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Abstract

Phagocytosis is an important, evolutionarily conserved mechanism integral to
immune defense and homeostasis. Phagocytosis is initiated by the interaction of
receptors on the surface of phagocytes with ligands on large particles, generally
over 1 um. Receptor ligation results in actin polymerization, which subsequently
leads to particle internalization. The main objective of my thesis research was to
characterize functional phagocytic responses at inflammatory sites, where various
responses are involved in the clearance of pathogens, dying or senescent cells, and
in tissue repair/ wound healing. While this balance is well understood in mammals,
much less is known in lower vertebrates.

In accordance with mammals, I found that differentiation along the
macrophage pathway resulted in increases in phagocytic capacity, with mature
macrophage having the greatest capacity. Interestingly, activation resulted in
differential regulation of phagocytosis in monocytes and mature macrophages.
Within these subsets there was also differential regulation of phagolysosome fusion
and the production of reactive oxygen species (ROS). The activation of specific
phagocytic responses at distinct stages of differentiation suggests that these
responses may allow specialization of host immunity requirements within
specialized niches.

When phagocytic responses to inflammatory or homeostatic responses were
studied, I found that teleost fish displayed divergent responses following
phagocytosis, which is consistent with observations in mice. However, I found

significant differences between these species with regards to the level of
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responsiveness to zymosan and apoptotic bodies, the identity of infiltrating
leukocytes, their rate of infiltration, and the kinetics and strength of resulting
antimicrobial responses. The primary differences were noted in the neutrophilic
responses. Importantly, I found that activated murine, but not teleost, neutrophils
possess the capacity to internalize apoptotic cells, resulting in decreased neutrophil
ROS production. This may play an important part in the recently identified anti-
inflammatory activity that mammalian neutrophils display during the resolution
phase of inflammation.

Goldfish responses were partially regulated by soluble factors. However, no
changes were noted in canonical mammalian factors, leading to identification of a
novel role for a unique teleost receptor- soluble colony stimulating factor-1
receptor (SCSF-1R). Soluble CSF-1 receptor was originally described as a regulator
of macrophage proliferation. Soluble CSF-1R is highly upregulated following
interaction with apoptotic cells, resulting in reduced cellular infiltration,
phagocytosis, ROS production, expression of pro-inflammatory factors, and
downstream antimicrobial responses. The effects sSCSF-1R mirrored several of
those induced by apoptotic cells, suggesting that SCSF-1R may be a central player
in the regulation of anti-inflammatory responses induced by apoptotic cells.

These observations were then applied to the study of an Aeromonas infection.
Aeromonas is a highly virulent fish pathogen with devastating effects on the fish
farming industry. It has been previously shown that increases in the production of
reactive intermediates by host immune cells cause significant cytotoxicity at the

infection site, but have limited protective effects against this catalase-producing
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bacterium. I found that Aeromonas veronii infection promotes systemic expression
of sCSF-1R. However, unlike other pathogen models, sCSF-1R was unable to
inhibit inflammation at the 4. veronii challenge site and had no impact on the
production of ROS in vitro or in vivo. Importantly though, I found that the
increased systemic expression of SCSF-1R in A. veronii infected fish appears to
decrease proliferative activity among cells in the hematopoietic compartment,
which is further coupled to a decrease in CSF-1 expression in kidney hematopoietic
tissues.

Overall, the data presented here places the CSF-1 system and its regulator
sCSF-1R at the center of both the induction and regulation of inflammation in
teleost fish, with the effects of this system impacting the macrophage-lineage cells

as well as the neutrophilic and potentially lymphocytic cells.



Preface

This thesis is an original work by Aja M. Rieger. The research project, of
which this thesis is a part, received research ethics approval from the University of
Alberta Research Ethics Board as part of an NSERC Discovery Grant entitled
"Comparative biology of phagocytic antimicrobial responses" awarded to Dr.

Daniel R. Barreda, held from 2008-2013 and 2013-2018:

1. Comparative biology of fish phagocytic antimicrobial responses;
Protocol # 706.

2. Comparative biology of phagocytic antimicrobial responses in mice;
Protocol # 760.

Some of the research conducted in this thesis was part of collaborations with
local and international groups, leading to publication. Details for each chapter are

outlined below:

Chapter 1: Portions of this chapter have been previously published in: Rieger
AM and Barreda DR. 2011. Antimicrobial mechanisms of fish leukocytes. Dev
Comp Immunol 35: 1238-45. And Rieger AM, Hanington PC, Belosevic M and
Barreda DR. 2014. Control of CSF-1 induced inflammation in teleost fish by a
soluble form of the CSF-1 receptor. Fish Shellfish Immunol pii: S1050-
4648(14)00105-3. For both manuscripts, I contributed to the design of the review,
manuscript composition, and figure design. P.C. Hanington contributed to a portion
of the manuscript composition. M. Belosevic contributed to manuscript editing.

D.R. Barreda was the supervisory author, and assisted in manuscripts composition
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and editing.

Chapter 3: A version of this chapter has been previously published in: Rieger
AM, Hall BE and Barreda DR. 2010. Macrophage activation differentially
modulates particle binding, phagocytosis and downstream antimicrobial
mechanisms. Dev Comp Immunol 34: 1144-59. I was responsible for the
experimental design, data collection and analysis, and manuscript composition.
B.E. Hall (Amnis Corporation, part of EMD Millipore) assisted in design of
analysis templates and contributed to manuscript editing. D.R. Barreda was the
supervisory author, and assisted in experimental design and manuscript

composition.

Chapter 4: A version of this chapter has been previously published in: Rieger
AM, Konowalchuk JD, Grayfer L, Katzenback BA, Havixbeck JJ, Kiemele MD,
Belosevic M, Barreda DR. 2012. Fish and mammalian phagocytes differentially
regulate pro-inflammatory and homeostatic responses in vivo. PLoS One 7: €47070.
I was responsible for experimental design, data collection and analysis, and
manuscript composition. J.D. Konowalchuk assisted with data collection from
murine experiments. L. Grayfer assisted with Q-PCR experimental design. B.A.
Katzenback assisted with neutrophil identification and analysis. J.J. Havixbeck
assisted with manuscript editing. M.D. Kiemele assisted in flow cytometry
staining. M. Belosevic and D.R. Barreda were supervisory authors, and assisted in

experimental design and manuscript editing.

Chapters 5 and 6: Portions of these chapters has been previously published
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in: Rieger AM, Konowalchuk JD, Havixbeck JJ, Robbins JS, Smith MK, Lund JM,
Barreda DR. 2013. A soluble form of the CSF-1 receptor contributes to the
inhibition of inflammation in a teleost fish. Dev Comp Immunol 39: 438-46. 1 was
responsible for experimental design, data collection and analysis, portions of the
manuscript composition, and manuscript editing. J.D. Konowalchuk and J.J.
Havixbeck were involved in data collection and manuscript editing. J.S. Robbins
was responsible for the generation of recombinant sSCSF-1R. M.K. Smith assisted
in sample processing and manuscript editing. J.M. Lund provided preliminary data
that guided this line of research and assisted in manuscript editing. D.R. Barreda
was the supervisory author, and assisted in experimental design, manuscript

composition, and manuscript editing.

Chapter 8: A portion of this chapter has been previously published in: Rieger
AM, Hanington PC, Belosevic M and Barreda DR. 2014. Control of CSF-1
induced inflammation in teleost fish by a soluble form of the CSF-1 receptor. Fish
Shellfish Immunol pii: S1050-4648(14)00105-3. I contributed to the design of the
review, manuscript composition, and figure design. P.C. Hanington contributed to
a portion of the manuscript composition. M. Belosevic contributed to manuscript
editing. D.R. Barreda was the supervisory author, and assisted in manuscripts

composition and editing.

Appendix I: A version of this chapter has been previously published in:
Rieger AM, Hall BE, Luong Le T, Schang LM, Barreda DR. 2010. Conventional
apoptosis assays using propidium iodide generate a significant number of false

positives that prevent accurate assessment of cell death. J Immunol Methods 358:
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81-92. And Rieger AM, Nelson KL, Konowalchuk JD, Barreda DR. 2011.
Modified AnnexinV/Propidium lodide apoptosis assay for accurate assessment of
cell death. J Vis Exp 50: pii: 2597. I was responsible for experimental design, data
collection and analysis, video performance, and manuscript composition for both
papers. B.E. Hall (Amnis Corporation, part of EMD Millipore) assisted in design of
analysis templates and contributed to manuscript editing. T. Luong Le preformed
all viral infections. L.M. Schang assisted in experimental design of viral work and
participated in manuscript editing. K.L. Nelson assisted in compiling figures for the
JoVE publication and assisted in manuscript editing. J.D. Konowalchuk assisted in
data collection, manuscript editing, and video performance. D.R. Barreda was the
supervisory author for both papers, and assisted in experimental design and

manuscript editing.
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Chapter 1. Introduction and Literature Review'

1.1. Introduction

Since Metchnikoff’s seminal discovery of phagocytosis in 1882, phagocytes
have become widely appreciated for their critical role in immune defenses.
Phagocytic cells are found in all branches of the animal kingdom. Professional
phagocytes are integral to the maintenance of tissue homeostasis and turnover,
embryogenesis and organogenesis, recognition and clearance of pathogens,
initiation and resolution of inflammatory processes, and activation of immune cells
through the production of bioactive molecules and presentation of antigens.

The initiation and resolution of inflammation by phagocytes is central to both
wound healing and defense against pathogens. In mammalian immunology, it is
widely accepted that phagocytes, macrophages in particular, are capable of
internalizing pathogenic and homeostatic self particles, leading to induction of
divergent macrophage responses. Following internalization of pathogens,
phagocytes produce an array of inflammatory mediators that activate pro-

inflammatory immune processes. Internalization of pathogens also increases

1 Portions of this chapter have been previously published:

Rieger AM and Barreda DR. 2011. Antimicrobial mechanisms of fish leukocytes.
Dev Comp Immunol 35: 1238-45.

Rieger AM, Hanington PC, Belosevic M and Barreda DR. 2014. Control of CSF-1
induced inflammation in teleost fish by a soluble form of the CSF-1 receptor. Fish

Shellfish Immunol pii: S1050-4648(14)00105-3.



production of microbicidal products, which is integral to preventing pathogen
dissemination. Conversely, phagocytosis of homeostatic, self particles (eg.
apoptotic cells) results in activation of anti-inflammatory processes. This involves
changes in the types of soluble factors produced and, generally, a decrease in
phagocytic and microbicidal activities. Further, phagocytosis of apoptotic cells
induces a switch in macrophage activity, which is important to resolving
inflammatory processes and promoting wound healing. While this process is well
understood in mammalian models, little is known about responses in lower
vertebrates.

Non-classical immune models have been particularly important in informing
the evolution of immune responses and in identifying novel immune responses/
pathways/ molecules. This is highlighted by the discovery of phagocytosis in
starfish larva (Elie Metchnikoff; 1908 Nobel Prize in physiology or medicine), Toll
receptors in Drosophila (Jules Hoffman; 2011 Nobel Prize in physiology or
medicine), and phagocytic B cells in fish and amphibians. All of these discoveries
lead to the identification of these novel activities in mammalian immune defenses.
In my thesis, I employ a comparative approach to dissecting roles of phagocytes in
the initiation and resolution of inflammation. Teleosts (bony fish) are one of the
earliest vertebrate classes that possess functional innate and adaptive immune
components similar to those found in mammals. Teleosts are part of an large
family, containing over 30,000 identified species. Most teleost immune studies,
however, have focused on gene identification and expression. Using a goldfish

model system, my thesis work focused on the characterization of the functional



responses of phagocytes and their antimicrobial defenses in the initiation and

resolution of inflammatory processes.

1.2.  Objectives of thesis

The main objective of my thesis research was to characterize functional
phagocyte responses that occur at inflammatory sites, where various responses are
involved in the clearance of pathogens, dying or senescent cells, and in tissue
repair/ wound healing. The specific aims of my research were (1) investigate the
responses of goldfish and murine phagocytes to pathogenic vs. homeostatic stimuli;
(2) characterize the contributions of SCSF-1R as a homeostatic stimulus; and (3)

elucidate the role of SCSF-1R in an in vivo model of Aeromonas veronii infection.

1.2.1. QOutline of thesis

This thesis is comprised of 8 chapters. The first chapter is a literature review
focusing on the antimicrobial defenses of phagocytes and the roles these have in an
inflammatory response. Specifically, this chapter will outline important steps of an
acute inflammatory response (from induction to resolution) and the roles of
phagocytes in the various stages. Chapter 2 provides detailed descriptions of the
methodologies employed throughout this thesis. In Chapter 3, I examine the
phagocytic responses of teleost macrophages to pathogenic stimuli and the impact
on the induction of antimicrobial defenses. Chapter 4 describes the responses of
goldfish and murine phagocytes (macrophages and neutrophils) to pathogenic and

homeostatic stimuli in vivo. Chapter 5 identifies soluble colony stimulating factor-1



receptor (SCSF-1R) as a potential soluble homeostatic mediator in goldfish and
examines expression of this receptor. In Chapter 6, I investigate the role of sCSF-
IR in regulating acute inflammatory responses in vivo. Chapter 7 examines in
importance of sSCSF-1R in the context of an Aeromonas veronii infection. Finally,
in Chapter 8, I provide an overview of my findings and describe a model of
inflammatory control in bony fish. This chapter also suggests future directions for

this work and describes the relevance of my findings.

1.3.  Literature review: The role of phagocytes in the induction

and resolution of acute inflammatory responses

1.3.1. Introduction

Inflammation is a tightly regulated process that occurs following tissue injury
or pathogenic insult. It is a complex biological process involved in the repair of
damaged tissue or clearing infection. The end goal of inflammation is the
restoration of tissue homeostasis. The classical signs of acute inflammation are
redness, heat, swelling, pain, and loss of function.

A hallmark of inflammation is the clustering of monocytes, macrophages,
neutrophils, and dendritic cells at inflammatory foci, initiated by the production of
inflammatory cytokines and chemokines (1). These foci maintain immune cells in
close contact and promote the crosstalk necessary for tight regulation and
integration of immune responses. Within these foci, antimicrobial products are
important mediators of immune cell function and contribute to the promotion and

resolution of inflammation at distinct stages of the antimicrobial response.



Antimicrobial responses are critical components of the innate immune system.
Many of these responses are conserved through evolution, pointing to the
importance of these responses in providing protection against infection and in
limiting dissemination of pathogens. The phagocytic leukocytes in fish are armed
with an array of intracellular and extracellular antimicrobial defenses that are
generally induced by the internalization of pathogens or by the presence of pro-
inflammatory immune products or pathogen products and provide protection
against diverse pathogens. Further, products of antimicrobial responses are also
integral in shaping protective immune responses and in resolution of inflammatory
processes through their concentration dependent, divergent effects on immune

cells.

1.3.2. Antimicrobial defense mechanisms of fish leukocytes

The innate immune system provides a critical first line of defense against
invading pathogens. Multi-parametric recognition of pathogen associated
molecular patterns (PAMPs) based on well-established receptor families (e.g.
TLRs, NLRs) effectively defines microbial intruders and ultimately leads to
activation of cell armamentarium designed to kill infiltrating pathogens.
Antimicrobial responses are tailored to the type of pathogen, as well as to the
location of the pathogen (internalized or external to the cell). Because of their
potency and efficiency, these primordial immune defenses have been largely
conserved through evolution. For lower vertebrate species like the teleost fish,

these innate antimicrobial responses are particularly critical for host survival in



light of the reduced repertoire of classical adaptive responses compared to those of
mammalian species.

Antimicrobial defenses can be divided into two main categories: intracellular
and extracellular. Intracellular defense mechanisms are designed to provide
protection against pathogens found within membrane-enclosed structures. These
defenses are not limited to killing pathogens that have been internalized (e.g.
though phagocytosis), but also provide protection against pathogens that actively
enter immune cells as a mechanism of protection from humoral defense
mechanisms. In the following section, I highlight the role of mechanisms based on
superoxide and nitric oxide production, as well as phagolysosome fusion for the
effective establishment of a toxic degradative environment within teleost fish
leukocytes. These soluble products are efficient antimicrobial agents, but their
modes of action are generally non-specific (2-4). As such, they can be highly toxic
to host cells as well. Targeted production and release of these antimicrobial
molecules into membrane-enclosed structures ensures reduced damage to host
phagocytes, while also sequestering the pathogen within a specialized degradative
environment.

