that the
ITIM-dependent recruitment of phosphatases (e.g. SHPs) effectively inhibits ITAM-driven
phagocytosis and IpLITR 1.1b WTcyr recruits SHP2 to the distal CYT segment (188), I predict
that IpLITR 1.1b WTcyt will demonstrate CY T-dependent cross-talk inhibition of ITAM-driven

IpFcRy-L WTcyr phagocytosis. In establishing a novel imaging flow cytometry-based
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phagocytosis assay, I specifically assess IpLITR 1.1b WTcyr-mediated cross-talk inhibition of
phagocytosis and establish a system to study the underlying molecular cross-talk mechanism.

My results show that co-transfecting a phagocytic ITAM-containing IpLITR construct with
an ITIM-containing IpLITR construct into parental AD293 cells appears to attenuate phagocytic
signaling upon engaging Y G bead targets. Similar results are observed when the phagocytic
IpLITR construct is co-transfected with an eGFP-tagged ITIM-containing IpLITR construct.
Furthermore, observations using YF mutant constructs indicate that the membrane proximal and
distal CYT segments of this ITIM-containing IpLITR-type may not be equally effective at
inhibiting phagocytosis. Finally, transiently transfecting an eGFP-tagged ITIM-containing
IpLITR construct into stable phagocytic ITAM-containing IpLITR construct-expressing cells
allows for better control of IpLITR construct co-expression to optimize quantification of CYT
motif-dependent cross-talk inhibition of phagocytosis. Altogether, these data demonstrate the
cross-talk signaling potential of [pLITR-types during the regulation of innate immune cell
responses.
5.2 RESULTS
5.2.1 IpLITR 1.1b WTcyr mediates cross-talk inhibition of IpFcRy-L WTcyr-driven

phagocytosis in transiently co-transfected AD293 cells
To assess potential IpLITR 1.1b WTcyr-mediated cross-talk regulation of phagocytosis, I

co-transfected IpLITR 1.1b WTcyr and IpFcRy-L WTcyr into parental AD293 cells
(schematically outlined in Figure 5.2). At 48 h post-transfection, cells were tested in a flow
cytometry-based phagocytosis assay using YG beads. For data analysis, cells were gated as three

major functional phenotypes: phagocytic cells (i.e. cells that fully internalized at least 1 bead),
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non-phagocytic cells (i.e. cells that associated with, but did not fully internalize any beads), and
cells that did not associate with any beads.

When IpFcRy-L WTcyt was co-transfected with IpLITR 1.1b WTcyT, 56.2% of cells
associated with at least one bead with 19.9% and 36.3% displaying phagocytic and non-
phagocytic (e.g. surface bound) phenotypes, respectively (Figure 5.3A). Mock transfected cells
were transfected with the IpFcRy-L WTcyTt construct only and an equivalent volume of
TurboFECT® transfection reagent instead of a second construct. These cells showed a 44.8%
bead association with 38.7% phagocytic and 6.1% surface-bound cells. The second control group
involved co-transfecting parental cells with a second construct that was not predicted to down-
regulate phagocytic signaling but contained an equivalent amount of total plasmid. As shown in
Figure 5.3A, 54.4% of double IpFcRy-L WTcyr co-transfected cells associated with at least one
bead with 38.8% and 15.6% displaying phagocytic and surface-bound phenotypes, respectively.
Since cell-bead association is required to initiate phagocytic signaling, data was normalized to
help visualize inter-group differences of bead-associated cells only. To normalize the phagocytic
vs. non-phagocytic (i.e. surface-bound) phenotype data, the bead-associated cell population data
was indexed by dividing % phagocytic or non-phagocytic cells by % bead associated cells. As
shown in Figure 5.3B, IpFcRy-L WTcyt+ IpLITR 1.1b WTcyT co-transfected cells display a
significant reduction in phagocytosis at 38.3% compared to 86.2% and 72.7% for each control
group. For all groups, the transfection efficiency (determined by % bead association) was
between 40-60%, however, controlling for IpLITR co-expressing cells and single IpLITR-
expressing cells during analysis was not possible using this transfection approach. Altogether,
these observations indicate that cross-talk is observed between IpLITR 1.1b WTcyt and IpFcRy-

L WTcyrT.
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5.2.2 eGFP-tagged IpLITR 1.1b WTcyr (IpLITR 1.1b WTcyr-eGFP) mediates inhibition
of IpFcRy-L WTcyr-driven phagocytosis through its proximal and distal CYT
segment motifs
To separate IpLITR co-expressing cells from single IpLITR-expressing cells during

analysis of phagocytosis data, I assessed the inhibitory function of IpLITR 1.1b WTcyt after

adding an eGFP tag to its C-terminus (see Figure 5.4 schematic) and by using the same co-
transfection strategy as described in the previous section. Tagging with eGFP allowed me to
separate green fluorescent (i.e. eGFP positive) and non-fluorescent (i.e. eGFP negative) cells
during data analysis but required the use of light yellow fluorescent beads instead of YG beads

(327). In addition, I included two important controls: (1) eGFP only, to ensure the tag was not

interfering with ITAM-driven phagocytic signaling, and (2) an IpLITR 1.1b mutant CYT

construct (called IpLITR 1.1b MUTcyr), where all six CYT tyrosines are mutated to

phenylalanines. This construct is a control for tyrosine-based inhibitory signaling. Furthermore, I

tested two IpLITR 1.1b CYT segment mutants: IpLITR 1.1b YP**Fcyr and IpLITR 1.1b

Y4SPFcyr in which the first three (i.e. proximal Y*** Y*3 and Y*%) and last three (i.e. distal Y*"7,

Y*? and Y°%) CYT motifs are converted to phenylalanine, respectively (see Figure 4.12

schematic).

When the eGFP positive cell populations were examined, they displayed bead
associations between 37-74% (Figure 5.5A). When co-transfected with IpLITR 1.1b WTcyT-
eGFP, 63.1% of cells associated with at least one bead with 7.8% and 55.3% displaying a
phagocytic and surface-bound phenotype, respectively. Negative control cells co-transfected
with eGFP and IpLITR 1.1b MUTcyr-eGFP showed 37.3% and 66.5% associations,

respectively. While 33.4% and 3.9% were phagocytic and surface-bound for eGFP, 25.7% and
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40.8% were phagocytic and surface-bound for IpLITR 1.1b MUTcyr-eGFP, respectively (Figure
5.5A). IpLITR 1.1b YP*™*Fcyt-eGFP showed 73.8% association with 10.7% phagocytic cells and
63.1% surface-bound cells. IpLITR 1.1b Y#*'Fcyr-eGFP showed 64.4% association with 17.6%
of cells phagocytic and 46.8% of cells surface-bound. When indexed, IpLITR 1.1b WTcyT-eGFP
co-transfected cells show 12.4% phagocytic phenotype, compared to 88.7% and 41.2% for eGFP
and IpLITR 1.1b MUTcyT-eGFP co-transfectants, respectively (Figure 5.5B). For segment
mutants, IpLITR 1.1b YP"**FcyTt-eGFP showed 15.1% phagocytic phenotype while IpLITR 1.1b
Y4SFcyr-eGFP showed 28.6% phagocytic phenotype (Figure 5.5B).

As shown in Figure 5.5C, eGFP negative cell populations show bead associations
between 16-24%. When co-transfected with IpLITR 1.1b WTcyr-eGFP, 24.0% of cells
associated with at least one bead with 12.0% and 12.0% displaying phagocytic and surface-
bound phenotypes, respectively. For comparison, the first negative control eGFP co-transfected
cells showed 17.1% of cells associated with at least one bead with 15.0% and 2.1% displaying
phagocytic and surface-bound phenotypes, respectively. An additional control for inhibition was
cells co-transfected with [pLITR 1.1b MUTcyr-eGFP. These cells showed 20.9% association
with 13.8% and 7.1% displaying a phagocytic and surface-bound phenotype, respectively.
Finally, the two segment-specific mutants IpLITR 1.1b Y?**Fcyr-eGFP and IpLITR 1.1b
Y 4'Fcyr-eGFP displayed associations of 16.7% and 18.6%, respectively. While IpLITR 1.1b
Y *Fcym-eGFP co-transfectants displayed 3.9% phagocytic and 12.8% surface-bound
phenotypes, IpLITR 1.1b Y¥'Fcyr-eGFP cells displayed 10.7% phagocytic and 7.9% surface-
bound phenotypes (Figure 5.5C). To simplify visualization of the phagocytic vs. surface-bound
phenotypes, the bead-associated cell population data was indexed by normalizing % phagocytic

or surface-bound cells to % bead associated cells (Figure 5.5D). IpLITR 1.1b WTcyr-eGFP co-
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transfected cells show 42.6% phagocytic phenotype, compared to 78.1% and 55.4% for eGFP

and IpLITR 1.1b MUTcyT-eGFP co-transfectants, respectively. For segment mutants, [pLITR

1.1b YP™*Fcyr-eGFP showed 21.9% phagocytic phenotype while IpLITR 1.1b Y4'Fcyr-eGFP
showed 49.3% phagocytic phenotype (Figure 5.5D).

In summary, these data clearly demonstrate that eGFP-tagged IpLITR 1.1b WTcyr
construct expression defines a selectable cell population during analysis and that these constructs
mediate cross-talk signaling events. In addition, while each segment of IpLITR 1.1b WTcyr
appears to inhibit phagocytosis, the degree of inhibition is not equivalent. However, eGFP
negative cell populations showed low bead association % and reductions in phagocytosis which
were not expected since these cells only express IpFcRy-L WTcyr and should be phagocytic. To
ensure eGFP negative cells expressed IpFcRy-L WTcyr, I tested whether eGFP-tagged
constructs could be transfected into stable IpFcRy-L WTcyr-expressing cells.

5.2.3 eGFP-tagged IpLITR 1.1b WTcyr (IpLITR 1.1b WTcyr-eGFP) mediates CYT
motif-dependent cross-talk inhibition of ITAM-driven phagocytosis in IpFcRy-L-
expressing AD293 stable cells
The random expression profile (i.e. some cells express one plasmid while others express

both or neither) that results from co-transfecting plasmid-encoded receptors is exemplified by the

eGFP negative cell population data from the previous section. Specifically, low bead association
percentages and the apparent inhibition of phagocytosis in all groups but eGFP, indicate that

IpFcRy-L WTcyr was not expressed by more than approximately 25% of cells. To better control

receptor expression in eGFP negative and positive cell populations, eGFP-tagged IpLITR 1.1b

CYT constructs were transiently transfected into stable IpFcRy-L WTcyr-expressing AD293

cells (outlined in Figure 5.6). Theoretically, this strategy controls for receptor expression since
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all cells stably express IpFcRy-L WTcyt and co-expressing cells gain green fluorescence (i.e.
eGFP-tagged IpLITR 1.1b CYT construct expression).

All eGFP negative cells express only IpFcRy-L WTcyr (i.e. no inhibition of phagocytosis
is expected) while eGFP positive cells co-express both IpFcRy-L WTcyT and an eGFP-tagged
IpLITR 1.1b CYT constructs (gating strategy outlined in Figure 5.7A). Examples of the eGFP
negative and positive cellular phenotypes and the corresponding fluorescent images captured by
the Image Stream* flow cytometer are presented in Figure 5.7B.

In eGFP positive, IpFcRy-L WTcyr and IpLITR 1.1b CYT-eGFP construct co-expressing
cells, the bead association ranges between 62-71% (Figure 5.8 A). When co-expressing IpLITR
1.1b WTcyr-eGFP, 62.5% of cells associated with at least one bead with 14.4% and 48.1%
displaying a phagocytic and surface-bound phenotype, respectively. Negative control cells co-
expressing eGFP and IpLITR 1.1b MUTcyT-eGFP showed 68.4% and 71.0% bead associations,
respectively. Within these two groups, 64.3% and 4.1% were phagocytic and surface-bound for
eGFP, while 49.6% and 21.4% were phagocytic and surface-bound for IpLITR 1.1b MUTcyr-
eGFP, respectively (Figure 5.8 A). Upon indexing the data, IpLITR 1.1b WTcyr-eGFP co-
expressing cells show 23.9% phagocytic phenotype, compared to 94.2% and 72.3% for eGFP
and IpLITR 1.1b MUTcyr-eGFP groups, respectively (Figure 5.8B).

The IpFcRy-L WTcyt only-expressing cell populations (i.e. eGFP negative) show a range
of bead associations between 56-61%. Approximately 60% of IpLITR 1.1b WTcyT-eGFP
transfected cells associated with at least one bead with 51.6% and 8.4% displaying phagocytic
and surface-bound phenotypes, respectively (Figure 5.8C). In comparison, eGFP transfected cells
showed 60.2% of cells associated with at least one bead with 56.8% and 3.4% displaying

phagocytic and surface-bound phenotypes, respectively. IpLITR 1.1b MUTcyT-eGFP transfected
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cells showed 56.4% association with 50.7% and 5.7% displaying a phagocytic and surface-bound

phenotype, respectively. To simplify visualization of the phagocytic vs. surface-bound

phenotypes, the bead-associated cell population data was indexed by normalizing % phagocytic
or surface-bound cells to % bead associated cells (Figure 5.8D). IpLITR 1.1b WTcyr-eGFP
transfected cells show 85.6% phagocytic phenotype, compared to 94.5% and 89.2% for eGFP
and IpLITR 1.1b MUTcyt-eGFP transfectants, respectively (Figure 5.8D).

Overall, these data clearly demonstrate that while all [pFcRy-L WTcyT only- (i.e. eGFP
negative) and IpFcRy-L WTcyr cells co-expressing eGFP or IpLITR 1.1b MUTcyr-eGFP are
phagocytic, IpFcRy-L WTcyt and IpLITR 1.1b WTcyr-eGFP co-expressing cells are non-
phagocytic.

5.2.4 Effect of receptor expression levels on eGFP-tagged IpLITR 1.1b WTcyr (IpLITR
1.1b WTcyr-eGFP)-mediated cross-talk inhibition of IpFcRy-L WTcyr-driven
phagocytosis
Using stable IpFcRy-L WTcyr-expressing cells that transiently co-express eGFP-tagged

IpLITR 1.1b CYT constructs is an effective system for measuring IpLITR-mediated cross-talk

regulation of phagocytosis. However, receptor expression level directly impacts signaling

dynamics in part, by increasing cell avidity for a target at higher compared to lower expression
levels (379-384). Since eGFP fluorescence is directly proportional to eGFP-tagged receptor
expression level (385-387), my gating strategy offers an additional level of control for
optimizing this system. Specifically, eGFP positive cell populations were separated into low,
middle and high eGFP-gated populations before performing phenotypic analysis (outlined in

Figure 5.9). Importantly, this allows for the analysis of cross-talk in cells where inhibitory

receptor expression level optimally inhibits phagocytic signaling.
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Figure 5.10 shows the same data that was presented in Figure 5.8 under the label ‘avg’

(i.e. the average eGFP fluorescence for all cells) in addition to the gated data for low (lo), middle
(mid) and high (hi)-level eGFP-expressing cell populations. In general, eGFP only co-expressing
cells demonstrate similar phagocytic phenotypes with 64.3%, 64.6%, 63.3% and 64.3%
phagocytic cells for average, low, middle and high-level fluorescent cells, respectively (Figure
5.10A). For both IpLITR 1.1b WTcyTt-eGFP and IpLITR 1.1b MUTcyT-eGFP co-expressing
cells, the % phagocytic cells show an eGFP fluorescence-dependent response as increasing
fluorescence correlates with decreasing % phagocytic phenotype. Specifically, 14.4% and 49.6%
of cells are phagocytic for IpLITR 1.1b WTcyr-eGFP and IpLITR 1.1b MUTcyr-eGFP at
average fluorescence, respectively. However, as fluorescence increases from low to high,
IpLITR 1.1b WTcyT-eGFP cells display 19.4%, 10.7% and 9.4% phagocytic phenotype. In
comparison, I[pLITR 1.1b MUTcyTt-eGFP cells display 58.7%, 52.0% and 34.4% phagocytic
phenotype as fluorescence increases from low to high (Figure 5.10A). Indexed data shows
94.2%, 94.3%, 92.4% and 94.0% phagocytic cells for average-, low-, middle- and high-level
eGFP-expressing cells, respectively. IpLITR 1.1b WTcyr-eGFP expressing cells display 23.9%
phagocytic cells at average-level eGFP while 31.2%, 17.6% and 15.2% are phagocytic as
fluorescence increases. For IpLITR 1.1b MUTcyT-eGFP expressing cells, 72.3% are phagocytic
at average-level eGFP while 82.6%, 73.1% and 47.2% are phagocytic as fluorescence increases.

