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ABSTRACT

Teleosts rely on innate immunity to protect themselves from pathogens.
Colony stimulating factor-1 (CSF-1) and its cognate receptor CSF-1R control
survival, proliferation, differentiation and function of macrophages. Recently, a
novel soluble form of CSF-1R (sCSF-1R) was identified in goldfish. My studies
on characterization of sCSF-1R in goldfish and zebrafish assessed the
contributions to development and inflammation.

In goldfish and zebrafish, SCSF-1R and CSF-1R are not confined to the
hematopoietic compartment and show broad expression. The differential
expression of these transcripts showcases heterogeneity in immune responses
between outbred individuals.  Zebrafish sCSF-1R is expressed early in
development, suggesting a role during organism and macrophage development.
Finally, CSF-1R and sCSF-1R appear to contribute to inflammation, showing
expression changes as peritonitis progresses and resolves.

My results should contribute to an increased understanding of the regulation
of macrophage development and function in teleosts, and allow for
characterization of analogous systems in other vertebrate species.
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CHAPTER I: INTRODUCTION AND LITERATURE REVIEW

1. INTRODUCTION

Teleost fish rely strongly on the innate immune response to protect
themselves from pathogens. The innate immune system, which is highly
conserved throughout evolution, is the first line of defence to prevent infection.
One of the key cells of the innate immune response is the macrophage, which acts
as a central effector of innate defence mechanisms and as a regulator of innate and
adaptive responses. In addition, the macrophage acts as a regulator of
hematopoiesis and homeostatic events in the host, revealing a wide-spread role
throughout an organism. As macrophages are crucial to the well-being of an
organism, macrophage function and development needs to be tightly regulated.

A major regulator of macrophages in vertebrates is a cytokine, colony
stimulating factor-1 (CSF-1), which directly controls the survival, proliferation,
differentiation and function of macrophages and their progenitors by signalling
through its receptor, colony stimulating factor-1 receptor (CSF-1R) (1). While
much is known about the CSF-1 system in mammals, there is a lack of knowledge
pertaining to teleost fish. Previous work in our group and others has shown CSF-
1 and CSF-1R are conserved in teleost fish, but little is known about their full
function and what they regulate (2,3). Recently, a novel soluble form of CSF-1R
(SCSF-1R) was identified in goldfish primary kidney macrophages (3). It is
hypothesized to function by competing with CSF-1R for binding of CSF-1,
thereby inhibiting macrophage survival, proliferation and differentiation.
However, to date SCSF-1R has only been identified in goldfish. As such, it is
unknown if this serves as a conserved mechanism of immune regulation
throughout vertebrates.

In this first chapter of my thesis, | review information pertinent to CSF-1
biology as well as the relevance of teleost fish as model organisms to study this

cytokine system. In particular, I review information regarding the structure and



function of CSF-1 and CSF-1R, the regulation of the CSF-1 system, and the
generation of soluble cytokines as a mechanism of control. | also focus on the use
of teleost goldfish and zebrafish as model systems to study the immune response.
Chapter Il provides a description of materials and techniques utilized during this
thesis to characterize CSF-1R and sCSF-1R in goldfish and zebrafish. In Chapter
I1l, 1 expand on prior characterizations of CSF-1R and sCSF-1R in goldfish.
Specifically, this chapter focuses on determining the tissue expression of goldfish
to elucidate function and characterization of the role CSF-1R and sCSF-1R play
during inflammatory responses in goldfish. In Chapter IV, | focus on the
identification of SCSF-1R in zebrafish by taking advantage of developmental and
genetic tools available for this model organism. The identification of SCSF-1R in
zebrafish would hint at the possibility of a conserved mechanism of hematopoietic
control in lower vertebrates, and allow for characterization of this molecule before
assessing the presence and function across evolution. Additionally, | determine
the tissue expression of CSF-1R and sCSF-1R to assess the potential contributions
of these genes to hematopoiesis, host and macrophage development, and immune
function with focus on macrophage activity. Finally, in Chapter V, | provide a
general discussion of the findings generated in this thesis and their implications to
innate immunity in vertebrates in the context of current literature. In addition, |
discuss future studies that would further understanding of SCSF-1R and its role in

conserved innate immune responses in vertebrates.

2. OBJECTIVES OF THESIS

The main objective of my thesis was to expand our understanding of the
role of the novel sCSF-1R in the regulation of CSF-1 activity in goldfish and
zebrafish. The regulation of the CSF-1 system by CSF-1R has been well
characterized in mammals. However, novel sCSF-1R has only been identified
and minimally characterized in goldfish (3). As such, it is not known if this novel
SCSF-1R is conserved in other vertebrates. By further characterizing SCSF-1R in

goldfish and identifying SCSF-1R in zebrafish, | will be able to elucidate the roles



this molecule plays in teleosts and postulate as to the role it may play in higher
vertebrates. The specific aims of my project were as follows:
1. Expand on sCSF-1R and CSF-1R characterization in goldfish. This will
provide:
a. Tissue expression patterns of SCSF-1R and CSF-1R.
b. Potential contributions of SCSF-1R and CSF-1R to peritoneal
inflammation.
2. ldentify and characterize sCSF-1R and CSF-1R in zebrafish during
adulthood and development. This will provide:
a. Tissue expression patterns of SCSF-1R and CSF-1R.
b. Potential contributions of SCSF-1R and CSF-1R during
development of immune system and host.
c. Potential contributions of sCSF-1R and CSF-1R to function

and activity of macrophages.

3. LITERATURE REVIEW
3.1. The macrophage

Macrophages play a key role in clearance of spent cells, capable of clearing
approximately 2x10™ erythrocytes per day (4). A normal function of these cells
is the removal of cellular debris and apoptotic cells during homeostatic tissue
remodelling, mediated by a variety of receptors, including scavenger receptor,
phospatidylserine receptor, thrombospondin receptor, integrins and complement
receptors (4,5). Upon removal of necrotic cells however, the physiology of a
macrophage is altered, resulting in different surface protein expression and
production of cytokines and pro-inflammatory mediators (4). This response is
mediated by Toll-like receptors (TLRs), pattern recognition receptors, and
interleukin 1 receptor (IL-1R) (4,5). By responding to an assortment of factors
including endogenous stimuli from injuries, antigen-specific immune cells and
self-produced factors (4) and being capable of diverse gene expression (6-8),
macrophages represent a vast and heterogeneous population of cells.

Furthermore, tissue-resident macrophages have unique functions based on their



localization, including microglia in the central nervous system, alveolar
macrophages in the lung, Kupffer cells in the liver, as well as four types of
macrophages in the spleen (4,7).

Several classifications of macrophages exist depending on activation and
function, as well as expressed gene products. These consist of classically
activated macrophages, wound healing macrophages (also known as alternatively
activated macrophages), and regulatory macrophages. Classically activated
macrophages provide cell-mediated immune responses to intracellular pathogens
due to enhanced microbicidal and tumoricidal capacity (8,9,11,12). Activation of
these macrophages is mediated through interferon-gamma (IFN-y) production
from helper T-lymphocytes and natural killer (NK) cells, as well as production of
tumor necrosis factor (TNF) (4,12,13). This results in the production of IL-1, IL-
6, IL-17 and IL-23, which need to be tightly controlled to prevent excessive host
damage (4,12). Wound healing macrophages respond to IL-4, typically produced
by basophils and mast cells, as well as in response to injury (4,11,12). This leads
to increased arginase production, leading to formation of extracellular matrix
(11,12,14).  Wound healing macrophages also indirectly affect cytokine
production and clonal expansion of nearby lymphocytes (4,12). Finally,
regulatory macrophages are produced in response to an assortment of factors,
including 1L-10 production from regulatory T-lymphocytes, immune complexes,
prostaglandins, glucocorticoids and apoptotic cells (4,11). These macrophages
are capable of inhibiting macrophage-mediated host defense and inflammatory
functions, as well as transcription of pro-inflammatory cytokines (4).

Macrophages are dynamic cells capable of phagocytosis, endocytosis,
extensive trafficking, as well as homeostatic and inflammatory processes
depending upon activation state (4,6). As they function during development and
adult life, and are able to fulfill functions including acute inflammation, vascular
changes, trophic roles, tissue turnover and clearance of pathogens (6,12), they are
essential to proper functioning of the host. Due to this importance, their

development, survival and function need to be tightly controlled.



3.2. Structure of CSF-1

The main regulator of macrophage control is colony stimulating factor-1
(CSF-1), which is conserved in vertebrates. CSF-1 was initially isolated from
murine serum and human urine, as well as various other tissues and culture
supernatants (1,15). The production and secretion of CSF-1 varies amongst
organisms based on specific cell types showing expression, including mesothelial
cells, endothelial cells, keratinocytes, fibroblasts, thymic epithelial cells, bone
marrow stromal cells, osteoblasts, astrocytes, myoblasts, endometrial gland cells
and placental trophoblast support cells (16-18). As CSF-1 is expressed in such a
wide range of cell types and tissues, the responses mediated by CSF-1 are
pleiotropic and vary depending on cell type and the presence of co-stimulating
factors (2). However, CSF-1 mediates the proliferation, differentiation, survival
and function of cells of the macrophage lineage.

CSF-1 is a homodimeric sialoglycoprotein cytokine that is capable of
binding high-affinity receptors on various cell types (19-21). CSF-1 mRNA is
encoded from a single 21 kb gene with 10 exons and 9 introns, which is utilized
for translation of a precursor protein of 522 amino acids in humans (18,22). This
protein in humans consists of a 32 amino acid signal sequence, 4 possible N-
glycosylation sites, a conserved residue (Ser-277) for glycosaminoglycan, a
hydrophobic transmembrane domain (residues 464-486), and a stop transfer
sequence consisting of charged amino acids (RWRRR) (18). CSF-1 functions as
a disulfide-linked dimer with each monomer composed of four alpha-helical
bundles and an anti-parallel beta sheet (19). Mouse CSF-1 shows high identity to
human CSF-1 (60% identity) with the highest conservation in the N-terminal
region which is essential for biological activity (18,23).

Mammalian CSF-1 can be generated in three specific isoforms: a secreted
glycoprotein, a secreted proteoglycan, and a membrane-bound glycoprotein that is
biologically active (19,22). These three isoforms arise from differential splicing
in coding or non-coding regions. Alternative splicing in the 3” non-coding region
of Exons 9 and 10 directly affects the stability of the CSF-1 transcripts (16-20).
The secreted glycoprotein or proteoglycan arises from alternative splicing in the



coding region of Exon 6 which affects the structural characteristics and protein
fate of CSF-1 (19,28,29). Finally, alternative splicing in the 5 terminus of Exon
6 results in the formation of the stable membrane-bound glycoprotein (19). The
production of these isoforms allow for differential modes of regulation by CSF-1.
Secreted isoforms play a role in the humoral response of cellular targets, while the
membrane-bound form is involved in local regulation (19). As such, CSF-1 can
regulate cell function in a direct cell-cell contact manner, as well as autocrine,
paracrine, juxtacrine or endocrine mechanisms (20).

CSF-1 is produced in steady state conditions and is seen to rapidly increase
in response to stimuli (3). The production of CSF-1 increases upon stimulation
from a variety of activated cell types, including monocytes, macrophages,
microglia, T-lymphocytes, B-lymphocytes, fibroblasts, chondrocytes, mesangial
cells and endothelial cells (16-18). In addition, pro-inflammatory cytokines
including GM-CSF (30), I1L-1 (31-33), TNF-a (34) and IFN-y (35,36) can increase
the expression of CSF-1 in macrophages.

3.3. Structure of CSF-1R

The mediator of CSF-1 activity is its receptor, CSF-1R. CSF-1R is
primarily responsible for promoting the proliferation, differentiation, survival and
function of macrophages and their progenitors. However, the role of CSF-1R is
inferred to be more broad based on endogenous expression in various cell types
including osteoclasts, placental trophoblasts and mammary epithelial cells (37-
39), as well as expression following injury on astrocytes and neurons and on
cancerous or leukemic cells (40-42).

CSF-1R is an integral membrane glycoprotein that belongs to the class Il
receptor tyrosine kinase family (43-46). Other members of this family include
critical regulators of hematopoiesis including c-kit (47), Fms-like tyrosine kinase
3 (FIt3) (48,49) and platelet-derived growth factors alpha and beta (PDGFa and f)
(50,51). CSF-1R in humans is encoded by a single 58 kb gene (c-fms) with 22
exons and 21 introns, which generates a 972 amino acid protein (52,53). The

protein structure of CSF-1R consists of an N-terminal glycosylated extracellular



protein that contains 5 repeated immunoglobulin domains, a short transmembrane
domain, an intracellular kinase domain divided into two parts by a unique kinase
insert, and the C-terminal domain (43-46). The production of CSF-1R in all
species is controlled by extracellular and intracellular stimuli that alter the level of
transcription. CSF-1R is transcribed and translated from two tissue-specific
promoters (39,54-56). The upstream promoter is located 350 bp from the start of
non-coding Exon 1 and responds to sex steroid hormones to regulate placental
trophoblasts and mammary epithelial cells. The downstream promoter mediates
transcription at multiple sites upstream of coding Exon 2 to regulate macrophages,
their progenitors and other cell types that express CSF-1R.

As an effector of CSF-1, CSF-1R can be activated by picomolar levels of its
ligand which results in the recruitment and activation of cytoplasmic molecules to
initiate specific signalling cascades to mediate a cellular response. Following
CSF-1 binding to the ligand-binding domain, CSF-1R undergoes dimerization,
activates its tyrosine kinase activity and transphosphorylates conserved tyrosine
residues (57,58). This results in generation of binding site for intracellular
signaling molecules with Src-homology 2 domains (SH2), including
phosphoinositide 3-kinase (PI3K), growth factor receptor-bound protein 2 (Grb2),
signal transducer and activator of transcription 1 (STAT1) and Src. This then
allows for a variety of signal cascades to be controlled by one regulator.

3.4. Function of the CSF-1 system

As mentioned above, the responses mediated by CSF-1 are pleiotropic and
varied however they are largely confined to regulating proliferation,
differentiation, survival and function. The responses also depend on cell type as
well as the presence of any co-stimulatory factors. In its classical role, CSF-1
regulates macrophages and their progenitors, controlling their survival,
proliferation, differentiation and function from early progenitors to monocytes to
macrophages. In addition, CSF-1 stimulates proliferation, differentiation and
survival of multipotent, bipotent and unipotent hematopoietic precursors (18).

Intravenous injections of CSF-1 have previously been shown to increase



circulating monocytes in the blood from 3% to 30% and increase macrophages in
the periphery (19). Furthermore, CSF-1 has been shown to increase chemotactic,
phagocytic and killing mechanisms by regulating the activation of monocytes and
macrophages (54-60). It does so by increasing production of various cytokines
including G-CSF, GM-CSF, IL-1, IL-6, IL-8, TNFa and IFN (66-73), as well as
increasing reactive oxygen and nitrogen processes (74-78).

CSF-1 has been shown to be essential for many other developmental
processes as shown by CSF-1 null mice. These mice possess a thymidine
insertion in the coding region of CSF-1 (base pair 262), resulting in the generation
of a biologically inactive truncated protein of only 63 amino acids (19,79). This
null mutation results in a deficiency in osteoclasts resulting in abnormal bone
remodelling/metabolism and osteopetrosis, a lack of teeth, low weight, shortened
lifespan and decreased fertility in both male and female mice. In addition, these
mice display a partial or complete deficiency of macrophages in specific tissues at
birth and throughout development, indicating a role for CSF-1 in both prenatal
and postnatal development (19). Furthermore, CSF-1 has been shown to be an
important regulator of female fertility and pregnancy, having roles in blastocyst
attachment, trophoblast outgrowth, implantation and proliferation of the placental
tissue (80).

The primary role of CSF-1R is to promote proliferation, differentiation,
survival and function of macrophages. CSF-1R null mice possess phenotypes
very similar to CSF-1 null mice (discussed in detail above); however the
phenotypes of CSF-1R present as more severe which may be explained by CSF-1
independent activation of CSF-1R (81). In addition, CSF-1R null mice have 20-
fold increased levels of circulating CSF-1, which has previously been implicated
in causing myeloproliferative diseases including myeloid metaplasia and
peripheral bone marrow extension (18).