Extracellular defense mechanisms provide complementary strategies to those
described above. Extracellular defenses are targeted towards pathogens within the
extracellular space, providing a means for the innate immune system to effectively
clear pathogens that have escaped internalization or those that are too large to be
internalized. These responses are generally activated by the presence of microbial

products or inflammatory mediators and result in the release of antimicrobial



factors into the extracellular space. While reactive oxygen and nitrogen
intermediates can also be produced extracellularly and thus be considered
extracellular defense mechanisms, this chapter will focus on the antimicrobial
contributions provided by degranulation of neutrophilic granules, formation of
neutrophil extracellular traps, and antimicrobial peptides as representative
strategies for the effective defenses against extracellular pathogens. Unlike
intracellular defenses, products in neutrophilic granules and antimicrobial peptides
are more specifically targeted towards microorganisms and cause little damage to
healthy host cells (5, 6).

The mechanisms and effectiveness of teleost cellular responses against
microbial challenge are well documented for classical professional phagocytes such
as monocytes, macrophages, and neutrophils. These provide clear examples of the
potent intracellular (7-9) and extracellular (10-13) antimicrobial strategies available
to the teleost host. There is also increasing evidence that non-classical cells such
as B-lymphocytes may fill important roles in early teleost antimicrobial defenses. B
cells have recently been described to be phagocytic and to effectively mediate
killing of phagocytosed bacteria (14-16). Furthermore, phagocytic B cells appear to
represent a significant proportion of the phagocytic blood leukocytes in trout,
suggesting significant contributions for phagocytic B cells in teleost host defense
(14). It remains unclear whether the presence of phagocytic B cells reflects a
requirement for specialization from a lower vertebrate group that relies heavily on

innate defense mechanisms for pathogen clearance. Alternatively, this may point to



novel innate mechanisms that have remained conserved within specialized niches

in higher vertebrates (17).

1.3.2.1. Intracellular mechanisms

1.3.2.1.1. Respiratory burst

The respiratory burst was first described in mammalian leukocytes in the
1930’s when it was noted that phagocytosis was associated with increased oxygen
consumption (18). It was subsequently found that this increased oxygen
consumption- or respiratory burst- resulted in the formation of superoxide anion
(19) and that this process was catalyzed by NADPH-oxidase, a multi-component
enzyme that assembled on the inner surface of the plasma membrane following
appropriate activation (20). In mammalian phagocytes, the NADPH-oxidase
consists of the catalytic membrane-associated flavocytochrome bsgs, which is a

heterodimer gp91P™*

(also known as Nox2; phox for phagocyte oxidase) and
p22Ph°* (21, 22). The remaining three components of NADPH-oxidase — p40™,
p47°" and p67™ remain complexed in the cytosol until appropriate stimulation
is received (22), thereby providing an important control strategy for NADPH-
oxidase activation in resting cells.

Phagocyte NADPH-oxidase has only begun to be characterized in teleost
fish. Cloning, sequencing and phylogenetic analysis NADPH-oxidase has been
described in several teleost fish species, including rainbow trout (23), Japanese

pufferfish (24), carp (25), Atlantic salmon (26), zebrafish, medaka, and pufferfish

(27, 28). Phylogenetic analysis indicates that the radiation of NADPH-oxidase



components occurred in a common teleost/ mammalian ancestor (25) and have
evolved separately, leading to a clustering of all fish components separate from
mammals (26).

Although the evolutionary divergence observed for NADPH-oxidase has led
to a relatively low sequence homology between fish and mammals, the functional
domains remain highly homologous (23-26). Fish phox subunits contain all
essential interaction and activation domains required for correct assembly and
function of the mammalian NADPH-oxidase complex, as well as the motifs
required for the production of reactive oxygen intermediates (ROI) (23-25).
Importantly, fish NADPH-oxidase components have been shown to have a similar
expression pattern to that of mammals, suggesting that fish and mammal NADPH-

oxidase may have similar modes of activation and functional activities (24-26).

Recent studies on the functional induction of the respiratory burst response
suggest an important role for inflammatory cytokines (7, 29). These include
inflammatory cytokines such as tumor necrosis factor (TNF) a-1 and -2 (30, 31),
interferon (IFN) y (32-35), colony stimulating factor-1 (CSF-1) (36) and
interleukin (IL)-8 (37). Interestingly, recent reports suggest that in some teleost fish
TNF-a does not directly activate phagocytes but instead activates endothelial cells,
leading to an indirect activation of phagocytes (38, 39). For example, direct
stimulation of gilthead seabream (39) or carp (38) phagocytes with either TNF-a 1

or 2 fails to induce the respiratory burst.

Respiratory burst responses in fish can also be strongly activated by PAMPs.

Most of these studies have focused on LPS, which has been shown to induce
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respiratory burst in goldfish (7, 40), rainbow trout (23, 41), Atlantic salmon, and
gilthead seabream (42). Other PAMPs that have been shown to induce respiratory
burst, including CpG ODN in gilthead seabream (42, 43), poly I:C in rainbow trout
(23), flagellin in gilthead seabream (42), MDP in gilthead seabream (42) and [3-
glucans including zymosan in rainbow trout (23) and Saccharomyces cerevisiae in
gilthead seabream (8). Important pathogens of teleost fish have also been shown to
induce potent respiratory burst responses, including Aeromonas spp. in goldfish
(44) and carp (45), and Vibrio anguillarum in gilthead seabream (46) infections.
Following stimulation, NADPH-oxidase is activated through three sequential steps:
[1.] activation of protein kinase C (PKC), [2.] phosphorylation of p47°"*, which
likely results in its translocation to the cell membrane, and [3.] the production of
reactive oxygen intermediates by NADPH-oxidase (26). While activation pathways
are conserved across teleost fish species, the kinetics and strength of respiratory
burst show differences across those fish species studied. For example, a report by
Nikoskelainen et al. (2006) (47) showed that the magnitude of respiratory burst in
Atlantic cod blood leukocytes following activation with opsonized or non-
opsonized zymosan was at least double that of rainbow trout blood cells, and has
faster induction kinetics. Another study that compared respiratory burst responses
of carp and ayu neutrophils found that ayu neutrophils spontaneously activated
respiratory burst that was not further enhanced by priming (48). In contrast, carp
neutrophils displayed low levels of respiratory burst in resting cells that was
enhanced in the presence of inflammatory stimuli (48). Despite a high level of

conservation in NADPH-oxidase components and similarities in the stimulatory
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factors that induce this response cross teleost fish, disparate responses exist. It will
be interesting to determine if these observations point to divergent responses
between various fish species and reflect a differential dependence on this
mechanism for host defenses. Alternatively, these observations may highlight a
differential level of responsiveness across fish that is partially driven through the
specific requirements and challenges that face each species within its chosen
ecological niche.

Significant heterogeneity can also be observed across leukocyte populations
within a single fish species. Recent work has examined the activation of respiratory
burst in goldfish primary kidney macrophage (PKM) cultures (7, 29). These in
vitro derived cells have been previously shown to contain three distinct
subpopulations that correspond to progressively more differentiated stages across
the macrophage lineage (early progenitors, monocytes and mature macrophages)
(7, 29). Interestingly, these three cellular subpopulations have distinct kinetics in
the priming of respiratory burst reflecting potential differences in the intrinsic
regulatory mechanisms among these cell types (7, 29). Early progenitors in sorted
and mixed populations showed a limited capacity for respiratory burst response
that was not affected by activation. In contrast, monocytes have an early induction
of respiratory burst that was not maintained with prolonged activation with
MAF/LPS. TNF-0-2 appears to be a key factor in activating respiratory burst in
PKM monocytes populations (31). In contrast to PKM monocytes, PKM mature
macrophages have a low early induction of respiratory burst that is greatly

enhanced by prolonged activation. Interestingly, in the mature macrophage
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populations but not the monocyte population, the kinetics of respiratory burst
induction parallel the kinetics of phagocytosis. This suggests that in goldfish PKM,
similar to mammalian monocytes and macrophages (49-52), phagocytosis and
respiratory burst may be complementary but not interdependent antimicrobial
mechanisms. Further demonstration of the heterogeneity of respiratory burst
responses within a single species comes from zebrafish studies. Production of
reactive oxygen species in zebrafish leukocytes was found to vary significantly
throughout the day, with the highest levels being produced at dawn, suggesting that
respiratory burst in zebrafish may be at least partially regulated by circadian
rhythms (53). Thus, much remains to be defined, despite our improved
understanding of respiratory burst responses in teleost fish in recent years. In light
of the available results, it will be particularly interesting to go beyond the intrinsic
mechanisms that regulate these responses at the cellular level, and assess the
differential cross-talk that exists between respiratory burst mechanisms and other

antimicrobial host responses across distinct cellular niches.

1.3.2.1.2. Nitric oxide
Nitric oxide (NO) is an important molecule involved in diverse
physiological processes, including vasorelaxation, neuronal communications,
inhibition of cell proliferation, and intracellular signaling. NO also has potent toxic
effects and, as such, is an important component of the arsenal available to animal
hosts for effective antimicrobial defenses. NO is formed by the oxidation of 1-

arginine to I-citrulline by NO synthase (NOS) (54). Three forms of NOS have been
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identified in mammals: neuronal (nNOS), endothelial (¢NOS) and inducible
(INOS) (55). Of these three, only iNOS has been shown to be involved in immune
defense.

Within fishes, iNOS was first identified in the goldfish (56) and has been
further characterized in carp (57) and rainbow trout (58). iNOS sequences have
also been identified in zebrafish (59), small spotted catshark (60), and scup (61).
The identified carp iNOS protein has 57% similarity with human iNOS and
contains putative binding sites for heme, tetrahydobiopterin calmodulin, flavine
mononucleotide, flavine adenine dinucleotide and NADPH, all of which represent
important sites in mammalian iNOS (57). In addition to iNOS gene expression, its
activity has been demonstrated in teleost phagocytes, including heterophillic
granulocytes, neutrophils and macrophages (57, 62).

Induction of teleost iNOS transcription appears to involve NF-kB (57) and,
similar to mammalian iNOS, is induced mainly after stimuli with cytokines or
PAMPs. iNOS transcription is only induced in activated cells and results in the
production of NO. Studies in goldfish, carp and turbot have identified IFN-y, TNF-
a, CSF-1, and the IL-6 family member M 17 as the major pro-inflammatory
cytokines inducing iNOS expression and contributing to NO production (30-32, 35,
36, 63-66). Many of these cytokines synergize with LPS to induce high levels of
NO. However, as noted previously, the effects of some cytokines may be indirect,
as studies in carp have shown that TNF-a does not induce nitric oxide production
in carp head kidney leukocytes but again activates epithelial cells (38).

In addition to inflammatory cytokines, modified transferrin, a non-cytokine
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serum protein, also potently induces NO responses in macrophages. Modified
transferrin or transferrin-like proteins have been identified in many species and
may constitute a highly conserved pathway for activating NO responses (67).
Furthermore, transferrin and transferrin-derived synthetic proteins have been
shown to induce highly conserved responses in murine and fish macrophages,
pointing to an important conserved antimicrobial role of modified transferrin in
both lower and higher vertebrates (68, 69). Full-length transferrin does not appear
to be immunologically active and must be cleaved in order to induce NO responses
in fish (67). Transferrin is cleaved by enzymes, such as elastase, released from
cellular damage and/or necrosis at the inflammatory site, resulting in a truncated
transferrin that significantly enhances the ability of macrophages to produce NO in
response to pathogens or pathogen products (70). In several fish species, including
salmon (71), goldfish, (72) and carp (73), several transferrin variants are expressed
that may have differential abilities to induce NO production (74). These results,
combined with earlier observations, suggest that polymorphisms in transferrin may
be linked to resistance against pathogens.

Nitric oxide has been shown to have potent antimicrobial effects against a
number of relevant fish pathogens (75-77). For example, nitric oxide was found to
significantly impact the replication of viral haemorrhagic septicemia virus (VHSV)
when examined in vitro using a turbot fibroblast cell line (TV-1) and kidney
macrophages (75). However, similar to products from respiratory burst responses,
NO is not specifically targeted to microorganisms and also has the potential to be

toxic to host tissues in high concentrations. Because of this, the production of NO
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must be tightly regulated. One of the primary mechanisms for controlling NO
production is through the production of anti-inflammatory cytokines such as
transforming growth factor (TGF)-B (78). Recent work has also shown that
increased cyclic AMP (cAMP) levels leads to reduced NO production (79, 80),
pointing to an important role of this second messenger in modulating fish
antimicrobial responses. The antioxidant glutathione has also been shown to play a
protective role against nitrosative stress, especially in carp phagocytes that contain
higher levels of glutathione compared to other peripheral blood leukocytes (81). In
addition, carp neutrophils have been shown to upregulate gene expression of the
enzymes involved in the glutathione redox cycle following stimulation with LPS,
which results in further protection against the detrimental effects of NO products

following immune challenge (81).

1.3.2.1.3.  Phagolysosome fusion

Phagolysosome fusion is a critical component for the degradation of
phagocytosed microorganisms (82). Following internalization, lysosomes migrate
towards and fuse with the phagosome resulting in the release of acidic and
enzymatic lysosomal contents into the phagosome and subsequent degradation of
phagolysosome contents. Phagolysosome fusion has been shown to occur in
rainbow trout B cells, (14) as well as in goldfish monocytes and mature
macrophages (7). I have recently reported that both monocytes and mature
macrophages acquire the capacity for phagolysosome fusion that parallels their

capacity for phagocytosis (7). Importantly, although I found increased
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phagolysosome fusion in activated monocytes/macrophages, I observed a direct
correlation between these phagocytosis and phagolysosome fusion processes. In
other words, within cellular groups mediating phagocytosis there was no relative
increase in phagolysosome fusion as a result of cellular activation (7).

Interestingly, monocytes displayed a greater capacity for phagolysosome fusion
compared to mature macrophages (7). It is possible that terminal differentiation
into macrophages leads to a decreased intracellular degradative capacity that allows
for increased efficiency during antigen presentation events. This would be
consistent with observations on mammalian dendritic cells, which have a decreased
capacity for lysosomal proteolysis but an increased ability for antigen presentation

following maturation (83).

1.3.2.2. Extracellular mechanisms
1.3.2.2.1.  Neutrophil degranulation and extracellular traps

As one of the first cells at sites of inflammation, neutrophils are armed with
a wide arsenal of intracellular and extracellular antimicrobial tools that are integral
to the early defenses against pathogens. Of all the phagocytic leukocytes, they
possess the greatest repertoire of extracellular antimicrobial mechanisms and, as
such, highlight the important contributions of extracellular mechanisms to host
defenses.

One of the primary extracellular defense mechanisms of neutrophils is the
targeted degranulation of cytoplasmic granules containing preformed mediators.

Mammalian neutrophilic granules have been shown to contain a variety of
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antimicrobial products that include enzymes such as myeloperoxidase, acidic
hydrolases, metalloproteinase, proteinase-3, cathepsin G and elastase, and
antimicrobial peptides such as lactoferrin and cathlicidin (5). While granular
contents of teleost neutrophils have not been as thoroughly described, an assay has
been recently developed to quantitate myeloperoxidase degranulation in fish
neutrophils (84). Using this assay, teleost neutrophils have been shown to
degranulate in response to various mitogens, zymosan, and Aeromonas
salmonicida (12, 44, 84). These responses are not affected by the presence of
cytochalasin B suggesting that potent degranulation does not require prior
phagocytic events. Though protein analysis and functional studies are only starting
to dissect these mechanisms, teleost fish have been shown to express homologues
of proteinase-3, cathepsin G, elastase and azurocidin, suggesting that teleost
neutrophils possess the potential to produce these classical granule contents (85).
However, more work must be done to confirm that these enzymes are expressed at
the protein level within the neutrophil granules, to confirm that these enzymes are
functional, and to determine their relative contributions to the effector mechanisms
mounted against invading pathogens.

Degranulation in mammalian neutrophils has recently been shown to also
result in the release of chromatin, and is associated with the formation of
extracellular fibers that trap bacteria (86). These mammalian neutrophil
extracellular traps, or NETs, bind microorganisms, degrade virulence factors,
prevent dissemination and kill bacteria by maintaining a high local concentration of

antimicrobial granule components (86). The production of NETs by teleost
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neutrophils has been recently described in both zebrafish and fathead minnows (10,
87). Similar to mammalian NETs, fish NETs are composed of neutrophil granule
proteins associated with DNA fibers, but not cytoskeleton (10, 86, 87). However,
much remains to be learned about the contribution of different neutrophilic granule
classes to the composition of teleost NETs, as well as the ability of these NETs to
prevent pathogen spread, to contain the diffusion of potentially tissue damaging

factors, and to kill invading microorganisms.