The optimal eGFP expression level corresponds with the greatest difference between
IpLITR 1.1b WTcyT-eGFP and IpLITR 1.1b MUTcyr-eGFP % phagocytic cells. The difference
in % phagocytic cells at average-, low-, middle- and high-level eGFP expression for raw data is
35.2%, 39.3%, 41.3% and 25.0%, respectively (Figure 5.10A). The difference in % phagocytic

cells at average-, low-, middle- and high-level eGFP expression for indexed data is 48.5%,
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51.4%, 55.6% and 32.0%, respectively (Figure 5.10B). Altogether, this data indicates that mid-
level eGFP expression is optimal for measuring cross-talk in this system.
5.3 DISCUSSION

IpLITR signaling controls several innate immune cell responses. While unique CYT
compositions have consequences for signaling, upstream events set the stage for signaling such
as dimerization which has been demonstrated for IpLITRs (3). Dimerization may profoundly
influence IpLITR-mediated ligand recognition and signal transduction. For example, the
potential for [pLITR-mediated cross-talk would allow IpLITRs to modulate signaling through
one another, but this has not been investigated. In this chapter, I explored the potential for
IpLITR-mediated cross-talk regulation of ITAM-driven phagocytosis using the AD293 cell
system. I developed and optimized a novel light yellow (LY) bead imaging cytometry-based
phagocytosis assay to quantify IpLITR 1.1b WTcyr-mediated cross-talk inhibition of IpFcRy-L
WTcyr-driven phagocytosis. Overall, my results show that [pLITR 1.1b WTcyr is capable of
cross-talk down-regulation of phagocytic signaling through IpFcRy-L WTcyT, adding another
capability to IpLITR signaling versatility.

IpLITR signaling versatility may depend on the nature of receptor activation (i.e. the type
of stimulus used to cross-link receptors), the type of cell being assessed (i.e. immune vs. non-
immune) and the ability of receptor CYTs to network into signaling pathways. Importantly,
previous work has relied on heterologous expression of IpLITRs in mammalian cell lines. Due to
the unknown nature of IpLITR ligands, these receptors are activated by antibody-mediated cross-
linking of HA epitope-tagged constructs. Using this approach, previous work has demonstrated
that following antibody cross-linking, the ITAM-containing IpFcRy-L WTcyT activates

degranulation and cytokine secretion (4). When cross-linked by antibody-coated beads, IpFcRy-
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L WTcyr also activates the phagocytic process (5). On the other hand, the heterologous
expression approach has demonstrated predictable as well as unexpected signaling versatility of
the ITIM-containing IpLITR 1.1b WTcyr.

Not only does this receptor exhibit intra-CYT inhibitory signaling versatility, it can also
stimulate ITIM-independent cellular responses. Original characterizations showed intra-CYT
versatility as IpLITR 1.1b WTcyt inhibits NK cell-mediated cytotoxicity through a predictable
membrane distal CYT ITIM-dependent SHP-mediated pathway. Unexpectedly, a membrane
proximal Y*-dependent Csk-mediated pathway also completely inhibited cytotoxicity (6). The
emerging concept of functional plasticity is defined by signaling versatility of ITIM-containing
receptors that results in the activation of cellular functions. Subsequently, IpLITR 1.1b WTcyt
evoked phagocytic signaling in myeloid RBL-2H3 cells (5). This prompted detailed mechanistic
studies that revealed the formation of actin-rich filopodial protrusions that contacted and secured
targets to the cell surface where they could be internalized. Interestingly, these protrusions were
not inhibited at reduced temperatures, supporting a minimal signaling molecule recruitment
model that is not heavily dependent on kinase activity (7, 8). Furthermore, recent biochemical
evidence supports a putative mechanism involving the membrane proximal Y***-dependent
recruitment of the Nck adaptor molecule (326). In an effort to further study mechanisms of
IpLITR 1.1b WTcyr-mediated phagocytosis, I developed a non-immune cell system using
epithelioid AD293 cells. In chapter IV, I showed that IpLITR 1.1b WTcyr does not activate
phagocytic signaling in the epithelioid AD293 cell line (Figure 4.8). In addition, IpLITR 1.1b
WTcyr-mediated phagocytic signaling was not re-constituted in AD293 cells co-expressing a
viral SFK, vSrc (Figure 4.9), nor was it re-constituted by over-expressing phagocytic signaling

molecules (Figure 4.10). However, my observations in this chapter have added a novel signaling
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capability to the repertoire of IpLITR 1.1b WTcyT: cross-talk regulation of phagocytosis (Figure
5.8). This is the first time two teleost immunoregulatory receptors have been studied
simultaneously, as previous studies focus on the inhibitory or stimulatory signaling capabilities
of a single receptor. Since teleost immunoregulatory receptor gene families are highly expanded,
diversified and co-expressed, studying the cross-talk control of cellular responses in vitro
represents their co-operative regulatory potential of immunity in fish. In fact, co-operativity of
immunoregulatory receptor cross-talk in immune regulation is common in vertebrates.
Cross-talk regulation is a critical feature of immune regulatory networks, not only because
innate immune cells co-express multiple receptors that may be co-activated, but because the
localization of signaling within microdomains that form at sites of target contact relies on the
activation of co-receptors. In general, co-receptor activation is important for fine-tuning cellular
responses to tailor immune responses, avoid excessive cellular activation and mitigate
deleterious pro-inflammatory downstream effects. In fact, recently characterized mammalian
FcRLs have evolved highly specialized roles in fine-tuning B cell responses and considering
three of particular interest highlights their signaling versatility and cross-talk potential. The
FcRL family includes 6 members in humans (FCRLI-6) and 3 members in mice (e.g. Ferll,
Ferl5 and Ferl6). Human FcRL1-5 modulate BCR signaling and B cell functions. For example,
while FcRL3 and FcRL4 down-regulate BCR signaling by SHP1/2 ITIM-dependent
mechanisms, they simultaneously enhance TLR9-induced responses by unresolved mechanisms
(301, 302). FcRL family members are evolutionary relatives (i.e. homologs) of IpLITRs
according to bioinformatic-based analyses (95) and contain similarly diverse CYT motif
compositions. Specifically, IpLITR 1.1b WTcyr contains an ITAM-like motif (Y** to Y*?), two

ITIMs (Y#"7 and Y*#?) and an ITSM (Y>*) while both FcRL3 and FcRL4 CYTs contain an
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ITAM-like motif and an ITIM. Another example of FcRL signaling versatility is mouse FcRL5
which contains an ITAM-like motif and an ITIM and switches between stimulatory and
inhibitory signaling depending on SHP1 expression levels in innate-like B1 cells. When SHP1
expression is high, FCRLS5 inhibits cellular activation downstream of BCR activation. However,
when SHP1 expression is lower, the ITAM-like dependent recruitment of the Lyn SFK
modulates calcium mobilization downstream of BCR activation (305).

With respect to phagocytosis, co-receptor activation plays major roles in target capture,
internalization and sub-cellular trafficking. In particular, signaling events during the capture and
internalization stages occur at sites of cell-target engagement, known as the phagocytic synapse.
Studies of mammalian FcyRs and dectinl have defined key molecular events that orchestrate
phagocytic synapse formation. Specifically, to limit synapse microdomain formation and
facilitate internalization, FcyRs induce the ‘inside-out’ activation of integrins. This results in an
outwardly diffusing integrin barrier that removes CD45 and CD148 phosphatases from the
forming synapse (367, 388). Dectinl-mediated internalization of a fungal PAMP B-glucan also
results in the exclusion of CD45 and CD148 from the forming phagocytic synapse (153, 368).
However, while these examples demonstrate that certain phagocytic receptors are capable of
triggering efficient internalization, other examples highlight the role of cross-talk in target
capture and sub-cellular degradation of targets. For example, CD14 stimulates ‘inside-out’
activation of amp2 via TLR2-dependent PI3K signaling, resulting in efficient internalization of
Mycobacterium bovis (389). In fact, the intra- to extra-cellular or ‘inside-out’ activation of
integrins is a well-known priming mechanism for enhancing phagocytosis. The adhesion receptor
CD44 induces the ‘inside-out’ activation of amP2 to phagocytose red blood cells (355). In

addition, TIM4 binds apoptotic cells but relies on integrin-mediated signals to internalize these
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targets (329). Furthermore, several TLRs are known to enhance FcyR-mediated phagocytosis and
direct phagosome maturation which affects antigen presentation and inflammation (390-392).
The fine-tuning of phagocytic signaling by cross-talk as described in these examples is critical
for efficiently clearing microbes and in the case of apoptotic cell clearance, for mitigating auto-
immunity. My observations have demonstrated that I[pLITR 1.1b WTcyt down-regulates the
formation of a phagocytic synapse driven by an ITAM-containing receptor (Figure 5.8). In
addition, it appears that the proximal and distal CYT segments of IpLITR 1.1b WTcyt do not
equally down-regulate phagocytosis. As shown in Figure 5.5B, the membrane proximal and
distal CYT segments down-regulate phagocytosis by 12.6% and 26.0%, respectively, compared
to IpLITR 1.1b MUTcyr. Molecular details of IpLITR 1.1b WTcyr-mediated cross-talk down-
regulation of phagocytosis are explored further in chapter VI. The remainder of this discussion
will focus on validating aspects of the transient transfection approach that I used in my study.

To assess the cross-talk potential of IpLITRs, I transiently transfected the eGFP-tagged
IpLITR 1.1b WTcyrt into stable IpFcRy-L WTcyr-expressing cells and co-cross-linked these HA-
epitope tagged receptors with aHA antibody-coated beads. Subsequent IpFcRy-L WTcyT
phagocytic signaling competes with inhibitory signals from I[pLITR 1.1b WTcyr resulting in
bead targets left secured on the cell surface instead of internalized. Importantly, to examine a
CYT-mediated cross-talk mechanism, I designed these two receptors to differ only in CYT
composition and also tested an IpLITR 1.1b mutant CYT construct (i.e. [pLITR 1.1b MUTcyr).
This construct controls for phosphotyrosine-dependent cross-talk mechanisms because all CYT
tyrosine-based motifs are converted to phenylalanine.

Despite widespread use in studying molecular mechanisms, transient transfection

approaches have technical caveats including alterations to cellular biology that may affect
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signaling and consistency of transfection efficiency. While transfections are a simple and rapid
method for expressing proteins and assessing specific functions, there may be differences in how
transiently versus stably transfected cells adapt to transfection (393, 394). When using a transient
transfection approach, several conditions must be empirically determined for optimal
transfection efficiency including the type of reagent and plasmid, the ratio of plasmid to reagent
used in the transfection protocol and the amount of time given to cells to take-up and express the
plasmid (395). After optimizing these conditions, protein expression level can vary by as much
as 100-fold (based on eGFP fluorescence intensity) which directly impacts signaling outcomes
(339-341). Since eGFP fluorescence is proportional to eGFP-tagged receptor expression level
(385-387), I limited analysis to a specific eGFP positive cell population which revealed optimal
cross-talk signaling at mid-level eGFP expression (Figure 5.10).

Another important consideration is the nature of receptor activation. In general,
endogenous ligands are preferred as they represent receptor-ligand interactions where affinity,
avidity and conformation match a physiological context. For example, IgG opsonized red blood
cells are common in FcyR studies (284, 378, 396-398). Due to the unknown nature of IpLITR
ligands, this system employs HA epitope-tagged receptors ligated by aHA antibody-coated bead
targets. To mitigate artefacts caused by high affinity antibody-induced receptor cross-linking,
receptor constructs contain matching extracellular domains and TM segments (366). This
balances receptor dynamics at the synapse by preventing receptor exclusion due to differences in
the number of extracellular domains (399, 400). Indeed, the effects of high affinity cross-linking
are a likely explanation for the reduced phagocytic signaling observed for IpLITR 1.1b MUTcyr

compared to eGFP alone (Figure 5.10).
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In stable IpFcRy-L WTcyr-expressing cells transiently transfected with eGFP-tagged
constructs, my results show that eGFP and IpLITR 1.1b MUTcyT-eGFP showed 63.3% and
53.0% phagocytic cell phenotypes, respectively. Two possible explanations for the difference
are: (1) tyrosine-independent pathways signal cross-talk inhibition or (2) IpLITR 1.1b MUTcyt
receptors are trapped within forming signalosomes and physically obstruct synapse formation. In
support of the first explanation, several receptors are linked to the actin cytoskeleton via actin
adaptors such as the 4.1 family proteins. These adaptors bind alternative CYT motifs and directly
influence receptor trafficking and synapse formation. IpLITR 1.1b WTcyr contains basic
residue-rich motifs that may be able to recruit adaptor molecules like 4.1 family proteins (290).
In addition, this receptor contains 19 threonine/serine residues that may activate distinct
signaling pathways, like protein kinase C (283). Signaling through alternative pathways may
result in down-regulation of IpFcRy-L WTcyr clustering. On the other hand, IpLITR 1.1b
MUTCcyr receptor dynamics that would normally displace this receptor from the forming synapse
may not be sufficient due to high affinity aHA-coated bead-receptor cross-linking.

The next chapter focuses on characterizing the tyrosine-based molecular cross-talk

signaling events that underlie IpLITR 1.1b WTcyr-mediated regulation of phagocytosis.



153

IpFcRy-L WT ¢yt

Phagocytosis

Bead target

() IpLITR 1.1b WTeyr

Phagocytosis



154

Figure 5.1. Schematic representations of IpLITR CYT-mediated signaling
potential in AD293 cells. (A) IpFcRy-L WTcyt activates phagocytosis by
recruiting spleen tyrosine kinase (Syk) to the CYT ITAM (drawn in green). (B)
Hypothetical IpLITR CYT-mediated cross-talk regulation of phagocytic signaling
explored in chapter V. Specifically, does the phosphotyrosine-dependent
recruitment of signaling molecules (e.g. CYT ITIM, drawn in red) allow IpLITR
1.1b WTcyr to inhibit phagocytosis driven by the ITAM-containing IpFcRy-L
WTcyr?
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Figure 5.2. Schematic representation of IpLITR 1.1b WTcyr-mediated cross-
talk regulation of IpFcRy-L WTcyr-driven phagocytosis by an Image Stream-
based yellow green (YG) bead assay in transiently co-transfected parental
AD293 cells. (1) pDisplay-encoded I[pFcRy-L WTcyrand IpLITR 1.1b WTeyr
receptors were co-transfected into parental AD293 cells using TurboFECT®
transfection reagent for 48 h. (i1) 4.5 um mouse aHA antibody-coated YG beads
were added to IpLITR co-transfected cells and incubated at 37°C for 40 min to co-
cross-link receptors. (ii1) Cells were incubated at 4°C for 30 min with rabbit a-
mouse AlexaFluor647-conjugated secondary antibody to label surface-exposed YG
beads, followed by (iv) trypsinization, consisting of a 37°C incubation for 5 min in
harvest buffer containing 0.05% trypsin and 1.2 mM EDTA. This incubation also
removed non-specifically cell-adsorbed YG beads. (v) Cells were centrifuged and
pellets re-suspended in 1% paraformaldehyde fixative before data collection on the

Image Stream®™ MKII imaging flow cytometer.
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Figure 5.3. IpLITR 1.1b WTcyr appears to mediate cross-talk inhibition of
IpFcRy-L WTcyr-driven phagocytosis in transiently co-transfected AD293
cells. pDisplay-encoded IpFcRy-L WTcyr and I[pLITR 1.1b WTcyr receptors were
co-transfected into parental AD293 cells using TurboFECT® transfection reagent
for 48 h. Mouse aHA antibody-coated 4.5 pm yellow green fluorescent (YG)
beads were added to cells for 30 min at 37°C. Surface-bound YG beads were
counter-stained with rabbit a-mouse AlexaFluor647-conjugated secondary
antibody. Cells were harvested by trypsinization and fixed in 1%
paraformaldehyde prior to data collection on the Image Stream® MKII flow
cytometer. Raw image files were subjected to component masking analysis by
template-assisted batching using IDEAS v6.2 software as previously described
(327). Each black bar represents the percentage of phagocytic cells (i.e. a cell with
>1 bead fully internalized), grey bars represent the percentage of cells with only
surface-bound beads (i.e. no beads internalized) and the white bars represent the
percentage of cells with no associated beads (i.e. none bound or internalized).
Results are representative of the mean = SEM of at least three independent
experiments as (A) raw or (B) indexed data. Phagocytic index was calculated as: %
phagocytic or surface-bound cells / % total bead-associated cells. Lower case ‘a’
and ‘b’ represent statistically significant differences (p < 0.05) compared to +mock
and +IpFcRy-L WTcyr % phagocytic cells, respectively.
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Figure 5.4. Schematic representation of IpLITR 1.1b WTcyr-mediated cross-
talk regulation of IpFcRy-L WTcyr-driven phagocytosis by an Image Stream-
based light yellow (LY) bead assay in transiently co-transfected parental
AD?293 cells. (1) pDisplay-encoded IpFcRy-L WTcyr and eGFP-tagged I[pLITR
1.1b WTcyt receptors were co-transfected into parental AD293 cells using
TurboFECT® transfection reagent for 48 h. (i1) 3.5 um mouse aHA antibody-
coated LY beads were added to IpLITR co-transfected cells and incubated at 37°C
for 40 min to co-cross-link receptors. (ii1) Cells were incubated at 4°C for 30 min
with rabbit a-mouse AlexaFluor647-conjugated secondary to label surface-exposed
LY beads, followed by (iv) trypsinization, consisting of a 37°C incubation for 5
min in harvest buffer containing 0.05% trypsin and 1.2 mM EDTA. Trypsinization
also removed non-specifically cell-adsorbed LY beads. (v) Cells were centrifuged
and pellets re-suspended in 1% paraformaldehyde fixative before data collection

on the Image Stream® MKII imaging flow cytometer.
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Figure 5.5. eGFP-tagged IpLITR 1.1b WTcyr appears to mediate inhibition of
IpFcRy-L WTcyr-driven phagocytosis through both proximal and distal CYT
segment tyrosine-based motifs. pDisplay-encoded IpFcRy-L WTcyr and eGFP-
tagged IpLITR 1.1b CYT receptors were co-transfected into parental AD293 cells
using TurboFECT® transfection reagent for 48 h. Mouse aHA antibody-coated 3.5
um light yellow (LY) beads were added to cells for 40 min at 37°C. Surface-bound
LY beads were counter-stained with rabbit a-mouse AlexaFluor647-conjugated
secondary antibody. Cells were harvested by trypsinization and fixed in 1%
paraformaldehyde prior to data collection on the Image Stream* MKII flow
cytometer. Raw image files were subjected to a component masking analysis
modified from Fei et al. (2017) that separates eGFP positive (eGFP+) and negative
(eGFP-) cell populations. Each black bar represents the percentage of phagocytic
cells (i.e. a cell with >1 bead fully internalized), grey bars represent the percentage
of cells with only surface-bound beads (i.e. no beads internalized) and the white
bars represent the percentage of cells with no associated beads (i.e. none bound or
internalized). Results for eGFP+ cells (A and B) and eGFP- cells (C and D) are
representative of the mean + SEM of at least three independent experiments as (A
and C) raw or (B and D) indexed data. Phagocytic index was calculated as: %
phagocytic or surface-bound cells / % total bead-associated cells. Lower case a, b
and c represent statistically significant differences (p < 0.05) compared to +eGFP,