Several orthologues of CSF-1R have been examined in teleost fish,
including gilthead seabream, rainbow trout and zebrafish. In gilthead seabream,
the CSF-1R orthologue has been shown to be expressed exclusively in cells of the

monocyte/macrophage lineage in immunologically-relevant tissues including the



spleen, thymus, head kidney, liver, blood and gills (82). This is similar to that of
rainbow trout, which express high levels of CSF-1R in the head kidney, kidney,
intestine, spleen, ovary and blood, with minimal expression in other tissues
including the liver (83). Zebrafish also possess an orthologue of CSF-1R which is
conserved in cells of the macrophage and osteoclast lineages (84). Zebrafish
CSF-1R has been previously studied in its role in regulating macrophage
development. Zebrafish possessing loss-of-function mutations in CSF-1R show
normal macrophage development and can phagocytose apoptotic bodies, however
early macrophages fail to exit the yolk sac and do not invade other tissues of the
embryo (84,85). Detailed analysis of the full range of function and activity of
these mutant macrophages during development has not to date been performed.
Furthermore, characterization of the function and activity of macrophages in
adults deficient in CSF-1R has not been examined. Zebrafish CSF-1R also plays
a unique role due to its expression in neural crest-derived cells. CSF-1R has been
shown to play a direct role in pigmentation in the zebrafish, a previously
unattributed function of CSF-1R, affecting both xanthophore and melanocyte
development (yellow and black pigmentation, respectively) in embryonic and
adult zebrafish (84).

3.4.1. IL-34 activation of CSF-1R

In addition to CSF-1, IL-34 also functions as a ligand of CSF-1R, capable of
initiating downstream signalling pathways. IL-34 is a homodimeric glycoprotein
of 241 amino acids (86). While it shares very minimal identity with CSF-1, 1L-34
also possesses four alpha-helical bundles similar to that of CSF-1. However while
the general structure is conserved, it has been shown that IL-34 binds to a separate
site at the junction between the third and fourth immunoglobulin domains of CSF-
1R (86). In addition, IL-34 binds to CSF-1R at two- to five-fold lower affinity
than that of CSF-1 (87).

IL-34 has been identified from numerous tissues including heart, brain, lung,
liver, kidney, thymus, testes, ovary, small intestine, colon and prostate, with

highest levels in the spleen (88). Compared to CSF-1, IL-34 shows higher



expression in embryonic and adult brain and heart, but lower expression in the
pregnant uterus and osteoblasts (87,89). While I1L-34 and CSF-1 show differential
spatiotemporal expression, they are believed to have complementary and non-
redundant roles. Similar to that of CSF-1, IL-34 is capable of stimulating
monocyte viability and proliferation, CSF-1R tyrosine phosphorylation,
signalling, and synergizing with other cytokines, including SCF, IL-6 and IL-3, to
generate macrophages and osteoclasts from progenitors (87,88). In addition,
transgenic expression of IL-34 from a CSF-1 promoter in Csf1°"° mice can
rescue fertility, osteoporotic, and macrophage phenotypes (87). However, CSF-1
and I1L-34 expressing macrophages have distinct phenotypes, with different
expression of chemokines MCP-1 and eotaxin-2, as well as differential signal
activation of ribosomal S6 kinases and STAT proteins, and a greater susceptibility
to West Nile Virus in IL-34 macrophages (90,91). 1L-34 also shows preferential
expression in keratinocytes, neurons, microglia and Langerhans cells, and
specifically directs differentiation and development of myeloid cells in the skin
epidermis and central nervous system (91,92). As such, IL-34 is hypothesized to
function in a trophic role by regulating macrophage functions in homeostasis and
development, as it is not expressed in cells of the innate immune system as is
CSF-1 (86).

3.5. Regulation of the CSF-1 system

The CSF-1 system is crucial to the organism, resulting in the need for tight
regulation of its functions. This occurs both at the level of CSF-1, as well as
CSF-1R. Circulating CSF-1 has a very short life span of 10 minutes and is
effectively cleared by the Kuppfer cells in the liver, which clear approximately
95% of CSF-1, with the spleen clearing the remaining CSF-1 (19,93). This
clearance is attributable to receptor-mediated internalization and intracellular
destruction which is partially mediated by c-Cbl (93-96). Following activation by
CSF-1 and downstream signalling events, CSF-1R undergoes covalent
dimerization through its disulphide bonds (97). This further leads to
polyubiquitination of the cytoplasmic domain of CSF-1R, inactivation of the
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kinase domain, dephosphorylation of the phosphotyrosine residues, internalization
of the receptor-ligand complex, lysosome targeting and destruction of the
complex (18,57).

CSF-1R levels can be regulated by a variety of mechanisms. These include
transcriptional attenuation, DNA methylation and regulation by lineage-specific
transcription factors including Ccaat-enhancer-binding proteins alpha and beta
(C/EBPa and B), microphthalmia-associated transcription factor (MITF), PU.1,
Etsl, Ets2, acute myeloid leukemia 1 protein (AML1), and E12 (98-110). In
addition, CSF-1R signalling itself can be down-regulated by binding of negative
regulators to its phosphorylated binding site, including Src-homology 2-
containing inositol phosphatase (SHIP), Src-homology-2-domain-containing
protein tyrosine phosphatase 1 (SHP-1), PTPase, suppressor of cytokine signaling
1 (SOCS1), and docking protein 2 (P56%°<2)(111-120).

The synthesis and release of soluble cytokine receptors to regulate cytokine
function is a common occurrence. Two main types of this mechanism are i)
production of a soluble receptor agonist that binds to the cytokine receptor; and ii)
generation of a soluble receptor that binds to the cytokine ligand. Only one
example of the first type of mechanism exists, which is the human IL-1 receptor
agonist, IL-1ra (121,122), which is responsible for the regulation of inflammation,
sepsis and fever. There are numerous examples of soluble receptors that bind to
the ligand, including G-CSF, GM-CSF, IL-1, IL-2, IL-4, IL-5, IL-6, IL-7, type |
and Il interferons, TNF, leukemia inhibitory factor (LIF), growth hormone and
erythropoietin (Epo) (123-130). Of these soluble receptors, there are two modes
of generation: i) alternative splicing of the mMRNA species to retain ligand-binding
domains but not the transmembrane domains (seen in GM-CSFRa, IL-4Ra, IL-
5Ra, IL-6Ra, IL-7Ra and IFNaRp); or ii) proteolytic cleavage of the full-length
receptor to release it from the membrane (seen in GM-CSFRa, IL-2Ra, TNFRI
and TNFRII).
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3.5.1. Soluble CSF-1R

Until recently, a soluble CSF-1 receptor had yet to be identified in any
species. However, it was identified in 2005 from goldfish primary kidney
macrophage (PKM) cultures during senescence phase, which is characterized by a
cessation of proliferation and differentiation, debris formation and cell clumping
and cellular death through apoptosis (3,131). sCSF-1R was found to be confined
to a unique population of macrophages which appear to bypass the typical
monocytic stage of macrophage differentiation (termed alternative pathway (AP)
macrophages) based on semi-quantitative reverse-transcriptase PCR expression in
early progenitors and mature macrophages (3).

The transcript of SCSF-1R is believed to be derived via alternative splicing
from the membrane CSF-1R, a phenomenon that is common with other cytokines
and their regulators as discussed above. This transcript contains a start codon, a
predicted signal peptide (16 amino acids), Exons 2 through 4 of CSF-1R, a stop
codon and a polyadenylation sequence (3). Alignment of CSF-1R and sCSF-1R
indicated 100% identity from the start codon to residue 619, which corresponded
to the Exond/Intron4 boundary. It is believed generation of SCSF-1R results in
part by deviations in the donor splice-site consensus recognition sequence
resulting in inefficient splicing (3). The transcript encodes a product with 3
putative N-glycosylation sites, but only two of the five N-terminal
immunoglobulin domains of CSF-1R which correspond to the ligand-binding
domain. These two immunoglobulin domains are sufficient for high-affinity
binding of CSF-1 as previous studies have shown that binding affinity increases
with each immunoglobulin domain to a maximum of three from the N-terminus
(44).

SCSF-1R was identified as a native soluble protein, with low levels during
lag phase, a sharp decrease during early proliferation, and a progressive increase
throughout late proliferation to senescence phases (3). Addition of recombinant
SCSF-1R to PKM cultures resulted in a dose-dependent decrease in macrophage
proliferation at nanomolar concentrations, suggesting a role in regulation of

proliferation in these cultures. Based on its structure and function, it is predicted
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that SCSF-1R functions as a negative inhibitor of CSF-1. In fact, it has previously
been shown that SCSF-1R binds to homodimeric CSF-1 (132). However, it is not
known if SCSF-1R forms dimers with itself to bind CSF-1, or if SCSF-1R forms
dimers with membrane-bound CSF-1R to inhibit downstream signalling (Figure
1.1). Nevertheless, while SCSF-1R is capable of binding to CSF-1, it should be
incapable of initiating down-stream signalling pathways and potentially result in
decreased positive modulation of macrophage survival, proliferation and
differentiation to control the population. It remains unclear if this may be limited
to specific macrophage subsets or may differentially impact distinct subsets of this
myeloid population. It is further hypothesized that micro-environmental
conditions, including cell density, cell size and nutrient depravation, contribute to
the activation of negative feedback mechanisms including the production of
SCSF-1R (3).

3.6. Teleost model systems
3.6.1. Teleost immunity

Teleost fish have recently become an important model organism for many
branches of science that include developmental biology, comparative immunology
and medicine. Particularly, fish are emerging as a new model organism for
studying the immune system as they serve as a bridge between invertebrates that
rely mainly on innate immunity and mammals that rely heavily on classical
adaptive mechanisms of immunity (133). Fish have been shown to possess many
components of immune signalling pathways, though it is not clear if all
components present in higher vertebrates are conserved. Fish possess orthologues
of immune components including complement, Toll-like receptors (TLRS),
tumour necrosis factors (TNFs), interleukins (ILs), interferons (IFNs), and the
inflammatory response (134,135). However, while some components are well
conserved, such as intracellular signalling adaptors and enzymes, other
components such as the class Il cytokines and receptors have evolved
independently from their mammalian counterparts and so show species-specific

expansions and diversifications (134). Fish also possess many of the cells that are
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essential to the immune system including monocytes, granulocytes, tissue
macrophages, neutrophils, thrombocytes, B- and T-cells, eosinophils and natural
killer (NK) cells (133,135).

While fish do have many similarities to mammals, there are some key
differences that need to be taken into account for comparative studies. Unlike
mammals, fish do not possess red bone marrow or lymph nodes, which are
essential for the mammalian production of myeloid cells (myelopoiesis) and all
other blood cells (hematopoiesis) respectively (133). Instead, fish rely primarily
on the thymus and the kidney for these processes during adulthood. In addition,
while fish do have most of the necessary components of the adaptive immune
response, it is innate immunity that is more useful for the defence of the organism.
This is attributable to the less specific nature of adaptive immune response
compared to mammals, as well as the delayed development of essential
components until after the embryo has hatched and been exposed to the aquatic
environment (133,136). It has been theorized that innate immunity in the fish
results in a more rapid and efficient response to protect the organism from foreign
invaders. This is based on the presence of various robust components of the
innate response including complement, NK cells, TLR receptors, and novel
immune-type receptors unique to zebrafish (136). Based on these components, the
pressure to fine tune adaptive immunity may not have been present. Each species
of fish also has a unique environment in which it lives, and so immune responses
differ based on the unique immune challenges presented (137). Fish also have
high genetic variability in immune responses, and on average, genes involved in
immune function appear to be more divergent than the rest of the genome,
especially those genes whose products interact with the pathogen (134,137).
Finally, there is a lack of markers for cellular and molecular components (137),
resulting in the need for different techniques when using fish as a model

organism.
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3.6.2. Use of goldfish and zebrafish

Goldfish have become an important model organism for a variety of
scientific fields, including pathogenesis, neurobiology, toxicology, metabolism,
physiology and immunology. As a member of one of the largest vertebrate
families, Cyprinidae, they have many functional and anatomical similarities to
higher vertebrates. Goldfish are closely related to many species that have
important roles as genetic model organisms, as well as ecological and economical
roles (138). Goldfish are easily contained in a laboratory environment and are
often cheaper than other vertebrate models (139). Due to their size, they are
amenable models for experimental manipulations and allow for easy dissection of
tissue. The use of goldfish for tissue culture to study the immune system offers a
unique advantage — cultured macrophages secrete all necessary growth factors and
as such, exhibit spontaneous growth (131). Teleosts provide sufficient numbers of
macrophages and their progenitors to examine individual animal primary cultures
without the need to pool samples. However, while there is an abundance of
functional tools available to study goldfish, several disadvantages are present.
While the need to pool tissues is not necessary in goldfish to obtain sufficient
numbers of cells, the outbred nature of goldfish prevents any pooling for
immunology studies due to immune responses to non-self tissues. Additionally,
as they are long lived-organisms, the time it takes for a goldfish to reach sexual
maturity is much greater than other teleost fish, such as the zebrafish (139).
Finally, goldfish only breed in early spring which makes it unreasonable to use
them to study development (131). Despite these disadvantages, goldfish remain a
useful model organism.

Zebrafish have recently emerged as one of the major fish models used for
comparative studies. Unlike other models, large numbers of zebrafish are easy
and inexpensive to keep. In addition, zebrafish breed well in a laboratory
environment year round, with one female capable of producing hundreds of
progeny per week. These transparent embryos are fertilized external to the
mother and as such their rapid development can be observed from the one-cell

stage to adulthood. Each embryo has a fully operational macrophage-based
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immune system after only 24 hours post-fertilization (hpf) (135), and all organs
are formed after 3 days post-fertilization (dpf) (140). Zebrafish also serve as a
model for primitive and definitive hematopoiesis, with distinct similarities to
mammalian models (141). Zebrafish are closely related to goldfish which allows
for comparison between the species. In addition, both zebrafish and goldfish have
robust innate immune responses which allows for study of the associated
processes easily. Through the use of zebrafish, much is known about events
surrounding cell commitment and development during hematopoiesis. However,
due to the small size of zebrafish, functional studies examining primary cells are
difficult to perform (145). As such, the use of larger teleosts including carp and
goldfish allows for characterization of the mechanism and events of
hematopoietic development. Though zebrafish are small in size compared to
goldfish and lack in functional tools such as tissue culture, ease of manipulation

and genetic tools of zebrafish make them an excellent model organism.

3.6.3. Macrophage development in goldfish

The primary site of hematopoiesis in teleost fish is the head kidney, with
monocyte/macrophage maturation occurring in the spleen (143). Progenitor cells
in the goldfish kidney can form multiple cell types including monocytes,
granulocytes, lymphocytes, erythrocytes and thrombocytes (143-148). The
differentiation of these progenitor cells involves tight control of lineage-specific
gene expression by interactions between transcription factors (149-153), co-
regulatory molecules (154-158), and DNA-binding sequences (159,160). As
these transcription factors show differential expression during stages of
hematopoietic stem cell development and commitment, the assortment of
transcription factors expressed by a cell is characteristic of both the hematopoietic
lineage and stage of maturation (143).