1.3.2.2.2.  Antimicrobial peptides

Antimicrobial peptides (AMPs) are an important innate immune defense
because of their broad-spectrum antimicrobial activity (88). AMPs are one of the
most primordial antimicrobial defense mechanisms, having been isolated from
microorganisms, insects and other invertebrates, plants, amphibians, birds, fish,
and mammals (89). Teleost fish express a number of AMPs in tissues that are
important for immune defenses including kidney, spleen, intestine, gills, skin and
epidermal mucous, blood, reproductive organs, and eyes. The recent identification
of AMP expression in professional phagocytes and other leukocytes is of particular
interest (11, 13). Head kidney primary leukocytes from rainbow trout, for example,
express beta-defensins omDB-1 and omDB-3 following stimulation with poly I:C
(90), suggesting a role for beta-defensins in leukocyte antimicrobial defenses.
Further, two potent AMPs, hepcidin and piscidin, were found to be highly
expressed in acidophilic granulocytes (functionally equivalent to neutrophils) but

not monocytes/macrophages or lymphocytes of gilthead seabream (11, 13).
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Expression of AMPs by granulocytes is upregulated after treatment with mitogens,
PAMPs or particulate antigens both in vitro and in vivo (11), suggesting that
neutrophil activation also increases antimicrobial killing potential through AMP
production. Intriguingly, it appears that piscidins may play a role in both
intracellular and extracellular killing of bacteria as piscidins are also delivered to
bacteria-containing phagosomes (13). Though relatively little work has been done
in this area, it appears that immune cell expression of AMPs may represent an

important innate antimicrobial defense in teleost fish.

1.3.2.3. The phagocytes: neutrophils, monocytes, macrophages, and B cells
Neutrophils are one of the first cell types to arrive in inflammatory sites and
are a critical component of teleost innate immune defenses. Neutrophils are armed
with an impressive antimicrobial armamentarium that looks to limit dissemination
of a broad range of pathogens. They also display a broad repertoire of intracellular
and extracellular antimicrobial defenses. Interestingly, many antimicrobial
mechanisms of fish neutrophils are utilized both as intracellular and extracellular
defenses. A prime example is the strong respiratory burst (25, 91) and nitric oxide
(12, 92) responses of teleost neutrophils. Unlike the predominantly intracellular
responses in macrophages, ROS and NO responses in neutrophils can occur
potently both intracellularly and extracellularly (12, 93), providing protection
against both phagocytosed and extracellular pathogens. Another example of
overlapping intracellular and extracellular defenses lies in the antimicrobial and

cytotoxic substances stored in neutrophilic granules (5, 11, 13). Granular contents
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can either be degranulated into the extracellular space, as described above, or
released within the phagosome, where they exert potent antimicrobial actions. The
dual roles of neutrophil antimicrobial mechanisms provide neutrophils with potent
killing capabilities against a wide range of pathogens, both intracellular and
extracellular, without requiring numerous distinct mechanisms.

Monocytes/ macrophages of teleost fish are highly phagocytic cells and, as
such, possess potent intracellular antimicrobial defenses. Both cell types have been
shown to be variably capable of producing reactive oxygen and nitrogen
intermediates and phagolysosome fusion, and appear to rely on distinct
antimicrobial defenses. Monocytes have been shown to have a relatively short
respiratory burst response following activation (7, 29) and lack a nitric oxide
response (29), which may be compensated for by having greater capacity of
phagolysosome fusion than do macrophages (7). This is unlike mature
macrophages, which have a prolonged respiratory burst (7, 29) and potent nitric
oxide responses (40, 64, 65) following activation, but a more limited capacity for
phagolysosome fusion. Based on this, it appears that macrophages may rely
predominantly on ROS and NO for antimicrobial defenses, while monocytes may
kill predominantly through phagolysosome fusion. These differences may reflect
segregation of function between monocytes and macrophages in immune defense
(antigen presentation vs. pathogen killing) or differences in developmental stage.
These differences may also make monocytes and macrophages variably susceptible
to pathogen infection/ escape and may lead to preferential targeting of one cellular

subset by pathogens.
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B cells are the most recently described phagocytic cells in teleost fish and,
consequently, relatively little work has been done on antimicrobial defenses of B
cells. However, it is evident that B cells phagocytosis leads to phagolysosome
fusion and results in killing of phagocytosed microorganisms (14). Additional work
is needed to characterize downstream antimicrobial responses in these potentially

central contributors to fish innate antimicrobial defenses.

1.3.3. Phagocytes and acute inflammatory responses

This section of the literature review will focus on our current understanding
of inflammatory processes in mammalian systems. This is overviewed in Figure
1.1. These processes in fish will be discussed in the data chapters of this thesis.
1.3.3.1. Phase I: Resident macrophages recruit inflammatory neutrophils

The initiation of inflammatory responses starts with the recognition of
molecular alarm signals that are generated by tissue damage or pathogens being
recognized by antigen presenting cells such as resident tissue macrophages and
dendritic cells. These signals include damage-associated molecular patterns
(DAMPs) and pathogen-associated molecular patterns (PAMPs) (94-98). Tissue
damage and/or infection generally cause disruption of cell membranes or necrotic
cell death, leading to release of intracellular components= the DAMPs (99).
Common DAMPs include HMGBI1 (100-104), DNA/ chromatin/ nucleosomes
(105-108), heat shock proteins (109-113), and adenosine and ATP (114-118).
DAMPs can also be generated by the breakdown of extracellular components

caused by the release of intracellular proteases and hydrolases. Similar to the
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recognition of PAMPs, DAMPs are recognized by pattern recognition receptors
such as Toll-like receptors (TLRs; see inserted Table 1.1 below) (99, 119-121).
These signals are received by patrolling, steady-state non-classical monocytes,
found on the luminal side of the endothelium (122), resulting in a rapid entry into
the damaged site. It is thought currently that these cells are important for the
subsequent initiation of the inflammatory cascade, as their entry into the site
coincides with an increase in their expression of antimicrobial peptides, pattern
recognition receptors, scavenger receptors, antigen presentation receptors,
cytokines, and chemokines, all important components of pathogen/injury detection
and immune activation (123). DAMP, PAMP, and monocyte-derived signals also
activate the resident tissue macrophages.

Activation of resident macrophages and patrolling monocytes results in the
production of an array of neutrophil-recruiting chemokines, importantly CXCLI,
CXCL2, CXCL5, and CXCLS8 (124-128). Interestingly, macrophage production of
chemokines can also be induced by the presence of ROS, in the absence of any
receptor ligation (129). This may be an important signal for macrophages that there
is currently tissue injury/ pathogenic insult that they have not yet detected by
pattern recognition receptors. Neutrophils are also strongly chemotactic to other
agents such as complement component C5a, leukotriene B4, and platelet activating
factor, largely derived from tissue resident cells (130). Adhesion and entry of
neutrophils into the inflammatory site is dependent on endothelial expression of P-
selectin, intercellular adhesion molecule 1 (ICAM1) and ICAM2 (131). These

receptors are bound by CD11b-CD18 expressed by neutrophils (131).
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Table 1.1. Mammalian Toll-like receptors and major ligands

TLR PAMP DAMP

TLR 1/2 Triacylated lipoproteins

TLR 2 Diacylated lipoproteins, Heat-shock proteins, HMGB1
Zymosan

TLR 3 dsRNA mRNA, tRNA

TLR 4 Lipopolysaccharide Heat-shock proteins, HMGB1

TLR 5 Flagellin

TLR 2/6 Diacylated lipopeptides

TLR 7 ssRNA, guanosine analogs ssRNA

TLR 8 ssRNA ssRNA

TLR 9 Unmethylated CpG DNA Chromatin IgG complex

TLR 10/11/12 Profillin and profillin-like
proteins

1.3.3.2. Phase II: Recruitment of classical monocytes

Upon entering an inflammatory site, neutrophils release preformed granule
contents in a sequential manner (132). Neutrophil antimicrobial defenses are
covered in an earlier section of this chapter. Some of the first mediators released
have antimicrobial and matrix-degrading activities that allow neutrophils (and also
potentially leukocytes recruited in the future) to navigate through the tissue (5, 133,
134). In addition to antimicrobial effects, some of the early mediators (eg.

cathelicidin, a-defensins, cathepsin G, azurocidin) are also important recruiters of
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monocytes (135-137). These mediators are particularly important for the rapid
recruitment of classical monocytes (138-140). Monocytes extravasate into the site
of inflammation following interaction with endothelial cell-expressed E-selectin,
vascular cell adhesion molecule 1 (VCAMI), and CCL2 (131).

While neutrophilic granule proteins begin initial recruitment of classical
inflammatory monocytes, many monocyte chemoattractants require de novo
synthesis. An important mediator in the switch from neutrophil recruitment to
monocyte recruitment is IL-6. Activation of neutrophils results in shedding of IL-
6Ra, a soluble receptor that binds IL-6 produced by macrophages and endothelial
cells (130). The IL-6-IL-6Ra complex is then bound by gp130 on endothelial cells
(141), resulting in IL-6-trans-signalling and upregulation of VCAM1 and CCL2 on
endothelial cells (142, 143).

Neutrophil granule products also activate cells within close proximity, such
as resident macrophages, to produce factors that promote recruitment of
monocytes. CCL3, CCL6, CCL9, CCL15, and CCL23 produced by macrophages
are all known chemoattractants for monocytes (130). Expression of these
chemokines, especially CCL3, have been shown to be induced by azurocidin, a
neutrophil granule component (144). However, many of the chemokines are
produced by macrophages in a pro-form and require processing by neutrophil
proteases to become fully active (145). Finally, appropriately activated neutrophils

are also able to produce CCL3, CCL4, and CCL20 (146-148).
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1.3.3.3. Phase I11: Termination of neutrophil recruitment by phagocyte signals

Within the site of injury/infection, macrophages, neutrophil, and monocytes
collaborate to remove the noxious stimuli (ie. pathogen). The mechanisms used for
this are described in Section 1.3.2 of this chapter. After the inflammatory stimulus
has been cleared, the process of resolution must begin to prevent excess tissue
damage and initiate wound healing, the initial steps towards a return to
homeostasis. This process is not merely a termination of inflammation but is an
active process that occurs through several steps.

1. Decrease neutrophil recruitment

Lipid mediators are important to both the initiation of inflammation and the
induction of resolution, and the change between these two states appears to involve
a “switch” in the lipid mediators found within an inflammatory site (coined ‘lipid-
mediator class switch’) (149). During the initiation of inflammation, endothelial
cells, monocytes, macrophages and neutrophils generate prostaglandins and
leukotrienes that increase inflammation (150). The switch between inflammation
and resolution occurs as prostaglandin E, (PGE,) and PGD, promote the synthesis
of pro-resolution molecules such as lipoxins (151, 152). Neutrophils play an
important role in lipid-mediator class switching through interactions with platelets
and epithelial cells (151, 152). One such lipoxin, lipoxin A4, is involved in
inhibiting neutrophil entry (153) and decreasing neutrophil ROS production, NF-
kB translocation, and inflammatory cytokine and chemokine synthesis (154).
Resolvins and protectins, other important pro-resolution mediators (155), have

been shown to increase expression of CCRS on spent neutrophils (156), thereby
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promoting the clearance of pro-inflammatory chemoattractants CCL3 and CCLS,

and terminating inflammatory cell influx.

2. Induction of apoptosis

Neutrophils are naturally short-lived cells. Signals within an inflammatory
site play a large role in instructing neutrophil apoptosis. Upon entering an
inflammatory site, neutrophils receive survival signals such as IL-1B, granulocyte-
colony stimulating factor (G-CSF) and granulocyte-macrophage colony stimulating
factor (GM-CSF) from macrophages, delaying the onset of apoptosis (157).
Macrophages, however, also produce signals that reduce neutrophil lifespan, such
as tumor necrosis factor, which induces neutrophil apoptosis at high levels of
expression (158). Monocytes and macrophages also have membrane-bound TNF
on their surface that similarly induces neutrophil apoptosis, promoting the
resolution of inflammation (159, 160).

During an inflammatory response, there is also the generation of a large pool
of inflammatory macrophages, thought to be derived from inflammatory
monocytes (161). Unlike resident tissue macrophages, these cells do not remain
within the site for long spans of time. However, these cells do not undergo
apoptosis within the inflammatory site, but instead emigrate to the draining lymph
node quickly during the resolution process (162). It is thought that this emigration
and subsequent antigen presentation within the lymph node is an important
component in activating downstream adaptive responses towards antigens from the

inflamed site (162).
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3. Phagocytosis of apoptotic neutrophils

During apoptotic cell death, neutrophils release a series of “find me” signals
including S19 ribosomal protein, split tyrosyl-tRNA synthetase, thrombospondin 1,
lysophosphatidylcholine, ATP and UTP, and CX3CL1 (130, 163-165). Apoptotic
cells also have changes in membrane composition, including negative surface
charges, which also recruit scavenging cells to the apoptotic cells (166). A critical
component of resolution is the clearance of apoptotic cells; inefficient clearance
may lead to loss of cellular integrity, leakage of cellular contents, and activation of
immune responses to antigens derived from apoptotic cells (167). Within an
inflammatory site, this is largely accomplished by professional phagocytes-
macrophages and immature dendritic cells (167).

Unlike “find me” signals, which are diffusible soluble factors, “eat me”
signals are displayed on the surface of apoptotic cells early in the apoptotic cascade
and signal phagocytes to clear that cell (168, 169). The most well recognized “eat
me” signal is exposure phosphatidylserine from the inner membrane leaflet to the
outer membrane surface (170, 171). Other common “eat me” signals include
changes in the charge of surface glycoproteins and lipids from the addition of
sugars, binding of thrombospondin or complement component C1q to the apoptotic
cell surface, expression of [CAM3, and expression of oxidized low-density
lipoprotein (LDL)-like moiety (171-173). These “eat me” signals are recognized by
various receptors on the phagocyte: lectins (bind altered sugars) (174), vitronectin

receptor (thrombospondin) (175), scavenger receptors (oxidized LDL-like
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moieties) (174), CD14 (ICAM3) (176), CD91/LRP1 (Clq) (177, 178) are some
examples. Internalization of apoptotic cells appears to depend on the type of cell
about to be engulfed, the combination of signals the phagocyte receives, and the
activation state of the phagocyte (169, 179-181). Once the phagocyte receives the
appropriate collection of signals, the phagocytic process ensues as with pathogens:
pseudopods are extended around the apoptotic cell, the apoptotic cell is internalized

into a phagosome, and the contents of the phagosome are broken down (167).

1.3.3.4. Phase IV: Return to homeostasis

Phagocytosis of apoptotic cells was originally thought to be immunologically
“silent” (182) because there was no induction of inflammatory responses. As such,
to differentiate phagocytosis of apoptotic cells from pathogens, this process has
been occasionally termed ‘efferocytosis’ (meaning “carrying the corpse to the
grave”) (183). While there is no induction of inflammatory processes following
apoptotic cell phagocytosis, there is a well-documented increase in anti-
inflammatory cytokines transforming growth factor § (TGF-p) and IL-10 (162,
184, 185). This occurs in combination with a decrease in pro-inflammatory
mediators (TNFa, IL-6, CXCL-8, IL-12, IL-23, PGE,, leukotriene C4,
thromboxane B2) and antimicrobial factors (ROS and NO) (162, 184-193). In
addition to anti-inflammatory factors, resolution processes also trigger the release
of vascular endothelial growth factor (VEGF) and other growth factors that are
critical to repair (130). However, many of the soluble mediators of resolution also

decrease antimicrobial defenses of phagocytes, which may promote pathogen
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persistence (194, 195). Consequently, the timing of resolution events is crucial for
the outcome: initiation too early may prolong infection and delayed initiation may

cause excess damage to host tissues.

1.3.4. Soluble mediators of acute inflammation and resolution

Cytokines are small, soluble immune mediators that are important in cell
signaling. Broadly, these mediators can be classified into interleukins
(Ilymphokines and monokines), interferons, colony stimulating factors and
chemokines, each with specific roles within an immune response. A wide range of
cells produce cytokines, including leukocytes, endothelial cells, fibroblasts, and
stromal cells. While numerous cytokines are involved in mediating acute
inflammatory and subsequent resolution responses, for the purposes of this chapter,
I will review the mediators that are studied throughout this thesis. I will also
highlight the fish species these cytokines have been currently identified in. This

does not exclude existence of the cytokines in other species.

1.3.4.1. Chemokines

Chemokines are a class of around 50 polypeptides that have a conserved
tertiary structure (196). They are separated into 4 main classes, depending on the
location of key cysteine residues that participate in disulfide binding: C, CC, CXC,
CX;C (196). Chemokines are also identified based on their capacity to promote

chemotaxis of leukocytes (197).
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1.3.4.1.1. CCL-1

CCL-1 is a small glycoprotein. It is a strong chemoattractant, primarily for
monocytes, NK cells, immature B cells and dendritic cells, depending on the
expression of its cognate receptor CCRS8 (198-200). This chemokine has been
linked to several important diseases, including neuropathic pain (201, 202), atopic
dermatitis (203), allergy/ allergic asthma (204, 205), and type I diabetes (206)

In goldfish, CCL-1 is stimulated by the presence of recombinant
Trypanosoma carassii heat-shock protein (HSP) 70 (207), recombinant CSF-1
(36), and recombinant interferon (IFN)-y (32). The expression patterns of CCL-1

are also affected by seasonal changes and human chorionic gonadotrophin (208).