+IpLITR 1.1b WTcyr and +IpLITR 1.1b MUTcyr % phagocytic cells, respectively.
p p
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Figure 5.6. Schematic representation of eGFP-tagged IpLITR 1.1b WTcyr-
mediated cross-talk regulation of ITAM-driven phagocytosis in stable
IpFcRy-L WTcyr-expressing AD293 cells via imaging cytometry-based light
yellow (LY) bead phagocytosis assay. (i) pDisplay-encoded eGFP-tagged IpLITR
1.1b CYT constructs were transfected into stable IpFcRy-L WTcyr-expressing
AD293 cells using TurboFECT® transfection reagent for 48 h. (i1) 3.5 um mouse
aHA antibody-coated LY beads were added and cells were incubated at 37°C for
40 min to co-cross-link receptors. (iii) Cells were incubated at 4°C for 30 min with
rabbit a-mouse AlexaFluor647-conjugated secondary antibody to label surface-
exposed LY beads, followed by (iv) trypsinization, consisting of a 37°C incubation
for 5 min in harvest buffer containing 0.05% trypsin and 1.2 mM EDTA.
Trypsinization also removed non-specifically cell-adsorbed LY beads. (v) Cells
were centrifuged and pellets re-suspended in 1% paraformaldehyde fixative before

data collection on the Image Stream® MKII imaging flow cytometer.
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Figure 5.7. Gating strategy for Image Stream-based analysis of cells with
phagocytosed and/or surface-bound light yellow (LY) beads. (A) Cells are
gated into four populations based on LY bead association (Ch 7; bead- or bead+)
and eGFP fluorescence (Ch 2; eGFP- or eGFP+). Bead+eGFP- and bead+eGFP+
populations were subjected to component masking analysis (modified from Fei et
al., 2017) to determine phagocytic phenotypes of cells with up to 3 associated
beads. Schematic representations of the nine phagocytic phenotypes within the
bead+eGFP+ (top) and bead+eGFP- (bottom) cell populations are illustrated to the
right of the gates along with the proportion of bead-associated cells within each
individual phenotype for eGFP only transfected cells. (B) Examples of images
from channel 2 (eGFP), channel 7 (LY beads) and channel 11 (AF647 counter-
stain) are shown for eGFP+ (top panels) and eGFP- (bottom panels) cell
phagocytic phenotypes. Individual channels are merged and superimposed onto a

brightfield image and displayed as a composite (far left).
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Figure 5.8. eGFP-tagged IpLITR 1.1b WTcyr mediates CYT motif-dependent
cross-talk inhibition of ITAM-driven phagocytosis in stable IpFcRy-L-
expressing AD293 cells. pDisplay-encoded eGFP-tagged IpLITR 1.1b WTcyt and
MUTCcyr receptors were transfected into stable IpFcRy-L WTcyr-expressing
AD293 cells using TurboFECT® transfection reagent for 48 h. Mouse aHA
antibody-coated 3.5 um light yellow (LY) fluorescent beads were added to cells for
40 min at 37°C. Surface-bound LY beads were counter-stained with AlexaFluor
647-conjugated rabbit a-mouse secondary antibody. Cells were harvested by
trypsinization and fixed in 1% paraformaldehyde prior to data collection on the
Image Stream® MKII flow cytometer. Raw image files were subjected to a
component masking analysis modified from Fei et al. (2017) that separates eGFP
positive (eGFP+) and negative (eGFP-) cell populations. Each black bar represents
the percentage of phagocytic cells (i.e. a cell with >1 bead fully internalized), grey
bars represent the percentage of cells with only surface-bound beads (i.e. no beads
internalized) and the white bars represent the percentage of cells with no associated
beads (i.e. none bound or internalized). Results for eGFP+ (A and B) and eGFP- (C
and D) cells are representative of the mean = SEM of at least three independent
experiments as (A and C) raw or (B and D) indexed data. Phagocytic index was
calculated as: % phagocytic or surface-bound cells / % total bead-associated cells.
Lower case a and b represent statistically significant differences (p < 0.05)

compared to eGFP and IpLITR 1.1b WTcyt % phagocytic cells, respectively.
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Figure 5.9. Gating strategy for eGFP-tagged IpLITR 1.1b CYT construct
expression level during Image Stream-based analysis of cells with
phagocytosed and/or surface-bound light yellow (LY) beads. Cells are gated
into four primary populations based on LY bead association (Ch 7; bead- or bead+)
and eGFP fluorescence (Ch 2; eGFP- or eGFP+). eGFP+ cells are further gated
into three populations based on the level of eGFP expression including low (lo),
middle (mid) and high (hi). Bead+eGFP- and bead+eGFP lo, mid or hi+
populations were separately subjected to component masking analysis (modified
from Fei et al., 2017) to determine phagocytic phenotypes of cells with up to 3
associated beads. Schematic representations of the nine phagocytic phenotypes
within the bead+eGFP+ (top) and bead+eGFP- (bottom) cell populations are
illustrated to the right of the gates along with the proportion of bead-associated

cells within each individual phenotype for eGFP only transfected cells.
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Figure 5.10. Effect of receptor expression levels on eGFP-tagged IpLITR 1.1b
WTcyr-mediated cross-talk inhibition of IpFcRy-L WTcyr-driven
phagocytosis. Data from Figure 5.8 was re-analyzed using separate gates for
average (avg; 1.e. all eGFP+ cells), low (lo), middle (mid) and high (hi) eGFP
expression (see Figure 5.7A for gates). Each black bar represents the percentage of
phagocytic cells (i.e. a cell with >1 bead fully internalized), grey bars represent the
percentage of cells with only surface-bound beads (i.e. no beads internalized) and
the white bars represent the percentage of cells with no associated beads (i.e. none
bound or internalized). Results are representative of the mean = SEM of at least
three independent experiments as (A) raw or (B) indexed data. Phagocytic index
was calculated as: % phagocytic or surface-bound cells / % total bead-associated
cells. Lower case ‘a’ and ‘b’ represent statistically significant differences (p <
0.05) compared to eGFP and IpLITR 1.1b WTcyr % phagocytic cells at the

corresponding eGFP expression level, respectively.
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CHAPTER VI
MOLECULAR CHARACTERIZATION OF IpLITR 1.1b WTcyr-
MEDIATED CROSS-TALK INHIBITION OF ITAM-DRIVEN

PHAGOCYTIC SIGNALING
6.1 INTRODUCTION

The results of the last chapter showed that IpLITR 1.1b WTcyTt down-regulates ITAM-
driven phagocytic signaling of IpFcRy-L WTcyr. In addition, I established a novel imaging flow
cytometry-based system for characterizing IpLITR-mediated cross-talk regulation of
phagocytosis. Immunoregulatory receptor cross-talk allows cells to integrate multiple incident
signals and fine-tune signal transduction pathways to regulate effector responses. More
specifically, cross-talk is the modulation of a signal transduction pathway downstream of an
activated receptor by another co-activated receptor. In the case of phagocytosis, a phagocytic
receptor activates synapse formation, internalization, sub-cellular trafficking, and degradation of
a target within the cell. Cross-talk from co-activated receptors fine-tunes various stages of this
process. For example, receptor co-cross-linking at the cell membrane may block target capture,
phagocytic synapse formation and all downstream signaling events.

Several human diseases have links to dysregulated phagocytosis including cancer,
neurodegeneration and bacterial/viral infection (397, 401, 410, 411, 402-409). Importantly, a
critical step in the initiation of phagocytic signaling relies on immunoregulatory receptor-
mediated cross-talk at the cell surface. Many mammalian immunoregulatory receptors have been
identified and molecular details of negative regulatory mechanisms have been characterized. In
human monocytes, antibody-mediated co-ligation of LILRB1/2 with FcyRI results in decreased
phosphorylation of the ITAM-containing FcRy chain, reduced Syk activation and decreased Ca®"

mobilization, presumably through ITIM-dependent SHP recruitment (412). In a second example,
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engaging CD47 with SIRPa on phagocytes results in the recruitment of SHPs to phosphorylated
SIRPa and the inhibition of FcyR-mediated phagocytosis (374, 375). Similarly, FcyRIIB inhibits
FcyR-mediated phagocytosis via phosphorylated CYT ITIMs which recruit the lipid phosphatase
SHIP and/or the cytoplasmic phosphatases SHP1/2 (376-378). In this case, the binding of
common ligands (i.e. IgG antibodies) by FcyRs leads to co-cross-linking of receptors and CYT-
mediated cross-talk inhibition of phagocytic signals. Collectively, these mammalian examples
highlight the importance of phosphorylated CYT ITIM-mediated recruitment of cytoplasmic
phosphatases for the down-regulation of phagocytosis.

Using the phagocytosis assay that I developed in chapter V, the objective of this chapter
was the molecular characterization of IpLITR 1.1b WTcyr-mediated down-regulation of IpFcRy-
L WTcyr-driven phagocytosis. In particular, I aimed to identify motif-dependent pathways using
eGFP-tagged IpLITR 1.1b WTcyt tyrosine (Y) to phenylalanine (F; i.e. YF) mutant constructs
(schematics in Figure 6.1). In addition, I used dominant negative signaling molecules and
shRNA-mediated protein knockdown approaches to identify signaling molecule participants.
Finally, to determine if extracellular and transmembrane segment domain composition of the
ITAM-containing phagocytic receptor affects cross-talk regulation, I tested IpLITR 1.1b WTcyr-
mediated down-regulation against IpLITR 2.6b/IpFcRy-L WTcyr, a stimulatory chimeric
receptor construct used previously (4, 5, 7). In contrast to the ITAM-containing IpFcRy-L
WTcyt phagocytic receptor used thus far, the IpLITR 2.6b/IpFcRy-L WTcyT phagocytic receptor
construct contains the two extracellular domains (i.e. D1 and D2) of IpLITR 2.6b fused to the
ITAM-containing adaptor molecule IpFcRy-L.

Four key past observations led to the formulation of the molecular hypotheses tested in this

chapter. First, data from chapter IV showed that Csk and SHP2 were recruited to the membrane
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proximal CYT Y*? and distal CYT ITIM Y*”7 of IpLITR 1.1b WTcyr, respectively. Second,
data from chapter V showed that IpLITR 1.1b WTcyr-mediated down-regulation of phagocytosis
occurs via independent membrane proximal and distal CYT segment-mediated mechanisms.
Third, ITIMs mediate SHP-dependent negative cross-talk mechanisms in mammals. Lastly,
IpLITR 1.1b WTcyt is known to completely inhibit NK cell-mediated cytotoxicity using distinct
membrane proximal and distal CYT-dependent mechanisms via Csk and SHP1/2 pathways,
respectively. Therefore, I predicted that IpLITR 1.1b WTcyt uses a membrane proximal Y**3
Csk-dependent mechanism and a membrane distal CYT ITIM Y*#”7 SHP2-dependent mechanism
that may both contribute to the down-regulation of IpFcRy-L WTcyr-driven phagocytosis
(outlined in Figure 6.2). Results presented in this chapter extended previous functional and
biochemical characterizations of IpLITR 1.1b WTcyt immunoregulatory biology. Here I
demonstrate a novel inhibitory function that relies on co-operative CYT segment-dependent
signaling capabilities to down-regulate phagocytosis. Specifically, I show that IpLITR 1.1b
WTcyt requires co-operativity between the proximal CYT Y*** and distal CYT ITIM Y*’7 motifs
to optimally inhibit phagocytosis. While the distal CYT ITIM Y*”’-dependent mechanism
partially operates through SHP2, the proximal CYT Y***-dependent mechanism is Csk-
independent. Furthermore, at relatively “high” expression levels, I[pLITR 1.1b WTcyr
synergistically inhibits IpLITR 2.6b/IpFcRy-L WTcyr-driven phagocytosis using Y*3- and Y*'’-
dependent co-operative pathways. Overall, these data demonstrate a novel down-regulatory
signaling capability of IpLITR 1.1b WTcyt that requires co-operating CYT segment-dependent
signaling pathways. This has expanded our understanding of evolutionarily conserved
immunoregulatory receptor signaling potential across vertebrate lineages to include receptor

cross-talk capabilities in teleost fish.
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6.2 RESULTS
6.2.1 eGFP-tagged IpLITR 1.1b WTcyr segments differentially modulate cross-talk

inhibition of IpFcRy-L WTcyr-driven phagocytosis via proximal CYT Y**3 and

distal CYT ITIM Y#7

To examine the specific CYT motifs of IpLITR 1.1b WTcyT required for down-
regulating phagocytosis, I transfected stable IpFcRy-L WTcyT-expressing cells with eGFP-
tagged IpLITR 1.1b CYT YF mutant constructs. As shown in Figure 6.3A (eGFP positive cells),
four IpLITR 1.1b CYT constructs show significantly reduced phagocytosis including IpLITR
1.1b WTcyr-eGFP, YP*Fcy1-eGFP, Y#*Fcyr-eGFP and Y*#°Fcyr-eGFP with 17.5%, 24.7%,
15.3% and 23.5% phagocytic cells, respectively, compared to eGFP and IpLITR 1.1b MUTcyT-
eGFP. In addition, IpLITR 1.1b Y¥'Fcy1-eGFP and Y#""Fcyt-eGFP constructs show reduced
phagocytosis with 58.3% and 61.2%, respectively, compared to IpLITR 1.1b MUTcyr-eGFP
(73.1% phagocytic cells). Indexed data shows the same trends despite varying bead associations
ranging from 45.3-71.0% (Figure 6.3B). Indexed data for eGFP negative cells (i.e. cells only
expressing IpFcRy-L WTcyr) showed 91.1% phagocytic phenotype on average, with 85.6%
phagocytic phenotype being the lowest (Figure 6.3C). The indexed data shows the same trends
despite varying bead associations ranging from 46.5-59.9% (Figure 6.3D). Collectively, this data
reveals that the IpLITR 1.1b proximal and distal CYT segments independently down-regulate
phagocytic signaling, and that the distal CYT segment is as effective at abrogating phagocytosis

as the WTcyr.
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6.2.2 Co-expressing IpLITR 1.1b Y%'Fcyr-eGFP with dominant-negative Csk does not

restore IpFcRy-L WTcyr-driven phagocytosis

To specifically test the Y#? Csk-dependent mechanism for IpLITR 1.1b WTcyr-mediated
down-regulation of phagocytosis, I co-expressed a truncated, dominant-negative FLAG-tagged
Csk (ACsk) molecule with eGFP-tagged IpLITR 1.1b WTcyr and IpLITR 1.1b Y¥*'Fcyr. Each
eGFP-tagged construct was co-transfected with empty p3XFLAG-CMV 14 vector (EV) or ACsk.
In eGFP positive cells, IpLITR 1.1b WTcyr-eGFP showed 22.0% or 29.6% phagocytosis when
co-transfected with EV or ACsk compared to 73.1% or 76.2% for IpLITR 1.1b MUTcyr-eGFP,
respectively (Figure 6.4A). To control for potential co-operating (i.e. ITIM-dependent) signaling
through the distal CYT segment of IpLITR 1.1b WTcyr, I tested a distal CYT mutant construct
in which all distal segment motifs are mutated to phenylalanine (named IpLITR 1.1b Y%S'Fcyr-
eGFP). When IpLITR Y%'Fcyt-eGFP was co-transfected with EV or ACsk, cells showed 62.4%
or 59.4% phagocytic phenotype, respectively. For comparison, eGFP only co-transfected with
EV or ACsk showed 92.4% or 91.0% phagocytic phenotype, while IpLITR 1.1b MUTcyr-eGFP
cells displayed 73.1% or 76.2% phagocytosis, respectively (Figure 6.4A). The raw data used to
calculate the indexed data is presented in Figure 6.4B. The range of bead association is 53.5-
71.0%. Indexed data for eGFP negative (i.e. only IpFcRy-L WTcyt expressing) cells showed
90.4% phagocytic phenotype on average, with the lowest group at 86.2% phagocytic phenotype
(Figure 6.4C). The raw data used to calculate the indexed data shows the same trends and
varying bead associations ranging from 47.9-60.8% (Figure 6.4D). Altogether, no statistically
significant increases between EV and ACsk were observed for any group. Overall, these results
indicate that co-expressing IpLITR 1.1b WTcyr or IpLITR 1.1b Y%'Fcyt with a dominant-