Functional studies of goldfish hematopoiesis have been simplified by the
ease of culturing teleost kidney macrophages in vitro. As teleost macrophages
secrete endogenous growth factors, they are capable of self-regulating their

growth and additionally exhibit spontaneous growth (161,162). One such growth
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factor present in cell-conditioned media (CCM) is macrophage growth factor
(MGF) which selectively induces the proliferation of macrophage-like cells from
goldfish kidney cultures (131,148). In vitro cultures of kidney cells exposed to
high levels of MGF possess characteristics of proliferative cultures as discussed
below. Through knowledge of MGF and use of primary kidney macrophage
(PKM) cultures, the processes surrounding hematopoiesis have been clarified.
PKM cultures show three distinct developmental phases: a lag phase, a
proliferative phase and a senescence phase (131). Post-isolation, cultures
experience a lag phase which typically lasts 3-5 days. Lag phase is characterized
by a sharp decrease in cell numbers and debris formation as cells that are not part
of the macrophage lineage die off (131). Some proliferation and differentiation of
progenitor cells is also observed. During late lag phase/early proliferative phase,
there is a decrease in cellular debris and vacuolisation and an increase in numbers
of monocytes. Proliferative phase is characterized by extensive proliferation and
differentiation, typically encompassing 6 to 8 generations (131). During this
phase, cellular debris and cell clumps are absent, while established populations of
adherent and non-adherent cells are observed. Furthermore, three distinct sub-
populations are observed, termed R1, R2 and R3 populations (148,163). R1 cells
are small (6-10 um) with a high nucleus to cytoplasm ratio and closely resemble
progenitor cells (163). These early progenitors proliferate and differentiate from
4 to 10 day during culturing in response to CCM (158). R2 cells are large (12-20
um) and irregularly shaped with a low nucleus to cytoplasm ratio and resemble
mature macrophages (163). These mature macrophages proliferate in the
presence of CCM and are stimulated to produce nitric oxide species in the
presence of MAF+LPS (148). R3 cells are large (12-15 pm) and round with a low
nucleus to cytoplasm ratio and resemble mammalian monocytes (163). These
monocytes were seen to differentiate into mature macrophages in the presence of
CCM or MAF+LPS (148). Finally, senescence phase is characterized by a variety
of events including cellular clumping, increased debris and cell death via

apoptosis, increased cell vacuolisation and cessation of proliferation (131).
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The current view for vertebrate hematopoiesis is based on the mononuclear
phagocyte system (MPS) present in mammals, whereby macrophages are derived
from circulating monocytes in the blood that arise from progenitor stem cells in
the bone marrow (163). While MPS-dependent macrophages are conserved in
teleosts, macrophage heterogeneity is maintained through MPS-independent
macrophages, termed alternative pathway macrophages (AP-macrophages) (163).
AP-macrophages are believed to arise directly from early progenitors and thus
bypass the monocytic stage of development. It is hypothesized that AP-
macrophages are conserved evolutionarily as well as developmentally from
primitive hematopoiesis in vertebrate embryos to adult hematopoiesis (163).
MPS-independent populations of macrophages have been observed in fetal lungs
of mice that arise prior to development of bone marrow and circulating monocytes
(51). In addition, microglia in the brain are believed to arise from an MPS-
independent pathway and have been shown to be derived from progenitor cells
that arose in the yolk sac during development (41). Furthermore, AP-
macrophages share characteristics with embryonic macrophages, including self-
renewal capabilities, low expression of transcription factor PU.1 and localized
myeloperoxidase staining (34,163). The development of embryonic macrophages

in zebrafish is discussed below.

3.6.4. Macrophage development in zebrafish

In zebrafish, the head kidney of the adult zebrafish contains myeloid cells of
all developmental stages, with macrophages predominately located in the head
kidney and spleen (141). However, they do not originate here. Much is known
about where development and maturation of macrophages begin in the developing
zebrafish. Primitive hematopoiesis begins as early as 12 hpf, when macrophage
precursors emerge from the rostral region near the cardiac field of the embryo
(135,143,144). Macrophages are present in the hundreds after 22 hpf in two
types: half-spread wandering cells near the hatching gland (pre-macrophages),
and unspread round cells with little cytoplasm that frequently divide and wander

around the embryo (immature macrophages) (144). The onset of blood circulation
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(24-26 hpf) takes most of the macrophages away to other parts of the embryo,
initially seeding them in the cephalic mesenchyme and brain. The remainder of
the macrophages remain near the yolk, and take on an amoeboid shape with a
bean-shaped nucleus and possess phagocytic vacuoles (early macrophages).

These early macrophages are unique in that they follow a non-classical-
rapid differentiation pathway that bypasses the normal monocyte series typical of
macrophage differentiation (144). Definitive hematopoiesis begins shortly
afterwards, resulting in stimulation of the caudal hematopoietic tissue, and
differentiation of hematopoietic stem cells (141,143). At about 2 dpf, the embryo
hatches and becomes exposed to the environment. As lymphocytes have yet to be
developed (the thymus is seeded 3 dpf with lymphoblasts), the embryo relies
solely on these macrophages, and thus innate immunity, to protect it (141). The
early macrophages possess all of the essential abilities needed, including
engulfment and digestion of pathogens and apoptotic bodies, the ability to migrate
to infected tissue and to remodel the embryo (141,144). These macrophages are
also capable of producing cytokines, resulting in activation of the total population
of macrophages in the embryo (144). After 4 days, the kidney is seeded with
hematopoietic stem cells (141). After the initial developmental stages, all

macrophages differentiate using the classical, monocyte-based pathway.
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Figure 1.1. Potential mechanisms for regulation of CSF-1R and IL-34
signalling by sCSF-1R. CSF-1R is capable of binding to both CSF-1 and IL-34
to initiate downstream signaling cascades. Upon generation of sCSF-1R, two
possible events can occur: i) SCSF-1R dimerizes with CSF-1R, leading to binding
of the ligands but no downstream signaling; or ii) SCSF-1R dimerizes to itself,
which prevents ligands from binding to CSF-1R and inhibits signaling cascades.
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CHAPTER Il: GENERAL MATERIALS AND METHODS

1. MOLECULAR ANALYSIS
1.1 Fish
1.1.1 Goldfish

Goldfish (Carassius auratus L.) 10-15 cm in length were purchased from
Mount Parnell (Mercersburg, PA) and maintained in the Aquatic Facility of the
Department of Biological Sciences, University of Alberta. The fish were held at
20°C in a flow-through water system on a simulated natural photoperiod. The

fish were fed to satiation daily with trout pellets.

1.1.2 Zebrafish

Adult fish were maintained in the Aquatic Facility of the Department of
Biological Sciences, University of Alberta according to standard protocols
(Westerfield, 2000) in accordance with the Canadian Council for Animal Care
(CCAC) guidelines. To obtain embryos, crossings were made between two male
and 3 female fish. Embryos were grown in the dark at 28°C in embryo media
until use. The AB strain of wild-type fish was used for all experiments unless

otherwise noted.

1.2 Tissue isolation

Goldfish were anesthetized in a solution of tricane methanesulfonate
(Aqualife) and sacrificed via cervical severing. Tissues of interest (eye, brain,
heart, gill, liver, spleen, kidney, muscle and gonad) were removed fish using
forceps, transferred to individual 50 mL conical tubes and immediately frozen on
dry ice. Samples were stored at -80°C until use.

Adult zebrafish were anesthetized in a solution of tricane methanesulfonate
(Aqualife). Tissues of interest (head kidney, body kidney and spleen) were
removed from approximately 50 adult AB zebrafish and pooled based on tissue
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and strain. Additional tissues (eye, brain, heart, gill, liver, spleen, head kidney,
body kidney, muscle, female gonads and male gonads) were removed from
approximately 30 adult AB zebrafish and pooled based on tissue. All samples
were frozen on dry ice and stored at -80°C until use. Embryos (n=50) were
collected at 0, 12, 18, 24, 48, 72, 96 and 120 hours post fertilization (hpf) into 15

mL conical tubes. Embryos were stored in RNAlater (Ambion) at 4°C until use.

1.3 RNA isolation and cDNA synthesis

RNA was isolated using TRIzol (Invitrogen) as per manufacturers’
directions and quantified using a NanoDrop 2000C (ThermoScientific). Double-
stranded cDNA was synthesized from 4 pg (goldfish) or 400 ng (zebrafish) RNA
using SmartScribe reverse-transcriptase (Clontech) as per manufacturer’s
directions with the exception of the use of two reverse primers (0.5 pL each of 20
UM solution, IDT). Primers used for first strand amplification are as follows:

5’oligo (5’-AAGCAGTGGTATCAACGCAGAGTACGCGGG-37);

3°CDS (5’-AAGCAGTGGTATCAACGCAGAGTACTTT27)-3").

The primer used for second strand amplification is as follows:

5’PCR (5’-AAGCAGTGGTATCAACGCAGAGT-3").

In addition, gene-specific cDNA synthesis was performed using a reverse
primer specific to CSF-1R or sSCSF-1R. Gene-specific synthesis was performed
as per manufacturer’s directions with the following changes: 3 pl of RNA
template was added to 1.5 pl mQH,O and reverse primer (0.5 pL of 20 uM
solution, IDT). Primers are as follows:

goldfish CSF-1R (5’-GAARATCTCCCASAGSADGA-3%);

goldfish sSCSF-1R (5’-CCTTCAGCAAAGTAATGAACT-3");

zebrafish CSF-1R (5’-TCGGGATGTTCTTGTACTC-3);

zebrafish SCSF-1R (5’-AGCACTGTAAATGAAACTC-3’).

1.4 Polymerase chain reaction amplification
Alignment of goldfish CSF-1R (AY536523) to zebrafish CSF-1R
(AF240639) allowed for prediction of the site of SCSF-1R generation by
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comparison of Exon4/Intron4 boundaries. From this, a predicted sequence for
zebrafish sSCSF-1R was generated via comparison to zebrafish genomic sequence.
Primers were designed to amplify the predicted SCSF-1R. Primers for goldfish
CSF-1R and sCSF-1R (AY536524) and zebrafish CSF-1R were designed from
existing sequences.

PCR amplification for each gene was performed as follows: 2 uL of cDNA
template was added to a mastermix containing 40.3 pL mQH-0, 10x PCR buffer
(5 pL of 200 mM Tris-HCI pH8.3, 500 mM KCI, 50 mM MgCl,, 0.1% (w/v)
gelatin), dNTPs (0.8 uL of 25 mM solution containing dATP, dCTP, dGTP and
dTTP, Invitrogen), forward and reverse primers (1.2 puL of each 20 uM solution,
IDT) and Tag DNA polymerase (0.5 pl of 5U/uL solution). PCR amplification
was performed in a Mastercycler Gradient (Eppendorf). The amplification
consisted of a hot-start at 95°C, followed by 25-40 cycles of 95°C for 20 sec,
55°C for 20 sec, 72°C for 2 min, 30 sec, and a final elongation step at 72°C for 5
min. PCR products were electrophoresed in a 1% agarose gel, stained in ethidium
bromide and visualized on an Alphalmager 2200 (Alpha Innotech). B-actin PCR
was performed for 25-27 cycles, while CSF-1R and sCSF-1R were performed for
40 cycles. Bands of interest were removed from the agarose gel using a scalpel
and extracted using QIAquick Gel Extraction Kit (QIAGEN) as per
manufacturer’s directions. Gel extracts were stored at -20°C until use.

The primers used for this study can be found in Table 2.1.

1.5 Densitometry analysis

Following gel electrophoresis, gel pictures were analysed using Adobe
Photoshop in order to determine relative levels of gene expression. The number
of pixels for each band was determined and compared to the background intensity
for each sample. This ratio was then compared to B-actin for the corresponding

sample and graphed using Microsoft Excel.
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1.6 TOPO-TA cloning and screening

Following gel extraction, PCR products were used for TOPO TA cloning
(Invitrogen) as per manufacturer’s directions. Following cloning, the vector was
transformed into chemically-competent DH5a-T1% E. coli cells and plated onto
LB agar plates containing 100 pg/mL ampicillin and 40 mg/mL X-gal in
dimethylformamide (Invitrogen) (for blue-white selection of positive clones).
Plates were incubated at 37°C for 16-18 hours.

To identify colonies containing the PCR product, colony PCR was
performed as follows: 0.2 mL PCR tubes were prepared with 41.3 uL mQH,O,
10x PCR buffer (5 pL of 200 mM Tris-HCI pH8.3, 500 mM KCI, 50 mM MgCl,,
0.1% (w/v) gelatin), dNTPs (0.8 pL of 25 mM solution containing dATP, dCTP,
dGTP and dTTP), M13 forward and reverse primers (1.2 pL of each 20 pM
solution, IDT; forward 5’-gtaaaacgacggccag-3’ and reverse 5’-caggaaacagctatgac-
3’) and Tag DNA polymerase (0.5 pl of 5U/uL solution). An autoclaved
toothpick was used to select white colonies off of LB agar plates and to swirl into
the PCR tube. The toothpick was then used to inoculate liquid cultures containing
2 mL LB broth and 100 pg/mL ampicillin. The PCR amplification consisted of a
10-min 94°C hot-start, followed by 30 cycles of 94° for 30 sec, 52.5°C for 30 sec,
72°C for 1 min, 30 sec, and a final elongation step of 72°C for 10 min. PCR
products were electrophoresed in a 1% agarose gel, stained in ethidium bromide
and visualized as above.

Clones containing an insert of the desired size were used to inoculate liquid
cultures, which were incubated in a shaking incubator at 37°C for 16-18 hours.
Plasmids were then isolated using a QIAprep Spin Miniprep Kit (QIAGEN)

following manufacturer’s directions. Plasmids were stored at -20°C until use.

1.7 Sequencing and analysis

Following cloning, selected plasmids were used for sequencing. Plasmids
were sequenced using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) and analysed at the Molecular Biology Service Unit (MBSU;
Department of Biological Sciences, University of Alberta) using a PE Applied
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Biosystems 377 automated sequencer. Obtained sequences were analysed to

confirm identity using BLAST programs (http://www.ncbi.nlm.nih.gov/BLAST/).

A consensus sequence for predicted zebrafish SCSF-1R was derived through use
of the Geneious software program (http://www.geneious.com/).

2. FUNCTIONAL ANALYSIS
2.1 Fish
2.1.1 Zebrafish CSF-1RM*! mutant fish

Two male and two female CSF-1R“®! mutant zebrafish were ordered from
the Zebrafish International Resource Center (ZIRC, line #ZL74). CSF-1RM¢!
zebrafish possess a valine to methionine substitution mutation of residue 614,
resulting in a recessive loss-of-function mutation in CSF-1R. Crossings were
made in order to obtain a F; generation which were raised and cared for as

mentioned above.

2.2 Homeostasis and inflammation in goldfish
2.2.1 Peritoneal injections of zymosan and apoptotic bodies

These experiments were done in collaboration with Aja Rieger from the lab
of Dr. Daniel Barreda (University of Alberta). Goldfish (10-15 cm) were
acclimatized at 20°C for one week in a flow-through system quarantine tank.
Goldfish were anesthetized in a solution of tricane methanesulfonate (Aqualife).
Zymosan (2.5 mg; 100 pL) or apoptotic bodies (5x10°) were injected into the
peritoneal cavity of goldfish either individually, or with apoptotic bodies injected
4 hours prior to zymosan. The fish were placed into the quarantine tank to
recover.

Goldfish were anesthetized in a solution of tricane methanesulfonate
(Aqualife) and sacrificed by severing the spinal cord. The lavage was performed
by passing 10 mL Trypsin-EDTA PBS-/- through the peritoneal cavity, which was
then collected into individual 50 mL conical tubes and placed on ice. Cells were
enumerated using a haemocytometer and the total cells/mL was calculated for

each lavage. Lavages were combined into a 50 mL conical tube and centrifuged
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at 1100 rpm for 10 min at 4°C. The supernatant was discarded and the cell pellet

was flash frozen and stored at -80°C until use for RNA isolation.

2.2.2 PKM culturing and exposure of zymosan and apoptotic bodies

These experiments were done in collaboration with Aja Rieger from the lab
of Dr. Daniel Barreda (University of Alberta). In short, primary Kidney
macrophages (PKM) were cultured by seeding leukocytes and cultured in 15 mL
of complete MGFL-15 medium (100 U/mL penicillin, 100 pg/mL streptomycin,
100 pg/mL gentamicin, 10% newborn calf serum (Gibco) and 5% carp serum) and
5 mL of cell-conditioned medium from previous cultures. Cultures were
incubated for 7 days at 18°C. 2x10° cells were then exposed to zymosan and/or
apoptotic bodies at a ratio of 5:1 (particle:cell) for 4 or 24 hours. Cells were

collected, flash frozen, and stored at -80°C until use for RNA isolation.

2.2.3 Molecular analysis

Frozen cell pellets from above (n=5 per condition for lavages; n=3 for
PKMs) were used to isolate RNA using TRIzol (Invitrogen) as above for each
time point. Double-stranded cDNA was synthesized from 300 ng RNA using
SmartScribe reverse-transcriptase (Clontech) as above.

PCR amplification was performed as above to determine changes in
expression levels of CSF-1R and sCSF-1R. PCR products were electrophoresed
in a 1% agarose gel, stained in ethidium bromide and visualized as above. Bands
of interest were gel extracted as above and used for cloning and sequencing.

Densitometry analysis was carried out for all gels as described above. A
two-tailed unpaired T-test was performed to determine significance using

Microsoft Excel.