1.3.4.1.2. CXCL-8 (IL-8)

CXCL-8 (IL-8) was the first chemokine described. It is known for an ability
to attract neutrophils (209, 210). CXCL-8 is generated following cleavage of a 20
amino acid leader sequence from a 99 amino acid precursor (211, 212). This
protein is then processed extracellularly, resulting in increased activity (211, 212).
CXCL-8 and the other CXCL chemokines, in addition to be strong attractants for
neutrophils, also induce neutrophil shape change, transient increases in neutrophil
intracellular free Ca*" concentration, upregulation of adhesion molecules,
formation of bioactive lipids, and respiratory burst induction (213). In vivo, this
chemokine induces exudation of neutrophils from the plasma and a large
accumulation of neutrophils in the injection site (214). Interestingly, the effects of

CXCL-8 are unusually long in vivo, thought to be due to resistance of inactivation
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and binding to matrix glycosaminoglycans (215). CXCL-8 has also been described
to be weakly chemotactic for basophils in vitro, but not for eosinophils or
monocytes (210, 216, 217). While some reports have suggested that CXCL-8 may
also attract lymphocytes (218), this has been disputed (219) and is not supported by
human studies (220). Binding studies have revealed that there are two receptors for
CXCL-8: IL-8R1 (or IL-8RA) and IL-8R2 (or IL-8RB) (127, 221, 222). IL-8R1,
the IL-8 selective receptor, is detectable in a variety of cells types, including
leukocytes, lymphocytes, and fibroblasts (223). IL-8R2 is restricted to monocytes
and myeloid cell lines (223).

CXCL-8 was originally found in culture supernatants of human blood
monocytes (209). It has since been found that endothelial cells, fibroblasts,
keratinocytes, synovial cells, chondrocytes, epithelial cells, tumor cells, and even
neutrophils can produce active CXCL-8 (215, 222). Within these cell types, IL-1
and TNF induce CXCL-8 expression (215, 222). In monocytes and macrophages,
CXCL-8 expression can be induced by IL-7, GM-CSF, IL-3, lectins, immune
complexes and bacteria, adherence, and changes in oxygen partial pressure (215,

222).

CXCL-8 has been identified in multiple fish species (224-228). Like
mammalian CXCL-8, piscine CXCL-8 is a potent chemoattractant for neutrophils
(37, 229). Some fish species also express multiple isoforms of CXCL-8. For
example, carp have two identified isoforms that have distinct expression patterns;
both are chemotactic (230). Rainbow trout have recently been shown to have at

least 10 variants (231). In goldfish, similar to CCL-1, CXCL-8 expression is
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induced by recombinant 7rypanosoma carassii heat-shock protein (HSP) 70 (207),
recombinant CSF-1 (36), recombinant interferon (IFN)-y (32), and seasonal
changes (208). Expression is reduced by recombinant IL-10 (232). In Arctic char,
CXCL-8 expression is induced by Aeromonas salmonicida subsp. achromogenes

(233).

1.3.4.2. Pro-inflammatory mediators

1.3.4.2.1. TNF-a

Tumor necrosis factor (TNF)-a is a potent inflammatory cytokine with
pleiotropic effects. TNF-a plays a major role in host defense and the initiation of
acute inflammation (234) and is largely produced by activated macrophages. TNF-
a was originally discovered in 1975 as a cytotoxic factor produced by macrophages
(235, 236). In the original descriptions, TNF-a expression was induced by the
presence of endotoxin (LPS), resulting in the induction of necrosis in tumor cells
(hence the name tumor necrosis factor) (235, 236). TNF-a is primarily produced as
a homo-trimeric trans-membrane protein (237, 238). To produce soluble TNF-a,
the membrane-bound version is cleaved by the metalloproteinase TNF-a
converting enzyme (TACE, also known as ADAM17) (239). Both versions are
biologically active (240).

TNF-a expression is induced in response to LPS and other bacterial products,
and IL-1. While this cytokine has broad physiological effects, in the immune
system it is known to promote chemotaxis of neutrophils, monocytes and

macrophages (241, 242), enhance phagocytosis (243-245), and prime cells for ROS
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and NO production (246, 247). TNF-a has two cognate receptors- TNFR1 and
TNFR2- that trimerize around the ligand (248, 249). TNFR1 is expressed in most
tissues and appears to be activated by either the soluble or membrane bound forms
of TNF-a (250, 251). TNFR2 is found on immune cells and appears to largely
respond to membrane-bound TNF-a (250, 251). While there has been some
controversy involving the roles of these two receptors, the prevailing thought is
that TNFRI is the central receptor for signal propagation while TNFR2 plays a
smaller role in binding but is involved in redistribution of TNF-a ligand (252-254).
However, it has also been reported that ligation of TNFRI1 results in apoptosis
while TNFR2 ligation results in survival and induction of proliferation (255). There
is also evidence that TNFR2 may be involved in activation of T cells (256, 257)
and in tumor suppression (258).

Ligation of TNFR results in the recruitment of the adaptor protein TRADD,
ultimately resulting in the initiation of 3 potential pathways: activation of NF-xB,
activation of MAPK pathways, or activation of apoptotic pathways (253, 259). The
NF-kB pathway mediates transcription of proteins involved in cell survival and
proliferation, inflammation, and anti-apoptotic factors (260, 261). The MAPK
pathways generally promote cell differentiation and proliferation (262). Activation
of apoptotic pathways involves signaling through death-domain-containing
membrane proteins, resulting in caspase activation (263).

TNF-a has been found in several fish species, including Japanese flounder
(264), rainbow trout (265), catfish (266), carp (267), and goldfish (31). In trout,

carp and goldfish, multiple isoforms of TNF-a have been reported (31, 267-269).
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In fish, TNF-a has been reported to upregulate expression of immune genes
including IL-1B and CXCL-8, rapid recruitment of phagocytes, increased

phagocytosis, and priming of ROS and NO responses (31, 270, 271).

1.3.4.2.2. IL-1p

The interleukin-1 family consists of 11 cytokines, which are central of the
regulation of immune and inflammatory processes (272). Discovery of this family
started with studies on fever, leading IL-1 to initially be called “endogenous
pyrogen” (273). I will focus solely on IL-1p.

IL-1P is produced largely by myeloid cells (monocytes, macrophages,
dendritic cells) (274) and is important in mediating inflammatory responses (275).
IL-1B is produced as a pro-peptide that must be cleaved in order to become
biologically active. It is currently believed that myeloid cells, following activation
by pathogens or pathogen derived factors (ie. PAMPs), induce the expression of
pro-IL-1B (276). The pro-form is then cleaved by caspase-1/ IL-1P converting
enzyme (ICE), leading to release of active IL-1P (277, 278). Release may be
accomplished through a variety of mechanisms, including exocytosis,
microvesicular budding, export through specific transporters, or cellular lysis
(279). IL-1p is recognized by its cognate receptor IL-1R. The receptor is
structurally related to TLR structure and employs similar downstream signaling
pathways (280). Binding of IL-1f to IL-1R is competitively inhibited by IL-1

receptor antagonist (IL-1Ra) (281).
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IL-1P has a very broad range of physiological effects and targets most cell
types in the body (extensively reviewed (272, 274-276)). In terms of inflammatory
effects, IL-1p is known to in induce synthesis of lipid mediators such as PGE,,
induce synthesis of thromboxane, promote chemotaxis of T and B cells, enhance
basophil histamine release and eosinophil degranulation, upregulate synthesis of
type I interferons, and increase expression of leukocyte adherence receptors on
endothelial surfaces (272, 274-276, 282). Given its wide range of effects and target
cells, it in not surprising that IL-1f has been implicated in a number of pathological
conditions, including autoimmune/ auto-inflammatory disease (282, 283), cardiac
disease (284), neurodegenerative diseases (285), rheumatoid arthritis (282), and
type 2 diabetes (282). It has also become a therapeutic target for various
inflammatory conditions.

In fish, IL-1P has been found in various species (286-291). Similar to
mammalian IL-18, fish IL-1p also contributes to inflammatory processes by
enhancing antibody responses to Aeromonas hydrophila (292) and resistance to
Aeromonas salmonicida and Aeromonas hydrophila (293, 294), enhancing MHCII
B chain expression (295), increasing COX-2 expression (295), promoting
proliferation (295), and increasing phagocytic responses (294, 295). Other studies
have also shown increases in ROS production (294). Similar to other cytokines,
certain species of fish possess multiple isoforms of IL-1f. In carp, these transcripts
have been termed IL-1B1 and IL-1p2 (286). Both IL-1B1 and 2 are expressed
following immune challenge, thought IL-1p1 tends to be more greatly expressed

(286).
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1.3.4.2.3. IL-12

IL-12 is an important pro-inflammatory involved in both innate and adaptive
immune responses (296). The IL-12 family consists of 4 cytokines: 1L-12, IL-23,
IL-27, and IL-35 (297, 298). Each IL-12 member is a heterodimeric cytokine
composed of two separate subunits: an a-chain (p19, p28, and p35) and a B-chain
(p40) (297, 299). This section will focus solely on IL-12p70, formed by IL-12p35
and IL-12p40 (300-302).

Macrophages and dendritic cells are the primary producers of 1L-12
following activation with PAMPs (296, 303). This signal is further augmented by
secondary pro-inflammatory stimuli (ie. TNF- a, IL-6) (302, 304, 305). IL-12 is
important for the differentiation of T cell to Th1 cells (298, 303, 306) and also
enhances NK responses (307). In addition to activating Th1 and NK responses, IL-
12 stimulates the production of TNF-a (308) and reduces the suppression of [FN-y
responses (301).

In fish, IL-12 has received relatively less attention than other cytokines and
remains poorly elucidated. Genes for p35 (single gene) and p40 (multiple genes:
p40a, p40b, p40c) have been identified in some fish species (309-315). Functional
analyses has shown that IL-12 can induce IFN-y production by rainbow trout head
kidney leukocytes (315). More work is still needed to determine the role of fish IL-

12 in T cell development.

1.3.4.2.4. IFN-y
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Interferon gamma (IFN-y) is a pro-inflammatory pleiotropic cytokine with
anti-viral properties (316). IFN-y is an important activator of macrophages, leading
to its moniker of ‘macrophage activating factor’. The primary producers of IFN-y
are activated Th1 CD4+ cells, CD8+ T cells, and NK cells (317-319), though
myeloid cells can also secrete IFN-y. Activation of cells by IFN-y produces a
variety of effects, including increased antigen presentation and lysosome activity in
macrophages, activation of iNOS, differentiation of Thl cells, promotion of
cytotoxic CD8+ and NK activity, promotion of leukocyte extravasation, and
induction of increased expression of MHCI and MHCII (320). IFN-y also augments
host defense against a variety of intracellular pathogens besides viruses (Listeria
monocytogenes, and Leishmania major, for example) (321-326). The biological
effects of IFN-y are exerted following binding to its cognate receptor, a
heterodimer of IFNGR1 and IFNGR?2 (327).

It was first suspected that fish possess IFN-y after experiments demonstrated
the presence of a macrophage activating factor with actions similar to mammalian
IFN-y (328). Since then, IFN-y has been sequenced in various fish species (32, 35,
329). In goldfish, recombinant IFN-y has been shown to induce ROS and NO
responses, enhance macrophage phagocytosis, and increase expression of pro-
inflammatory cytokines (32).

In addition to IFN-y, goldfish also express another isoform, called I[FN-yrel
(for IFN-y related) (34). Similar to IFN-y, IFN-yrel increases ROS production,
though the priming was much shorter in duration than that achieved with IFN-y

(34). Further, IFN-yrel induces a much more potent increase in phagocytosis, iNOS
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expression and NO production than IFN-y does (34). Both IFN-y and IFN-yrel also
increase expression of a number of pro-inflammatory cytokines, though the gene
expression patterns of monocytes activated with IFN-y or IFN-yrel were quite

different (34).

1.3.4.2.5. CSF-1

Colony-stimulating factor -1 (CSF-1) or macrophage colony-stimulating
factor (M-CSF) is the principal regulator of the survival, proliferation, and
differentiation of macrophages and their precursors (330-332). As such,
macrophages are the main target for this protein (333-336). Outside of the female
reproductive tract, where CSF-1 expression is governed through a separate
promoter, the high affinity tyrosine kinase CSF-1 receptor (CSF-1R) is exclusively
found in cells of the macrophage lineage (337, 338). As such, CSF-1R expression
is an excellent marker for the identification of macrophages and their
hematopoietic progenitors (337, 338). Further, it has also been shown that the level
of CSF-1R progressively increases from primitive hematopoietic precursors to
monocytes and further increases upon terminal maturation to macrophages (335).

Ligation of CSF-1R by CSF-1 promotes proliferation of macrophage
progenitor populations and increases expression of several other macrophage
differentiation antigens (339-341). In addition, CSF-1 is also a central regulator of
macrophage function. It promotes monocyte and macrophage activation through
contributions to chemotactic, phagocytic, and killing activities (342-348). Further,

it increases production of plasminogen activator (349, 350), prostaglandin E, (351),
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reactive oxygen (348, 352, 353) and reactive nitrogen intermediates (354, 355), in
addition to several cytokines including G-CSF, GM-CSF, IL-1, IL-6, IL-8, IL-18,
TNF-a, and interferon (356-363).

In addition to its primary role in the maintenance of macrophage populations
and their function, CSF-1 activity is also relevant to other cells and tissues. This
has been illuminated by studies of CSF-1R knockout (KO) and CSf1*/CSf1?”
mice. The latter lacks active CSF-1 production due to a null mutation in the CSF-1
gene-coding region, which results in the generation of a biologically inactive
truncated form of the cytokine (364, 365). CSf1””/CSf1”” mice have a severe
deficiency of tissue macrophages, as well as deficiency in bone-resorbing
osteoclasts, absence of teeth, abnormal bone remodeling, and osteopetrosis (364,
365). They also exhibit abnormal breast development, decreased fertility, low body
weight, and shortened life-span, which can be largely reversed through expression
of CSF-1 or injections with recombinant CSF-1 early during development (364,
365). Importantly, unlike CSF-1R KO models, the CSf1””/CSf1”” mouse does not
suffer from the confounding effects based on inhibition of IL-34, a ligand that has
been recently shown to bind similar regions on the CSF-1R as CSF-1 with similar
binding affinity (334). Together, these studies identify CSF-1 contributions to
immunity and inflammation, bone metabolism, atherogenesis, lipoprotein
clearance, development, and reproduction (331, 334, 335, 366-369).

Because of the broad range of CSF-1 activity, it has served as the basis for
several clinical trials aimed at therapeutic antimicrobial applications, and

amelioration of autoimmune disorders, cancer and inflammatory diseases (370).
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Recombinant human CSF-1 (rh-CSF-1) treatment alone or in combination with
other cytokines effectively increased the numbers and activation of monocytes and
macrophages, enhanced antibody-dependent cellular cytotoxicity (ADCC) and
antibody-independent tumor cell cytolysis, promoted macrophage antimicrobial
phagocytic and killing activities, and lowered platelet numbers and cholesterol
levels (355, 366, 370). Further, administration of th-CSF-1also proved effective in
the control of invasive fungal infections in patients undergoing bone marrow
transplantation, through significant reduction in mortality rates when given in
combination with standard antifungal treatments (371). Acute myeloid leukemia
(AML) patients have also benefited from CSF-1 treatment, as shown by reduced
incidence and shortened duration of febrile neutropenia and thrombopenia
following chemotherapy, as well as shortening the period required to finish three

courses of intensive consolidation therapy (355).

1.3.4.2.5.a. Evolutionary conservation of CSF-1 and CSF-1R

The CSF-1/ CSF-1R axis has been well conserved across evolution. Among
mammals, homologs for CSF-1 have been described in humans, chimpanzees,
rhesus monkeys, cattle, dogs, mice, and rats. CSF-1R is also well conserved among
higher vertebrates. Homologs for CSF-1R have been described in humans,
chimpanzees, rhesus monkeys, cattle, dogs, mice, and rats.

Transcripts for CSF-1 have been identified in birds (372), amphibians (373)
and fish (374, 375). CSF-1R has been identified in birds (372) and a number of fish

species including zebrafish (376), goldfish (377), rainbow trout (378), Atlantic
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salmon (379), pufferfish (380) and the gilthead sea bream (347). Functional
characterization of CSF-1 activity has shown similar effects on macrophage
systems. In chicken and Xenopus, CSF-1 promoted growth and survival of primary
bone marrow-derived cultures (372, 373). In goldfish, CSF-1 macrophage
expression was positively modulated by TNFa.-2, rglFNy but not rgTGFf (31, 32,
34, 78). In vitro macrophage treatment with CSF-1, in turn, increased the
expression of IL-8, CCL-1, TNFa-1, TNFa-2, IL-1p1, IL-182, IL-12-p35, IL-12-
p40, IFN, IL-10, and iNOS A and B (36). It also led to expression of TGF-f} at later
time points (36). Functionally, goldfish CSF-1 enhances macrophage proliferation
and differentiation from hematopoietic precursors, chemotaxis, phagocytosis and
production of antimicrobial reactive oxygen and nitrogen intermediates (36, 65,
374). In vivo, goldfish CSF-1 administration led to an increase in the number of
circulating monocytes in the bloodstream (379).