negative Csk does not restore phagocytosis.
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To confirm the expression of ACsk used in the functional experiments described above,
co-transfections were performed in duplicate and one well was lysed and probed with an aFLAG
M2 mouse mAb to detect FLAG-tagged ACsk. While wild-type Csk contains an SH2 domain, an
SH3 domain and a catalytic kinase domain for a total size of 50 kDa, ACsk is truncated after the
SH3 domain (i.e. it does not contain a kinase domain). In each ACsk co-transfected lane, a band
for ACsk is present at ~24 kDa (Figure 6.4E, top blot). To ensure the same amount of lysate was
loaded in each lane, an anti-B-actin loading control is also shown (Figure 6.4E, bottom blot).
6.2.3 Co-expressing IpLITR 1.1b YP"™*FcyT with dominant-negative SHP2 partially

restores phagocytic signaling through IpFcRy-L WTcyr

To specifically test the Y#’” SHP2-dependent mechanism for IpLITR 1.1b WTcyt-
mediated down-regulation of phagocytosis, I co-expressed a truncated, dominant-negative
FLAG-tagged SHP2 (ASHP2) molecule with eGFP-tagged IpLITR 1.1b WTcyt and IpLITR 1.1b
YP*Fcyr. Each eGFP-tagged construct was co-transfected with empty p3XFLAG-CMV 14
vector (EV) or ASHP2. In eGFP positive cells, IpLITR 1.1b WTcyr-eGFP showed 22.0% or
29.0% phagocytic phenotype when co-transfected with EV or ASHP2 compared to 73.1% or
77.3% for IpLITR 1.1b MUTcyr-eGFP, respectively (Figure 6.5A). To control for potential co-
operating (i.e. Y**3-dependent) signaling via the proximal CYT segment of IpLITR 1.1b WTcyr,
I tested a proximal CYT segment mutant construct (i.e. all proximal segment tyrosines mutated
to phenylalanine; IpLITR 1.1b YP**FcyT-eGFP). When IpLITR 1.1b YP***Fcyr-eGFP was co-
transfected with EV or ASHP2, cells displayed 30.0% or 52.2% phagocytic phenotype,
respectively (Figure 6.5A). For comparison, eGFP only co-transfected with EV or ASHP2
displayed 92.4% or 93.0% phagocytic phenotype, while IpLITR 1.1b MUTcyTt-eGFP cells

showed 73.1% and 77.3% phagocytosis, respectively (Figure 6.5A). The indexed data was



182

calculated from the raw data presented in Figure 6.5B. The range of bead association is 51.7-
71.0%. Indexed data for eGFP negative (i.e. only IpFcRy-L WTcyr expressing) cells showed
91.7% phagocytic phenotype on average, with 88.1% phagocytosis in the lowest group (Figure
6.5C). Raw data that was used to calculate indexed data displayed bead associations ranging
from 45.5-60.8% (Figure 6.5D). Taken together, when co-inhibitory signals through the proximal
CYT segment are absent (i.e. in [pLITR 1.1b YP"**FcyTt-eGFP co-expressing cells), ASHP2
partially restores phagocytic signaling through IpFcRy-L WTcyt. A statistically significant
difference (indicated by ‘g’) was observed in Figure 6.5A, where IpLITR 1.1b YP**Fcyr cells
co-expressing EV or ASHP2 show 30.0% or 52.2% phagocytosis, respectively. Overall, these
results indicate that co-expressing IpLITR 1.1b YP**Fcyr with a dominant-negative SHP2
partially restores phagocytosis.

To confirm the expression of ASHP2, duplicate co-transfections provided an additional
well that was lysed and probed with an aFLAG M2 mouse mAb to detect FLAG-tagged ASHP2.
Wild-type SHP2 contains two SH2 domains linked to a catalytic phosphatase domain for a total
size of 50 kDa. ASHP?2 is truncated after the second SH2 domain (i.e. it does not contain the
phosphatase domain). In each ASHP2 co-transfected lane, a band for ASHP?2 is present at ~28
kDa (Figure 6.5E, top blot). To ensure the same amount of lysate was loaded in each lane, an
anti-f-actin loading control is also shown (Figure 6.5E, bottom blot).

6.2.4 Csk knockdown does not reverse IpLITR 1.1b WTcyr-mediated cross-talk
inhibition of IpFcRy-L WTcyr-driven phagocytosis

To specifically test the role of Csk in IpLITR 1.1b WTcyr-mediated down-regulation of
phagocytosis, I transfected eGFP-tagged IpLITR 1.1b WTcyt and IpLITR 1.1b Y%'Fcyr into

Csk deficient IpFcRy-L WTcyr-expressing cell lines. Each eGFP-tagged construct was
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transfected into scramble (i.e. non-targeted) or Csk-targeted knockdown (KD) cell lines. IpLITR
1.1b WTcyT-eGFP positive cells displayed 26.5% and 29.3% phagocytosis in scramble and KD
cells, respectively (Figure 6.6A). To control for potential co-operating (i.e. ITIM-dependent)
signaling through the distal CYT segment of IpLITR 1.1b WTcyr, I also transfected cells with a
distal CYT segment mutant construct in which all distal segment motifs are mutated to
phenylalanine (IpLITR 1.1b Y¥'Fcyr-eGFP). IpLITR 1.1b Y¥'Fcyr-eGFP transfected scramble
or KD cells showed 67.2% and 57.1% phagocytic phenotype, respectively. EGFP only
transfected scramble and KD cells showed 88.3% and 87.7% phagocytic phenotype, while
IpLITR 1.1b MUTcyT-eGFP cells displayed 73.1% and 76.2% phagocytosis, respectively (Figure
6.6A). The raw data used to calculate indexed data is presented in Figure 6.6B, which also shows
bead associations between 59.7-68.4%. Indexed data for eGFP negative (i.e. only express
IpFcRy-L WTcyr) cells showed 93.2% phagocytic phenotype on average, with the lowest group
at 89.4% phagocytic phenotype (Figure 6.6C). Raw data used to calculate indexed data shows
the trends and varying bead associations ranging from 47.9-60.8% (Figure 6.6D). Collectively,
no statistically significant increases in phagocytosis when comparing KD vs. scramble control
cells were observed for any group. Altogether, reduced expression of Csk does not reverse
IpLITR 1.1b WTcyr-mediated cross-talk inhibition of IpFcRy-L WTcyt-driven phagocytosis.

To determine the relative knockdown levels (i.e. loss of expression) of Csk protein, stable
knockdown cell lines were lysed and probed with a rabbit aCsk polyclonal antibody. Expected
bands for Csk were observed at 50 kDa and are significantly dimmer in KD lanes (Figure 6.6E,
top blot). Densitometric values normalized to an anti-B-actin loading control (Figure 6.6E,
bottom blot) show 9% of scramble control Csk in KD lanes, indicating a Csk protein expression

reduction of >90% (Figure 6.6F).
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6.2.5 SHP2 knockdown partially reverses IpLITR 1.1b WTcyr-mediated cross-talk

inhibition of IpFcRy-L WTcyr-driven phagocytosis

To examine the role of SHP2 in IpLITR 1.1b WTcyr-mediated down-regulation of
phagocytosis, I transfected eGFP-tagged IpLITR 1.1b WTcyt and IpLITR 1.1b YP™*Fcyr into
stable SHP2 deficient IpFcRy-L WTcyr-expressing cell lines. Each eGFP-tagged construct was
transfected into scramble (i.e. non-targeted) or SHP2-targeted knockdown (KD) cell lines.
IpLITR 1.1b WTcyr-eGFP positive cells showed 26.5% and 42.2% phagocytosis in scramble
and KD cells, respectively (Figure 6.7A). To control for potential co-operating (i.e. Y**3-
dependent) signaling through the proximal CYT segment of [pLITR 1.1b WTcyr, I transfected
cells with a proximal CYT segment mutant construct in which all proximal segment motifs are
converted to phenylalanine (IpLITR 1.1b YP"**Fcyt-eGFP). When IpLITR 1.1b YP"**FcyT-eGFP
was transfected into scramble or KD cells, 31.6% and 44.7% of cells displayed a phagocytic
phenotype, respectively. EGFP only-transfected scramble and KD cells showed 88.3% and
91.2% phagocytic phenotype, while IpLITR 1.1b MUTcyt-eGFP cells showed 87.7% and 82.7%
phagocytosis, respectively (Figure 6.7A). The raw data used to calculate indexed data is
presented in Figure 6.7B and also shows bead associations ranging from 52.2%-70.9%. Indexed
data for eGFP negative (i.e. only express IpFcRy-L WTcyr) cells showed 92.6% phagocytic
phenotype on average with 89.4% in the lowest group (Figure 6.7C). The raw data used to
calculate indexed data shows the same trends within receptor groups while bead associations
varied from 43.5-65.1% (Figure 6.7D). Collectively, although no statistically significant
increases were calculated when comparing KD vs. scramble control cells for any receptor group,
SHP2 KD cells clearly display similarly increased % phagocytic cell trends. Specifically, IpLITR

1.1b WTcyT-eGFP expressing scramble and KD cells display increased phagocytosis at 26.5%
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and 42.2%, respectively (Figure 6.7A). Similarly, IpLITR YP**FcyT-eGFP expressing scramble
and KD cells also display increased phagocytosis at 31.6% and 44.7%, respectively (Figure
6.7A). Altogether, this may indicate that SHP2 knockdown partially reverses IpLITR 1.1b
WTcyr-mediated cross-talk inhibition of IpFcRy-L WTcyt-driven phagocytosis.

To confirm the knockdown (i.e. loss of expression) of SHP2 protein, stable knockdown
cell lines were lysed and probed with a rabbit aSHP2 mAb. Expected bands for SHP2 were
observed at 70 kDa and are much dimmer in KD lanes (Figure 6.7E, top blot). Densitometric
values normalized to an anti-B-actin loading control (Figure 6.7E, bottom blot) show 9% of
scramble control SHP2 in KD lanes, indicating a >90% reduction in SHP2 protein expression
(Figure 6.7F).

6.2.6 Effect of receptor expression levels on eGFP-tagged IpLITR 1.1b WTcyr-mediated
cross-talk inhibition of IpDLITR 2.6b/IpFcRy-L WTcyr-driven phagocytosis

To determine the potential effect of receptor expression levels on IpLITR 1.1b WTcyr-
mediated down-regulation of IpLITR 2.6b/IpFcRy-L WTcyr-driven phagocytosis (outlined in
Figure 6.8), I transiently transfected eGFP-tagged IpLITR 1.1b CYT constructs into stable
IpLITR 2.6b/IpFcRy-L WTcyr-expressing cells. Figure 6.9 shows data for average (avg; i.e. all
eGFP positive gated cells), low (lo), middle (mid) and high (hi)-level eGFP expressing cell
populations. Both IpLITR 1.1b WTcyt-eGFP and IpLITR 1.1b MUTcyT-eGFP co-expressing
cells show an eGFP fluorescence-dependent response as increasing fluorescence correlates with
decreasing % phagocytic phenotype. Indexed data shows 93.5%, 92.3%, 94.6% and 93.4%
phagocytic cells for average-, low-, middle- and high-level eGFP only-expressing cells,
respectively (Figure 6.9A). IpLITR 1.1b WTcyt-eGFP-expressing cells display 57.3%

phagocytic cells at average-level eGFP expression while 73.0%, 53.7% and 29.4% are
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phagocytic as fluorescence increases. For IpLITR 1.1b MUTcyr-eGFP-expressing cells, 73.8%
are phagocytic at average-level eGFP while 81.5%, 74.9% and 67.0% are phagocytic as
fluorescence increases (Figure 6.9A). Raw data used to calculate indexed data displays similar
trends as 34.7% and 50.5% of cells are phagocytic for IpLITR 1.1b WTcyr-eGFP and IpLITR
1.1b MUTcyT-eGFP at average fluorescence, respectively, with decreasing % phagocytic
phenotypes as fluorescence increases (Figure 6.9B).

The optimal eGFP expression level corresponds with the greatest difference between
IpLITR 1.1b WTcyt-eGFP and IpLITR 1.1b MUTcyt-eGFP % phagocytic cells. The difference
in % phagocytic cells at average-, low-, middle- and high-level eGFP expression for indexed data
is 16.5%, 8.5%, 21.2% and 37.6%, respectively (Figure 6.9A). The difference in % phagocytic
cells at average-, low-, middle- and high-level eGFP expression for raw data is 15.8%, 11.3%,
18.3% and 28.6%, respectively (Figure 6.9B). Taken together, this data indicates that high-level
eGFP expression is optimal for measuring IpLITR 1.1b WTcyr-mediated cross-talk inhibition of
IpLITR 2.6b/IpFcRy-L WTcyr-driven phagocytosis.

6.2.7 eGFP-tagged IpLITR 1.1b WTcyr segments synergistically down-regulate IpLITR
2.6b/IpFcRy-L WTcyr-driven phagocytosis through distinct CYT motif Y*3- and
Y#7-dependent pathways

To examine the specific I[pLITR 1.1b WTcyT motifs involved in down-regulating IpLITR
2.6b/IpFcRy-L WTcyr-driven phagocytosis, I transfected eGFP-tagged IpLITR 1.1b CYT YF
mutant constructs into stable IpLITR 2.6b/IpFcRy-L WTcyr-expressing cells. Figure 6.10A
shows that for eGFP positive cells, IpLITR 1.1b WTcyr-eGFP shows greatly reduced
phagocytosis at 29.4%. Three constructs displaying the next greatest reductions in phagocytosis

are IpLITR 1.1b YP™*Fcyr-eGFP, Y**Fcyr-eGFP and Y#°Fcyr-eGFP at 44.4%, 47.8% and
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38.2%, respectively. Next, IpLITR 1.1b Y¥Fcyt-eGFP and Y#""Fcyt-eGFP constructs show
slightly reduced phagocytic signaling at 56.3% and 59.6%, respectively, compared to [pLITR
1.1b MUTcyT-eGFP at 67.0% phagocytic cells (Figure 6.10A). Importantly, a close inspection of
these data reveal that relative to IpLITR 1.1b MUTcyr-eGFP, IpLITR 1.1b YP"*FcyT-eGFP and
Y*3Fcyt-eGFP reduce phagocytosis by 22.6% and 19.2% and IpLITR 1.1b Y%'Fcyr-eGFP and
Y*"Fcyr-eGFP reduce phagocytosis by 10.7% and 7.4%, respectively. Taken together, the
predicted reduction in phagocytosis for IpLITR 1.1b WTcyt-eGFP by the additive effects of the
membrane proximal CYT Y* and membrane distal CYT ITIM Y*'7 should be 26.6% (i.e.
19.2% + 7.4%). However, IpLITR 1.1b WTcyr-eGFP reduced phagocytosis by 37.6% relative to
IpLITR 1.1b MUTcyr-eGFP, showing a more than additive (i.e. synergistic) inhibitory effect.
Similar trends in the raw data used to calculate indexed data are evident along with varying bead
associations ranging from 50.1-68.4% (Figure 6.10B). In comparison, indexed data for cells that
were eGFP negative (i.e. only express IpLITR 2.6b/IpFcRy-L WTcyr) are on average 93.2%
phagocytic, with a low of 91.6% phagocytic phenotype (Figure 6.10C). Raw data used to
calculate indexed data shows the same trends despite varying bead associations ranging from
50.5-56.5% (Figure 6.10D). Altogether, these data show that [pLITR 1.1b WTcyt segments
synergistically down-regulate ITAM-driven phagocytosis through IpLITR 2.6b/IpFcRy-L
WTcyr.
6.3 DISCUSSION

In this chapter, I characterized the molecular requirements of IpLITR 1.1b WTcyt-
mediated down-regulation of IpFcRy-L WTcyr-driven phagocytosis. My results demonstrate that
IpLITR 1.1b WTcyT mediates down-regulation using a co-operative membrane proximal CYT

Y*#3- and distal CYT ITIM Y*”’-dependent mechanism(s). In addition, dominant negative and
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signaling molecule knockdown approaches demonstrated that SHP2 plays a partial role via the
membrane distal CYT ITIM Y*'’. Furthermore, “high” expression of IpLITR 1.1b WTcyt is
capable of optimally inhibiting IpLITR 2.6b/IpFcRy-L WTcyr-driven phagocytic signaling when
both CYT segments are intact. Overall, I have revealed a novel signaling capability of IpLITR
1.1b WTcyT involving the co-operative proximal and distal CYT-dependent cross-talk down-
regulation of ITAM-driven phagocytosis.