2.3 Peritonitis model in goldfish peritoneal cavity
2.3.1 Peritoneal injections of zymosan
Thirty-two goldfish (10-15 cm) were acclimatized at 20°C for one week in a

flow-through system quarantine tank. Goldfish were anesthetized in a solution of
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tricane methanesulfonate (Aqualife). Zymosan (2.5 mg; 100 pL) was injected
into the peritoneal cavity of twenty-four goldfish which were then placed back
into the quarantine tank to recover. The remaining eight fish were used as a 0
hour uninjected control. Eight fish were used for each time point of 24, 48 and 72

hours post injection.

2.3.2 Peritoneal lavages

Peritoneal lavages were performed on eight fish at each time point.
Goldfish were anesthetized in a solution of tricane methanesulfonate (Aqualife)
and sacrificed by severing the spinal cord. The lavage was performed by passing
10 mL PBS-/- through the peritoneal cavity, which was then collected into
individual 50 mL conical tubes and placed on ice. Cells were enumerated using a
haemocytometer and the total cells/mL was calculated for each lavage. Five
lavages for each time point were combined into a 50 mL conical tube and
centrifuged at 1100 rpm for 10 min at 4°C. The supernatant was discarded and
the cell pellet was flash frozen and stored at -80°C until use for RNA isolation.

The remaining three lavages were processed for flow cytometric characterization.

2.3.3 Flow cytometric characterization

Three lavages from each time point were centrifuged individually at 1100
rpm for 10 min at 4°C. The supernatant from each tube was discarded and the
remaining liquid was used to resuspend the cell pellet. 100 puL was transferred to
a 5 ml round bottom polystyrene tube containing 100 ul of 2% formaldehyde.
Samples were placed on ice for 10 min before analysis. Data was acquired on an

ImageStream multi-spectral flow cytometer and analyzed using IDEAS software

(Amnis).

2.3.4 Molecular analysis
Frozen cell pellets for the lavages were used to isolate RNA using TRIzol
(Invitrogen) as above for each time point. Double-stranded cDNA was
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synthesized from 1.5 pug RNA using SmartScribe reverse-transcriptase (Clontech)
as above. In addition, gene-specific cDNA was synthesized as above.

PCR amplification was performed as above to determine changes in
expression levels of CSF-1R and sCSF-1R. PCR products were electrophoresed
in a 1% agarose gel, stained in ethidium bromide and visualized as above. Bands
of interest were gel extracted as above and used for cloning and sequencing.
Densitometry analysis was carried out for all gels as described above. A two-
tailed unpaired T-test was performed to determine significance using Microsoft

Excel.

2.4 Pigmentation analysis in zebrafish
2.4.1 Analysis of CSF-1R"*! mutant fish

CSF-1R™*! mutant embryos were obtained by crossings between two
genetically identical male and three genetically identical female fish. As the
pigmentation phenotype has previously been described, embryos were analysed to
ensure detection of the phenotype. In short, embryos were incubated at 29°C in
E3 media and analysed every 24 hours until the pigmentation phenotype could be
detected. Differences between AB and CSF-1R¥! mutants were documented
using an Olympus DP72 microscope digital camera attached to a Leica MZ16F

fluorescence stereomicroscope.

2.4.2 Morpholino design and injection

Morpholinos were designed and synthesized using Gene Tools. Two
morpholinos were designed for this project: i) a splice-block designed to the exon
4-intron 4 boundary designed to knock-down expression of CSF-1R only
(CCAGCACTGTAAATGAAACTCACTT); and ii) a translation-block designed
to the ATG start site designed to knock-down expression of both CSF-1R and
SCSF-1R (CTCAGAGCTGCTCCTGCTTAACCAT). Morpholinos were injected
into O hpf embryos at a concentration of 2.5 ng/pL using a glass microcapillary

needle. Embryos were incubated at 29°C in E3 media and analysed every 24
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hours until a phenotype could be detected. Phenotypes were documented as

mentioned previously.

2.5 Analysis of macrophage numbers in developing zebrafish

In order to determine if CSF-1R plays a role in macrophage development in
embryonic zebrafish, in situ hybridizations were performed using a probe for L-
plastin. L-plastin is an actin bundling protein which is expressed in leukocytes in
mice and has been used in zebrafish to examine early macrophage precursors. To
generate the probe, linearized plasmid containing the L-plastin gene was donated
by Laura Pillay from the lab of Dr. Andrew Waskiewicz (Department of
Biological Sciences, University of Alberta). A DIG-labelled probe was
synthesized using DIG DNA Labeling Kit (Roche) as per manufacturer’s
directions at 37°C for two hours. To determine the purity of the probe, 2 pL of
the probe was electrophoresed on a 1% agarose gel with a RNA ladder standard,
stained in ethidium bromide and visualized as above.

Embryos (AB wild type, CSF-1R“* mutants or splice-block injected
embryos) for in situ hybridizations were collected at 30 hpf. Embryos were
dechorionated using pronase and were washed for 5 minutes each in the following
solutions: 25% MeOH/75% PBST; 50% MeOH/50% PBST; 75% MeOH/25%
PBST; and 100% MeOH. Embryos were then stored at -20°C until use. Prior to
use, embryos were rehydrated with washes for 5 minutes each in the following
solutions: 75% MeOH/25% PBST; 50% MeOH/50% PBST; 25% MeOH/75%
PBST; and 100% PBST. Embryos were permeabilized with 10 pg/mL in
Proteinase K for 7 minutes and fixed in 4% paraformaldehyde/10x PBS for 20
minutes.

Pre-hybridization, hybridization and wash steps were carried out in a 65°C
rotating incubator. The wash steps were performed as follows: 5 minutes each
with three solutions: 66% hybridization mix/33% 2x SSC; 33% hybridization
mix/33% 2x SSC; and 2x SSC. High stringency washes were as follows: 20
minutes each with two solutions: 0.2x SSC/0.1% Tween-20; and 0.1x SSC/0.1%

Tween-20. Following this, wash steps at room temperature were performed as
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follows: 5 minutes each with three solutions: 66% 0.2x SSC/33% PBST; 33%
0.2x SSC/66% PBST; and 100% PBST. Embryos were incubated for 1.5 hours in
blocking solution and then incubated overnight at 4°C in a 1:5000 dilution of anti-
DIG-AP FAB fragments in blocking solution (Roche). Embryos were then
washed 5 times of 15 minutes each in PBST at room temperature. Embryos were
incubated in Genius 3 buffer (0.1% Tween-20, 1x 1M TrisHCI + 1 M NaCl, pH
2.5, and 1x MgCly) for 15 minutes. The colouration reaction was performed using
NBT/BCIP dissolved in Genius 3 buffer for 2.5 hours. After colouration,
embryos were washed twice for 5 minutes each in 100% MeOH + 0.1% Tween-
20, following by 2 washes of 15 minutes each. Embryos were stored in this

solution at 4°C until use.
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Table 2.1. List of primers used for semi-quantitative reverse transcriptase

PCR.

Organism| Gene |Orientation Primer Sequence Use

Goldfish CSF-1R | Forward |Exon 2 (11-34) 5’-TCCTGTTCGTCTGTGGGATCCTTT-3" [RT-PCR

Goldfish CSF-1R | Forward |Exon 12 (14-33) 5’-AGRTSCGCTGGAARATCATC-3’ RT-PCR

Goldfish CSF-1R | Reverse |Exon 18 (85-105) 5’-GTTGGAGTCRTTGATGATGTC-3’ RT-PCR

Coldfish | CSF-1R | Reverse |Exon 19 (86-105) 5'-GAARATCTCCCASAGSADGA-3' gene-specific cDNA

Coldfish  |sCSF-1R| Forward |Exon 2 (92-116) 5'-CGGTCGGTACGGATGTGATTC-3' RT-PCR

Goldfish  [sCSF-1R| Reverse |Intron 4 (19-45) 5-TTTGATTCGTGGGAAAGCACT-3' RT-PCR, gene-specific CDONA
Goldfish  [sCSF-1R| Reverse |Intron 4 (155-181) 5'-CCTTCAGCAAAGTAATGAACT-3' RT-PCR, gene-specific cDNA
Zebrafish | CSF-1R [ Forward |Exon 11 (1767-1782) 5'-GGGCAAAGAGGACAACATCA-3' RT-PCR

Zebrafish | CSF-1R | Reverse |Exon 14/15 (2166-2180) [5-CTCCGACGAAGAATCCAGA-3 RT-PCR

Zebrafish | CSF-1R | Reverse |Exon 19 (2731-2749) 5'-TCGGGATGTTCTTGTACTC-3' gene-specific CDNA
Zebrafish |sSCSF-1R| Forward |5 UTR ([-21]-[-44]) 5-AGACGCTGAAGACTGCTGATGGT-3' |RT-PCR

Zebrafish |sCSF-1R| Forward |Exon 2 (19-42) 5-TTCCTCATTGGGATCCTGCTTGGT-3' [RT-PCR

Zebrafish |SCSF-1R| Reverse |Intron 4 (625-643) 5-AGCACTGTAAATGAAACTC-3 RT-PCR, gene-specific CDNA
Both B-actin | Forward |Exon 1 (40-60) 5-TCGCTGCCCTGGTCGTTGATA-3 RT-PCR

Both B-actin | Reverse [Exon 3 (702-719) 5'-GGCGGCGGTTCCCATCTC-3 RT-PCR
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CHAPTER I1l: CHARACTERIZATION OF CSF-1R AND A NOVEL
SOLUBLE CSF-1R IN GOLDFISH

1. INTRODUCTION

The CSF-1 system of macrophage control is well conserved in vertebrate
species including fish, reptiles, birds, mammals and humans. CSF-1 acts as a
hematopoietic growth factor and has been shown to be expressed in a range of cell
types (1-4). In general, the CSF-1 system controls the survival, proliferation,
differentiation and function of macrophages and their progenitors and, among
others, helps maintain cell populations involved in the inflammatory response (5).
CSF-1 also contributes to other processes that include development, reproduction
and homeostasis, emphasizing the need to tightly regulate its actions.

CSF-1 exerts its activity through its cognate receptor, CSF-1R. This
receptor is expressed mainly on cells of the macrophage lineage and promotes
survival, proliferation, differentiation and function of macrophages (1). CSF-1R
is also found to be expressed on other cell types that include placental
trophoblasts (2), osteoclasts (3), mammary epithelial cells (4), and pigment cells
in zebrafish (6). Similar to CSF-1, the CSF-1R is highly conserved amongst
vertebrates and has most recently been identified in a number fish species.
Gilthead seabream show CSF-1R expression in cells of the monocyte/macrophage
lineage in tissues that are involved the immune response including thymus,
spleen, head kidney, liver, blood and gills (7). Rainbow trout show high
expression of CSF-1R in the head kidney, kidney, intestine, spleen, ovary and
blood with minimal expression in other tissues including liver (8).

Recently, a novel soluble form of CSF-1R (sCSF-1R) was identified by our
group in goldfish primary kidney macrophages (PKM) (9). This soluble CSF-1R
appeared to be generated via alternative splicing from the full-length CSF-1R,
resulting in a truncated protein possessing only the ligand binding domain of
CSF-1R. Soluble CSF-1R appears to function as a competitive inhibitor capable
of competing with membrane-bound CSF-1R for binding CSF-1, thus inhibiting
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downstream signalling pathways (9). Consistent with this hypothesis, functional
analyses revealed that introduction of this soluble receptor to actively growing
PKM resulted in significant down-regulation of cellular proliferation (9).
Subsequent analysis confirmed that this inhibition was mediated through
interaction between CSF-1 and the soluble CSF-1R (10). Interestingly, SCSF-1R
does not appear to be broadly expressed in goldfish PKM; instead, it is
preferentially expressed in self-renewing macrophages which also actively
produce endogenous growth factors (10-14). As such, it provides an opportunity
for the establishment of a control loop for the regulation of macrophage numbers
in teleost fish. Based on the pleiotropic role of CSF-1, it remains unclear if this
SCSF-1R may also contribute to other aspects of macrophage biology such as the
control of antimicrobial inflammatory responses.

In this chapter, | take important next steps in the characterization of CSF-1R
and sCSF-1R in goldfish. Specifically, | examined the tissue specificity of CSF-
1R and sCSF-1R in tissues of adult goldfish. One goal was to assess whether the
SCSF-1R was preferentially expressed in the spleen and kidney tissues, which
would be expected of a cytokine receptor with a central role in hematopoiesis.
Expression in other tissues would suggest potential broader impact of sSCSF-1R
beyond hematopoiesis. | also examined the in vivo contributions of CSF-1R and
SCSF-1R to inflammatory or homeostatic responses in peritoneal lavage cells at
24 hours as a first step to characterize the role of these molecules. Finally, a self-
resolving in vivo peritonitis model of adult goldfish was used to assess the
contributions of this novel SCSF-1R to antimicrobial inflammatory responses and
their resolution over a 72 hour period in teleost fish.

2. RESULTS
2.1. Tissue expression of CSF-1R and sCSF-1R in goldfish

Previous studies in rainbow trout and gilthead seabream have shown that
CSF-1R is primarily expressed in thymus, spleen, kidneys, and blood, with
varying levels in the liver and gills (7,8). My first goal was to assess the

expression of membrane CSF-1R in the goldfish and then compare its expression
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pattern with that of the novel goldfish SCSF-1R. Previous experiments pointed to
a role of goldfish sCSF-1R in the control of hematopoiesis, but it remained
unclear if additional contributions (e.g. control of inflammation) may result from
expression of this soluble receptor in other tissues. Primers were designed and
confirmed for specificity to CSF-1R and sCSF-1R. In short, areas specific to the
CSF-1R resided downstream of Exon 4 and thus did not overlap with sSCSF-1R
sequences. In contrast, areas specific for the sCSF-1R took advantage of its
unique 3’ region. All primer sequences are outlined in Chapter II of this thesis.
Expression of CSF-1R and sCSF-1R was analysed in goldfish using semi-
quantitative reverse-transcriptase PCR (Figure 3.1A). In addition, gene-specific
cDNAs for CSF-1R and sCSF-1R were used to confirm the presence or absence
of CSF-1R and sCSF-1R in each of the tissues examined (Figure 3.1B). Bands
for CSF-1R (kidney and liver) and for sCSF-1R (eye and brain) were identified,
gel extracted, cloned into TOPO-TA vector and sequenced with BigDye (Applied
Biosystems) to confirm identity of CSF-1R and sCSF-1R. Bands of expected size
corresponded to the published sequence for goldfish CSF-1R and sCSF-1R
(Figure 3.1C). As such, CSF-1R and sCSF-1R are broadly expressed in adult
goldfish. These transcripts do not appear to be limited to the hematopoietic
compartment (spleen, kidney) as they are also expressed in other tissues.
Densitometry assessment of band intensity provided preliminary insights
into the relative abundance of CSF-1R and sCSF-1R transcripts in these tissues.
Band intensity for CSF-1R and sCSF-1R are presented relative to -actin for each
tissue examined (Figure 3.2). Results for CSF-1R show high variation between
the two fish, which is expected in outbred individuals. Expression of SCSF-1R is
also seen to vary greatly, but with increased expression in the gill. This suggests
variation in expression of these transcripts within individuals of an outbred

population of fish, even when kept in the same conditions.
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2.2. Differential contributions of CSF-1R and sCSF-1R to inflammation and
homeostasis

The process of inflammation is tightly regulated due to the complexity of
responses to pathogens and the potential for tissue damage (15-17). Teleost
phagocytes are capable of inducing divergent responses to both homeostatic and
pro-inflammatory stimuli (18). Previous studies that have examined the effects of
apoptotic cells on phagocytes have observed marked decreases in pro-
inflammatory antimicrobial killing mechanisms and production of pro-
inflammatory cytokines, as well as increases in anti-inflammatory immune
modulators (19-29). Studies from our group have observed an increase in CSF-
1R expression upon exposure to apoptotic bodies (18). As such, my goal was to
assess the potential contributions of CSF-1R and sCSF-1R to inflammation and
homeostasis. To do this, | examined the expression of these genes following in
vivo induction of inflammation using a model of self-renewing peritonitis.