Despite the functional similarities observed when comparing goldfish CSF-1
with mammalian CSF-1 (36), goldfish CSF-1 varies from its mammalian
counterpart in a number of ways. Goldfish CSF-1 is composed of 199 amino acids
making it significantly smaller than the secreted glycoprotein or the secreted/matrix
bound proteoglycan form of mammalian CSF-1, and most similar to the membrane
bound glycosylated form of the molecule (381). Interestingly, all mammalian
CSF-1 isoforms were shown to be functional as long as they possessed the first 150
amino acids found in the N-terminal of the CSF-1 protein, the region shown to be
required for proper folding (382). This region has the most similarity to goldfish

CSF-1.
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Non-immunological roles have also been described for CSF-1 in lower
vertebrates. In chickens, CSF-1 activity has been linked to the promotion of
embryo development (383). In zebrafish, the presence of the c-fins gene, which
encodes the CSF-1R, contributes to postembryonic pigment patterning through
neural crest xanthophore precursor maintenance and development of a population

of adult melanocytes (376, 384).

1.3.4.2.5.b. Control of CSF-1 activity

CSF-1 is synthesized by a variety of cell types including endothelial cells,
bone marrow stromal cells, osteoblasts, fibroblasts, keratinocytes, thymic epithelial
cells, astrocytes, myoblasts, endothelial cells, mesothelial cells, endometrial gland
cells and the placenta-trophoblast decidual stroma (335, 366, 385). The normal
range for serum CSF-1 concentration is between 150-500 U/mL or 3-8 ng/mL
(381, 386-389). Maximum stimulation of CSF-1-mediated proliferation can be
observed at 250 pM, but proliferation can be detected at concentrations as low as 1
pM, as is the case for bone-marrow colony-forming cells (390). CSF-1 activity is
also well known to increase during inflammatory conditions. Inflammatory
cytokines including TNF-a (391), IL-1 (341, 392), IFN-y (393, 394), and GM-CSF
(395) have been shown to up-regulate expression of CSF-1. Activation of
endothelial cells, T- and B-lymphocytes, fibroblasts, chondrocytes, and mesangial
cells also leads to increased CSF-1 production. Thus, unlike other colony-
stimulating factors like G-CSF and GM-CSF, which are primarily expressed during

periods of crisis, CSF-1 is ubiquitously expressed under steady state conditions,
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can be upregulated dramatically within local microenvironments based on unique
physiological requirements, and also serves a critical role during infection and
injury. Thus, a number of mechanisms have evolved to effectively control the
magnitude and duration of CSF-1 activity.

As with other cytokines, CSF-1 can be regulated though its expression and
that of its cognate receptor. Its mRNA also contains AU- rich sequences in the 3’
non-coding region that confers transcript instability (396-398). CSF-1 protein has a
short half-life and can be effectively cleared through internalization and
degradation of ligand-receptor complexes, where CSF-1 receptor-mediated
internalization is followed by intracellular destruction of the growth factor (333,
399). The degradation process is partially mediated through the action of the
ubiquitin-protein ligase c-Cbl, which is recruited to the plasma membrane upon
receptor activation (400-402). Association of c-Cbl with the receptor then leads to
ubiquitination, followed by ligand:receptor complex internalization and
degradation. Removal of circulating CSF-1 is accomplished primarily through the
action of liver and splenic macrophages, which efficiently remove over 90% of the
circulating CSF-1, much of the remaining circulating CSF-1 is filtered through the

kidney (333, 399).

1.3.4.2.5.c. Identification of a soluble CSF-1 receptor in teleost fish
Insights from the mammalian models described above indicate that CSF-1
activity is tightly controlled through mechanisms regulating gene expression of

CSF-1 and its receptor, metabolic processing, receptor-mediated endocytosis, as
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well as inhibition of CSF-1R signaling. The original studies into the mechanisms
that control the growth of self-renewing macrophage populations in goldfish
identified an additional mechanism for the regulation of CSF-1 activity - through
the production of a novel soluble form of the CSF-1 receptor (377). In short,
goldfish primary macrophages derived from kidney hematopoietic tissues (PKM)
had been observed to grow spontaneously in vitro in response to endogenous
macrophage growth factors (29, 403, 404). Preliminary examinations suggested the
presence of a CSF-1-like molecule in culture supernatants. Analysis of 26,000
clones from two PKM cDNA libraries yielded the CSF-1 membrane-bound
receptor transcript (377). Interestingly, we also identified a unique transcript
encoding only for the ligand-binding portion of the CSF-1R. Sequence analysis
revealed that this unique transcript was derived from a full-length mRNA species
containing a start codon, signal peptide, stop codon, poly-adenylation signals, and a
poly-A tail. This short transcript was preferentially expressed during a period of
PKM development associated with a decrease in proliferation and differentiation
events, decreased growth factor activity in culture supernatants, and marked
phenotypic changes that culminated in apoptotic cell death (the senescence phase
of PKM development) (377, 403).

Protein expression of the unique transcript in an insect-based system
confirmed that it encoded for a soluble form of the CSF-1R (sCSF-1R), which
inhibited PKM proliferation at nanomolar concentrations. Moreover, generation of
antibodies against recombinant SCSF-1R identified native SCSF-1R in supernatants

of PKM senescent phase cultures, suggesting the presence of an endogenous
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mechanism temporally regulating sCSF-1R release during goldfish macrophage
development. Further, the native protein was detected in goldfish serum (377),
which suggested that this protein might also play a role in systemic regulation in
addition to its role in regulating proliferation within the hematopoietic

compartment.

1.3.4.2.5.d. Molecular characterization of CSF-1-sCSF-IR interactions

Unlike mammalian macrophages which rely on other cells to produce CSF-1
(405), goldfish monocytes and macrophages are capable of producing CSF-1
themselves. CSF-1 then acts in an autocrine fashion, inducing further proliferation
and differentiation of myeloid cells (374). The teleost approach to myeloid
proliferation and differentiation implies that a unique regulatory process must exist
in fish to properly control myelopoiesis. This regulatory role was the initial
function hypothesized for the soluble CSF-1 receptor (sCSF-1R). As described
above, functional assessments supported the idea that sSCSF-1R negatively
regulated myelopoiesis. Addition of the soluble receptor to early myeloid cultures
abrogated proliferation and differentiation of monocytes and macrophages induced
by cell conditioned medium-induced or recombinant goldfish CSF-1 in vitro (377).
Furthermore, this inhibitory effect on myelopoiesis was also observed when
recombinant goldfish CSF-1 (rgfCSF-1) action was blocked using an anti-gfCSF-1
polyclonal antibody (374). Both of these myelopoiesis-blocking mechanisms

derive from a prevention of proper CSF-1 function.
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Cross-linking studies demonstrated that goldfish CSF-1 forms a dimer under
native conditions, and that this dimer is recognized by the soluble CSF-1 receptor
(374). Although the mechanism by which CSF-1 function is prevented by sCSF-1R
is currently unknown, the soluble receptor possesses the relevant binding regions
for CSF-1 interaction. Thus, the current working hypothesis describes a
competitive model where sCSF-1R interacts with CSF-1, preventing CSF-1 from
properly engaging the cell surface form of the CSF-1R, thereby disrupting CSF-1
signaling and downstream effects on teleost macrophages. Overall, the presence of
CSF-1, CSF-1R, and sCSF-1R in goldfish provides an opportunity for the
establishment of a control loop for the regulation of macrophage numbers (Figure

1.2).

1.3.4.3. Anti-inflammatory/ resolution mediators

1.3.4.3.1. TGF-p

TGF-f is a member of a cytokine/ growth factor superfamily with at least 40
members (406). There are currently 3 known isoforms in mammals: TGF-1, TGF-
B2, and TGF-B3. While these three isoforms have partially overlapping functions,
they are produced within distinct tissues by different cells types (407). TGF-f is
secreted in a latent form, complexed with latent TGF-3 binding protein (LTBP) and
latency-associated protein (LAP) (407). LAP is necessary for TGF-f secretion,
prevents engagement of TGF-P with its cognate receptors, and maintains a readily
accessible extracellular store of TGF-f (408). LTBPs are thought to maintain

proper folding of TGF-f and target it to extracellular structures (407). Dissociation
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of TGF-B from the latency complex is thought to involve proteolytic and non-
proteolytic processes and interactions with various cells (408-411). TGF-f binds a
complex of multiple TGF-f serine/threonine kinase receptor chains (412-414),
leading to signaling through the SMAD pathway (415). This pathway is complex
and likely varies across cell types and activation states, allowing the wide array of
TGF-f responses to occur.

In the immune system, TGF-f3 has a complex role, dependent on
concentration, target cell type, activation/ differentiation state of the target cell, and
the milieu of soluble factors. TGF-f has been shown to inhibit proliferation and
induce apoptosis in lymphocytes (407, 416). It is also important in downregulating
NK cell activity and IFN-y production (417, 418). Further, TGF-f inhibits naive T
cell responses, while inhibiting functions of only Th1 memory T cells (419).
Another potential mechanism by which TGF-f decreases Thl responses is through
the enhancement of CD4+Foxp3+ T-regulatory cells (420). TGF- also induces
antibody class switching and maturation of B cells (421).

TGF-f also has numerous roles on phagocytes. In dendritic cells, it has been
shown to affect antigen presentation ability, decrease MHC class II expression,
affect differentiation, and reduce IL-18 and TNF-a expression (422). In monocytes,
TGF-f is thought to drive cells towards an alternatively activated/M2/ myeloid
suppressor cell state of activation (423). In the macrophage populations, TGF-3
ablates ROS and NO production, reduces binding of TNF-a and IFN-y by
decreasing receptor expression, and reduces antimicrobial responses (246, 424,

425). Finally, TGF-B1 knockout mice have an excessive inflammatory response,
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extensive organ infiltration by macrophages and lymphocytes, and
cardiopulmonary complications (426-429). In addition, these mice also tend to
develop severe autoimmune diseases (430, 431), pointing to the importance of this
cytokine. TGF-B2 and TGF-B3 knockout mice have severe developmental defects
that result in death (432).

Interestingly, TGF-f also has some pro-inflammatory functions, especially at
low concentrations. Resting monocytes have been shown to upregulate expression
of IL-1PB, TNF-a, and IL-6 following treatment with TGF-f (433-435). However,
the addition of LPS diminishes these responses (436, 437). TGF-f has also been
shown to be chemotactic at low doses to both monocytes and neutrophils (434,
435, 438, 439), and has been shown to not affect phagocytic responses (440).

In fish, TGF-f was first identified in trout (288, 441, 442), and has
subsequently been found in other species, including carp (443), sea bream (444),
striped bass and hybrid tilapia (445), and goldfish (78). In goldfish, recombinant
TGF-B has been shown to decrease NO responses in macrophages and induce

proliferation of a fibroblast cell line (78).

1.3.4.3.2. IL-10

IL-10 is an anti-inflammatory cytokine that is central to preventing
pathologies due to inflammation and autoimmune diseases (446-448). This
includes inflammatory-induced pathologies caused by a variety of infections (ie.
Mycobacterium, Toxoplasma gondii, and viral infections) (449-457). Because of its

potent effects on inflammatory responses, several pathogens induce IL-10 as an
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immune evasion mechanism (456, 458-460), which generally leads to increased
pathogen accumulation, decreased killing, and enhanced growth of infiltrating
pathogens (461-463). IL-10 knockout mice highlight the importance of this
cytokine in regulating immunity; these mice develop inflammatory bowel disease
in response to their natural flora and have an exaggerated response to microbial
challenges (464).

IL-10 production is induced in macrophages and dendritic cells in vitro
following activation with certain PAMPs (465-468). In vivo, it has been shown that
dendritic cells, macrophages, neutrophils and various lymphocytes (Th1,Th2,
Th17, Treg, B cell) populations can produce IL-10 (457, 469-473). Eosinophils,
epithelial cells, keratinocytes, mesangial cells, NK cells and tumor cells can also
produce IL-10 (474). It is generally thought that IL-10 acts predominantly on
monocyte lineage cells, which then alter responses of other cells (ie. lymphocytes)
through changing expression patterns of various monocyte lineage-derived
cytokines, primarily TNF-a (465, 475-478). IL-10 has also been shown to decrease
macrophage ROS and, to a lower extent, NO responses (475, 478) and decrease
expression of MHCII (479). To induce signaling, IL-10 forms a homodimer (480,
481) that binds to a receptor complex consisting of a ligand binding (IL10R1) and
accessory receptor subunit (IL10R2) (482-485). This results in signaling through
the Jak-Stat pathway (486).

In fish, IL-10 has been identified in puffer fish (487), trout (488), zebrafish
(489), carp (490), goldfish (232), sea bass (491), and cod (492). In goldfish,

recombinant IL-10 has been shown to decrease gene expression of TNF-al, TNF-
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a2, IL-1B1, IL-10, CXCL-8, and NADPH oxidase component p47 in activated
monocytes, combined with a large increase in suppressor of cytokine signaling-3
(SOCS3) gene expression (232). In splenocytes, recombinant IL-10 reduced IFN-y
expression (232). Finally, pre-treatment with IL-10 diminished monocyte ROS

responses to Aeromonas salmonicida (232).

1.3.4.3.3.  Vascular endothelial growth factor (VEGF)

Vascular endothelial growth factor (VEGF) is one of the most potent
inducers of angiogenesis (493). This family contains multiple members: VEGF-A,
VEGF-B, VEGF-C, VEGF-D, and placenta growth factor. VEGF-A is the most
well known of the family and will be the focus of this section. VEGF-B is
important in preventing apoptotic cell death, maintaining newly formed blood
vessels (494-496). VEGF-C and VEGF-D are important for lymphangiogenesis
(the process by which new lymphatic vessels are formed) (497-499). Placenta
growth factor is important to embryogenesis (500, 501).

VEGF-A is produced by macrophages following activation with pro-
inflammatory agonists (502-505). This protein increases vascular permeability,
stimulates angiogenesis, and enhances neutrophil and monocyte recruitment (506-
509). Because of these properties, VEGF may be considered a mediator of
inflammation, and increased expression is linked to a number of diseases including
obesity, autoimmunity, and cancer (510). However, in spite of its involvement in
inflammatory processes, it is included in this section because it is an integral part

of wound healing (511). Binding of VEGF-A to its cognate receptor VEGFR1 or
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VEGFR2 causes receptor dimerization, resulting in trans-phosphorylation and
signaling (512, 513).

In fish, VEGF-A has been found in zebrafish (514), where it is also important
for angiogenesis (515). A sequence has also been identified in trout, though this
has not yet been published (Raino, J., unpublished; gene accession number

AJ17301).

1.3.4.3.4.  Suppressor of cytokine signaling 3 (SOCS3)

Tight control of cytokine release and responses is necessary for immune
defenses, appropriate activation and differentiation of immune cells, and
prevention of inflammation-induced pathologies (516). Members of the suppressor
of cytokine signaling (SOCS) family are key to this process through their
regulation of STAT signaling pathways (517). This family consists of 8 members
(SOCS1, SOCS2, SOCS3, SOCS4, SOCSS, SOCS6, SOCS7, and CIS (cytokine-
inducible SH2 protein) (517). There are four main mechanisms by which SOCS
can inhibit signaling: [1.] block recruitment of STATS to the cytokine receptor by
masking STAT binding sites; [2.] target proteins for degradation via ubiquitination;
[3.] bind JAKSs, inhibiting their kinase; and [4.] target JAKSs for degradation (518).

In vivo, loss of SOCS3 has dramatic effects on placental development and
inflammation. SOCS3 knockout mice are embryonic lethal, due to increased STAT
and MAP kinase activity (519, 520). As such, various Cre models have been
employed to study this gene in vivo (reviewed in (516)). These studies have shown

that loss of SOCS3 results in severe inflammatory disease (521).
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In fish, SOCS3 has been identified in zebrafish (522), fugu (522), trout (523),
three-spined stickleback (524), Japanese medaka (524), channel catfish (525), and
carp (526). While studies still need to be done on the function of SOCS3 in
regulating inflammatory responses in fish, in zebrafish SOCS3 has been shown to
be important in nerve regeneration (527, 528) and in the modulation of the

somatotrophic axis (529).