Mammalian studies have provided molecular details of CYT ITIM-dependent down-
regulation of ITAM-driven phagocytosis through the dephosphorylation of downstream targets
by cytoplasmic phosphatases. For example, phosphorylated SIRPa recruits SHP1 and down-
regulates macrophage-mediated phagocytosis of red blood cells and platelets. In total, SIRPa
contains 3 CYT ITIMs, but the specific CYT ITIM responsible for down-regulating phagocytosis
is not known (374, 375, 413). Despite this lack of molecular detail, downstream targets for
inhibitory signaling have been revealed. Active SHP1 targets phagocytic effector molecules
myosin ITA in macrophages (414) and paxillin and cofilin in microglia (415) for
dephosphorylation resulting in the inhibition of phagocytosis. In another well-studied example,
FcyRIIB contains a single CYT ITIM that recruits SHP1. When co-cross-linked with the
phagocytic FcyRIIA, activated SHP1 recruited to FcyRIIB dephosphorylates both the FcyRIIA
ITAM and Syk, resulting in the inhibition of phagocytosis (376-378). While both of these
studies focus on CYT ITIM SHP1-dependent mechanisms, my data demonstrate a specific CYT
ITIM Y*#"7 SHP2-dependent down-regulation of ITAM-driven phagocytosis. However this
mechanism does not mediate [pLITR 1.1b WTcyr down-regulation alone, because complete

recovery of phagocytic signaling was not observed in IpLITR 1.1b Y#"’Fcyr mutant construct,
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ASHP2 nor SHP2 knockdown experiments (Figure 6.3, Figure 6.5 and Figure 6.7). Taken
together, this indicates that co-inhibitory proximal CY T-dependent signals are involved.

A co-inhibitory signaling mechanism is suspected to play a role in [pLITR 1.1b WTcyr-
mediated inhibition of phagocytosis through membrane proximal CYT Y**-dependent Csk
recruitment. While the mammalian IgSF immunoregulatory receptors LILRBI1 (416) and LAIR1
(417) are known to recruit Csk, a direct role for Csk downstream of immunoregulatory receptor-
mediated regulation of phagocytosis has never been shown. A closely related study reported that
Csk differentially down-regulates phagocytosis in mouse macrophages exposed to non-
opsonized zymosan (i.e. a fungal PAMP), complement-opsonized zymosan and E. coli targets
via pathways downstream of mannose-fucose/p-glucan receptors, complement receptor 3
receptor and CD14, respectively (251). Csk partially down-regulates phagocytosis of non-
opsonized zymosan, with only marginal effects on complement-opsonized zymosan and E. coli
targets. Since non-opsonized zymosan binds mannose-fucose/p-glucan receptors and several of
these receptors are co-expressed on mouse macrophages, receptor CYT requirements of a more
specific pathway cannot be compared to IpLITR 1.1b WTcyt. Interestingly, Csk-dependent
mechanisms for immune evasion by bacteria involve the EPIYA/G motif-containing family of
effector proteins (404). Two particular effectors, LspA from Haemophilus ducreyi and CagA
from Helicobacter pylori, are phosphorylated within mammalian cells allowing them to bind and
activate Csk. This leads to inactivation of SFKs and inhibition of FcyR-mediated phagocytosis
(418). In fact, the prevalence of bacterial effectors that are phosphorylated within mammalian
cells lead to the discovery of endogenous EPIY A/G motif-containing proteins in mammals. For
example, phosphorylated pragmin activates an EPIY A/G motif, Csk-dependent pathway that

regulates SFKs (419) and plays a role in oncogenesis and metastasis (420). In agreement with
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these examples, an IpLITR 1.1b Y%*'Fcyr mutant that can bind Csk partially down-regulates
phagocytosis. Notably though, dominant-negative (DN) ACsk and Csk knockdown did not
restore phagocytosis, indicating that alternative Y*>3-dependent mechanisms must be operating.
Before discussing IpLITR 1.1b WTcyr-mediated down-regulatory mechanisms, a number of
important caveats regarding the molecular techniques used here must be considered.

Two designs for DN molecules include truncated (A) and catalytically inactive constructs.
Since regions of the signaling molecule outside of the catalytic domain may be important for
propagating signaling or stabilizing a signaling complex, A molecules may not be able to restore
signaling not because the enzyme plays a role, but because they are prematurely displaced from
the signaling complex (421). Since AD293 cells do not express SHP1 (which can bind IpLITR
1.1b WTcyr; 6, 188), this may explain why ASHP2 in my experiments was less effective at
restoring phagocytosis than the SHP2 KDs. In particular, IpLITR 1.1b WTcyr-eGFP expressing
cells show a 7% and 16% increase in phagocytosis compared to control in dominant-negative
and knockdown experiments, respectively (Figure 6.5A and Figure 6.7A). Furthermore, IpLITR
1.1b Y¥'Fcyr and Y#""Fcyr constructs (i.e. only contain one functional inhibitory motif, Y*3%)
show slight inhibitory function (Figure 6.3). Since Y**3 is known to bind Csk (Figure 4.13B; 6),
this indicates that Csk may play a role in IpLITR 1.1b WTcyr down-regulation of phagocytosis,
however the DN ACsk used here did not restore phagocytosis in support of this hypothesis. To
help mitigate these caveats, catalytically inactive DN constructs should be tested because full-
length molecules better preserve binding affinity and kinetics of wild-type molecules, but in their
absence, [ used a complementary shRNA-mediated knockdown approach to assess specific

signaling molecule involvement.
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The removal of protein expression is a convincing method for assessing their critical
signaling roles because the absence of a critical signaling molecule stalls signaling and halts all
major pathways (i.e. catalytic and scaffolding) operating via said signaling protein. In my
experiments, this would cause frustrated or incomplete internalization which results in partially
engulfed, surface-exposed target beads. Csk knockdown data do not support any role for Csk
operation during IpLITR 1.1b WTcyr-mediated down-regulation of phagocytosis (Figure 6.6).
SHP2 knockdown data on the other hand, did show trends towards restoration of phagocytosis
compared to scramble controls for both IpLITR 1.1b WTcyt and Y?™*Fcyr constructs (Figure
6.7). This indicates Csk does not operate downstream of a membrane proximal CY T-dependent
mechanism. In addition, SHP2 plays a partial role in IpLITR 1.1b WTcyr-mediated down-
regulation of phagocytosis through a membrane distal CYT segment-dependent mechanism.

To summarize, my data support independent IpLITR 1.1b WTcyr-mediated membrane
proximal and distal CYT segment mechanisms that may differentially down-regulate ITAM-
driven phagocytosis but are most effective when co-operating. Specifically, the membrane distal
CYT ITIM Y*7 is predominantly responsible for inhibiting phagocytosis but, SHP2 only plays a
partial role. In addition, the proximal CYT segment contributes signals through Y*** that inhibit
phagocytosis, but these signals are independent of Csk. This differs from previous
characterizations of IpLITR 1.1b WTcyr that showed both segments completely inhibit NK cell-
mediated cytotoxicity using Csk or SHP1/2 pathways. Instead, my data indicate that IpLITR 1.1b
WTeyr Y*3 and Y#7 co-operate for maximum inhibition of ITAM-driven phagocytosis.
However, a proximal CYT Y*%-dependent, Csk-independent mechanism can reduce

phagocytosis only slightly while a distal CYT ITIM Y*7’-dependent mechanism drastically
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reduces phagocytosis using SHP2 and (an)other molecule(s). An examination of IpLITR 1.1b
WTcyt motifs reveals a consensus SHIP binding motif at Y47 (422).

My molecular assessments so far have focused on CYT-mediated cross-talk mechanisms,
because standardized receptor constructs used thus far contain four identical extracellular
domains and a common TM segment but varied CYT compositions. However, since phagocytic
receptors typically possess one or two extracellular domains, I characterized the molecular
effect(s) of extracellular domain number and TM segment compositions on the cross-talk down-
regulation of phagocytosis. Specifically, I tested IpLITR 1.1b WTcyr-mediated cross-talk
inhibition of IpLITR 2.6b/IpFcRy-L WTcyr-driven phagocytic signaling. Importantly, IpLITR
2.6b/IpFcRy-L WTcyr contains two extracellular domains fused to a TM-neutral endogenous
IpFcRy-L adaptor molecule as opposed to the four extracellular domains and TM segment of
wild-type IpLITR 1.1b (outlined in Figure 6.8). This strategy better represents receptor co-cross-
linking in a physiological phagocytic synapse because phagocytic receptors like FcyRIIA,
CEACAMS3 and dectinl contain one or two extracellular domains. IpLITR 1.1b WTcyT
displayed identical motif requirements, although inhibition was not as great in general, against
IpLITR 2.6b/IpFcRy-L WTcyr as seen previously (compare Figure 6.3 and Figure 6.10).
Interestingly, a higher IpLITR 1.1b WTcyr expression level was required to optimize inhibitory
signaling against IpLITR 2.6b/IpFcRy-L WTcyr. This indicates that greater inhibitory signaling
is required to shut off IpLITR 2.6b/IpFcRy-L WTcyr-driven phagocytosis. While IpLITR 1.1b
WTcyrt does not dimerize (3), an ability for IpLITR 2.6b/IpFcRy-L WTcyT to dimerize has not
been tested but this receptor must bring targets closer to the cell membrane. If the IpLITR
2.6b/IpFcRy-L WTcyr can form dimers, increased inhibitory signaling may be required to shut

down phagocytic signaling because dimers display relatively lower dissociation constants (423).
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Simultaneously, two extracellular domain-containing phagocytic receptors hold targets closer to
the cell membrane. This proximity physically excludes large extracellular domain-containing
proteins from the synapse (399, 400). In this case, the four Ig-like domain-containing [pLITR
1.1b WTcyT may be excluded from the phagocytic synapse formed by the two Ig-like domain-
containing IpLITR 2.6b/IpFcRy-L WTcyr. It is also important to note that phagocytic signaling
proceeded for 30 min (for IpLITR 2.6b/IpFcRy-L WTcyt) or 40 min (for IpFcRy-L WTcyr) in
my experiments. This approach measures a functional endpoint because at these timepoints
signaling dynamics have likely reached completion. As such, my experiments do not assess
signaling through SHP2 and Csk during earlier stages of phagocytosis. If their inhibitory
signaling has been de-activated, cells may complete the internalization process resulting in the
partial phagocytic phenotypes I observed. As such, a time course including 10, 20 and 30 min
may show dynamic inhibitory signaling profiles.

Finally, before extending the implications of my data to account for temporal signaling
dynamics of phagocytosis, an important question regarding receptor dynamics in my system
must be re-visited. Are co-cross-linked IpLITRs able to re-organize during phagocytic signaling?
Although antibody-mediated co-cross-linking likely prevents receptor re-organization, an
accurate answer to this question is not available. Therefore, I am proposing two conclusions
regarding the temporal mechanisms of [pLITR 1.1b WTcyr-mediated down-regulation of ITAM-
driven phagocytosis implied by my data. One conclusion assumes receptor re-organization
during phagocytic signaling and the other assumes the opposite. If IpLITR 1.1b WTcyr is able to
re-organize, then the proximal and distal CYT segments of IpLITR 1.1b co-operate to sustain
inhibitory signaling, in part, by maintaining [pLITR 1.1b WTcyr within the phagocytic synapse

while all mutant constructs are eventually displaced. This explains why IpLITR 1.1b WTcyr
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displays complete inhibition against IpLITR 2.6b/IpFcRy-L WTcyt at the endpoint while no
mutant constructs maintain complete inhibition. On the other hand, if receptors are not able to re-
organize and therefore remain within the synapse, then the signaling complex formed by IpLITR
1.1b WTcyT maintains active inhibitory signaling, while all mutant constructs eventually switch
to permit phagocytic signaling. Further imaging and biochemical studies will be required to
answer these hypotheses.

Overall, results of this chapter comprehensively demonstrate that IpLITR 1.1b WTcyt
activates a co-operative membrane proximal and distal CYT segment-dependent cross-talk
signaling mechanism to down-regulate ITAM-driven phagocytosis. This represents the most
detailed study of IpLITR signaling mechanisms and the first report of cross-talk signaling

capabilities for any fish immunoregulatory receptors to date.
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Figure 6.1. Schematic representations of 8 IpLITR cytoplasmic tail (CYT)
constructs used in chapter VI. Standardized constructs contain an N-terminal
hemagglutinin (HA) epitope tag; extracellular domains (ED) and transmembrane
(TM) segments are derived from wild-type (WT) IpLITR 1.1b. Two WT constructs
include an ITAM-containing IpFcRy-L WTcyr (green) and IpLITR 1.1b WTcyr.
Tyrosine (Y) to phenylalanine (F) mutant (red) constructs include IpLITR 1.1b
MUTcyt, IpLITR 1.1b YP*Fcyr, IpLITR 1.1b Y4'Fcyr, IpLITR 1.1b Y**Fcyr,
IpLITR 1.1b Y#7Fcyr and IpLITR 1.1b Y*°Fcyr.
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Figure 6.2. Schematic representation of IpLITR 1.1b WTcyr-mediated
mechanisms of cross-talk inhibition of IpFcRy-L. WTcyr-driven phagocytic

signaling explored in chapter VI.
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Figure 6.3. eGFP-tagged IpLITR 1.1b WTcyr segments differentially
modulate cross-talk inhibition of IpFcRy-L WTcyr-driven phagocytosis via
proximal CYT Y* and distal CYT ITIM Y*”". pDisplay-encoded eGFP-tagged
IpLITR 1.1b CYT YF mutant receptors were transfected into stable IpFcRy-L
WTcyr-expressing AD293 cells for 48 h. Mouse aHA antibody-coated 3.5 pm light
yellow (LY) fluorescent beads were added to cells for 40 min at 37°C. Surface-
bound LY beads were counter-stained with rabbit a-mouse AlexaFluor647-
conjugated secondary antibody. Cells were harvested by trypsinization and fixed in
1% paraformaldehyde prior to data collection on the Image Stream* MKII flow
cytometer. Raw image files were subjected to a component masking analysis
modified from Fei et al., (2017) that separates eGFP positive (eGFP+) and negative
(eGFP-) cell populations. Each black bar represents the percentage of phagocytic
cells (i.e. a cell with >1 bead fully internalized), grey bars represent the percentage
of cells with only surface-bound beads (i.e. no beads internalized) and the white
bars represent the percentage of cells with no associated beads (i.e. none bound or
internalized). Results for (A and B) eGFP+ and (C and D) eGFP- cells are
representative of the mean + SEM of at least three independent experiments as (A
and C) indexed or (B and D) raw data. Phagocytic index was calculated as: %
phagocytic or surface-bound cells / % total bead-associated cells. Lower case ‘a’,
‘b’, ‘c’, ‘d’, ‘e’, ‘f” and ‘g’ represent statistically significant differences (p < 0.05)
compared to eGFP, IpLITR 1.1b WTcyr-eGFP, IpLITR 1.1b MUTcyr-eGFP,
IpLITR 1.1b YP*Fcy1-eGFP, IpLITR 1.1b Y9'Fcyr-eGFP, IpLITR 1.1b Y**Fcyr-
eGFP and IpLITR 1.1b Y*#Fcyr-eGFP % phagocytic cells, respectively.
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Figure 6.4. Co-expressing IpLITR 1.1b WTcyr with dominant-negative Csk
does not restore IpFcRy-L WTcyr-driven phagocytosis. eGFP-tagged IpLITR
1.1b WTcyr, MUTcyr and Y¥'Feyr mutant constructs were each co-transfected
with dominant-negative FLAG-tagged Csk into stable IpFcRy-L WTcyr-expressing
AD293 cells for 48 h. Mouse aHA antibody-coated light yellow (LY) fluorescent
beads were added to cells for 40 min at 37°C. Surface-bound LY beads were
counter-stained with AlexaFluor647-conjugated rabbit a-mouse secondary
antibody. Cells were harvested by trypsinization and fixed in 1%
paraformaldehyde prior to data collection on the Image Stream* MKII flow
cytometer. Raw image files were subjected to a component masking analysis
modified from Fei et al., (2017) that separates eGFP positive (eGFP+) and negative
(eGFP-) cell populations. Each black bar represents the percentage of phagocytic
cells (i.e. a cell with >1 bead fully internalized), grey bars represent the percentage
of cells with only surface-bound beads (i.e. no beads internalized) and the white
bars represent the percentage of cells with no associated beads (i.e. none bound or
internalized). Results for (A and B) eGFP+ and (C and D) eGFP- cells are
representative of the mean = SEM of at least three independent experiments as (A
and C) indexed or (B and D) raw data. Phagocytic index was calculated as: %
phagocytic or surface-bound cells / % total bead-associated cells. Lower case ‘a’,
‘b’, ‘c’, ‘d’, ‘e’ and ‘f” represent statistically significant differences (p < 0.05)
compared to eGFP EV, eGFP ACsk, IpLITR 1.1b WTcyr-eGFP EV, IpLITR 1.1b
WTeyr-eGFP ACsk, and IpLITR 1.1b MUTcyr-eGFP EV and IpLITR 1.1b
MUTcyr-eGFP ACsk % phagocytic cells, respectively. (E) After 48 h transfection,
a duplicate well from (A-D) was lysed and clarified by centrifugation before
boiling in reducing buffer. Samples were separated by 10% SDS-PAGE gel
electrophoresis and transferred to nitrocellulose for probing with an HRP-