Goldfish were injected with PBS, zymosan, apoptotic bodies or both (-4hr;
apoptotic bodies injected 4 hours prior to zymosan) into the peritoneal cavity.
Cells were collected via peritoneal lavage and used to isolate RNA and synthesize
cDNA. Semi-quantitative RT-PCR was performed to determine expression of
CSF-1R and sCSF-1R under each condition (Figure 3.3A). Densitometry
assessment of band intensity provided qualitative insights into the abundance of
CSF-1R and sCSF-1R (Figure 3.3B). Band intensity for CSF-1R and sCSF-1R are
presented relative to B-actin for each condition, which is normalized to the PBS
injection and averaged among individuals (n=5). Expression of both CSF-1R and
SCSF-1R was observed to be low in PBS-injected goldfish, with a trend upwards
after injection of apoptotic bodies. This was also observed after injection with
zymosan, with a significant (p=0.02) increase for SCSF-1R expression. Finally,
pre-injection of apoptotic bodies followed by zymosan injection 4 hours later
resulted in no change from PBS injected individuals, though this response was
greatly variable between individuals. This suggests that SCSF-1R expression may
be affected more by inflammation than homeostasis and that homeostasis in under

inflammatory conditions reduces this effect.
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Primary kidney macrophages (PKM) were untreated or exposed to apoptotic
bodies or zymosan for 4 or 24 hours. Cells were collected and used to isolate
RNA and synthesize cDNA. Semi-quantitative RT-PCR was performed to
determine expression of CSF-1R and sCSF-1R under each condition (Figure
3.4A). Densitometry assessment of band intensity provided qualitative insights
into the abundance of CSF-1R and sCSF-1R (Figure 3.4B). Band intensity for
CSF-1R and sCSF-1R are presented relative to B-actin for each condition and are
averaged between each individual. Expression of both CSF-1R and sCSF-1R was
observed to be unchanged under each condition at both time points. This suggests
that the changes in SCSF-1R expression observed upon zymosan injection in vivo
are unlikely to be due to a direct effect of apoptotic bodies and zymosan on
macrophages.

2.3. Contributions of CSF-1R and sCSF-1R to peritonitis in goldfish

Numerous studies have characterized cellular events during of zymosan-
induced peritonitis in the mouse, frog, rat, goldfish and carp (30-33). This model
has been well studied in mice (30) and shows changes in both tissue resident
macrophages as well as inflammatory macrophages during the course of
peritonitis. As CSF-1R and sCSF-1R expression in goldfish was not confined to
the hematopoietic organs and showed broad expression, and CSF-1 is known to
contribute to macrophage antimicrobial responses (34), the contributions of CSF-
1R and sCSF-1R may extend to the regulation of inflammation. My goal was to
assess the contributions of CSF-1R and sCSF-1R to inflammation through use of
a zymosan-induced peritonitis model in goldfish.

After zymosan injection, cells were obtained through peritoneal lavage from
8 goldfish per time point. Cells were then counted using a haemocytometer.
Total cell counts indicated very few cells (2.91x10° cells) were present in the
peritoneal cavity in goldfish at O hours (Figure 3.5A). After 18 and 24 hours, a
significant increase in cell numbers was observed (2.68x10° and 4.12x10° cells
respectively). Cell numbers were seen to decline 48 hours post injection
(1.48x10° cells) and return to basal levels after 72 hours (4.54x10° cells). Three
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fish from each time point were used to determine cell populations via use of an
imaging flow cytometer (ImageStream; Amnis) (Figure 3.5B,C).
Lymphocyte/early progenitors appeared to be the prominent cell type at the 0 hour
time point. After 18 hours, all cell types were seen to increase with more
lymphocyte/early progenitors compared to other cell types. The numbers of
lymphocyte/early progenitors and monocyte/neutrophils reached approximately
equal levels after 24 hours. After 48 hours, monocyte/neutrophils showed a rapid
decline in cell numbers, with lymphocyte/early progenitors again becoming the
prominent cell type. After 72 hours, cell populations returned to approximately
basal levels. Cells at each time point displayed normal cellular morphology
(Figure 3.5C).

In order to determine if CSF-1R and sCSF-1R expression levels are altered
during peritonitis, cells from five fish per time point were pooled and used to
isolate RNA and synthesize cDNA. Semi-quantitative RT-PCR was performed
using total cDNA (Figure 3.6A). Densitometry assessment of band intensity
provided qualitative insights into the abundance of CSF-1R and sCSF-1R during
zymosan-induced peritonitis (Figure 3.6B). Band intensity for CSF-1R and sCSF-
IR are presented relative to f-actin for each time point, which is normalized to 0
hours post injection. Levels of CSF-1R expression trend upwards from 0 to 24
hours post injection. The 48 hour time point showed variability in levels of CSF-
1R expression, while CSF-1R expression at 72 hours was consistent with 24
hours. This was mirrored by a similar upwards trend in levels of sCSF-1R
between 0 and 24 hours, with a decreasing trend for 48 and 72 hours post

injection.

3. DISCUSSION

As CSF-1R plays an important role in hematopoiesis control of macrophage
function, it was hypothesized that tissues involved in these processes would show
abundant CSF-1R expression (spleen, kidney). This has indeed been observed in
several other fish species, including gilthead seabream and rainbow trout, where

there is abundant expression of CSF-1R in the spleen, kidney and blood (7,8).
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However, these fish also show CSF-1R expression in other tissues, indicating that
teleost CSF-1R may not be confined to hematopoiesis. As sCSF-1R had only
been identified in primary kidney macrophages and appears to have a role in
control of macrophage populations, it was hypothesized that SCSF-1R would be
expressed in areas where CSF-1R is found.

Based on tissue expression results from goldfish, it is obvious that CSF-1R
and sCSF-1R are not confined to hematopoietic organs. We do see substantial
expression of CSF-1R in the spleen and gill and sCSF-1R in the gill, however
there is expression in tissues not known for abundant macrophage populations or
hematopoiesis, including the heart, muscle and gonads. Upon further research,
the expression pattern of CSF-1R and sCSF-1R may not be entirely unexpected.
Previous studies with rainbow trout and gilthead seabream have shown expression
of CSF-1R in all tissues examined, with increased expression in tissues directly
related to aspects of immunity (7,8). In fact, all the tissues examined in goldfish
appear to have a population of macrophages in mammals with varying roles
including repair processes, protective roles, support during development, fertility,
and hematopoiesis (35-42). In addition, mice express CSF-1R in a large range of
tissues, from the kidney and spleen to the lymph nodes and cerebrum, indicating a
larger role for this transcript (43,44).

As discussed in more detail in Chapter I, primitive macrophages in teleost
zebrafish originate near the cardiac region. These macrophages have typical
protective and homeostatic roles. However, macrophages have also been shown to
be essential for heart development in Xenopus (39) and the development and
growth of myocytes (36). In addition, cardiac macrophages are involved in the
repair process after myocardial infarctions (35), a role which is mirrored in the
repair of skeletal muscle (37). Macrophages also have an essential role in male
and female gonads. In the testes of mice, 25% of the interstitial cells are
macrophages, which are responsible for steroid hormone production and support
of Leydig cells (36,40,42). Male mice lacking in CSF-1 itself have a low sperm
count and libido, highlighting the importance of the CSF-1 system in fertility. In

female mice, ovarian macrophages are also present in the interstitial tissue and
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have shown to be needed for steroid hormone production and ovulation (8,36).
Females with mutations in CSF-1 or CSF-1R also display reduced fertility. As
CSF-1R and sCSF-1R are expressed in these tissues, as well as in other tissues
that have support and repair roles, they may contribute to numerous processes in a
range of different tissues that contain a macrophage population. While the role
that macrophages play in these tissues is not always a typical immune response,
the presence of CSF-1R and sCSF-1R in these tissues may point to contributions
of theses transcripts for function. Of course, in order to assess this, gene
expression would have to be performed in these populations of macrophages. The
considerable variation observed in expression of these transcripts in these tissues
between fish is an interesting observation. The closely related zebrafish shows
significant genetic variability in individuals within highly inbred strains,
highlighting that individuals may show differential expression of certain genes
(45). While the goldfish used for this thesis are raised in the same conditions,
they represent outbred populations. As such, the differential expression of CSF-
1R and sCSF-1R between individuals may be attributable to heterogeneity within
outbred populations of fish either at the level of gene expression or macrophage
quantities.

As the contributions of CSF-1R and sCSF-1R were not confined to
hematopoiesis, | examined the potential contributions of CSF-1R and sCSF-1R to
homeostatic responses compared to an inflammatory event. Due to the nature of
inflammation, a balance between pathogen and homeostatic phagocytosis is
essential to allow for pathogen clearance with minimal tissue damage (46,47). As
such, teleost phagocytes have evolved to produce differential responses to
pathogens and tissue damage (18). These phagocytes are essential to remove
apoptotic cells that are generated through homeostatic responses. However,
phagocytosis of these apoptotic cells leads to decreased pro-inflammatory
antimicrobial killing mechanisms and production of pro-inflammatory cytokines,
and increased production of anti-inflammatory immune modulators (19-28). As
such, it was of interest to examine the contributions of CSF-1R and sCSF-1R to

these two essential processes. CSF-1R expression appears to trend upwards upon
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injection of apoptotic body and zymosan into the peritoneal cavity of goldfish,
consistent with what has previously been observed in our group (18). However,
this increase, along with the variability observed in the -4hr treatment, was not
significant, suggesting heterogeneity between individuals or inefficiency with the
chosen detection method. In fact, the only significant increase in gene expression
was observed for sCSF-1R following zymosan injection. This suggests that
SCSF-1R may be more involved in regulating inflammatory responses than
homeostatic responses, as we see an increase in expression following zymosan
injection. Alternatively, this increase could also be attributed to more sCSF-1R-
expressing cells present following zymosan injection. To further understand this
response, in vitro PKM cultures were examined after exposure to apoptotic bodies
and zymosan. Gene expression appeared unchanged between all conditions and
both time points. This suggests that the effects of zymosan and apoptotic bodies
on sCSF-1R expression in vivo are not likely to be a direct effect on the
macrophages themselves, or that the changes in infiltrating cells are masking gene
expression changes. Previous studies examining murine macrophage cell lines
have noted changes in CSF-1R expression upon activation of macrophages, most
notably with LPS. When examining levels of transcripts, CSF-1R mRNA
expression increases in bone marrow macrophages after just 1 hour of LPS
activation (48). On the other hand, membrane-bound CSF-1R protein shows a
decrease in expression following LPS activation of macrophage cell lines,
resulting from CSF-1R release from the membrane (49). Clearly the changes in
gene and protein expression need to be examined in more detail in the goldfish
system in order to elucidate the mechanisms under which CSF-1R and sCSF-1R
are regulated and function. To more definitively characterize these changes and
assess the contributions of these transcripts, a more sensitive-approach such as
real-time PCR should be utilized to allow for a more in-depth analysis.

Finally, I examined CSF-1R and sCSF-1R in the context of acute
inflammation in the peritoneal cavity of goldfish to assess contributions of these
transcripts in the progression and resolution of peritonitis. Previous studies have

examined the role of resident macrophages versus infiltrating macrophages in
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mice during zymosan-induced peritonitis (30). They observed that after 24 hours,
there was a burst in numbers of cells present in the peritoneal cavity. This burst
consisted of primarily neutrophils, which were cleared 48 hours after injection, as
well as inflammatory monocyte/macrophages that entered the site. By 72 hours,
the levels of inflammatory macrophages had declined to basal levels, with
resident macrophages recolonizing the site. Other studies from our group have
examined the differences in peritonitis responses in goldfish and mice (18).
Goldfish were seen to respond quickly to zymosan, with robust recruitment of
several cell types including lymphoid and myeloid. On the other hand, mice
responded more subtly to zymosan, with increases in neutrophils specifically. My
data closely matches this goldfish data, showing an initial burst of
lymphocyte/early progenitor cells after 18 hours with a smaller increase in
monocyte/neutrophils. After 24 hours, the numbers of monocyte/neutrophils and
lymphocyte/early progenitors are observed to be approximately equal. These cells
are then seen to decline 48 hours post injection and return to basal levels 72 hours
post injection.

CSF-1R and sCSF-1R appear to be associated with the cellular events
during zymosan-induced peritonitis. CSF-1R expression is seen to increase 18
and 24 hours post injection, a time when the number of infiltrating monocytes and
macrophages is also seen to increase. After 48 hours, these infiltrating cells
greatly decline as the inflammatory response is resolved and resident cells have
yet to recolonize the site.  After 72 hours, CSF-1R-expressing resident
macrophages are again found in the peritoneal cavity. During the 18-24 hour time
period, sSCSF-1R expression is also seen to increase. As the inflammatory
response needs to be tightly regulated to prevent excessive tissue injury, the
relative abundance of SCSF-1R may suggest that this molecule contributes to the
control of this response. After 48 hours when the numbers of infiltrating
monocyte/macrophages are declining, SCSF-1R would be essential to remove
circulating CSF-1 to prevent further differentiation or proliferation of these cell
types. After 72 hours, resident macrophages will have recolonized the site,

resulting in reduced need for sSCSF-1R control. Further characterization of
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changes in gene expression of CSF-1R and sCSF-1R during zymosan-induced
peritonitis through real-time PCR would allow for more detailed analysis of the
contributions of these transcripts.

These data suggest a role for CSF-1R and sCSF-1R outside of classical
hematopoiesis. More specifically, they may have a role in regulating populations
of macrophages throughout the organism. These transcripts are expressed in a
broad pattern throughout the adult goldfish. In many of these tissues,
macrophages have been observed to possess protective or supportive roles that are
not always immune-based. As such, CSF-1R and sCSF-1R are essential to many
processes in goldfish. These transcripts appear to play a role in both homeostatic
and inflammatory processes. As such, CSF-1R and sCSF-1R likely play an
essential role to goldfish and possibly other teleosts as well.
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Figure 3.1. Expression of CSF-1R and sCSF-1R in all tissues of two goldfish.
Tissues of interest were isolated from two goldfish and used to isolate RNA and
synthesize cDNA. A) Semi-quantitative reverse transcriptase PCR was performed
using primers designed to Exon12-Exonl18 (CSF-1R; 789 bp) and Exon2-Intron4
(SCSF-1R; 650 bp) and B-actin (786 bp). B) Gene-specific cDNAs for CSF-1R
and sCSF-1R were used to confirm presence or absence of transcripts. C) Bands
of interest were gel extracted, cloned into a TOPO-TA vector and sequenced.
Sequences were analysed using BLAST (NCBI) for identity.
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Expression of CSF-1R in two adult goldfish
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Figure 3.2. Levels of CSF-1R and sCSF-1R expression in tissues of two
goldfish. Images of agarose gels were analysed using Adobe Photoshop software
to determine band intensity in tissues of interest. Band intensity for each tissue
was normalized to corresponding B-actin band and graphed using Excel software.
Error bars represent standard error between RT-PCR results of the two goldfish.
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Figure 3.3. Expression of CSF-1R and sCSF-1R in peritoneal lavage cells
following PBS, zymosan, apoptotic bodies or -4h injections. Zymosan (2.5
mg; 100 pL) or apoptotic bodies (5x10°) were injected into the peritoneal cavity
of goldfish for 24 hours prior to analysis. Apoptotic bodies were additionally
injected into the peritoneal cavity 4 hours prior to zymosan (-4hr). Cells were
isolated by peritoneal lavage using 10 mL Trypsin-EDTA PBS -/- and counted
using a haemocytometer. Cells from lavages were pooled and used for RNA
isolation and cDNA synthesis. A) Semi-quantitative reverse-transcriptase PCR
was performed to detect CSF-1R (789 bp) and sCSF-1R (650 bp) expression. B)
Densitometry analysis was performed to determine relative abundance of CSF-1R
and sCSF-1R transcripts. * denotes significance (p<0.05) compared to PBS.
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Figure 3.4. Expression of CSF-1R and sCSF-1R in PKMs following zymosan
or apoptotic body or exposure. Zymosan or apoptotic bodies (5:1 ratio) were
added to primary kidney macrophage (PKM) cultures for 4 or 24 hours. Cells
were harvested and used for RNA isolation and cDNA synthesis. A) Semi-
guantitative reverse-transcriptase PCR was performed to detect CSF-1R (789 bp)
and sCSF-1R (650 bp) expression. B) Densitometry analysis was performed to
determine relative abundance of CSF-1R and sCSF-1R transcripts.
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C) Cell populations following zymosan peritoneal
injections in goldfish
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Figure 3.5. Changes in cell populations following zymosan-induced
inflammation. Zymosan (2.5 mg; 100 uL) was injected into the peritoneal cavity
of 24 goldfish, with 8 un-injected fish serving as a 0 hour control. Cells from
animals were isolated by peritoneal lavage using 10 mL PBS -/- and counted
using a haemocytometer. A) Cell counts for individual lavages at 0, 18, 24, 48
and 74 hours post injection (n=16, except n=8 for 18 hours). * denotes
significance (p<0.05) to O hours. B) Three lavages from each time point were
used for ImageStream analysis to determine cell populations. Single cells were
gated for R1, focused cells were gated for R2 and cell populations were
determined based on size and internal complexity. C) Cell populations are
graphed based on number of cells from A) and proportion of cells from B). **
denotes EP/L (early progenitor/lymphocyte) significance (p<0.01); ++ denotes
M/N (monocyte/neutrophil) significance (p<0.01); and xx denotes MO
(macrophage) significance (p<0.01). All statistics are compared to 0 hours. D)
Sample cell images from ImageStream.
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Figure 3.6. Changes in CSF-1R and sCSF-1R expression upon zymosan-
induced inflammation. Zymosan (2.5 mg; 100 pL) was injected into the
peritoneal cavity of 24 goldfish, with 8 un-injected fish serving as a 0 hour
control. Cells from animals were isolated by peritoneal lavage using 10 mL PBS
-/- and counted using a haemocytometer. Five lavages from each time point were
pooled and used for RNA isolation and cDNA synthesis. A) Semi-quantitative
reverse-transcriptase PCR was performed to detect CSF-1R (789 bp) and sCSF-
1R (650 bp) expression. B) Densitometry analysis was performed to determine
relative abundance of CSF-1R and sCSF-1R transcripts. Error bars represent
standard error between two rounds of RT-PCR.
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CHAPTER IV: IDENTIFICATION OF sCSF-1R AND
CHARACTERIZATION OF CSF-1R AND sCSF-1R IN ZEBRAFISH