1.3.5. Aeromonas spp.

1.3.5.1. Aeromonas species: overview of genus

Aeromonads are ubiquitous pathogens known to cause disease in
poikilothermic and homeothermic animals (530). From 1943, when the genus
Aeromonas was created, to the mid-1970’s, aecromonads were classified into two
main groups based on growth characteristics and biochemical features (531). The
fist group, the mesophilic group, contained motile isolates that grew well between
35-37°C and caused disease in humans. The second group, the psychrophilic group,
contained non-motile isolates that grew optimally between 22-25°C and caused
disease in fish. From the mid-1970’s to mid-1980’s, there was significant interest
to redefine the groups based on DNA relatedness, leading to the creation DNA
hybridization groups (HG) (532). These hybridization groups were represented by
reference strains and each was given a number (eg. 4. hydrophila= HG1). This lead
to the creation of 12 HG’s, containing both defined and unnamed species of
Aeromonas (532), which were then separated by phenotypic markers leading to the

proposal of new species (533).
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Since the advent of DNA sequencing in the 1980’s, there has been a 450%
increase in the number of published, valid bacterial species (534). A similar trend
in growth has occurred within the Aderomonas tamily, with 7 new species being
described since 2002. Currently, there at 24 published Aeromonas species, though
not all of these are recognized in ‘Bergey’s Manual of Systemic Bacteriology’
(535). Of these, this chapter will focus on diseases caused by A. salmonicida, A.
hydrophila, and A. veronii. All three of these species are known to cause disease in
fish, with A. salmonicida being the predominant isolate from fish infections (535).
Further, A. hydrophila and A. veronii bv. sobria, with A. caviae, cause the majority
of human diseases, found in greater than 85% of human diseases attributed to

aecromonads (536).

1.3.5.2. Aeromonas infections in fish

Of the identified Aeromonas species, several have been isolated from fish.
The most common reported are 4. veronii bv. sobria, A. bestarium, A. salmonicida,
A. hydrophila, A. sobria, A. encheleia, A. allosaccharophila, and A. jandaei (537).
Of these isolates, all A. hydrophila and A. bestarium isolates, and most 4.
salmonicida and A. veronii isolates were found to be pathogenic in carp, causing
septicemia (537). Furthermore, the dominant isolate found in carp (4. veronii bv.
sobria) was isolated from both healthy and diseased fish (537). Aeromonas has
been shown to be the causative agent of furunculosis in fish, a worldwide disease
(reported in Scotland, France, Norway, Iceland, Spain, United States of America,

Canada, Japan, Chile, and Australia) (538-542). Aeromonas infections in fish have
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caused large economic losses to the aquaculture sector due to mass fish death (538-
542).

Furunculosis is one of the oldest documented fish diseases, first described in
1894 by Emmerich and Weibel (originally named Bacillus salmonicida, Bacterium
salmonicida, Bacterium trutta) (543, 544). Further, it was the first fish disease that
demonstrated Koch’s postulates (540, 542). While furunculosis was originally
thought to only affect salmonids, it has since been characterized in a variety of fish
species including Atlantic cod, halibut, turbot, Artic char, lamprey, carp, goldfish,
and eel (539-542, 545-547). Common early symptoms of Aeromonas infection
include lethargy, decreased appetite, and skin hyperpigmentation. As the infection
progresses, fish may then develop furuncules or ulcers, exophthalmia, septicaemia,
petequia, anemia, ascites, and haemorrhages in the muscle, gills, fins, nares, vent
and internal organs (540-542). However, not all infected fish develop furuncles and
may not even show clinical signs of infection (539). Healthy carrier fish can pose
particular problems in aquaculture, as they are able to shed Aeromonas into the
water at a high level (10°-10° CFU/fish/hour) (539, 541, 542). It is estimated that
up to 80% of farmed trout carry Aderomonas (548). Outbreaks of furunculosis tend
to occur under stressful conditions (change in water temperature, poor water

quality, improper handling) or during spawning season (539, 541, 542, 548).

In goldfish, Aeromonas infections are known as ‘goldfish ulcer disease’, with
the dominant species studied being Aeromonas salmonicida subsp. salmonicida
(543, 544). This disease was first described in 1969 (549). It has been shown that

A. salmonicida preferentially binds to mucus and dead/damaged cells of the dermis
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(543, 544). As the infection progresses, the infected area begins to appear white,
followed by hemorrhages beneath the scales (543, 544). This is followed by
sloughing of the scales, necrosis of the dermis, and degeneration of the muscles
(543, 544). There is also a marked infiltration of leukocytes to the site if infection
(acidophilic, basophilic, and heterophylic granulocytes, lymphocytes, monocytes
and macrophages) that is maintained for at least 21 days (543, 544). Septicemia is
most likely to occur in fish with well-developed lesions (543, 544). Finally, the
causative bacteria are most easily isolated from the peripheral margins of the

lesions (543, 544).

1.3.5.2.1. Transmission of Aeromonas

Aeromonas infections are generally transmitted horizontally either through
physical contact or the shedding of bacteria into the water column (550, 551).
Large aggregations of fish in pools, including in fish farms, may aid in
transmission of the bacteria (552). Furunculosis can also be transmitted through
ingestion of salmon (543, 544). There is also evidence of perbranchial and
percutaneous routes of infection (553, 554). Goldfish developed ulcers following
exposure to Aeromonas in the water or after scarification (removal of a patch of
scales and swabbing exposed dermis) (543, 544). Removal of mucus also aids in
infection (543, 544). The importance of these steps if highlighted by Takahashi et
al (1975) (555) who showed that the most severe goldfish ulcerative disease

occurred in fish whose dermis had been eroded by ectoparasites or handling.
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Aeromonas can also be dispersed at least 100 cm in aerosolized droplets, allowing
spread between nearby bodies of water (556). While Aeromonas is present within
the ovaries and testes of infected fish, there is currently no evidence supporting

vertical transmission of this pathogen.

1.3.5.2.2. Identification of Aeromonas species

Correct identification of causative agents of ichthyopathology is essential for
determining the etiology of disease and for establishing appropriate treatment. In
Aeromonas outbreaks, it is essential that this process be fast and reliable to
minimize the impact of the infection. Phenotypic and biochemical methods of
identification allow discrimination between three main groups: the “Aeromonas
hydrophila complex” (4. hydrophila, A. bestarium, A. salmonicida, A. popoffii), the
“Aeromonas caviae complex” (4. caviae, A. media, A. eucrenophila), and the
“Aeromonas sobria complex” (4. sobria, A. veronii, A. jandaei, A. trota) (557-
562). Generally, Aeromonas species are characterized phenotypically as a Gram-
negative bacilli that can grow at 0% sodium chloride but not 6%; they are generally
cytochrome oxidase positive, ferment glucose, and do not produce acid from
inositol (557-562). For a comprehensive review of biochemical and phenotypical

properties of Aeromonas species, please reference Abbott, S.L. ef al (2003) (558).

Most identification is now done by PCR and sequence analysis, with 16S
rRNA, gyrB, and rpoD most commonly used in these analyses. Importantly, these

techniques can be used to identify Aeromonas species in bacterial cultures, from
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various fish tissues (kidney, spleen, blood, feces, skin, liver, intestine), and from

the water (537, 538, 546, 548, 562-564).

1.3.5.2.3.  Control of Aeromonas infections in fish

Since aeromonads are able to infect a wide variety of hosts from diverse
habitats, this pathogen is found ubiquitously throughout the environment. In
aquaculture, the most significant risks of infection are associated with migration of
anadromous fish into aquaculture water supplies, infected fish culture stations near
uncontaminated stations, and sharing of equipment or personnel between stations
(565). Main mechanisms to prevent disease include ultraviolet irradiation or
ozonation of incoming water, fallowing of net pen sites, and education of personnel
(566-568). Topical disinfections and antibiotic regimens have also been shown to
prevent or minimize disease (569). Intraperitoneal immunization with Aeromonas
salmonicida emulsified in oil adjuvants or water has been shown to provide long-
lasting protection and may induce immunity in water temperatures as low as 2°C
(570, 571). This is of particular importance to fisheries in colder climates.
However, the mineral oil vaccine may produce an increased degree of adhesions
between internal organs and the abdominal wall near the site of injection, which
may decrease growth rate (572). While vaccination is only currently done with 4.
salmonicida, it is thought that immunization of fishes with other Aeromonas strains
may also be realistic (573). There is also a range of treatment options available,

depending on the species of fish.
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1.3.5.3. Aeromonas in other organisms

In humans, Aeromonas infections fall into four broad categories: [1.]
gastrointestinal tract disorders; [2.] wound and soft tissue infections; [3.] blood-
borne disease; and [4.] a miscellaneous category of the less frequently encountered
syndromes (535). The scope of the infections in humans caused by aeromonads is
quite broad, ranging from mild disorders such as acute gastroenteritis, to life-
threatening disorders like septicemia, necrotizing fasciitis, and myonecrosis (574).
Other, less frequent infections include intra-abdominal problems (peritonitis),
ocular disease, bone and joint infections, respiratory infections, and urogenital
infections (535). Spikes in Aeromonas infections are common following natural
disasters. For example, following the 2004 tsunami in Thailand, of the 305
survivors with skin and soft tissue infections, Aeromonas was the most commonly
identified pathogen, making up over 20% of the 614 isolates identified (575). There
are also increases in Aeromonas infections that coincide with warmer times of year
(spring, summer) when water temperatures elevate, likely allowing increased
concentrations of Aeromonas in freshwater environments and domestic water
supplies (576, 577). It has been noted that 40-67% of extra-intestinal Aeromonas
infections (ie. septicemia) occur in the summer season (578-580). However,
immune-compromised individuals and trauma patients are at the greatest risk for
Aeromonas infections, with healthy individuals having a comparatively low
infection and mortality rate (535).

In addition to fish and humans, aeromonads are commonly isolated from

other vertebrate and invertebrate hosts. For example, a recent study found
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Aeromonas within the gastrointestinal tracts of 5-10% of healthy sheep, cattle and
horses (581). Infections in other animals range from ulcerative stomatitis in snakes
and lizards, ‘red leg’ disease in frogs, septicemia in dogs, septic arthritis in calves,
seminal vesiculitis in bulls, and a variety of diseases in seals (582-584).

It has recently been found that Aeromonas is one of two microbial species
found within the intestinal tract of medicinal leeches (585, 586). Using this model,
several classes of genes involved in intestinal colonization have been identified,
including bacterial cell surface modifications, regulatory factors, amino acid and
phosphate transporters, and genes involved in a type III secretion system (T3SS)
(586). Further, genetic manipulations of 4deromonas veronii have identified genes
encoding Braun’s major outer membrane lipoprotein or a gene encoding a
cytoplasmic membrane component of a T3SS result in a 10,000- to 25,000-fold
decrease in colonization (586, 587). Seven other colonization mutants have also
been identified, though the genes involved resulting in this phenotype are currently
unknown (586), and may potentially allow the uncovering of other genes involved

in colonization of gastrointestinal tracts of susceptible hosts.

1.3.5.4. Immune evasion and infection strategies of Aeromonas species
Murine studies have shown that most Aeromonas strains are poorly
phagocytosed by a macrophage cell line (588). Of the 26 strains studied, A. veronii
and A. hydrophila were among the least efficiently phagocytosed (588), even
though aeromonads induce high levels of pro-inflammatory cytokines known to

increase phagocytic responses, namely TNF-a, IL-1p, and IL-6 (589). When the
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internalized bacteria were studied using a killing assay, it was found that
internalized bacteria replicate within the macrophage cells for 3 hours post-
infection in 31% of strains studied, suggesting aecromonads possess evasion
mechanisms against intracellular killing processes (588). This may be due to the
expression of catalase genes, which protect against reactive oxygen killing
mechanisms and are necessary for proliferation and persistence within the intestinal
tract of the medicinal leech (590). Further, Aeromonas veronii is known to induce
apoptosis in murine macrophages (591), which may be another evasion

mechanism.

Through studies of human wound infections, it is currently thought that
infection requires local attachment, followed by degradation of tissues, and
invasion into deeper tissues (535). This process may be aided by severe
inflammation at the site of infection. Aeromonas species have been shown to have
an elaborate range of microbial proteases, such as metalloproteases, serine
proteases, and aminopeptidases, that can degrade proteins found in serum and
connective tissues (ie. albumin, fibrinogen, elastin, collagen) (592-595). While this
degradation promotes tissue invasion, it also provides essential energy sources for
replication (535). Depletion of nutrients within a local area creates a protein density
gradient, with protein concentration increasing away from the area of colonization.
Most aeromonads are extremely chemotactic towards amino acids, proteins, and
mucins (595), and such chemotactic responses trigger rapid migration into

subcutaneous tissues in motile aeromonads.

Aeromonads also posses a wide range of enterotoxigenic factors that fall into
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broad categories of cytolytic toxins with hemolytic activity and cytotonic
enterotoxins (596, 597). The best characterized is the pore forming toxin -
hemolysin, also called Bernheimer’s aerolysin, found in 4. hydrophila, A. veronii,
and other species (598, 599). A second family of -hemolysins, similar to HlyA
hemolysin of Vibrio cholerae, has been found ubiquitously expressed in 4.
hydrophila, as well as in A. veronii (12%) (599, 600). Finally, Aeromonas also
express Act, a cytotoxic enterotoxin. This toxin is a type II secreted pore-forming
toxin with hemolytic activity (601). Act has also been shown to induce elevated
levels of TNF-q, IL-1p, and IL-6 (602). In terms of cytotonic enterotoxins, at least
two have been identified: heat-labile Alt and heat-stable Ast (601). In Aeromonas
veronii, a vacuolating toxin has been identified that appears to be a non-hemolytic
serine protease that induces apoptosis (603). Aeromonas species have also been
reported to express invasins, though only a fraction of strains are characterized as
invasive within the intestinal system (604). Finally, A. veronii possess a type 111
secretion system (T3SS) that aids in colonization in the medicinal leech (586). The
A. veronii T3SS has been shown to inactivate innate immune cells in a highly
localized manner (587). It is thought that AexU and AexT, two ADP-ribosylating
toxins and effectors of the T3SS, impart these effects (605, 606). Both these toxins
have been shown to be necessary for virulence in mice and fish, respectively. Both

these effectors have been identified in A. veronii (607).

When isolates from human septicemia were further analyzed, it was
discovered that 90% of infections are caused by a small subset of genospecies

(608). Studies have shown that bacteria most associated with blood-borne disecase
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belong to specific sero-groups: O:11, O:16, O:18, and O:34, implying LPS
structure and O-antigens are important to systemic disease (608). Further, the most
bacteremic Aeromonas isolates are resistant to the lytic effects of complement
(608-610). This may be due to the LPS architecture or the possession of S layers
(608-610). Resistance to complement lysis has been linked to rapid degradation of
complement component C3b, preventing formation of the membrane attack

complex (609, 610).

1.4. Summary

Inflammation is an important part of host defense, necessary for wound
healing and defense against pathogens. This process, however, must be tightly
regulated in order to prevent immune-mediated injury to host tissues while still
permitting clearance of pathogenic insults. Phagocytes are central to this process
and are involved in both the initiation and resolution of inflammatory processes.
Depending on the encountered stimuli, phagocytes interface with leukocytes,
directing responses through a variety of mechanisms, including the production of
soluble mediators. While this process is fairly well understood in mammalian
models, there is currently limited knowledge on these responses in lower
vertebrates. By examining unique mechanisms of inflammatory control employed
by teleost macrophages, we will gain important knowledge on the evolution of host
defenses. Further, utilizing these models may allow us to discover novel
mechanisms that may be unique to teleosts or not yet identified in mammals,

allowing a deeper understanding of the immune system.
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Figure 1.1. Roles of phagocytes in the acute inflammatory response.

Partnerships between phagocytes are integral to the proper initiation and resolution
of an acute inflammatory response. Reponses are initiated following the sensing of
damage or danger by resident tissue macrophages and patrolling monocytes in the
blood. Soluble factors produced by these cells recruit and promote extravasation of
neutrophils. Activation of the neutrophil armamentarium leads to release of
granule contents, promoting recruitment of inflammatory monocytes.
Macrophages, neutrophils, and monocytes all work to control the infection/
remove the cause of tissue damage. As the process beings to resolve, macrophages
induce neutrophil apoptosis. Apoptotic neutrophils produce “find me” signals that
recruit monocytes and macrophages, leading to recognition of “eat me” signals and
subsequent phagocytosis of apoptotic neutrophils. This initiates anti-inflammatory
and tissue/wound repair programs that promote resolution of inflammation and a

return to homeost

asis.



CSF-1

— ~

Increase expression of
pro-inflammatory
cytokines and

chemokines Increase
phagocytosis

Macrophage
chemoattractant

N

Increase
production of ROS
and NO

64

sCSF-1R

‘' & |

4
N

Decrease CSF-1-
induced
chemotaxis

Decrease
phagocytosis

v

Decrease CSF-1-
induced ROS and
NO production
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inflammatory responses.