conjugated mouse aFLAG M2 mAb (top blot) or goat anti-B-actin pAb (bottom
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blot) to confirm successful transfection and expression of ACsk-FLAG and as a
loading control, respectively. Blots shown are representative of 2 independent

experiments.
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Figure 6.5. Co-expressing IpLITR 1.1b WTcyr with dominant-negative SHP2
partially restores phagocytic signaling through IpFcRy-L WTcyr. eGFP-
tagged IpLITR 1.1b WTcyr, MUTcyr and YP*Fcyr mutant constructs were each
co-transfected with dominant-negative FLAG-tagged SHP2 in to stable [pFcRy-L
WTcyr-expressing AD293 cells for 48 h. Mouse aHA antibody-coated light yellow
(LY) fluorescent beads were added to cells for 40 min at 37°C. Surface-bound LY
beads were counter-stained with AlexaFluor647-conjugated rabbit a-mouse
secondary antibody. Cells were harvested by trypsinization and fixed in 1%
paraformaldehyde prior to data collection on the Image Stream* MKII flow
cytometer. Raw image files were subjected to a component masking analysis
modified from Fei et al., (2017) that separates eGFP positive (eGFP+) and negative
(eGFP-) cell populations. Each black bar represents the percentage of phagocytic
cells (i.e. a cell with >1 bead fully internalized), grey bars represent the percentage
of cells with only surface-bound beads (i.e. no beads internalized) and the white
bars represent the percentage of cells with no associated beads (i.e. none bound or
internalized). Results for (A and B) eGFP+ and (C and D) eGFP- cells are
representative of the mean + SEM of at least three independent experiments as (A
and C) indexed or (B and D) raw data. Phagocytic index was calculated as: %
phagocytic or surface-bound cells / % total bead-associated cells. Lower case ‘a’,
‘b’, ‘c’, ‘d’, ‘e’, ‘f” and ‘g’ represent statistically significant differences (p < 0.05)
compared to eGFP EV, eGFP ASHP2, IpLITR 1.1b WT¢cyr-eGFP EV, IpLITR
1.1b WTeyr-eGFP ASHP2, and IpLITR 1.1b MUTcyr-eGFP EV, IpLITR 1.1b
MUTcyr-eGFP ASHP2 and IpLITR 1.1b YP*Fcyr EV % phagocytic cells,
respectively. (E) After 48 h transfection, a duplicate well from (A-D) was lysed
and clarified by centrifugation before boiling in reducing buffer. Samples were
separated by 10% SDS-PAGE gel electrophoresis and transferred to nitrocellulose
for probing with an HRP-conjugated mouse aFLAG M2 mAb (top blot) or goat
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anti-B-actin pAb (bottom blot) to confirm successful transfection and expression of
ASHP2-FLAG and as a loading control, respectively. Blots shown are

representative of 2 independent experiments.
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Figure 6.6. Csk knockdown does not reverse IpLITR 1.1b WTcyr-mediated
cross-talk inhibition of IpFcRy-L WTcyr-driven phagocytosis. eGFP-tagged
IpLITR 1.1b WTcyr, MUTcyr and Y®'Fcyr constructs were each co-transfected in
to stable IpFcRy-L WTcyr-expressing Csk knockdown (KD) AD293 cells for 48 h.
Mouse aHA antibody-coated light yellow (LY) fluorescent beads were added to
cells for 40 min at 37°C. Surface-bound LY beads were counter-stained with
AlexaFluor647-conjugated rabbit a-mouse secondary antibody. Cells were
harvested by trypsinization and fixed in 1% paraformaldehyde prior to data
collection on the Image Stream* MKII flow cytometer. Raw image files were
subjected to a component masking analysis modified from Fei et al., (2017) that
separates eGFP positive (¢GFP+) and negative (eGFP-) cell populations. Each
black bar represents the percentage of phagocytic cells (i.e. a cell with >1 bead
fully internalized), grey bars represent the percentage of cells with only surface-
bound beads (i.e. no beads internalized) and the white bars represent the
percentage of cells with no associated beads (i.e. none bound or internalized).
Results for (A and B) eGFP+ and (C and D) eGFP- cells are representative of the
mean = SEM of at least three independent experiments as (A and C) indexed or (B
and D) raw data. Phagocytic index was calculated as: % phagocytic or surface-
bound cells / % total bead-associated cells. Lower case ‘a’, ‘b’, ‘c’, ‘d’, ‘¢’ and ‘f°
represent statistically significant differences (p < 0.05) compared to eGFP
scramble, eGFP KD, IpLITR 1.1b WTcyr-eGFP scramble, [pLITR 1.1b WTcyr-
eGFP KD, and IpLITR 1.1b MUTcy7-eGFP scramble and IpLITR 1.1b MUT¢yr-
eGFP KD % phagocytic cells, respectively. (E) Stable IpFcRy-L WTcyr-
expressing Csk knockdown cells were lysed and clarified by centrifugation before
boiling in reducing buffer. Samples were separated by 10% SDS-PAGE gel
electrophoresis and transferred to nitrocellulose for probing with a rabbit aCsk

polyclonal antibody (top blot) or goat anti-B-actin polyclonal antibody (bottom
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blot) to confirm knockdowns relative to a scramble control. (F) Knockdown was
quantified by densitometry. Blots shown are representative of at least 3

independent experiments.
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Figure 6.7. SHP2 knockdown partially reverses IpLITR 1.1b WTcyr-mediated
cross-talk inhibition of IpFcRy-L WTcyr-driven phagocytosis. eGFP-tagged
IpLITR 1.1b WTcyr, MUTcyr and YP*Feyr constructs were each co-transfected in
to stable IpFcRy-L WTcyr-expressing SHP2 knockdown (KD) AD293 cells for 48
h. Mouse aHA antibody-coated light yellow (LY) fluorescent beads were added to
cells for 40 min at 37°C. Surface-bound LY beads were counter-stained with
AlexaFluor647-conjugated rabbit a-mouse secondary antibody. Cells were
harvested by trypsinization and fixed in 1% paraformaldehyde prior to data
collection on the Image Stream* MKII flow cytometer. Raw image files were
subjected to a component masking analysis modified from Fei et al., (2017) that
separates eGFP positive (¢GFP+) and negative (eGFP-) cell populations. Each
black bar represents the percentage of phagocytic cells (i.e. a cell with >1 bead
fully internalized), grey bars represent the percentage of cells with only surface-
bound beads (i.e. no beads internalized) and the white bars represent the
percentage of cells with no associated beads (i.e. none bound or internalized).
Results for (A and B) eGFP+ and (C and D) eGFP- cells are representative of the
mean = SEM of at least three independent experiments as (A and C) indexed or (B
and D) raw data. Phagocytic index was calculated as: % phagocytic or surface-
bound cells / % total bead-associated cells. Lower case ‘a’, ‘b’, ‘c’, ‘d’, ‘e’, ‘f” and
‘g’ represent statistically significant differences (p < 0.05) compared to eGFP
scramble, eGFP KD, IpLITR 1.1b WTcyr-eGFP scramble, [pLITR 1.1b WTcyr-
eGFP KD, IpLITR 1.1b MUTcyr-eGFP scramble, IpLITR 1.1b MUTc¢yr-eGFP KD
and IpLITR 1.1b YP*Fcyr-eGFP scramble % phagocytic cells, respectively. (E)
Stable IpFcRy-L WTcyr-expressing SHP2 knockdown cells were lysed and
clarified by centrifugation before boiling in reducing buffer. Samples were
separated by 10% SDS-PAGE gel electrophoresis and transferred to nitrocellulose
for probing with a rabbit aSHP2 mAb (top blot; dotted line indicates splice to bring
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distant lanes side-by-side) or goat anti-B-actin pAb (bottom blot) to confirm
knockdowns relative to a scramble control. (F) Knockdowns were quantified by
densitometry. Blots shown are representative of at least 3 independent

experiments.
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Figure 6.8. Schematic representation of IpLITR 1.1b WTcyr-mediated cross-
talk inhibition of IpLITR 2.6b/IpFcRy-L. WTcyr-driven phagocytic signaling.
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Figure 6.9. Effect of receptor expression levels on eGFP-tagged IpLITR 1.1b
WTcyr-mediated cross-talk inhibition of IpFcRy-L WTcyr-driven
phagocytosis. Stable IpLITR 2.6b/IpFcRy-L WTcyr-expressing AD293 cells were
transfected with eGFP-tagged IpLITR 1.1b CYT constructs for 48 h. Mouse aHA
antibody-coated light yellow (LY) fluorescent beads were added to cells for 30 min
at 37°C. Surface-bound LY beads were counter-stained with AlexaFluor647-
conjugated rabbit a-mouse secondary antibody. Cells were harvested by
trypsinization and fixed in 1% paraformaldehyde prior to data collection on the
Image Stream®™ MKII flow cytometer. Raw image files were subjected to
component masking analysis modified from Fei et al., (2017) using separate gates
for average (avg; i.e. all eGFP+ cells), low (lo), middle (mid) and high (hi) eGFP
expression (see Figure 5.7A for gates). Each black bar represents the percentage of
phagocytic cells (i.e. a cell with >1 bead fully internalized), grey bars represent the
percentage of cells with only surface-bound beads (i.e. no beads internalized) and
the white bars represent the percentage of cells with no associated beads (i.e. none
bound or internalized). Results are representative of the mean = SEM of at least
three independent experiments as (A) indexed or (B) raw data. Phagocytic index
was calculated as: % phagocytic or surface-bound cells / % total bead-associated
cells. Lower case ‘a’ and ‘b’ represent statistically significant differences (p <
0.05) compared to eGFP and IpLITR 1.1b WTcym-eGFP % phagocytic cells at

corresponding eGFP expression level, respectively.
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Figure 6.10. eGFP-tagged IpLITR 1.1b WTcyr segments synergistically down-
regulate IpLITR 2.6b/IpFcRy-L WTcyr-driven phagocytosis through distinct
CYT motif Y*3- and Y*"’-dependent pathways. pDisplay-encoded eGFP-tagged
IpLITR 1.1b CYT YF mutant receptors were transfected into stable IpLITR
2.6b/IpFcRy-L WTcyr-expressing AD293 cells for 48 h. Mouse aHA antibody-
coated light yellow (LY) fluorescent beads were added to cells for 30 min at 37°C.
Surface-bound LY beads were counter-stained with AlexaFluor647-conjugated
rabbit a-mouse secondary antibody. Cells were harvested by trypsinization and
fixed in 1% paraformaldehyde prior to data collection on the Image Stream®* MKII
flow cytometer. Raw image files were subjected to a component masking analysis
modified from Fei et al., (2017) that separates eGFP positive (eGFP+) and negative
(eGFP-) cell populations. Each black bar represents the percentage of phagocytic
cells (i.e. a cell with >1 bead fully internalized), grey bars represent the percentage
of cells with only surface-bound beads (i.e. no beads internalized) and the white
bars represent the percentage of cells with no associated beads (i.e. none bound or
internalized). Results for (A and B) eGFP+ and (C and D) eGFP- cells are
representative of the mean + SEM of at least three independent experiments as (A
and C) indexed or (B and D) raw data. Phagocytic index was calculated as: %
phagocytic or surface-bound cells / % total bead-associated cells. Lower case ‘a’,
‘b’, and ‘c’ represent statistically significant differences (p < 0.05) compared to
eGFP, IpLITR 1.1b WTcyr-eGFP and IpLITR 1.1b MUTcyr-eGFP % phagocytic

cells, respectively.
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CHAPTER VII
GENERAL DISCUSSION AND FUTURE DIRECTIONS

7.1 Summary of thesis findings

Several diversified immunoregulatory receptor gene families have been discovered across
teleost lineages, however, functional and biochemical characterizations of their potential roles in
innate immunity are very limited. The findings in this thesis have expanded the current
understanding of immunoregulatory receptor CY T-mediated signaling events during the control
of cellular responses. In particular, immunoregulatory receptors contain diverse CYT region
motif compositions capable of differential and selective signaling molecule recruitment potential.
However, the regulation of signaling and functional outcomes is highly dependent on the cellular
context of receptor expression.

IpLITR 1.1b WTcyt was originally shown to inhibit NK cell-mediated cytotoxicity when
expressed in mouse NK cells (6) and was later shown to activate a unique phagocytic phenotype
in rat myeloid RBL-2H3 cells (5, 7, 8). While IpLITR 1.1b WTcyr segments recruited several
stimulatory molecules from a non-immune cell AD293 lysate (Figure 4.4 and Figure 4.5),
receptor cross-linking via antibody-coated bead targets did not activate phagocytosis (Figure 4.8)
and IpLITR 1.1b WTcyr demonstrated an inhibitory signaling molecule recruitment profile in
AD293 cells (Figure 4.13). In addition, supplementing AD293 cells with over-expressed
stimulatory signaling pathway molecules did not re-constitute [pLITR 1.1b WTcyr-mediated
phagocytic signaling, suggesting that vSrc (Figure 4.9), Syk or SAP co-expression (Figure 4.10)
on their own cannot re-wire IpLITR 1.1b WTcyr inhibitory signaling potential in these cells to
re-constitute phagocytosis. Conversely, the ITAM-containing IpFcRy-L WTcyr receptor

activated phagocytosis in AD293 cells (Figure 4.8). By demonstrating phagocytic gain-of-
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function downstream of IpFcRy-L WTcyT activation, this provided a system to test
immunoregulatory receptor cross-talk.

The findings in my thesis appear to be the first direct observations of cross-talk for any
teleost immunoregulatory receptor family. In particular, ITIM-containing receptors can use
independent but co-operating CYT segment-dependent mechanisms to inhibit ITAM-driven
phagocytosis (Figure 6.3 and Figure 6.10). My results further support LITRs as useful tools to
study immunoregulatory receptor-mediated signal transduction events, especially emerging
concepts of CYT-dependent signaling versatility. Overall, my thesis research offers new insights
into the regulatory capabilities of teleost immunoregulatory receptors by providing novel
information showing that an ITIM-containing inhibitory receptor, IpLITR 1.1b, down-regulates
ITAM-driven phagocytosis using a co-operative mechanism via two separate CYT region
segment motifs.

Based on previous observations of IpLITR 1.1b WTcyr-mediated phagocytosis in RBL-
2H3 cells, I developed molecular hypotheses for I[pLITR 1.1b WTcyr-dependent phagocytic
signaling and established a non-immune AD293 cell expression system to test them. To isolate
CYT-mediated signaling capabilities in my studies, I standardized the design of the I[pLITR
constructs used in most of my experiments so that they differ only in CYT composition. In other
words, the phagocytic receptor construct IpFcRy-L WTcyT is composed of the four extracellular
domains and TM segment of wild-type IpLITR 1.1b coupled to the ITAM-containing IpFcRy-L
WTeyr.