1. INTRODUCTION

The CSF-1 system of macrophage control is broadly conserved amongst
vertebrates, including those of the teleost linage. While CSF-1 itself has been
identified in few teleost fish (rainbow trout, goldfish and zebrafish), the
orthologues of the receptor CSF-1R have been identified in greater number in
teleosts. These include rainbow trout, gilthead seabream, East African cichlids,
pufferfish, goldfish, and zebrafish (1-7). The CSF-1R orthologue in gilthead
seabream shows expression exclusively in cells of the monocyte/macrophage
lineage in immunologically-relevant tissues including the spleen, thymus, head
kidney, liver, blood and gills (2). This is similar to that of rainbow trout, with
high expression of CSF-1R in the head kidney, kidney, intestine, spleen, ovary
and blood with minimal expression in other tissues (1). As seen in Chapter Il of
this thesis, goldfish show broad expression of CSF-1R, including in the
hematopoietic organs and other tissues, and varies considerably between
individuals. However, higher expression levels were seen in the spleen and gill.
As such, it is probable that CSF-1R has a variety of roles outside of immune
function in teleost fish.

Generally, CSF-1R expression in zebrafish is similar to the fish above,
including a presence in macrophage lineage cells as well as in osteoclasts (7).
CSF-1R has been shown to be essential during macrophage development and
differentiation in the embryo. CSF-1R™“¢ mutants possess a deletion in the
second kinase domain of CSF-1R resulting in a frameshift mutation (7,8). This
results in a pronounced defect in proper macrophage migration, leading to
decreased numbers of macrophages in sites distant to the yolk sac including the
eye, brain and caudal regions.  These mutants also showcase a unique role of

zebrafish CSF-1R during pigmentation patterning. CSF-1R“"® mutants show a
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decreased number of xanthophores and melanocytes during development,
resulting in an absence of normal yellow and black pigment respectively that is
retained throughout adulthood (5). This role is also observed in East African
cichlids, where an orthologue of CSF-1R is expressed in egg-dummies (consisting
of xanthophores) which play important functions during mating rituals (3). This
role for CSF-1R in pigmentation is believed to be linked to the evolution of
coloration in vertebrates and specifically teleost fish (4).

As discussed in Chapter I11, the alternative splice form of CSF-1R, sCSF-
1R, has to date only been identified in goldfish in senescent primary kidney
macrophage cultures (6). Based on its structure, goldfish SCSF-1R is believed to
function as a negative inhibitor of CSF-1. While sCSF-1R is capable of binding
to CSF-1, it is predicted to be incapable of initiating down-stream signalling
pathways and potentially result in decreased positive modulation of macrophage
survival, proliferation and differentiation to control the population (6). Based on
my data from Chapter IllI, sSCSF-1R appears to be expressed in all tissues
examined in goldfish and similar to CSF-1R, sCSF-1R expression varies between
individuals. As sCSF-1R has only to date been identified in goldfish, not much is
known outside of this model. Zebrafish, a close relative of goldfish, will be used
to determine if production of SCSF-1R is conserved in other cyprinid species.

Zebrafish have emerged as one of the major fish models used for
comparative studies due to their numerous advantages over other fish or
mammalian models as discussed in Chapter I. Specifically for this study,
zebrafish reproduce rapidly and in high numbers and develop externally to the
mother. These embryos develop fully operational macrophage-based immunity
24 hours post fertilization (hpf) and possess fully formed organs 3 days post
fertilization (dpf) (9,10). Additionally, adult zebrafish rely on their robust innate
immune response for lifelong protection from pathogens and for homeostatic
control.

In this chapter, | describe steps in the identification of the novel sCSF-1R in
adult and embryonic zebrafish. Additionally, | characterized CSF-1R during

development of the organism and immune system using discrete embryo stages.
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Zebrafish CSF-1R was characterized in its role in pigmentation and macrophage
development in zebrafish and shows expression in both embryos and adults. In
goldfish, I have shown that CSF-1R and sCSF-1R are expressed in all tissues
examined (Chapter 111). My next step was to determine the homogeneity of this
expression pattern in the closely related zebrafish and examine the relevance of
these transcripts during development. In particular, I was interested on the
temporal regulation of SCSF-1R compared to CSF-1R and their relationship to
previously delineated primitive and definitive waves of hematopoiesis. It was
hypothesized that CSF-1R and sCSF1R would have roles in macrophage control
and hematopoiesis and as such should be confined to the teleost hematopoietic
organs (spleen, head kidney and body kidney) or areas with abundant macrophage
populations.

2. RESULTS
2.1. Ildentification of SCSF-1R in hematopoietic organs

As sCSF-1R had, to date, only been identified in goldfish primary kidney
macrophages, it was unknown if sSCSF-1R was a unique regulator confined to
goldfish immune function control. As such, my first goal was to identify sCSF-
1R in zebrafish, a closely related species to goldfish. A predicted sequence for
zebrafish sCSF-1R was determined from comparison to goldfish CSF-1R and
SCSF-1R. From this, primers to detect zebrafish sSCSF-1R were designed and
confirmed for specificity.

Zebrafish sCSF-1R was identified from the hematopoietic organs of
zebrafish and was shown to correspond to the predicted sequence based on
comparison to goldfish (Figure 4.1A). Sequences for all CSF-1R transcripts that
have been annotated from various species (in order: dog, cat, cow, horse, human,
gorilla, mouse, chicken, turkey, anole lizard, tropical frog, coelacanth, tilapia,
goldfish, zebrafish and medaka) were used to generate a cladogram to determine
protein relationships between CSF-1R and sCSF-1R (Figure 4.1B). Both goldfish
and zebrafish SCSF-1R were more similar to their respective CSF-1R transcripts

than to other species as expected.
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Goldfish possess a divergence from the splice site consensus sequence
(AG|GT(A/G)AGT) at Exond/Intron4 boundary, which is predicted to allow for
the generation of SCSF-1R (6). Zebrafish appear to also possess divergences in
this sequence (Figure 4.2A). To elucidate if other species may generate SCSF-1R,
sequences 45 base pairs upstream and 10 base pairs downstream of the
Exon4/Intron4 boundary were aligned and examined from gorilla, human, cow,
horse, dog, mouse, chicken, goldfish, zebrafish and medaka (Figure 4.2B). All
species utilized show some degree of divergence in the consensus region, though
this varies between species. Sequences were further analyzed to detect in-frame
stop codons as well as hydrophilic tails which indicated secreted proteins (Figure
4.3A). All species appear to possess an in-frame stop codon in Intron 4. Of all
species examined, four did not possess a hydrophilic tail, including cow, dog,
coelacanth and lamprey. Hydrophilic plots were generated using ExXPASy
ProtScale (Figure 4.3B). As seen, cow, dog and lamprey do not possess
hydrophilic tails, while mouse, goldfish and zebrafish do. This sequence analysis
leads to the hypothesis that species other than goldfish and zebrafish may be
capable of generating a soluble CSF-1R through alternative splicing.

Expression of sCSF-1R was analysed in the hematopoietic organs of
zebrafish, namely the spleen, head kidney and body kidney. = cDNA was
amplified for an additional 24 cycles before being used as a template for reverse-
transcriptase PCR. After amplification and agarose electrophoresis, a band of the
predicted size for SCSF-1R was detected in the three tissues examined (Figure
4.4).

2.2. Tissue expression pattern of CSF-1R and sCSF-1R in adults

While it was predicted CSF-1R and sCSF-1R would be mainly confined to
the hematopoietic organs, it was of interest to determine if they additionally play a
role elsewhere in the organism. This was especially of interest based on
observations of CSF-1R and sCSF-1R tissue expression in goldfish. It has
previously been shown that CSF-1R plays a role in pigmentation patterning in

zebrafish, showing expression in both melanocytes and xanthophores (7). As
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such, a determination of the expression of CSF-1R and sCSF-1R throughout the
entire zebrafish was undertaken in order to elucidate the possible roles of CSF-1R
and sCSF-1R based on tissue specificity.

Expression was analysed from pools of tissues from AB adult fish,
comprising the eye, brain, heart, gill, liver, spleen, head kidney, body kidney,
muscle, female gonads and male gonads. Total cDNA was utilized as a semi-
quantitative measure of CSF-1R and sCSF-1R expression levels (Figure 4.5A).
Expression of CSF-1R was detected in all tissues examined, indicating that
zebrafish CSF-1R is not confined to the teleost hematopoietic organs. Zebrafish
SCSF-1R was also detected in all tissues examined. Bands of interest were
sequenced and shown to correspond to the published sequence of CSF-1R and the
consensus sequence of SCSF-1R from generated sequencing results (Figure 4.5B).
Densitometry assessment of band intensity was performed to provide insights into
the relative abundance of these transcripts. Band intensity for CSF-1R and sCSF-
1R are compared relative to B-actin for each respective tissue (Figure 4.6). Gene-
specific cDNA was utilized as a template to confirm the presence or absence of
CSF-1R and sCSF-1R in each of the tissues examined (Figure 4.7). These results

correlate expression seen with total cDNA.

2.3. Expression of CSF-1R and sCSF-1R in embryo stages

Previous studies have examined expression of CSF-1R during development
using in situ hybridizations. These studies found CSF-1R detected as early as
5.25 hpf during formation of the gastrula, with expression in early macrophages at
approximately 19 hpf (11,12). However, these results have not been confirmed
using reverse-transcriptase PCR analysis during development. In addition, as
SCSF-1R had previously not been identified in zebrafish, it is unknown if or when
it is expressed during development. It was also of interest to determine if
expression of CSF-1R and sCSF-1R was involved in primitive (0 to 30 hpf),
definitive (30 hpf to 5 dpf) or both waves of hematopoiesis. As such, | examined
the expression of CSF-1R and sCSF-1R in 0, 12, 18, 24, 48, 72, 96 and 120 hpf

embryos.
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Total cDNA (Figure 4.8) was synthesized from pools of n=50 embryos and
used for reverse-transcriptase PCR. Expression of CSF-1R in a total cDNA pool
is detected as early as 24 hpf, with a distinct increase at 48 hpf. Expression of
SCSF-1R in a total cDNA pool is detected as early as 12 hpf and retains fairly
equal levels of expression until 120 hpf. Densitometry assessment of band
intensity was performed to provide insights into the relative abundance of these
transcripts during development (Figure 4.9). Band intensity for CSF-1R and
SCSF-1R are compared relative to B-actin for each respective stage. Gene-
specific cDNA was utilized as a template to confirm the presence or absence of
CSF-1R and sCSF-1R in each of the stages examined (Figure 4.10). With use of
gene-specific cDNA, we see that the presence of CSF-1R can be detected as early
as 0 hpf, with a distinct increase at 24 hpf. With use of gene-specific cDNA,
presence of SCSF-1R can be detected as early as O hpf. As such, it is
hypothesized that during development, SCSF-1R may play a role earlier in the
developmental processes of embryonic fish than CSF-1R.

2.4. Mutant and morpholino validation

Several mutant alleles of CSF-1R exist, including CSF-1R™“? which
possesses a substitution (V614M) in the first kinase domain resulting in a
recessive loss-of-function mutation (7). This phenotype presents as reduced
xanthophores and melanocytes (responsible for yellow and black pigmentation,
respectively) in both adults and embryos. Fish possessing this mutation as well as
ABxWik wild-type fish were used for the remainder of this chapter.

Additionally, two morpholinos were designed for this project (Figure
4.11A). A splice-block morpholino was designed to the boundary of Exon
4/Intron 4 of CSF-1R. By this design, two outcomes are possible: 1) Exon 5 is
skipped, resulting in a product lacking this exon; or 2) Intron 4 is retained,
resulting in generation of a product that resembles sCSF-1R. Either outcome
likely results in a knock-down of CSF-1R. A translation block morpholino was
designed to the ATG start site of the CSF-1R transcript. As such, this would
result in a knock-down of both CSF-1R and sCSF-1R.

79



Injections of 2.5 ng of splice-block morpholino resulted in a phenotype
similar to that of CSF-1R™®* mutants (Figure 4.11B). Mutants examined at 4 days
post fertilization showed decreased xanthophore pigmentation in the head and
along the spinal cord, as well as disrupted melanocyte pigmentation in stripes
along the spinal cord. This was mirrored in morpholino-injected fish at 3 days
post fertilization. Injections of translation-block morpholino (1 ng to 2.5 ng)
resulted in no visible phenotype. Further optimization of this morpholino will
need to be carried out to determine effect of knock-down of CSF-1R and sCSF-
1R.

2.5. Role of CSF-1R during myeloid development

Previous studies have examined the role CSF-1R plays in early macrophage
migration throughout the embryo. It has been found that in CSF-1R*""® mutants
have macrophage phenotypes consisting of normal development, but a complete
lack of migration to colonize sites in the embryo (8). This phenotype was
examined through use of in situ hybridizations using a probe for L-plastin. In
mice, L-plastin is an actin-bundling protein that is expressed specifically in
leukocytes and plays a role in their adhesion and activation (7). Recent studies
have shown that L-plastin expression is conserved in zebrafish early macrophages
and is retained in mature macrophages (12). As such, a probe for L-plastin was
utilized to quantify and locate macrophages in wild-type, CSF-1R"¢! mutant and
splice-block injected embryos.

Distinct and punctate labelling of myeloid cells was observed in the head,
yolk sac and caudal region of 30 hpf embryos (Figure 4.12). When quantified,
there was no observable difference in total number macrophages or spatial
organization of macrophages. This is in contrast to what was previously observed
in CSF-1RM“"“® mutants, which showed normal numbers of macrophages in the
yolk sac but a drastic decrease in macrophages in the head region throughout early
development of the embryo (8). | interpret this to mean that the CSF-1R!** allele
used here is less severe than the CSF-1RM“"“® allele, resulting in a milder

macrophage phenotype.
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3. DISCUSSION

In zebrafish, SCSF-1R was initially identified in the spleen, head kidney and
body kidney, which correspond to the sites of hematopoiesis in the adult
zebrafish. This was expected as in goldfish sCSF-1R likely plays a role in
controlling alternative pathway macrophages and is believed to function as a
negative regulator of macrophage proliferation, differentiation, survival and
function (6). Zebrafish sSCSF-1R was shown to correspond to the predicted
sequence based on comparison between goldfish and zebrafish CSF-1R and
goldfish sCSF-1R. Goldfish CSF-1R possesses a divergence from the typical
splice site consensus sequence (AG|GT(A/G)AGT) at the Exon4/Intron4 which is
hypothesized to be the major contributor to generation of SCSF-1R (6). Zebrafish
also appear to possess this divergence, further supporting the generation of SCSF-
1R in this closely related species.