CSF-1 is known to be an important regulator of macrophage survival,
proliferation, and differentiation. This figure highlights the effects of CSF-1 and a
novel teleost receptor- soluble CSF-1R- on the regulation of inflammatory

processes in cultured goldfish macrophages.
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Chapter 2. Materials and Methods

2.1 Animals
2.1.1 Fish

Goldfish (Carassius auratus L.) 10-15 cm in length were purchased from
Mount Parnell (Mercersburg, PA) and obtained through Aquatic Imports (Calgary,
AB). Fish were maintained in the Aquatic Facility of the Department of Biological
Sciences, University of Alberta. The fish were held at 20°C in a continuous flow-
through water system on a simulated natural photoperiod. Fish were fed daily and
were acclimated for at least two weeks prior to use in the experiments. Fish were
monitored daily for any signs of disease and only fish that appeared to be healthy
were used, unless otherwise noted. Prior to handling, fish were sedated using
tricaine methane sulfonate (TMS) solution of 40-50 mg/L of water. When
necessary, individual fish were marked by fin clipping. Goldfish were terminated
via cervical dislocations using approved procedures. All efforts were made to
minimize animal stress and to ensure that termination procedures were efficiently

performed.

2.1.2  Mice
Five-to-nine week old C57BL/6 female mice (Mus musculus) were
maintained in a P-2-specific pathogen-free facility in the Biosciences Animal
Services Centre at the University of Alberta. The mice were held on a simulated
natural photoperiod, fed daily, and acclimated for at least 10 days before use.
All animals were maintained according to the guidelines of the Canadian

Council on Animal Care, and the University of Alberta Animal Care and Use
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Committee approved protocols. Information on animal protocols and ethics
approvals can be found within the Preface. C57BL/6 mice were terminated via
cervical dislocations using approved procedures. All efforts were made to
minimize animal stress and to ensure that termination procedures were efficiently

performed.

2.2 Fish serum

Carp (Cyprinus carpio) were bled from the caudal vein every 4-6 weeks
using a 21-gauge needle attached to a 1 or 3 mL syringe, depending on fish size.
Blood was pooled and clotted overnight at 4°C. The next day, blood was
centrifuged for 30 minutes at 1000 x g at 4°C. Serum was collected and heat
inactivated at 56°C for 30 minutes. Serum was then filter sterilized using a 0.22 um
filter, and frozen at -20°C until use in the experiments. Carp serum was used for the
cultivation of goldfish primary kidney macrophage (PKM) cultures.

Goldfish serum was collected from the caudal vein using a 23-gauge needle
attached to a 1 mL syringe into BD Vacutainer tubes with clot activator and gel for
serum separation (BD Biosciences, yellow cap tube). Following collection, tubes
were rested at room temperature for 10 minutes then spun at 485 x g for 10 minutes

at 4°C. Serum was collected and frozen at -20°C until use in the experiments.

2.3 Generation of specific reagents

2.3.1 Macrophage activating factor (MAF)
Goldfish total kidney leukocytes were seeded at a density of 2x10%/mL in

complete MGFL-15 media (containing serum and antibiotics; Table 2.3) with 10
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pg/mL concanavlin A, 10 ng/mL phorbol myristate acetate (PMA) and 100 ng/mL
calcium ionophore (all from Sigma) for 6 hours at 20°C. Cells were then washed
three times with 1xPBS™ (Table 2.1) and 20 mL of incomplete MGFL-15 media
(no serum, no antibiotics) was added to each T75 flask. Cells were incubated for 72
hours at 20°C. Supernatants were then collected, filtered with a 0.22 pm filter and

stored at -20°C for up to 6 months.

2.3.2 Labeled zymosan particles

2.3.2.1 FITC

Unlabeled zymosan particles (Molecular Probes) were labeled overnight
with 1 mg/mL fluorescein isothiocyanate (FITC, Sigma) with continuous
shaking on an electronic rocker at a low speed at 4°C in 500 pL carbonate buffer
(Table 2.2). After staining, zymosan-FITC was washed twice with 1xPBS™" at
863 x g for 10 minutes at room temperature. Particles were stored at 4°C in the
dark until used and added directly to samples as needed. Stain was stable for 1

month.

2.3.2.2 APC

Unlabeled zymosan particles (Molecular Probes) were labeled overnight
with 75 pug /mL allophycocyanin (APC, Sigma) with continuous shaking at 4°C
in 1x PBS™ (no magnesium, no calcium). To retain APC signal, zymosan had to
be stored in the APC solution. Prior to use, zymosan particles were washed

twice with 1xPBS™ at 863 x g for 10 minutes at room temperature.
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2.3.3  Apoptotic cells

Apoptotic cells were generated by incubating cells for 24 hours in the
presence of 10 ug/mL cycloheximide. Incubation temperature depended on the
species from which apoptotic cells were derived- 20°C for fish, 37°C/5% CO, for
mouse. Treated cells were harvested, washed twice in 1x PBS™ (spin at 311 x g for
10 minutes at 4°C) and stained overnight with 1.5 ng/mL wheat germ agglutinin
AlexaFluor 555 (Molecular Probes). Apoptotic cells were then washed twice in 1x
PBS™ (spin at 393 x g for 10 minutes at 4°C). For murine experiments, apoptotic
cells were generated from primary total splenocytes. For goldfish experiments,
apoptotic cells were generated from catfish 3B11 B cells or primary goldfish
kidney leukocytes, as indicated. Catfish 3B11 B cells were selected in order to
maintain consistency across experiments, as clonal goldfish leukocytes are not
available. No difference was found in PKM responses when 3B11 cells were
compared with apoptotic cells derived from primary goldfish kidney leukocytes
(Figure 4.2). Catfish 3B11 cells were a gift from Dr. Melanie Wilson (University of
Mississippi Medical Center) and were generated following in vitro
lipopolysaccharide stimulation of catfish peripheral blood leukocytes with LPS (1,

2).

2.3.4 Recombinant sCSF-1R
S19 and KCl1 insect cells were grown in serum free ESF 921 media

(Expression Systems). Cells were transfected at 95% confluency using Cellfectin
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(Invitrogen) and 1 pg of the sCSF-1R expression plasmid, according to the
manufacturers specifications. After 24 hours, transfected cells were transferred to
T-25 flasks containing 10 pg/mL blasticidin (Invitrogen) and incubated for 4 days
to select for transfectants. Transfected cells were maintained in media containing
10 pg/mL of blasticidin throughout the experiments.

The recombinant protein was purified from the cell supernatants using the
MagneHis™ Protein Purification System (Promega). Transfected KC1 cells were
grown in T-75 flasks 1 day past confluency and supernatants were collected. One
mL of Ni-NTA particles was added to 50 mL of the collected supernatant and
mixed by inversion, followed by incubation at room temperature for 2 minutes.
Particles were then captured using a magnetic stand and the supernatant was
discarded. The particles were then washed 5 times with 3 mL of the wash buffer
(40 mM imidazole and 100 mM HEPES) containing 1 M sodium chloride to reduce
nonspecific binding. The bound protein was then eluted from the paramagnetic
particles using an imidazole gradient (25, 50, 100, 250 and 500 mM). Weakly
interacting proteins and other contaminating proteins were eluted at lower
concentrations of imidazole whereas the recombinant soluble CSF-1R eluted at
250-500 mM concentration of imidazole. Protein concentrators with a 3K MW cut
off (Thermo Scientific) were used following the manufacturers specifications. This
was effective at removing residual imidazole in addition to concentrating the
protein. Concentration of the rsCSF-1R was determined at 562 nm using a BCA
protein assay kit (Thermo Scientific) based on the manufacturers specifications.

Figure 2.1 shows a serial dilution of SCSF-1R as detected by Western blotting.
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2.3.5 Polyclonal anti-CSF-1R antibody

The identification, expression and purification of a recombinant sCSF-1R
and the production of a rabbit polyclonal antibody against the SCSF-1R were
performed as previously described in (3). To purify antibodies from rabbit serum,
ice-cold saturated ammonium sulphate (SAS) was added to rabbit serum through a
drop-wise addition with continuous, gentle manual agitation to a final percentage
of 45% (v/v) SAS and incubated overnight at 4°C with rocking. Following
incubation, the solution was centrifuged at 10 000 x g for 30 minutes at 4°C, the
supernatant was aspirated and the pellet re- suspended in 20 mM sodium phosphate
buffer, pH 7.2. This solution was dialyzed against 4 L of 20 mM sodium phosphate
buffer pH 7.2 overnight to remove excess salts. The collected solution was then
applied to a Protein A column (GE Healthcare) following manufacturers
instructions. Briefly, the solution was applied to the column and allowed to pass
through. The column was then washed with 10 column volumes of 20 mM sodium
phosphate buffer, pH 7.2. Citric acid buffers of decreasing pH were applied to the
column to elute the bound IgG from the column. The addition of 1M Tris, pH 9
was added to each elution fraction to neutralize the acidity of the solution and
prevent antibody denaturation. IgG-containing fractions were pooled and dialyzed
for 72 hours in 1xPBS™ at 4°C with constant mixing. Following dialysis, protein
concentration was measured by BCA assay (Pierce) according to manufacturers
specifications. Antibodies were filter sterilized (0.22 um), and stored at -20°C until

use.
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24 Pathogens and pathogen mimics

2.4.1  Aeromonas veronii

Aeromonas veronii was isolated from a naturally infected goldfish in the
Department of Biological Sciences Aquatic Facilities by swabbing a body furuncle
with a cotton swab and inoculating a tryptic soy agar (TSA) plate. Single colonies
were grown up and typed using the indicated primers (Table 2.11). Each tested
colony was identified to be Aeromonas veronii based on sequence analysis. A
single colony was used to inoculate tryptic soy broth to create a clonal glycerol
stock. The growth curve for 4. veronii can be found in Figure 2.2. Heat killed 4.
veronii was generated by incubating at 60°C for 45 minutes. Heat inactivated
cultures were spun down at 2640 x g for 10 minutes at 4°C. Ten mL of 1XPBS™
was then added to wash, and heat killed cultures were spun down again at 2640 x g
for 10 minutes at 4°C. Following heat inactivation, an aliquot of bacteria was
plated onto TSA plates to ensure that cultures had been adequately killed and no
cultures typically developed. Heat killed bacteria was stored at 4°C until use, for no

longer than 1 month.

2.42  Aeromonas salmonicida A449

Aeromonas salmonicida A449 was a gift from Dr. Miodrag Belosevic,
originally given by Dr. Jessica Boyd (NRC Institute, Halifax, Canada). Glycerol
stocks of 4. salmonicida A449 stored at -80°C were used to streak tryptic soy agar

(TSA) + 20 pg/mL chloramphenicol (Sigma) plates and incubated at 18°C for 72
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hours. Tryptic soy broth (TSB) + 20 pg/mL chloramphenicol was inoculated with a
single colony and grown at 18°C with rotation into log phase growth. Heat killed A.
salmonicida A449 was generated by incubating at 60°C for 45 minutes and washed
as described above. Following heat inactivation, an aliquot of bacteria was plated
onto TSA+ 20 pg/mL chloramphenicol plates to ensure that cultures had been
adequately killed and no cultures typically developed. Heat killed bacteria was
stored at 4°C until use, for no longer than 1 month. Bacteria were enumerated
based on the growth curve generated by Dr. Barbara Katzenback (Katzenback,

B.A., Ph.D. thesis).

2.43 Zymosan

Zymosan was used to induce acute, self-resolving peritonitis. Injectable (not
a particle) zymosan was purchased from Sigma and resuspended at a concentration
of 50 mg/mL in 1xPBS™". To resuspend, 4 mL of 1xPBS™ was added to the
lyophilized stock. This was then vortexed for several minutes at a high speed. Once
bubbles had dissipated, another 1 mL of 1xPBS™ was added to reach the final

concentration. Resuspended zymosan was stored at 4°C for no longer than 1 month.

2.44 Lipopolysaccharide

Lipopolysaccharide (LPS) is known to be a potent stimulator of immune
processes and was used in in vitro leukocyte activation assays. Murine cells were
activated with E. coli Ultrapure LPS (InVivogen) at 100 ng/mL. Goldfish cells

were activated with E. coli LPS (Sigma) at a concentration of 1 pg/mL. A higher
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concentration was needed for goldfish assays as goldfish leukocytes are less
sensitive to LPS stimulation than murine cells (4). In order to adequately activate

goldfish cells, all LPS stimulations were also done in the presence of 25% MAF.

2.5 Intraperitoneal injections

Goldfish were lightly anesthetized with TMS. Goldfish were then removed
from water and placed on bench-coat. Intraperitoneal injections were done in the
soft area under the left pectoral fin. Goldfish were then returned to water and
allowed to recover. Goldfish were subsequently returned to tank with oxygenation.
Fish were monitored closely during and post all injection procedures.

Mice were ventrally injected in the lower left quadrant. In order to prevent
puncturing of the intestines with the needle, mice were inverted at a 45° angle
during injections. Following injection, mice were returned to cages and monitored

closely during and post all injection procedures.

2.5.1 Zymosan

Injectable zymosan was vortexed well prior to removal from vial. Zymosan
stock (5 mg/mL) was diluted 1:2 with 1xPBS™" to create a 2.5 mg/mL diluted stock.
One hundred pL of diluted stock was aspirated in 25-gauge 1mL needles and all

bubbles were removed.

2.5.2  Apoptotic cells
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Apoptotic cells were washed thoroughly and counted by haemacytometer.
Cells were resuspended at a concentration of 5x10” cells/mL in 1xPBS™". One
hundred pL of apoptotic cell stock was aspirated in 25-gauge 1mL needles and all

bubbles were removed. Apoptotic cells were made fresh for each experiment.

2.5.3 Recombinant sCSF-1R

Recombinant sSCSF-1R was stored at -20°C until use. Protein concentrations
were determined prior to freezing. Soluble CSF-1R was diluted in 1xPBS™ in order
to have the required concentration in 100 pL of diluted stock. One hundred pL was

aspirated in 25-gauge 1mL needles and all bubbles were removed.

2.6 Isolation of primary fish cells

2.6.1 Primary kidney leukocytes

Goldfish were anesthetized with TMS and sacrificed by cervical dislocation.
The entire body kidney tissue was dissected and placed into a Petri dish containing
10 mL of cold incomplete medium (without serum). The kidney tissue was gently
homogenized using a wire mesh screen and collected by washing the screen with
incomplete MGFL-15. The cell suspension sat for 5 minutes to allow debris to
settle and the cells were collected into a new conical tube. Cells were spun at 311 x
g for 10 minutes at 4°C and the supernatant was decanted off. The pellets were
resuspended in 1-3 mL ACK Lysis buffer (Lonza), depending on kidney size, and
incubated at room temperature for 3 minutes. Ten mL incomplete MGFL-15 was

then added and cells were centrifuged at 311 x g for 10 minutes at 4°C. Cells were
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then resuspended in complete MGFL-15 (with serum and antibiotics), counted

using a haemocytometer and used for various assays.

2.6.1.1 Mononuclear cells

Kidneys were homogenized as described above, in incomplete MGFL-15
containing heparin. As above, debris was settled out and cells were layered over
a 51% Percoll solution (51 mL Percoll, 10 mL 10 x HBSS, 39 mL incomplete
MGFL-15 medium) and centrifuged for 25 minutes at 400 x g at 4°C. Cells at
the 51% Percoll/medium interface were collected and transferred into a new
conical tube and washed twice with incomplete MGFL-15 media (centrifuge

311 x g at 4°C for 10 minutes).

2.6.1.2 Neutrophils

Goldfish kidney leukocytes were isolated as described above and layered
onto 51% Percoll and centrifuged at 400 x g for 25 minutes at 4°C. All the liquid
was decanted, leaving behind the red blood cell/neutrophil pellet found at the
bottom of the tube. The red blood cells were lysed using ACK Lysis buffer as
described above. Neutrophils were then washed twice (centrifuge 311 x g at 4°C

for 10 minutes) and used in downstream assays.

2.6.2  Peritoneal lavage
As with kidney isolations, goldfish were anesthetized with TMS and

sacrificed by cervical dislocation. A square incision was made around the left



121

pectoral fin, approximately 1 cm x 1 cm x 1cm, to create a flap. Ten mL of ice-cold
1xPBS™ was injected into fish, 2 scales above the center-line approximately 2/3 of
the length of the fish using a blunted 18-gauge needle. Lavages were collected
from the pectoral fin flap into a 50 mL conical tube. To exclude changes in relative
adherence of resident peritoneal leukocytes following injections, control lavages
were performed using trypsin-EDTA added to the lavage medium. While no
differences were found in terms of cellular counts, cells lavaged using the trypsin-
EDTA displayed weaker DHR staining due to decreased functionality and, thus,
this was omitted in subsequent experiments.