Chapter IV results showed that despite recruiting stimulatory and inhibitory signaling
molecules in GST-CYT fusion protein pulldowns from cellular lysates, IpLITR 1.1b WTcyr

recruited the inhibitory signaling molecules Csk and SHP2 after pervanadate stimulation. IpLITR
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1.1b WTcyr failed to stimulate phagocytosis of target beads, leading to the formulation of
molecular gain-of-function re-constitution hypotheses to restore phagocytic signaling (outlined
in Figure 4.14). Since FcyR ITAM-dependent phagocytic signaling involves selective SFK-
mediated CYT motif phosphorylation, I transfected stable IpLITR 1.1b WTcyr-expressing cells
with a promiscuous SFK (i.e. vSrc, phosphorylates a wide range of motifs). Since Syk is critical
for FcyR-mediated phagocytosis and it is expressed at relatively low endogenous levels in
AD293 cells, I over-expressed Syk in IpLITR 1.1b WTcyr-expressing cells. In addition, the
IpLITR 1.1b WTcyT contains an ITSM, which is known to facilitate stimulatory signaling
downstream of other immunoregulatory receptors in the presence of a hematopoietic cell-
restricted signaling molecule adaptor SAP. To test whether SAP-dependent pathways could
activate phagocytosis downstream of IpLITR 1.1b WTcyr activation, I over-expressed SAP in
IpLITR 1.1b WTcyT-expressing cells. Altogether, the vSrc (Figure 4.9) and signaling molecule
(Figure 4.10) hypotheses failed to re-constitute IpLITR 1.1b WTcyr-mediated phagocytic
signaling. These results indicate that [pLITR 1.1b WTcyt is not a ‘bona fide’ phagocytic receptor
and that this receptor may facilitate inhibitory signaling pathways within AD293 cells instead.
The ability to engage phagocytic signaling pathways depends on the organization of a
phagocytic synapse after receptor cross-linking. The events leading to this outcome involve
SFK-mediated CYT motif phosphorylation and recruitment of molecules that result in actin
polymerization (i.e. WAVE/WASp-Arp2/3 complexes; 158, 273, 352). Therefore, enhancing
receptor CYT phosphorylation or supplementing cells with a critical signaling molecule
intermediate would allow phagocytic synapse formation. The CEACAM3 phagocytic receptor
was co-expressed with vSrc to enhance CYT phosphorylation in cells and subsequent Western

blot detection of an Nck1-WAVE2 complex (216), which facilitates phagocytic signaling. Since



230

AD293 cells express four of the nine known SFK members and SFK-mediated phosphorylation
is substrate specific, an inability to target IpLITR 1.1b WTcyt motifs involved in phagocytic
signaling is a possibility. For example, Nck facilitates CEACAM3-mediated phagocytosis (216)
and GST pulldown data from chapter IV show that Nck is recruited to the proximal CYT
segment of IpLITR 1.1b WTcyr (Figure 4.5). An Nck consensus binding motif is present at Y***
within the proximal CYT segment of IpLITR 1.1b WTcyt. However, physiological recruitment
profiles show that Csk and SHP2 are recruited to IpLITR 1.1b WTcyt at Y** and Y*77,
respectively (Figure 4.13). These observations indicate that Y*** and Y#'7, but not Y*** are the
main targets for SFK-mediated phosphorylation in AD293 cells. Phagocytosis assays showed
that IpLITR 1.1b WTcyTt co-expression with vSrc did not result in phagocytic signaling (Figure
4.9). Alternatively, the expression levels of available signaling molecules may prevent formation
of a phagocytic synapse. For example, Syk is a critical signaling molecule downstream of ITAM-
dependent pathways (424, 425) and is recruited to the [pLITR 1.1b WTcyt in my GST pulldown
assays (Figure 4.4). However, Syk is expressed at much higher levels in myeloid cells compared
to epithelioid cells (346, 426), which may prevent physiological recruitment to/activation by
IpLITR 1.1b WTcyT. Conversely, the lack of expression of a particular signaling molecule may
prevent stimulatory signaling. This is best exemplified by the SLAM family (SLAMF) receptors,
which activate NK cell-mediated cytotoxicity in the presence of the ITSM-binding adaptor
molecule SAP. In the absence of SAP, SLAMEF receptors inhibit NK cell activation by recruiting
SHP (238, 243). Although IpLITR 1.1b WTcyT contains a C-terminal ITSM, it does not activate
phagocytosis when co-expressed with SAP in AD293 cells (Figure 4.10).

IpLITR 1.1b WTcyT contains several potential alternative CYT motifs that may facilitate

tyrosine-independent recruitment of signaling molecules. Specifically, serine/threonine
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phosphorylation and/or actin-binding adaptors play major roles in segregating membrane
components and organizing signalosome formation (283285, 293, 351, 427-429). The IpLITR
1.1b CYT region contains nineteen serine/threonine residues but whether they are substrates of
serine/threonine kinases has not been tested. With respect to actin-mediated roles, perhaps the
trafficking of either IpLITR 1.1b WTcyT or other complexes prevents stable formation of a
phagocytic synapse. The family of 4.1 proteins are known to link receptors to the actin
cytoskeleton and may enhance trafficking during phagocytosis (430—433). The 4.1G adaptor
binds basic residue-rich motifs like QKKKL (289) or ®xxBxxxBB (where © is a hydrophobic
residue and B is a basic residue; 290). These sequences bear similarities to MKKKE or
LEIKPQKKAK sequences within IpLITR 1.1b WTcyr and it would be interesting to know if
4.1G (or other actin-binding adaptors) bind the IpLITR 1.1b WTcyr. Overall, while IpFcRy-L
WTcyr stimulated phagocytosis, the physiological recruitment of Csk and SHP2 to IpLITR 1.1b
WTcyr indicated an inhibitory signaling potential and these two observations lead to the
formulation of alternative hypotheses that I explored further using the AD293 cell system.

In chapter V, I tested new hypotheses to explore novel cross-talk signaling potential
between IpLITRs during the regulation of phagocytosis. Specifically, to explore [pLITR 1.1b
WTcyr-mediated cross-talk regulation of ITAM-driven phagocytosis, I performed several proof-
of-principle experiments and established a novel imaging flow cytometry-based phagocytosis
assay. Initially, I co-transfected IpLITR 1.1b WTcyt and IpFcRy-L WTcyT constructs into
parental AD293 cells, incubated them with yellow green (YG) target beads and then performed
an imaging flow cytometer-based phagocytosis assay (outlined in Figure 5.2; 292). My results
indicated that co-cross-linking IpLITR 1.1b WTcyt with IpFcRy-L WTcyr reduced phagocytosis

of YG beads (Figure 5.3). Based on these observations, I tested additional [pLITR 1.1b WTcyr
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constructs and tagged these constructs with eGFP to control detection of expression within cell
populations. To that end, I generated eGFP-tagged IpLITR 1.1b WTcyr constructs (IpLITR 1.1b
WTcyr-eGFP) and switched to light yellow (LY) bead targets, allowing me to separate an
eGFP+ (i.e. IpFcRy-L WTcyr and IpLITR 1.1b WTcyT-eGFP co-expressing) cell population
from the eGFP- (i.e. IpFcRy-L WTcyt only-expressing) cell population (outlined in Figure 5.4).
My results showed similar trends to the previous experiment but also that differential inhibitory
potential appeared to be regulated by the proximal and distal IpLITR 1.1b WTcyT segments
(Figure 5.5AB). However, the eGFP- control cell population was not phagocytic as expected
(Figure 5.5CD). This indicated that IpLITR 1.1b WTcyT-eGFP constructs were functional but
IpFcRy-L WTcyt was not uniformly nor efficiently transfected into eGFP- cells. Finally, I
transiently transfected two IpLITR 1.1b CYT-eGFP constructs into stable IpFcRy-L WTcyt-
expressing cells and repeated the LY bead-based phagocytosis assay (outlined in Figure 5.6 and
Figure 5.7). Since eGFP- cells were phagocytic and phagocytosis was not inhibited in eGFP+
cells co-expressing the tyrosine motif null mutant IpLITR 1.1b MUTcyT-eGFP, my results
demonstrated that IpLITR 1.1b WTcyr mediates phosphotyrosine-dependent signals to down-
regulate ITAM-driven phagocytosis (Figure 5.8). I now had a system to test the IpLITR 1.1b
WTcyr motif requirements for down-regulating ITAM-driven phagocytosis in the next chapter.
In chapter VI, I employed three molecular techniques to test hypothetical models of
IpLITR 1.1b WTcyT requirements for down-regulating ITAM-driven phagocytosis including
site-directed mutant IpLITR 1.1b WTcyr constructs (i.e. tyrosine to phenylalanine knock-out),
dominant-negative signaling molecule constructs and shRNA-mediated signaling protein
knockdown (outlined in Figure 6.2). When testing IpLITR 1.1b CYT YF mutants, the proximal

CYT Y*3 and distal CYT Y*”7 ITIM residues were critical for inhibitory signaling (Figure 6.3).
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These signals were not affected by co-expression of a dominant-negative Csk construct (Figure
6.4) but were partially blocked by dominant-negative SHP2 (Figure 6.5), indicating that a distal
CYT Y*7 ITIM-dependent SHP2 inhibitory signaling pathway is partly involved in down-
regulating phagocytosis. Furthermore, SHP2 knockdown partially blocked inhibitory signaling
(Figure 6.7) while Csk knockdown had no effect (Figure 6.6), indicating that a SHP2 inhibitory
signaling pathway is involved but not critical, while Csk is not involved in IpLITR 1.1b WTcyr-
mediated down-regulation of ITAM-driven phagocytosis. Lastly, I tested IpLITR 1.1b WTcyr-
mediated inhibitory cross-talk against the chimeric IpLITR 2.6b/IpFcRy-L WTcyr construct. Co-
cross-linking IpLITR 1.1b WTcyt and IpLITR 2.6b/IpFcRy-L WTcyt resembles a physiological
synapse where the phagocytic receptor contains two extracellular domains (e.g. like FcyRIIA).
My results showed that IpLITR 1.1b WTcyr required both proximal and distal CYT segment
motifs Y#* and Y#"7, respectively, to maximally inhibit phagocytosis (Figure 6.10).

Several mammalian receptors are known to inhibit phagocytic signaling including
FcyRIIB, SIRPa and LILRB4. FcyRIIB inhibits FcyRIIA ITAM-dependent phagocytosis via
CYT ITIM-dependent SHIP1 and SHP1 pathways, indicating inhibitory signaling versatility
(376-378). SIRPa recruits SHP1, presumably to a CYT ITIM, and dephosphorylates phagocytic
signaling intermediates myosin IIA, paxillin and cofilin which shuts off FcyR-mediated
phagocytosis (414, 415). Lastly, LILRB4 is capable of regulating phosphotyrosine signaling in
myeloid cells. Co-cross-linking LILRB4 with FcyRI reduced phosphorylation of several
signaling molecules including Syk and reduces phagocytosis. Interestingly, dephosphorylation
still occurs in the presence of a SHP1-specific inhibitor, indicating SHP1-independent inhibitory
pathways are involved downstream of LILRB4 (434, 435). The mechanisms presented in these

examples generally involve a single CYT motif recruiting an inhibitory signaling molecule that
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dephosphorylates stimulatory pathway intermediates to block phagocytosis. Interestingly, while
SHIP is recruited to FcyRIIB at CYT ITIM Y?%, the C-terminal 16 residue, non-tyrosine-
containing segment of FcyRIIB is required to fully activate SHIP likely because it contains the
Y+3 leucine of the ITIM (263). In contrast, IpLITR 1.1b WTcyr-mediated down-regulation of
ITAM-dependent phagocytic signaling depends on two distinct CYT motifs (i.e. Y*** and Y*7")
that activate SHP/SHIP/Csk-independent inhibitory pathways. The detailed molecular
mechanism may involve either recruitment of two different molecules to each of these motifs or
the recruitment of a single molecule by one motif and activation of that molecule by the other
motif. This signaling pathway adds to the versatility of previously described IpLITR 1.1b WTcyr
region-mediated inhibitory signaling that involves differential pathways via Y*>*-dependent Csk
and Y*"7/Y*°-dependent SHP1/2 to inhibit NK cell-mediated cytotoxicity. Future work will be
required to identify the signaling molecule participants needed for IpLITR 1.1b WTcyr-mediated
cross-talk down-regulation of phagocytosis.
7.2 Future directions

IpLITR research has so far relied on the evolutionary conservation of phosphotyrosine-
dependent signaling networks to allow examinations of the functional and biochemical signaling
potential of two representative channel catfish receptors. The findings presented in this thesis
have added cross-talk signaling potential to their list of capabilities but a ‘true’ mechanism,
including the signaling molecules involved during cell-mediated immune responses in fish,
remains uncharacterized. In addition, the zebrafish and goldfish models offer great opportunities

to expand LITR research.
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7.2.1 Mechanism(s) of IpLITR 1.1b WTcyr segment-mediated cross-talk down-regulation

of ITAM-driven phagocytosis

The mechanism of IpLITR 1.1b WTcyr-mediated down-regulation of ITAM-driven
phagocytosis involves signals from Y*>3 and Y*'7 that recruit Csk and SHP2, respectively.
However, Csk does not appear to play a role, while SHP2 plays only a partial role in the
inhibitory cross-talk signaling mechanism, suggesting that alternative signaling molecules are
involved. It would be interesting to know if more than one signaling molecule is involved (i.e.
one at each motif) or if one signaling molecule is recruited and activated by Y*** and Y*"7,
respectively, or vice versa. A potential candidate is the SH2 domain-containing inositol 5’-
phosphatase (SHIP), known to bind FcyRIIB and inhibit FcyR-mediated phagocytosis.
Interestingly, full inhibitory SHIP signaling may require distinct interactions with the FcyRIIB
CYT segments (263), which is similar to the co-operative IpLITR 1.1b WTcyTt motif
requirements demonstrated here. The Y#”7 (V-I-Y#"-T-E-L) sequence bears similarity to a SHIP
consensus binding motif (i.e. V-A/G/V-Y-T-L/F/M/T/Y-L; 383), but SHIP recruitment to
IpLITR 1.1b WTcyT has not been tested. Alternatively, a phosphotyrosine-binding (PTB)
domain-containing protein may also be a potential candidate. However, presently characterized
PTB binding specificities do not match Y*** nor Y*”7 motif sequences of IpLITR 1.1b WTcyrt
(436). Unbiased screens for signaling pathway participants may reveal hitherto unpredicted
molecules. Two potential approaches include phosphorylation profiling or fingerprinting of
unknown molecules by mass spectrometry. In the case of phosphorylation profiling, cellular
lysates may be blotted anti-phosphotyrosine (374, 414, 437-439) or cells may be stained by
intracellular anti-phosphotyrosine on a flow cytometer (440-442) after receptor co-cross-linking.

Mass spectrometry requires the enrichment of potential molecules in a sample that may be
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visualized by silver stain. Enrichment may be accomplished by tagging IpLITR 1.1b with a C-
terminal biotin ligase enzyme that labels all proteins within close proximity (i.e. in the
signalosome) during receptor co-cross-linking. Biotinylated molecules are then purified using
anti-streptavidin-coated beads (443). While these screens may identify signaling participants and
advance biochemical characterizations, it would also be beneficial to improve the cell system and
technical strategy for functional characterizations, as well as perform detailed imaging studies.

Better control of the functional phagocytosis assay may be achieved by using stable
IpLITR co-expressing cell lines and an alternative site-directed mutant strategy. Co-expressing
these receptors in stable cell lines may enhance reproducibility and limit variability due to
receptor expression levels or transfection. In addition, a better site-directed mutagenesis strategy
would be to mutate all tyrosine residues that are not thought to be involved in facilitating
signaling to control redundant/alternative inhibitory signals. For example, IpLITR 1.1b proximal
CYT Y*? is known to bind the adaptor Nck and while this association was not detectable in
pervanadate-stimulated cells, adaptor-dependent inhibitory pathways can still operate
downstream of inhibitory receptors, like KIRs (177). Finally, it would be interesting to visualize
phagocytic synapse dynamics using super-resolution imaging to track receptor movements and
AD293 cells are highly suited to imaging (329). While improving heterologous cell culture
systems may provide new information regarding mechanisms of signaling capabilities, these
studies have raised questions about the roles of LITRs during fish immune responses.
7.2.2 Potential roles for IpDLITR signaling in channel catfish immune cells

IpLITRs clearly possess versatile signaling capabilities in heterologous cell systems, but

limited data about the roles IpLITRs may play in catfish immune cells is available. To date, cell
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expression data and indirect observations, as well as one direct demonstration, of potential roles
have been reported.