The possibility of another species possessing this alternative splice form of
the full-length CSF-1R is not surprising. CSF-1 itself has splice variants, as well
as closely related CSF molecule receptors, including granulocyte colony-
stimulating factor receptor (G-CSFR) and granulocyte macrophage colony-
stimulating factor receptor (GM-CSFR) (14). As seen previously in this chapter,
many species from mammals to birds to fish have some level of divergence from
the splice site consensus sequence. In addition, intronic polyadenylation signals
have been found downstream of some intron-exon boundaries, suggesting that
other alternative splice forms of CSF-1R may exist. It has also previously been
noted that human and puffer fish also possess consensus sequence divergences in
the ligand binding domains which may lead to inefficient splicing of introns (15).
Furthermore, as these divergences are found in the ligand binding domain,
alternatively-spliced transcripts may have differential affinities for the CSF-1
ligand, resulting in a variety of contributions from these molecules (15). Previous
studies have also identified the presence of two CSF-1 molecules in various
teleost species, including rainbow trout, zebrafish and goldfish (16). In rainbow

trout, these two CSF-1 molecules are differentially expressed in vivo with MCSF1
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more highly expressed in the spleen, brain and intestine and MCSF2 more highly
expressed in the head kidney, gills and muscles (16). Thus, one can expect that
with time and resources, SCSF-1R could be identified in a variety of organisms
throughout different branches of evolution.

| previously described tissue expression of CSF-1R and sSCSF-1R in
goldfish in Chapter Ill. It was observed that CSF-1R and sCSF-1R did not appear
to be confined to any particular location in adult goldfish, though the levels of
expression varied between individuals. This observation pointed towards
heterogeneity between individuals of an outbred population raised in similar
conditions. Further, this suggests that CSF-1R and sCSF-1R are involved in roles
outside of hematopoiesis or what would be expected for these genes based on
macrophage quantities. This observation is mirrored in zebrafish adult tissues.
Expression of CSF-1R and sCSF-1R was detected in all tissues examined.
Additionally, as there did not appear to be increased expression in the
hematopoietic compartment, it does not appear that the roles of CSF-1R and
SCSF-1R are confined to hematopoiesis. This was already expected due to the
role of zebrafish CSF-1R in pigmentation, an observation which has not to date
been noted in other species besides East African cichlids (3-4). As noted in
goldfish in Chapter 111, there are populations of macrophages or macrophage-like
cells that may rely on CSF-1R present in all tissues examined in various
vertebrate species. These macrophages have numerous roles that vary based on
tissue examined, consisting of repair processes, protective roles, support during
development, fertility, and of course hematopoiesis (17-24). The presence of
CSF-1R and sCSF-1R in all tissues examined of zebrafish point to the role of the
CSF-1 system in various processes in teleost fish.

The role of CSF-1R was examined in more detail during development. Like
previously reported, CSF-1R was essential for proper pigmentation patterning, as
both mutants and splice-block injected fish possess abnormal xanthophore and
melanocyte pigmentation at 4 and 3 dpf, respectively. However, unlike previous
studies, CSF-1R did not appear to play a role in the total number or spatial

distributions of macrophages in embryos at 30 hpf. This may have a simple
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explanation based on the materials used. The mutant utilized was CSF-1RM¢
which has been described as a recessive loss-of-function mutation. These mutants
possess a substitution (V614M) in the first tyrosine kinase domain that is
hypothesized to prevent proper signalling of CSF-1R. Previous studies have used
CSF-1RMP"® mutants, which possess a frameshift mutation (L847A) in the second
tyrosine kinase domain resulting in a truncated protein (7). As the mutation is less
severe in CSF-1R“! mutants, it is possible that it is not sufficient to cause the

R mutants.

abnormal macrophage development that is observed in CSF-1

As CSF-1R plays an essential role in the regulation of macrophages in the
adult and has been shown to be required for proper macrophage tissue
colonization, the role CSF-1R plays in the activity of developing macrophages
will need to be examined in the future. 1 developed a combined FITC-
zymosan/neutral red approach in order to assess this. FITC-zymosan can be used
as an assay for macrophage activity as it would be phagocytosed by early
macrophages. Neutral red is a vital stain that has previously been shown to be
readily taken up by phagocytic cells through fluid-phase endocytosis and
accumulate in lysosomes of macrophages in zebrafish embryos (8). As such, it
can be used as a marker for macrophages that have engulfed FITC-zymosan.
Preliminary experiments utilizing this technique have not yielded quantifiable
results due to the lack of co-localization between the FITC-zymosan and neutral
red. This could potentially be explained by a few theories: i) zymosan is
clumping outside of phagocytic cells; ii) zymosan is being internalized by
phagocytes that are not being labelled by neutral red; or iii) neutral red is staining
cell types that are not phagocytic. As such, further characterization of a possible
macrophage phenotype would involve optimizing the combined FITC-zymosan
and neutral red approach to allow for quantification of the phagocytic capabilities
of macrophages possessing a mutation in CSF-1R.

Based on the very broad expression of CSF-1R and sCSF-1R and the likely
diverse role they play in the zebrafish, one aspect that will be examined at a later
date is that of the role of CSF-1R and sCSF-1R in a peritonitis model in zebrafish.
The close relationship between goldfish and zebrafish will allow for comparison
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of the responses between the fish and aid in determining if sSCSF-1R plays a
conserved role in the immune response between vertebrates. Similar to that in
goldfish (examined in detail in Chapter IlI), it is expected that the cellular
response in the zebrafish during peritonitis will be mirrored by changes in the
expression of CSF-1R and sCSF-1R. With this experiment, the contributions of
CSF-1R and sCSF-1R to an immune function unrelated to hematopoiesis can be
examined. Of course, until a mutant of SCSF-1R can be generated specifically,

the role of sSCSF-1R in zebrafish will be hard to assess.

84



A)
e . —

Exon2 Exon3 Exon 4 Exon 4b

4

-TTCTTCATGCTCTTATTCCTCATTGGGATCCTGCTTGGTCAAGTTCA
GGGTTGGCTCTGAACCGCGGATCAGACTGAGCTCTGGTGCTCTGGCCGGCA
CAGATGTGATCCTGGATTCCGGATCTCCTCTTCAGCTGGTCTGTGAGGGC
GACGGTCCAGTAACGTTTCTTCCCCGTCTGGCCAAACACAAGCGCTACAT
TTCCAAAGAAGTGGGGAAAATACGCAGTTTCCTCGTGGAAAAGGCAACGG
TGGACTTCACAGGAACATACAAGTGCGTCTATATGAATGGAAATGATTCA
AACTTGTCGTCTTCGGTTCATGTGTTTGTCCGGGE

B)

Canis_familiaris
Felis_catus
Bos_taurus
Equus_caballus
Homo_sapiens
[Gurilla _gorilla
—————— Mus_musculus
— Gallus_gallus
L Meleagris_gallopavo
Anolis_carolinensis
¥enopus_tropicalis
Latimeria_chalumnae
Oreochromius_niloticus

Carassius_auratus_sCSF
Carassius_auratus

Danio_rerio_sCSF
Danio_rerio

Oryzias_latipes

Figure 4.1. lIdentification and alignment of zebrafish soluble CSF-1R.
Reverse-transcriptase PCR was performed using primers designed to Exon 2
and Exon 4b of sCSF-1R. Bands of interest were gel extracted, cloned into
TOPO-TA vector and sequenced using BigDye. A) A consensus sequence was
determined using Geneious software. Sequencing data correlates with the
predicted zebrafish sequence of SCSF-1R based on comparison to goldfish. The
red boxes correspond to the ATG start site and the TGA stop codon. B)
Cladogram of CSF-1R transcripts from various species compared to goldfish
and zebrafish sCSF-1R. Sequences for CSF-1R from species were obtained
through Ensembl Genome Browser or NCBI and analysed using ClustalW.
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A)

zebrafish

1
CSF-1R TTCTCGATAAACATCATTCAAAGGTTACGTTTTCCACCGTATGTGTACCTGAAGAGGAACGAGTATGT

sCSF-1R TTCTCGRATAACATCATTCARAGTGAGTTTCATTTACAGTGCTGGGTGTTTCCATACARATCAGCTGA

dhkkhkdhk ke sk kA A A A A A AT F A XXX - * =% * &k ok E * .. x 3 * & .

goldfish

1
CSF-1R TTCTCGATARACGTCATTCAGCGATTACATTTTCCA

SC5F-1R TTCTCGATAARACGTCATTCAGCGTGAGTTTCATTGA

***********************: : . :* :* :*

CONSENSUS AGGTRAGT

Gorilla gorilla GCAGGAAGGTGATGTCCATCAGCATCCGGCTGAAAGT GCAGAAAGGTGCGTGGGG
Homo sapiens GCAGGAAGGTGATGTCCATCAGCATCCGGCTGAAAGT GCAGRAAGGTGCGTGGGG
Bos taurus GCAGGGTGGTGAAGTCCCTCAGCATCCGGCTTARAGTTCAGRAAGGTGCGTGGAC
Equus caballus GCAGGACGGCGACGTCGATCAGCATCCGGCTTAAAGTGCAGAAAGGTGCGTGGCG
Canis familiaris GCAGGACGGTAACGTCGATGGGCATCTGGCTTARAGT GCAGARAGGTGTGTGGGG
Mus musculus GTAGGGAATCCACCTCCACTGGCATCTGGCTTAAGGTGAATCGAGGTATGTAGGA
Gallus gallus GAAAAATAGAGAAGTCATCAAGAATAAGACTGATTGTGGTTGAAGGTAAAGGATT
Carassius auratus GGGTTTGGAARAGTGTCGAAGATATTCTCGATRAACGTCATTCAGCGTGAGTTTCA
Danic rerio GAATTGAGAAAGTGTCARAAGATATTCTCGAATAACATCATTCARAGTGAGTTTCA
Oryzias latipes GAGTGGAGAAGACCTCGAAGGCCTTTTCCATCAATGTTATTCAGAGTGAGACCTT

* Sk x - - - k. * - **

Figure 4.2. Alignment of CSF-1Rs from various species. Sequences for CSF-
1R from species were obtained through Ensembl Genome Browser or NCBI and
analysed using ClustalwW. A) Alignment of goldfish CSF-1R/sCSF-1R and
zebrafish CSF-1R/sCSF-1R. The arrow corresponds to the Exon4/Intron4
boundary. B) Alignment of Exon4/Intron4 boundary of CSF-1R transcripts.
Underlined nucleotides correspond to the consensus splice site recognition
sequence. Bold nucleotides indicate divergences from the consensus sequence. R
corresponds to an A or G nucleotide.
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A) Species Splice site sequence | In-frame STOP? | Hydrophilic tail
Homo sapiens AG|GTGCGT ves ves
Gorilla gorilla AG|GTGCGT ves yes
Bos taurus AGIGTGCGT yes no
Equus caballus AGIGTGCGT ves ves
Canis familiaris AG|GTGTGT ves no
Mus musculus AGIGTATGT yes ves
Gallus gallis AGIGTAAAG ves ves
Xenopus tropicalis AG|GTTTGT ves ves
Oryzias latipes GAIGTGAGA ves yes
Danio rerio AAIGTGAGT yes yes
Carassius auratus GC|GTGAGT ves ves
Latimeria chalumnae TG|GTAAAC ves no
Petromyzon marinus AT|GTGAGC ves no
B) Cow Mouse
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Figure 4.3. sCSF-1R prediction from various species. Sequences for CSF-1R
from species were obtained through Ensembl Genome Browser or NCBI and
analysed at Exon4/Intron4 boundary. A) Analysis of splice site sequence, stop
codons and hydrophilic tail. B) Hydrophilic tail plots were obtained from

http://web.expasy.org/protscale/ using “Hphob./Welling & al” scale. Positive
scores correspond to hydrophobic residues while negative scores correspond to

hydrophilic residues.
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Figure 4.4. Expression of SCSF-1R in hematopoietic organs of zebrafish.
Spleen, head kidney and body kidney were collected from n=30 adult zebrafish
(AB) and used to isolate RNA and synthesize cDNA. Reverse-transcriptase
PCR was performed using primers designed to Exon 2 and Exon4b of sCSF-1R.
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Gene Tissue BLAST | Accession | % identity
liver CSF-1R | BC162803.1 98%
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Figure 4.5. Expression of CSF-1R and sCSF-1R in tissues of adult zebrafish.
Tissues of interest were isolated from n=30 AB zebrafish and used to isolate RNA
and synthesize cDNA. A) Semi-quantitative reverse transcriptase PCR was
performed using primers designed to Exonll-Exonl14/15 (CSF-1R) and Exon2-
Exondb (sCSF-1R). B) Bands of interest were gel extracted, cloned into a TOPO-
TA vector and used for sequencing. Sequences were analysed using BLAST
(NCBI) for identity.
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Expression of CSF-1R in tissues of zebrafish
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Figure 4.6. Levels of CSF-1R and sCSF-1R expression in tissues of adult
zebrafish. Images of agarose gels were analysed using Adobe Photoshop
software to determine band intensity in tissues of interest. Band intensity for each
tissue was normalized to corresponding B-actin band and graphed using Excel
software.
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Figure 4.7. Presence or absence of CSF-1R and sCSF-1R in adult zebrafish
tissues. Tissues of interest were collected from n=30 adult zebrafish and used to
isolate RNA and synthesize gene-specific cDNA. Semi-quantitative RT-PCR was
performed with zebrafish gene-specific cONA and primers designed for Exon 11
to Exon 14/15 of CSF-1R and Exon 2 to Exon 4b of sCSF-1R.

91



0 12 18 24 48 72 96 120

CSF-1R
[413 bp]

.

sCSF-1R
[624 bp]

B-actin
[786 bp]

Figure 4.8. Expression of CSF-1R and sCSF-1R in embryo stages.
Approximately 50 embryos of each stage were collected from crossing of
ABXxWik adults and used to isolate RNA and synthesize cDNA. Semi-quantitative
RT-PCR was performed using primers for CSF-1R spanning from Exon 11 to
Exon 14/15 and primers for SCSF-1R spanning from Exon 2 to Exon 4b. Results
show CSF-1R expression beginning between 24 and 48 hpf and sCSF-1R
expression beginning between 0 and 12 hpf.
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Figure 4.9. Levels of CSF-1R and sCSF-1R expression in stages of zebrafish
embryos. Images of agarose gels were analysed using Adobe Photoshop
software to determine band intensity in tissues of interest. Band intensity for each
tissue was normalized to corresponding B-actin band and graphed using Excel
software.
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Figure 4.10. Presence or absence of CSF-1R and sCSF-1R in embryo stages.
Approximately 50 embryos of each stage were collected from crossings of
ABXxWik adults and used to isolate RNA and synthesize gene-specific cDNA.
Semi-quantitative RT-PCR was performed with primers designed for Exon 11 to
Exon 14/15 of CSF-1R and Exon 2 to Exon 4b of SCSF-1R. Results show CSF-
1R and sCSF-1R detected between 0 and 12 hpf.

94



TB SB
[ ] [

—— - - —
Exon 2 Exon 3 Exon 4 Exon 5 Exon 6

SB MO

Figure 4.11. Pigment development in wild-type AB embryos compared to
mutant CSF-1R™! and splice-block morpholino injected embryos. A)
Diagram of translation block (TB) and splice block (SB) morpholinos. B)
Crossings were made between groups of AB fish or groups of CSF-1R!*®* mutant
fish. Embryos were incubated at 28°C for 4 days before being photographed.
Crossings were made between groups of adult AB zebrafish. Half of the
collected embryos were incubated at 28°C for 3 days. The other half were
injected with 2.5 ng of the CSF-1R splice-block morpholino and then incubated
at 28°C for 3 days.
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Figure 4.12. in situ hybridization data for wild-type, CSF-1R“" and splice-
block morpholino injected embryos. Embryos were collected and incubated at
28°C for 30 hours. Embryos were dechorionated and fixed in solution of 4%
paraformaldehyde/PBS overnight at 4°C. in situs were performed using probes
for L-plastin, eng2 and krox20. Fish were photographed using a light microscope
with mounted camera. ImageJ software was using to quantify number of visible
macrophages. Results were then graphed and analyzed in Excel.
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CHAPTER V: GENERAL DISCUSSION

1. OVERVIEW OF FINDINGS

Teleost fish rely strongly on the innate immune response as a first line of
defense against pathogens. One of the key cells of the innate immune response is
the macrophage, which acts as a central effector of innate defence mechanisms
and as a regulator of innate and adaptive responses. Due to their importance in
the body, macrophage function and development needs to be tightly regulated.
The primary regulation of macrophage survival, proliferation, differentiation and
function occurs through the CSF-1 system. The CSF-1 system and its regulation
are poorly understood in teleost fish. In 2005, a soluble CSF-1R was identified
from goldfish primary kidney macrophages as a novel method of CSF-1
regulation (1). The presence of sCSF-1R in other vertebrates has not been
determined to date.

The main focus of my M.Sc. program was to expand our understanding of
the role SCSF-1R in the regulation of the CSF-1 system. In particular, | focused
on expanding upon current knowledge of goldfish sSCSF-1R and identifying SCSF-
1R in zebrafish to assess its contributions to aspects of development and immune
function. Examination of tissue expression patterns of both CSF-1R and sCSF-1R
lead to the conclusion that these genes were not specific to hematopoietic organs
as hypothesized (Chapter IllI). Rather, CSF-1R and sCSF-1R appear to be
expressed in all tissues examined. CSF-1R and sCSF-1R showed differentially
expression between tissues and between fish, suggesting that these two transcripts
may be differentially expressed in outbred goldfish.

In order to assess the contributions of CSF-1R and sCSF-1R to an
inflammatory process, | examined the changes in expression of these genes during
zymosan-induced peritonitis in goldfish. Peritonitis was characterized both in
vitro and in vivo by examining changes in total cell number, cell populations, and
gene expression of CSF-1R and sCSF-1R (Chapter Il1). At basal conditions, very
few cells were localized to the peritoneal cavity. Total cell counts were seen to
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rapidly increase 18 and 24 hours after injection. After 48 hours, cell counts
decreased with a large drop in all populations. Finally at 72 hours, cell counts and
populations returned to approximately basal conditions. Expression of both CSF-
1R and sCSF-1R were altered during the time course of this experiment. Both
transcripts showed a trend upwards from 0 to 24 hours, with lower expression
after 48 hours. Levels of CSF-1R and sCSF-1R remained stable after 72 hours.

| successfully identified sSCSF-1R from zebrafish hematopoietic tissues
(Chapter IV). Zebrafish sSCSF-1R showed high identity (82%) to that of goldfish
SCSF-1R, additionally possessing splice site consensus sequence divergences at
the Exond/Intron4 boundary. | further examined the expression of CSF-1R and
SCSF-1R in tissues isolated from zebrafish. Both genes showed expression in all
tissues examined, a result that was mirrored in goldfish.

| was also interested in determining the temporal expression of CSF-1R and
SCSF-1R during development in zebrafish (Chapter 1V). CSF-1R was readily
detectable as early as 24-48 hours post fertilization (hpf) through RT-PCR.
Through use of gene-specific cDNA, the transcript for CSF-1R was identified
shortly after fertilization, with a rapid increase at 24 hpf. sCSF-1R was detectable
0-12 hpf through RT-PCR, which was similar to the use of gene-specific cDNA.
Thus, it appears that SCSF-1R may play a role earlier in development than CSF-
1R.

Finally, 1 examined the contributions of CSF-1R and sCSF-1R to zebrafish
development and to the development and activity of primitive macrophages
(Chapter IV). 1 observed that CSF-1R is indeed essential for proper pigmentation
patterning during zebrafish development, a result which was expected based off of
previous studies. | was unable to observe any changes in spatial location or
numbers of developing macrophages at 30 hpf in CSF-1R*®! mutants or splice-
block morpholino injected embryos. To assess the contributions of CSF-1R and
SCSF-1R to primitive macrophage activity, | suggest further fine-tuning a
technique I developed utilizing FITC-zymosan and neutral red would yield data as

to the contributions of CSF-1R and sCSF-1R to primitive macrophage activity.
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2. ASSESSMENT OF THE CONTRIBUTIONS OF CSF-1R AND sCSF-1R
TO TELEOSTS: ROLE IN DEVELOPMENT AND INFLAMMATION

While previous work in our group and others has shown that CSF-1 and
CSF-1R are conserved in teleost fish, little is known about their function (1,2). A
recent study examining CSF-1 in teleost fish identified two copies of CSF-1 in
zebrafish, rainbow trout and salmon, suggesting that two CSF-1 genes may be
present in many fish species (3). Further examination of rainbow trout CSF-1
molecules showed differential expression based on tissues, with MCSF1 more
highly expressed in the spleen, brain and intestine and MCSF2 more highly
expressed in the head kidney, gills and muscles (3).

Several CSF-1R orthologues have also been examined in teleost fish,
including rainbow trout, gilthead seabream, East African cichlids, pufferfish,
goldfish and zebrafish (1,4-9). Orthologues in gilthead seabream and rainbow
trout show expression in cells of the monocyte/macrophage lineage in
immunologically-relevant tissues (4,5). On the other hand, orthologues in
zebrafish and East African cichlids play a unique role in pigmentation patterning
of melanocytes (zebrafish) and xanthophores (both) (6,7,9). To date SCSF-1R has
only been identified in goldfish in senescent primary kidney macrophage cultures
(1). sCSF-1R is believed to function as a negative inhibitor of CSF-1 based on its
structure. Cultures exposed to increasing levels of recombinant SCSF-1R show
dose-dependent decreases in proliferation, further supporting this hypothesis (1).

My studies have shown that SCSF-1R is conserved in zebrafish with high
identity to that of goldfish SCSF-1R. Similar to that of CSF-1R, sCSF-1R showed
expression in all tissues examined in both goldfish and zebrafish, indicating roles
outside of typical hematopoiesis. CSF-1R and sCSF-1R appear to contribute to
the cellular events of the inflammatory process, as expression was observed to
change as cell populations were altering. In the following sections | will discuss
possible contributions of CSF-1R and sSCSF-1R to development of the immune
system and organism as well as during inflammation in the peritoneal cavity.
Overall, | believe that these transcripts are critical to both development and

function of an adult organism. As they are essential to proper macrophage
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regulation, CSF-1R and sCSF-1R should play a role in the development and
function of primitive macrophages. Further, it is predicted CSF-1R and sCSF-1R
will play a role in the inflammatory response of the peritoneal cavity based the
role macrophages play during this response.

2.1. Contributions during development

The development and maturation of macrophages has been well studied in
zebrafish.  Primitive hematopoiesis can be observed as early as 12 hpf as
macrophage precursors emerge near the cardiac field of the embryo (10-12).
These macrophage precursors are the first producers of CSF-1R in the organism
(9). After 22 hpf, macrophages can be observed in the hundreds after 22 hpf as
pre-macrophages or immature macrophages (12). Upon the onset of blood
circulation between 24 and 26 hpf, the majority of the macrophages are seeded in
the cephalic mesenchyme and brain. This process has been shown to be CSF-1R-
dependent, as mutant embryos do not display this characteristic migration (9).
The remainder of the macrophages stay in the yolk sac and mature into early
macrophages. Shortly after this migration, definitive hematopoiesis begins in the
caudal hematopoietic tissue and in the aorta-gonad-mesonephros (AGM) region
(13).

Early macrophages are unique in their development. They appear to bypass
the monocytic development stage and instead follow a non-classical-rapid
differentiation pathway similar to that of goldfish alternative-pathway (AP)
macrophages (12). Both early macrophages and AP-macrophages are capable of
self-renewal, a trait that is not observed in typical MPS-monocyte derived
macrophages. In addition, both early macrophages and AP-macrophages display
similar myeloperoxidase staining and transcription factor PU.1 expression (14-
16). As such, it is believed that early macrophages and/or their precursors are
retained in the adult fish and function as adult AP-macrophages (17). As
expression of sCSF-1R is found in AP-macrophages in goldfish, it is hardly
surprising that SCSF-1R expression is detectable in zebrafish early macrophages

as well (Chapter IV). Further, expression of sCSF-1R appears to precede
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expression of CSF-1R during development, suggesting an important role for
SCSF-1R in control of the development of early macrophages.

The full spectrum of functions of these early macrophages has not been
fully characterized. These macrophages are capable of phagocytic activity, can
effectively clear bacterial challenges, and can remove apoptotic bodies (12,19).
However, the killing mechanisms of these macrophages are poorly understood.
Zebrafish macrophages deficient in CSF-1R still display normal functions, but it
is unknown if the killing mechanisms are still intact. As the CSF-1 system
controls the function of macrophages (amongst other roles), it likely controls the
function of these early macrophages as well. The expression of CSF-1R and
SCSF-1R during a time when early macrophages are present may indicate that
these transcripts contribute to the regulation of early macrophage function.

CSF-1R has previously been shown to be involved in pigmentation
patterning in zebrafish as well as in East African cichlids (6,7,9). Zebrafish with a
CSF-1RM*M™® mutant display severely decreased numbers of xanthophores and
melanocytes during development and adulthood (9). This has been attributed to a
decrease migration of cells of the xanthophore lineage, as well as increased death
of melanocytes along the zebrafish body. This CSF-1R“"!“ mutation results from
a frameshift in the second kinase domain leading to a non-functional truncated
protein (9). As such, it can be expected that levels of SCSF-1R likely remain
unchanged in these fish. Thus, this effect on pigmentation may be due to the
hypothesized negative regulator role of sSCSF-1R as sCSF-1R would still be
capable of proper function in this situation. This suggests that SCSF-1R may
contribute to processes during development and not confined to typical immune

protection in adulthood.

2.2. Contributions during inflammation

The cellular events during zymosan-induced peritonitis have been studied in
numerous organisms including mouse, frog, rat, goldfish and carp (19-22). It has
been observed that course of peritonitis can be modulated by a variety of

endogenous or exogenous factors including season, ambient temperature, stress or
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pharmacological factors including opioids (20). Nevertheless, in all organisms
examined a rapid increase in infiltrating cells is observed 24 hours post injection,
typically comprised of neutrophils. In carp, respiratory burst activity of these
infiltrating inflammatory neutrophils is greatly increased compared to resting
neutrophils (23). In addition, maximum expression of IL-1p, TNF-a, CXCa and
CXCRL1 is observed after 24 hours (24). In mice, levels of tissue resident
macrophages rapidly drop during the first hours of inflammation as levels of
inflammatory macrophages increase to a maximum at 24 hours (19). This
decrease has been attributed to three possible factors: i) increased tissue
adherence; ii) emigration to draining lymph nodes; and/or iii) cell death (19).
After two days, inflammatory macrophages decline while tissue resident
macrophages begin to repopulate the peritoneal cavity. The majority of
neutrophils are cleared by 48 hours post injection.

Zymosan-induced peritonitis has additionally been studied in SWISS mice,
frogs and goldfish following ablation of macrophages by clodronate (CL)
treatment (20). In SWISS mice, an increased influx of polymorphonuclear
leukocytes (PMNSs) is observed with prolonged accumulation in the peritoneal
cavity when macrophages are ablated from the mouse. This leads to the
hypothesis that macrophages are essential for limiting the numbers of inflowing
PMNs during peritonitis. Interestingly, frogs and goldfish that have been treated
with CL do not display a typical response to peritonitis (20). This may be
explained by the observation that CL-treatment itself leads to PMN influx in the
peritoneal cavity, which may obscure the typical response.

As macrophages are seen to be altered during the peritonitis response, it is
expected that the gene expression of these macrophages is also altered. In SWISS
mice, IL-10 has been implicated in the PMN-limiting abilities of macrophages
(20). Furthermore, it is hypothesized that based on the function of CSF-1R and
SCSF-1R, these transcripts should be actively involved in and/or contributing to
this response. It has been noted in mice that CSF-1 promotes the persistency of
tissue resident macrophages (25). As tissue resident macrophages decline and

inflammatory macrophages increase, differential changes in CSF-1R and sCSF-
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1R expression are expected. This is indeed what is observed in goldfish.
Between 0 and 24 hours post zymosan injection, the levels of expression of SCSF-
1R and CSF-1R are seen to steadily increase. As macrophages and monocytes are
entering the inflammatory site during this period, the increasing expression of
CSF-1R is hardly surprising. These infiltrating myeloid cells would rely directly
upon CSF-1R for proper function. As discussed above, macrophages in mice
have been hypothesized to regulate the infiltration of PMNs during peritonitis
(20). Thus, increasing sSCSF-1R expression may point to regulation of this
response to prevent unnecessary tissue damage that stems from an excessive
inflammatory response. In fact, SCSF-1R may be essential to remove circulating
CSF-1 to prevent further differentiation or proliferation of cells that are no longer
needed in the peritoneal cavity. While it is clear that CSF-1R and sCSF-1R are
involved in the inflammatory process, further characterization as to the

contributions of these transcripts will need to be performed.

3. FUTURE DIRECTIONS

The results presented in this thesis indicate goldfish sSCSF-1R and CSF-1R
show diverse expression in all tissues examined of goldfish, indicating a role for
these genes outside of typical hematopoiesis. The contributions of these
transcripts to inflammation in the peritoneal cavity were assessed at different time
points and were shown to play a role in this response. Zebrafish also possess
SCSF-1R with high identity to goldfish SCSF-1R. Similar to goldfish, zebrafish
SCSF-1R and CSF-1R show expression in all tissues examined. These genes are
also expressed early in development, indicating possible contributions to early
hematopoiesis.

While sCSF-1R and CSF-1R have been identified and further characterized
through my studies, detailed tissue expression in the tissues of goldfish and
zebrafish should be performed. Through use of a more sensitive technique, such
as real-time PCR, expression of sCSF-1R and CSF-1R can be accurately
determined in tissues examined. This would yield data to allow for a more

detailed analysis of the potential roles of these genes to teleost immune function.
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The contributions of SCSF-1R and CSF-1R to development of macrophages
in embryonic zebrafish need to be further examined. | anticipate that fully
optimizing a developed FITC-zymosan/neutral red technique would allow for
generation of quantifiable data to assess the roles of SCSF-1R and CSF-1R during
development. | expect that macrophages deficient in the CSF-1 system of control
would display comprised activity resulting in a poorly defended embryo that
would be sensitive to pathogens. Furthermore, with recent developments in using
zinc finger nucleases in zebrafish to knock-out specific genes, a SCSF-1R and/or
CSF-1R knock-out mutant can be generated to allow for examination of
macrophage function throughout development and adulthood of a zebrafish.

As stated above, while the contributions of sCSF-1R and CSF-1R to
inflammation in the peritoneal cavity have been assessed, real-time PCR would
allow for a more sensitive assessment of changes in expression of these genes. In
addition, it may be possible to examine individual fish without the need to pool in
order to determine if SCSF-1R and CSF-1R expression levels vary between fish
during inflammation. Zymosan injections into the peritoneal cavity of zebrafish
should be performed to determine if SCSF-1R and CSF-1R between goldfish and
zebrafish provide the same contributions during inflammation. Taking advantage
of the already generated mutants, including CSF-1R*** and CSF-1R“*""¢ would
allow for assessment of acute inflammation in teleosts that do not have a fully
functioning CSF-1 system.

The contributions of sCSF-1R to inflammation in goldfish are currently
being examined by our lab. The differential expression of sSCSF-1R following
exposure of zymosan and apoptotic bodies to PKM cultures is being examined at
the 48 hour time point. In addition, the expression of SCSF-1R in sorted cell
populations from peritoneal lavages will be examined to determine which cell
type is the major contributor of SCSF-1R production. Finally, through generation
of recombinant SCSF-1R we will be able to assess the contributions of SCSF-1R
to a variety of factors in vitro and in vivo.

The main objectives of my thesis were to further characterize goldfish
SCSF-1R and CSF-1R, to identify sCSF-1R in zebrafish, and to assess the
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contributions of these genes during development and inflammation. My research

has provided information that SCSF-1R is not unique to goldfish, and is in fact

expressed in zebrafish, a close relative. This suggests that other vertebrate species

may also express a SCSF-1R transcript. ldentifying SCSF-1R in other vertebrates

and the role(s) it plays in the innate immune response will open new doors for the

characterization of CSF-1 biology.
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