Three prototypical IpLITR-types were originally characterized and a subsequent study
revealed several isoforms of these receptors are up-regulated on certain catfish immune cells
following alloantigen stimulation. IpLITR 1 and 3 cDNAs were identified in a cDNA library
generated from an NK-like cell-enriched mixed leukocyte culture while IpLITR 2 cDNA was
identified from a macrophage cell line library. In addition, IpLITR 1 mRNA was also detected in
catfish macrophages, B cells, T cells and allo-specific CTLs while IpLITR 2 mRNA was
detected in B cells, allo-specific CTLs and NK-like cells (2). When two clonal cytotoxic T
lymphocyte (CTL) lines, TS32.15 and TS32.17 (444), were stimulated with irradiated allogeneic
B cells, several IpLITR 1 and 2 isoforms were up-regulated including two IpLITR 1.1a isoforms
(ABI16036.1, ABI16049.1), two IpLITR 1.1b isoforms (ABI16037.1 and ABI16050.1), four
IpLITR 1.2a isoforms (ABI16039.1, ABI16040.1, ABI16041.1 and ABI16051.1) and IpLITR
2.6b (ABI23577.1) among others. Interestingly, while these isoforms contain closely related
extracellular domains and TM segments with slightly different compositions, four isoforms
(including IpLITR 1.1b and a recently discovered isoform IpLITR 1.2.5 1 (328)) contain a
proximal CYT segment insert that is not present in any of the other known isoforms (Figure 7.1).
This inserted cassette is known to confer inhibitory signaling plasticity to inhibit NK cell-
mediated cytotoxicity (6) and phagocytosis (see chapters V and VI), but also functional plasticity
to stimulate phagocytosis in RBL-2H3 cells (7, 8). The catfish TS32.15 and TS32.17 CTL lines
show differential abilities to lyse target cells. TS32.15 CTLs use only perforin/granzyme
pathways to lyse allogeneic 3B11 B cell targets (444, 445) while TS32.17 CTLs use both a

perforin/granzyme and another unknown pathway to lyse multiple target cells including 3B11
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and 1G8 B cell targets (444). Furthermore, catfish CTL cultures progress through three stages of
differentiation: 1) small memory-like CTLs, 2) terminally differentiated effector CTLs and 3)
small IgM" senescent CTLs. Like mammalian clonal CD8" CTL cultures, catfish TS32.15
cultures exhibit small non-cytotoxic (marked by CD62L" in mammals) and large granular
cytotoxic (marked by CD62L'° in mammals) cells but do not express CD8 or CD4 message. If
left unstimulated, mammalian CTLs apoptose or differentiate into memory CTLs marked by
CD45R0O, CCR7, CD27, CD28, IL7Ra, PD1, perforin (446). While the presence of catfish
memory CTLs has been inferred due to faster and longer immune responses after booster
vaccinations against channel catfish virus (328), similar markers for memory CTLs in catfish
have not been identified. Altogether, these observations indirectly support potential roles for
IpLITR signaling in regulating catfish CTL-mediated cytotoxic responses and whether IpLITR
isoforms are expressed at different stages of CTL differentiation. Perhaps the insertion of a
proximal Csk-binding CYT signaling cassette in [pLITR 1.1b is part of the functional maturation
of catfish CTLs, allowing IpLITR 1.1b to play a role in fine-tuning target recognition or
cytotoxic synapse-forming signaling pathways by differentially regulating SFK activity (447).
Interestingly, infection models have also implicated roles for LITR in catfish immune responses.
A bacterial infection with Flavobacterium columnare may up-regulate IpLITR 1.1a and IpLITR
3 expression in the gill tissue of channel catfish according to BLAST annotations of sequenced
RNA isolated from infected tissue (448). Finally, a direct role for IpLITRs in catfish anti-viral
responses has been reported. CC41 mAb staining identifies a subset of CTLs that recognize and
lyse channel catfish virus-infected MHC-matched clonal T cells. The primary marker recognized
by CC41 is an IpLITR 1.1a isoform that, along with additional IpLITR 1 and 2 isoforms, is up-

regulated on anti-viral CTLs. Importantly, pre-incubating these CTLs with CC41 mAb inhibited
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lysis of virus-infected targets by ~40%, directly implicating a role for IpLITRs in target
recognition and/or activation of cytotoxicity (328). Future investigations will likely confirm that
IpLITRs are involved in recognition and/or regulate signaling during immune responses in
catfish. However, LITRs may also be potential markers for specific immune cell-types in fish,
including memory CTLs, which are critical cellular components for long-term protection from
pathogens and may advance the broader field of fish immunity and vaccinology to benefit the
fish-farming (i.e. aquaculture) industry.
7.2.3 Potential impact of LITR research on vaccine development and aquaculture
Long-term protection from pathogens in fish is a relatively unexplored aspect of fish
immunity from a molecular and cellular perspective. While the use of vaccines has been critical
to the success of commercial aquaculture since the 1970s (449-451), enhancing the efficacy of
fish vaccines will help increase production to support a growing world population. In 2017, 40%
of the world population lived within 100 km of a coast making seafood, including shellfish and
finfish, a major source of nutrition (452). Markets are supplied with either captured (i.e. from the
ocean) or farmed (i.e. aquaculture) fish. Finfish capture production has plateaued at ~90 million
tonnes since 1990 and was 90.91 million tonnes in 2016. In contrast, aquaculture production has
increased steadily since 1950, including a 611% increase from 1990-2016 (13.01 to 80.03
million tonnes) that is primarily due to its popularity in developing countries. While Asia
accounted for 88% of worldwide aquaculture production, the US and Canada account for 0.45%
(453). US finfish aquaculture of catfish, trout, salmon and others produced 196692 tonnes worth
$591 million USD in 2016 (454). Canadian finfish aquaculture of salmon, trout and other fish

produced 160054 tonnes worth $940 million USD in 2016 (455). Parasitic, viral and bacterial
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outbreaks can severely limit production and decimate fish stocks, placing disease prevention at
the forefront of sustainable, large-scale aquaculture.

In contrast to agriculture, controlling the spread of infectious microbes in water presents
several challenges. Microbes are efficiently transmitted through water which cannot be
disinfected in large enough quantities at economical costs. In addition, the use of antibiotics in
farms, especially those connected to larger bodies of water, would lead to the dissemination of
those drugs throughout the environment, leading to concerns of drug resistance and other effects.
Therefore, natural or acquired immunity are crucial for maintaining healthy fish stocks and fish
vaccines that induce long-term cell-mediated protection are key (451).

Similar to mammals, fish possess two types of long-term immune protection known as
memory and trained innate immunity that involve different mechanisms. While memory involves
long-lived B and T cells, trained innate immunity includes B/T cell-independent processes,
epigenetic changes and altered metabolic profiles in innate immune cells that collectively confer
resistance to a previously encountered innate immune challenge (456, 457). This can be triggered
by pattern recognition receptor (PRR) activation and MAPK signaling in various innate immune
cell-types (458, 459). For example, B-glucan injections protect salmon from subsequent V.
salmonicida challenge (460). Several theories speculate about the underlying mechanisms of
trained innate immunity and the high diversity of PRRs in fish likely plays a central role, but no
studies describe the details of trained innate immunity in fish (461, 462). Interestingly, LITRs are
involved in protection from viral infection in fry and fingerling catfish (328), they are expressed
in anti-viral CTLs as well as several innate immune cell-types (2, 94) and they can activate

MAPK signaling in a myeloid (i.e. innate immune) cell-type (5). It would be very interesting to
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know if LITRs are also expressed in fish memory B/T cells and if they might play a role in long-
term immune protection through memory or trained innate immunity.

The study of LITR biology has been limited to channel catfish, however, several fish
genomes encode LITR genes including tilapia, carp, salmon and trout which are commonly
farmed species in North America and Asia. However, zebrafish and goldfish also possess LITR
genes and offer tractable models for in/ex vivo studies.

7.2.4 Establishing LITR-based in/ex vivo immune models in zebrafish and goldfish

Complete zebrafish and goldfish genomes are available through the Ensembl database
(https://www.ensembl.org/index.html). This offers the potential to identify all predicted LITR
genes and gain insight into their genomic organization, transcript isoforms, splicing patterns and
the structural features of predicted LITR proteins. Whether isoforms arise from different genes or
from alternatively spliced genes has not been possible for [pLITRs since no accessible genome
was available, although the Ensembl database now contains a channel catfish genome assembly.
Once zebrafish and goldfish LITR sequences are identified, each model organism has its own
advantages for pursuing different avenues of LITR research.

Zebrafish offers several advantages including a relatively short developmental timeline
(~3 months to adulthood) and advanced molecular and imaging techniques to study fish-specific
LITR immune biology (463—465). LITR expression during embryonic development may show
when and how many different forms of LITRs are expressed. Subsequent tissue expression
analyses in adults may then be performed under homeostatic conditions, but also in response to
immunological challenges. Several transgenic zebrafish lines with specifically labeled
macrophage and neutrophil cells have been established (466). Generating transgenic animals

with fluorescently tagged LITRs in combination with whole-animal imaging would allow LITR
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expression in specific cell-types during the course of an infection to be tracked in real-time.
When a fluorescently tagged LITR gene is expressed, the cell will begin to fluoresce and this
may yield interesting insights into potential in vivo LITR functions by revealing tissue-specific
induction of LITR expression, migratory patterns of an LITR-expressing cell-type or cell-cell
interactions where one cell is expressing the fluorescent LITR (467). One limitation to these
systems is that transgenic LITR studies would require LITR-specific gene promoters to be
identified. Another limitation is that isolating primary cell cultures from zebrafish is challenging
and time-consuming (468, 469). Fortunately, primary culture systems are well-established in
goldfish.

The ex vivo goldfish model has been extensively characterized and offers another
opportunity to study cell-specific LITR biology in fish. Goldfish primary cell cultures can be
isolated for in vitro mixed leukocyte reactions (i.e. ex vivo allogeneic or xenogeneic recognition
tests) or to study specific innate immune cell-types. Isolating goldfish red blood cell (RBCs)
pellets from peripheral blood samples and lysing RBCs results in primary neutrophil-like
cultures after 1-2 days. These neutrophils exhibit several functional capabilities including
cytokine secretion, degranulation, phagocytosis and reactive oxygen species production (470,
471). It would interesting to know if LITRs are expressed by these cells and further, if LITRs are
involved in regulating any of these functions. Alternatively, supplementing peripheral blood
leukocyte cultures with conditioned medium stimulates macrophage differentiation into pro- and
anti-inflammatory states and survival for up to ~10 days. It would be interesting to characterize
LITR expression and involvement in primary neutrophil development and/or during macrophage

differentiation.
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7.2.5 Identification of LITR ligands

One major limitation to LITR studies is that their ligands remain unknown. This prevents
physiological receptor cross-linking in functional and biochemical characterizations, resulting in
a dependence on epitope-tagging and mAb cross-linking approaches. The identification of LITR
ligands also directly impacts establishing orthologous evolutionary relationships with other
vertebrate immunoregulatory receptor families. Receptor-ligand interactions are primarily
determined by extracellular domain structure and IgSF receptors are vastly diversified.
Consequently, receptor-ligand interactions are not necessarily conserved from one species to the
next and interactions may have simultaneously evolved, expanded and/or contracted.

For example, inhibitory KIRs bind MHC class I on target cells, but KIR2DL4 is an
endosomal receptor for the soluble non-classical MHC class | HLA-G (472). Human FcRL4 and
FcRLS5 bind IgA and IgG, respectively, while FCRL6 binds MHC class II (473—475). Mouse
PIRs were identified due to similarities with human FcaR, yet PIRs bind MHC class I in mice
(476-478). Subsequently, CHIRs were discovered due to similarities with PIRs (479). However,
CHIR-ABI is structurally similar to mammalian LILRs which bind classical and non-classical
MHC class I ligands yet CHIR-ABI is an IgY FcR in chickens (480). In teleosts, the [pLITR
family contains conserved structural features with mammalian LILRs indicative of a putative
MHC class I binding site, however, direct interactions have yet to be demonstrated. In fact, no
ligands for immunoregulatory receptor families like LITRs, NITRs or NILTs have been
identified in teleost fish, however, two examples have narrowed the scope of potential ligands to
two particular cell-types. Channel catfish NITR11 binds to allogeneic 1G8 B cells (481) and
IpLITR-types are implicated in the cytotoxic cell-mediated recognition of virus-infected channel

catfish T lymphocytes (328). These examples directly suggest that NITR11 binds to a IG8 B
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cell-specific antigen while IpLITR 1.1a-like or IpLITR 2-like receptor-types expressed on
cytotoxic cells bind an antigen on channel catfish virus-infected lymphocytes. In any event,
ligand identification is difficult due to receptor family diversification and the sheer number of
potential interactions.

Given the number of potential ligands, an unbiased high throughput screen is best to begin
LITR ligand discovery initiatives. This could include a phage display approach (482—484) or
affinity chromatography using Fc fusion proteins that could be used as bait to precipitate
potential prey from tissue or cell lysates. By eluting purified proteins and separating them by
SDS-PAGE, specific protein bands may be excised and identified by mass spectrometry (485,
486). After identifying candidate ligands, reporter cell assays (481) or yeast two-hybrid (487,
488) approaches could be used to confirm binding interactions. The identification of LITR
ligands opens avenues of in vivo research within fish models, like goldfish and zebrafish, to
begin characterizing specific roles of LITRs during infection, development and immune cell
differentiation to expand our fundamental understanding of innate immunity.

7.3 Concluding remarks

Innate immunity is conserved across vertebrate lineages and teleost immunoregulatory
receptors are excellent models for exploring innate immune cell biology. Teleost IpLITRs have
contributed new insights into the regulation of innate immune cell effector responses.
Traditionally, immunoregulatory receptors are categorized as stimulatory or inhibitory types
based on the presence of structural features in their TM segments and CYT regions. However, a
growing category of vertebrate ITIM-containing receptors have demonstrated versatile signaling

potential and functional plasticity.
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Previously, the our lab showed that the inhibitory ITIM-containing IpLITR 1.1b mediated
versatile signaling and functional plasticity. For example, in NK cells, IpLITR 1.1b facilitates
inhibitory signaling via two independent pathways to abrogate NK cell-mediated cytotoxicity.
However, when expressed in the myeloid RBL-2H3 cells, IpLITR 1.1b facilitates two
independent stimulatory signaling pathways to capture and phagocytose targets via membrane
proximal and distal CYT motif-dependent pathways, respectively. Importantly, IpLITR 1.1b
WTcyt evokes different functional outcomes by switching its signaling potential depending on
cell-type expression. A widely accepted approach for studying molecular details of receptor
biology is to establish a heterologous expression system because gain-of-function in a cell-type
downstream of a non-endogenously expressed receptor strongly supports the ‘true’ functional,
and therefore, signaling potential of said receptor. Heterologous expression approaches for
immune receptors often employ non-immune cell-types since these cell-types do not express
immune co-receptors and express limited signaling components (e.g. reduced SFK repertoire)
relative to immune cell-types. However, IpLITR 1.1b WTcyr has not been stably expressed in a
non-immune cell system. In addition, non-immune cells are highly conducive to transfection and
transduction techniques allowing efficient expression of several receptor constructs, selection of
stable transfectants and efficient signaling molecule knockdowns for detailed molecular studies.

Therefore, my thesis research aimed to establish a non-immune AD293 cell model to
further characterize the cellular context-dependent signaling versatility of IpLITR 1.1b WTcyr.
The IpLITR 1.1b CYT binds several stimulatory signaling molecules in AD293 cellular lysates,
however IpLITR 1.1b does not activate phagocytosis in intact cells. Furthermore, IpLITR 1.1b
CYT recruited the inhibitory signaling molecules Csk and SHP2 in physiologically activated

cells, suggesting this receptor may mediate inhibitory signaling within an AD293 cellular
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context. Conversely, the stimulatory ITAM-containing IpFcRy-L CYT activated phagocytosis in
AD293 cells, representing a ‘bona fide’ phagocytic signaling potential. This work set the stage
for studying IpLITR 1.1b CYT-mediated cross-talk modulation of ITAM-dependent
phagocytosis. Using a novel imaging flow cytometry-based phagocytosis assay, the IpLITR 1.1b
CYT down-regulates ITAM-dependent phagocytosis. IpLITR 1.1b CYT uses a novel co-
operative proximal and distal CYT segment-dependent inhibitory mechanism to inhibit ITAM-
dependent phagocytosis. These observations have expanded the versatile signaling capabilities of
IpLITR 1.1b, including the first report of signaling cross-talk within a teleost immunoregulatory
receptor family and uncovered a new mechanism that may regulate how cells decide which
targets to eat (Figure 7.2). Overall, my thesis has extended novel observations of the
conservation of signaling versatility in vertebrates using teleost immunoregulatory receptors and
provided a basis for using teleost receptor models to expand the current understanding of innate

immune processes in vertebrates.
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Figure 7.1. Select inhibitory IpLITR isoforms contain an inserted proximal cytoplasmic tail (CYT) segment signaling
cassette. GenBank sequences downloaded from the NCBI website were aligned using Jalview and shaded using BoxShade
(https://embnet.vital-it.ch/software/BOX form.html). The red box highlights a proximal CYT segment signaling cassette.
Consensus sequence similarity is indicated by “*’ or °.” symbols. Black or grey shading indicates identical residues or
similar (e.g. hydrophobic, charged, polar) residues in a column, respectively. GenBank accessions for the [pLITR CYT
sequences are: [pLITR 1 (AAWS82352.1), IpLITR 1.1a (ABI16036.1), IpLITR 1.1b (ABI16050.1), IpLITR 1.2al
(ABI16039.1), IpLITR 1.2a2 (ABI16040.1), IpLITR 1.2a3 (ABI16041.1), IpLITR 1.2a4 (ABI16042.1), IpLITR 1.2.5 1
(AMKO06384.1), IpLITR 1.2a (ABI16051.1), IpLITR 1.2b1 (ABI16043.1), IpLITR 1.2b2 (ABI16044.1), IpLITR 1.2b3
(ABI16045.1), IpLITR 1.2¢2 (ABI16047.1), IpLITR 1.2¢c3 (ABI16048.1), IpLITR 1.1.5 1 (AMKO06382.1).
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Figure 7.2. Versatility of IpLITR cytoplasmic tail (CYT)-mediated signal
transduction capabilities includes cross-talk potential. Heterologous expression
of N-terminal hemagglutinin (HA) epitope-tagged IpLITRs in mammalian immune
cells allows receptor-specific activation of signal transduction by antibody-
mediated cross-linking. Conserved aspects of IpLITR-mediated control of effector
responses include the activation of stimulatory responses (e.g. phagocytosis, left
panel) and the inhibition of cytotoxicity (middle left panel) through ITAM (green)
Syk-dependent and ITIM (red) SHP-dependent pathways, respectively. Two
unique aspects of IpLITR-mediated control of effector responses include: 1)
inhibitory signaling plasticity through an ITIM-independent, Csk-dependent
membrane proximal cytoplasmic tail (CYT) segment pathway (middle left panel)
and 2) functional plasticity via activation of phagocytosis through a co-operative
ITAM-independent Nck- and Syk-dependent pathway (middle right panel).
IpLITR-mediated cross-talk during the down-regulation of ITAM-driven
phagocytosis has revealed a novel partially SHP2-dependent inhibitory mechanism
(right panel). This work has expanded the versatility of [pLITR CYT-mediated
capabilities to include modulation of signaling through one another for the first

time within a teleost immunoregulatory receptor family.
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