To isolate subpopulations from lavage exudate, lavages were run over a 51%
Percoll gradient, as described above. Following centrifugation, buffy coats
containing mononuclear cells were collected into a separate tube. These cells and
the neutrophil pellets were washed once with serum-free media (centrifuge 311 x g
at 4°C for 10 minutes). Cells were then resuspended in complete MGFL-15 media

and used in downstream assays.

2.7 Fish primary cell culture

2.7.1  Culture media

The culture medium used for cultivation of goldfish primary kidney
macrophages- modified goldfish Lebovitz-15 (MGFL-15) has been previously
described (5). The composition of MGFL-15 is shown in Table 2.3. The
composition of the additives to the media is shown in Table 2.4 (nucleic acid

precursor solution) and Table 2.5 (10x Hanks Balanced Salt Solution). MEM non-
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essential amino acid solution, MEM amino acid solution and MEM vitamin
solution were purchased from Gibco. Bovine insulin was purchased from Sigma.
Complete MGFL-15 medium contained 10% heat-inactivated fetal calf serum, 5%
heat-inactivated carp serum, 100 U/mL penicillin/100 pg/mL streptomycin and 100

pg/mL gentamicin.

2.7.2  Primary kidney macrophages

Kidneys were homogenized as described above, in incomplete MGFL-15
containing heparin. As above, debris was settled out and cells were layered over a
51% Percoll solution (51 mL Percoll, 10 mL 10 x HBSS, 39 mL incomplete
MGFL-15 medium) and centrifuged for 25 minutes at 400 x g at 4°C. Cells at the
51% Percoll/medium interface were collected and transferred into a new conical
tube and washed twice with incomplete MGFL-15 media. Primary kidney
macrophages (PKM) were generated by seeding isolated leukocytes and culturing
in 15 mL complete MGFL-15 media (MGFL-15 supplemented with 100 U/mL
penicillin, 100 pg/mL streptomycin, 100 pg/mL gentamicin, 10% newborn calf
serum (Gibco) and 5% carp serum) with 5 mL cell-conditioned media from
previous experiments and incubated for 6-9 days at 20°C (5, 6), until cultures
reached proliferative phase of growth. This growth phase is dominated by
significant proliferation of macrophage progenitors (typically 6-8 generations) and

differentiation into mature macrophages (7).
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2.8 Fish cell lines

2.8.1 Catfish 3B11 cells
Catfish 3B11 B-cells were maintained in complete MGFL-15 at 27°C without
COs. This cell line is non-adherent. Cells were passed upon reaching confluency,

generally every 2-3 days, at a 1:40 dilution in fresh complete MGFL-15 media.

2.9 Isolation of primary mammalian cells

2.9.1 Peritoneal lavage

Mice were sacrificed by cervical dislocation. Skin surrounding the peritoneal
cavity was removed, ensuring the peritoneal cavity remained intact. Ten mL of ice-
cold 1xPBS™ was then injected using a blunt end 18-gauge needle. Peritoneal
cavity was massaged gently to detach cells and PBS was sucked back into the
needle.

To isolate cell subpopulations, murine lavages were run over a Ficoll (Histo-
Paque) gradient. This was centrifuged at 400 x g for 30 minutes at 4°C. Following
centrifugation, buffy coats containing mononuclear cells were collected into a
separate tube. These cells and the neutrophil pellets were washed with once with
serum-free media (centrifuge 311 x g at 4°C for 10 minutes). Cells were then
resuspended in complete media and plated in 6-well plates with 1x10° cells in 2 mL

in each condition (responding cells).

2.9.2  Splenocytes
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Mice were sacrificed by cervical dislocation. Spleens were removed and
homogenized using a wire mesh screen using ice cold incomplete DMEM (no
serum or antibiotics). As with goldfish kidneys, debris was settled and cells were
collected and spun down at 311 x g for 10 minutes at 4°C. Pellets were resuspended
in I mL ACK Lysis buffer for 1 minute and washed with incomplete 10 mL
DMEM. Cells were then centrifuged at 311 x g for 10 minutes at 4°C and were

then resuspended in complete DMEM and used to make apoptotic cells.

2.10 Mammalian cell lines

2.10.1 Jurkat T cells

Jurkat T cells were cultured in RPMI 1640 supplemented with 100 U/mL
penicillin/ 100 ug/mL streptomycin, 10% fetal calf serum, 1 mM sodium pyruvate,
and 1x non-essential amino acids (all from Gibco). These cells are non-adherent.

Cells were passaged every 2-3 days at a 1:10 dilution in complete RPMI 1640.

2.10.2 RAW 264.7 macrophages

RAW 264.7 macrophage cells were cultured in complete DMEM media
(DMEM with 10% fetal calf serum and 100 U/mL penicillin/ 100 ug/mL
streptomycin). Cell lines were cultured at 37°C/5% CO, and passaged every 3-4
days, prior to reaching confluence. This is an adherent cell line. To pass cells,
media was decanted and the flask was washed thoroughly with 10 mL 1x PBS™ to
remove remaining serum. One mL of trypsin-EDTA was then added and incubated

at 37°C/5% CO, for 3 minutes. Cells were then detached by gently banging flask.
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To inactivate trypsin, 10 mL of complete DMEM was added. Cells were then
collected into a 15 mL tube and centrifuged at 311 x g for 10 minutes at 4°C.
Pelleted cells were resuspended in 10 mL of fresh complete DMEM. One mL of

resuspended cells was added to a culture flask containing fresh complete DMEM.

2.11 Cytochemical staining

2.11.1 Hema3

One hundred thousand cells were spun onto glass slides at 55 x g for 6
minutes at room temperature using a cytocentrifuge (Shandon Instruments). Cells
were fixed by incubation in 70% methanol for 5 seconds. Cells were stained with
hematoxylin for 5 seconds and counter-stained with eosin for 1 second (all
components from Fisher Scientific). Slides were then rinsed with tap water and air-
dried prior observation using bright field microscopy. Photomicrographs were
generated using a DM 1000 microscope (Leica) using a bright field 100x objective

(1000x magnification). Images were acquired using QCapture software.

2.11.2 Sudan Black

One hundred thousand cells were spun onto glass slides at 55 x g for 6
minutes at room temperature using a cytocentrifuge (Shandon Instruments). For
Sudan Black staining (Sigma), cells were fixed with a 75% gluteraldehyde: 25%
acetone fixative solution for one minute at 4°C. Slides were then rinsed well with
distilled water and stained with Sudan Black for 5 minutes with continuous, gentle

rocking. Slides were thoroughly rinsed with 70% ethanol to remove excess Sudan
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Black staining and further rinsed in distilled water. Cells were counterstained with
Gill’s 3 solution (Sigma) for 5 minutes and rinsed with tap water for 2 minutes.
Slides were air-dried prior to observation using bright field microscopy.
Photomicrographs were generated using a DM1000 microscope (Leica) using a
bright field 100x objective (1000x magnification). Images were acquired using

QCapture software.

2.12  Flow cytometric staining

2.12.1 Antibody labeling

To distinguish murine leukocyte populations, cells were stained with a
combination of: CD11b-FITC/ Gr1-PE/ F4/80-APC or CD11b-PE-Cy7/ CD3-
FITC/ B220-PE/ NK1.1-APC (all from BD Biosciences). Prior to staining, cells
were blocked for 20 minutes with a solution of 1x PBS™ with 10% calf serum. All
staining was done in a solution of 1x PBS™ with 2% calf serum for 30 minutes at
room temperature in the dark. Antibodies were added according to the
manufacturer’s protocols. Goldfish leukocytes were stained with a polyclonal anti-
CSF-1R antibody that was produced and validated by the Belosevic lab (University
of Alberta) (8). Cells were stained with 1x PBS™ with 2% calf serum and 0.05%
sodium azide. Following primary stain, goldfish cells were washed and stained

with an anti-rabbit-FITC secondary (Jackson ImmunoResearch).

2.12.2 Flow cytometry-based fluorescent in situ hybridization
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A detailed description of this procedure, related data, and a full protocol can
be found in Appendix II. Briefly, desired genes were amplified by PCR and cloned
into TOPO TA plasmid (Invitrogen). Primer sequences for gene inserts can be
found in Table 2.12. Competent DH5a were transformed and plasmids were
isolated using a Miniprep kit (Qiagen). Plasmids were linearized with BamHI
(Invitrogen) for 1 hour at 37°C followed by purification with a PCR purification kit
(Qiagen). RNA probes were generated from linearized plasmids using T7 RNA
polymerase (Invitrogen), and labeled nucleotides (biotin-14-CTP (Invitrogen) or
fluorescein-12-UTP (Roche)) were used to distinguish between specific probes.

For hybridization, cells were fixed overnight in 2% formaldehyde at 4°C,
washed in incomplete media, and re-fixed in 70% ethanol at room temperature.
Cells were then spun down at 393 x g for 10 minutes at 4°C and all liquid was
decanted. Membranes were digested with proteinase K for 7 minutes at room
temperature. To stop the digestion, 1 mL of 2% formaldehyde was added for 10
minutes at 4°C. RNA probes were added to cells in hybridization buffer (Table 2.6)
and incubated at 60°C for 4 hours. Tubes were inverted every 30-60 minutes.
Excess hybridization buffer without probe was added and cells were incubated for
a further 45 minutes at 60°C. Cells were then washed using 2xSSC (Table 2.7),
0.1xSSC, and 1xPBS™ (all centrifugations at 393 x g for 10 minutes at 4°C), and
subsequently stored in 2% formaldehyde O/N at 4°C. Staining with secondary
antibodies allowed detection of RNA probes (streptavidin-APC to detect biotin-14-
CTP; BD BioSciences or anti-fluorescein DyLight 488 to detect fluorescein-12-

UTP; Jackson ImmunoResearch). Levels of gene expression were then analyzed
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using an ImageStream IS100 or mkII (Amnis Corporation, EMD Millipore) and a

FACSCanto II flow cytometer (BD Biosciences).

2.13  Cell bioassays

2.13.1 Phagocytosis
2.13.1.1  Light microscopy
RAW 264.7 macrophages were plated in 6-well plates at a concentration
of 5x10° cells/mL. Cells were allowed to adhere overnight. Three um latex
beads (Polysciences) were added at a ratio of 5:1 (zymosan: cells) and incubated
for the indicated times at 37°C/5% CO,. Cells were then stained by Hema3 stain
set as outlined above (Fisher Scientific) and counted by light microscopy. At

least 200 cells were counted.

2.13.1.2  Confocal fluorescent microscopy

RAW 264.7 macrophages were seeded onto sterilized glass coverslips in a
6-well plate at a concentration of 5x10° cells/mL. Cells were allowed to adhere
overnight. Zymosan-FITC particles (Molecular Probes) were added at a ratio of
5:1 (zymosan: cells) and incubated for the indicated times at 37°C/5% CO,.
Cells were then fixed with 1% formaldehyde for 10 minutes on ice and washed
2 times with 1xPBS™ (centrifuge at 393 x g at 4°C for 10 minutes). One hundred
ng/mL 4', 6-diamidino-2-phenylindole (DAPI; Molecular Probes) was added to

the mounting media and coverslips were mounted onto slides. Cells were
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imaged using a Zeiss LSM 510 laser scanning confocal microscope. Images

were acquired at 40x/1.3. At least 100 cells were counted.

2.13.1.3  Flow cytometry

In order to evaluate our capacity to differentiate between phagocytic and
non-phagocytic cells in mixed populations, we took advantage of two well-
characterized cellular models: RAW 264.7 cells and Jurkat cells. RAW 264.7
cells were mixed with Jurkat T cells at a ratio of 1:1. Zymosan-FITC was added
to cells at a ratio of 3:1 or 5:1 (zymosan: total cells) and cells were incubated for
the indicated times at 37°C/5% CO,. Following phagocytosis, cells were washed
twice with 1xPBS™ (no calcium, no magnesium) and labeled with anti-mouse
CD45-PE (BD Biosciences) for 30 minutes on ice. Anti-mouse CD45 allows
differentiation between RAW 264.7 macrophages (murine derived) and Jurkat T
cells (human derived) based on specificity for the murine, but not human, CD45.
Following staining, cells were washed twice with 1xPBS™ (centrifuge at 311 x g
for 10 minutes at 4°C) and fixed with 1% formaldehyde for 10 minutes on ice
and data was acquired on a FACSCalibur (BD Biosciences). At least 20,000

cellular events were analyzed.

2.13.1.4 ImageStream
FITC labeled zymosan-A particles were added at a ratio of 3:1 or 5:1
(zymosan: cell) to 2x10° cells. Mammalian cells were incubated for 2 hours at

37°C/5% CO, in complete DMEM media. Teleost phagocytosis assays were
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performed in incomplete MGFL-15 media (no serum) at 20°C. Following
phagocytosis, cells were fixed with 1% formaldehyde overnight at 4°C. Data
was acquired on an ImageStream IS100 or mkII (Amnis Corporation, EMD

Millipore). At least 10,000 cells were acquired.

2.13.2 Respiratory burst

This assay was performed as previously described (9, 10). Briefly, following
activation, cells were harvested and collected into 5 mL polystyrene round bottom
tubes (BD Falcon). Cells were washed twice with 1xPBS™ (centrifuge at 311 x g
for 10 minutes at 4°C) then resuspended in 100 uL 1xPBS™". Dihydrorhodamine
(DHR, Molecular Probes) was added to cells at a final concentration of 10 uM and
incubated for 5 minutes to allow cells to take up the DHR. Phorbol 12-myristate
13-acetate (PMA; Sigma) was then added at a final concentration of 100 ng/mL.
This concentration of PMA has been shown to trigger ROS production in primed
fish cells (11). Cells were incubated for a further 30 minutes to allow oxidation of
DHR. For all murine experiments, incubations were done at 37°C/5%CQO,. For all
goldfish experiments, incubations were done at 20°C. All samples were properly
staggered with respect to time to accommodate for the transient state of oxidized
DHR fluorescence. DHR fluorescence was not quenched by the presence of other
fluorochromes, including the wheat germ agglutinin or APC labels on

phagocytosed particles.

2.13.3 Nitric oxide production
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Nitric oxide production was determined indirectly by the Griess reaction
(12). Ten thousand cells in 50 pL of complete MGFL-15 medium were added to
individual wells of a 96-well plate, followed by 50 pL of treatments also in
complete MGFL-15 medium. For all goldfish macrophage assays, plates were
incubated for 72 hours at 20°C. Following incubation, plates were centrifuged at
230 x g and 75 pL of cell media transferred to new wells of a 96-well plate. One
hundred pL of 1% sulfanilamide (dissolved in 2.5% H3PO4) was added to each
well, followed by 100 puL of 0.1% N-naphthyl-ethylenediamine (dissolved in 2.5%
H3PO,). The reaction was allowed to proceed for 2 minutes before plates were read
using a micro plate reader at a wavelength of 540 nm. The concentration of nitrate
produced by individual samples was determined using a standard curve that was

generated using sodium nitrate standard curve.

2.13.4 Phagolysosome fusion

In order to study fusion of lysosomes to phagosomes, cells were loaded with
0.25 ug dextran-FITC (Molecular Probes) for 45 minutes at 20°C (13). Cells were
washed twice in incomplete MGFL-15 media (no serum; centrifuge at 311 x g for
10 minutes at 4°C) followed by incubation in serum-containing media for 45
minutes at 20°C to allow dextran localization to the lysosomes. After this, 'dextran-
loaded' cells were incubated for 2 hours with 3 wm non-fluorescent latex beads
(Polysciences) at a 3:1 ratio (bead: cell). A lower bead ratio compared to
phagocytosis assays was used to reduce the number of beads internalized per cell to

provide more accurate quantification of phagolysosome fusion. Following
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phagocytosis, cells were washed with 1xPBS™ and fixed for 10 minutes on ice with
1% formaldehyde. Cells were then analyzed by confocal microscopy or with an

ImageStream IS100 (Amins Corportation, EMD Millipore).

2.13.5 Gentamicin protection assay

Bacteria (Aeromonas veronii for most assays) were grown into log phase
growth in tryptic soy broth at room temperature. Bacteria was then washed
thoroughly with 1xPBS™ (centrifuge at 2640 x g for 10 minutes at room
temperature) and added to cells at a ratio of 100:1. All assays were done in 5 mL
round-bottom FACS tubes (BD Biosciences). Cells were incubated with bacteria
for 30 minutes at 20°C, then washed with incomplete MGFL-15 media (centrifuge
at 311 x g for 10 minutes at 4°C). Cells were then resuspended in 100 uL
incomplete MGFL-15 media containing 200 pg/mL gentamicin, added to the 100
uL cell suspension and incubated for 30 minutes at 20°C. After incubation, 2 mL of
incomplete media was added to dilute the gentamicin. At required time points, cells
were spun down at 311 x g for 10 minutes at 4°C. To lyse cells, media was
decanted and cells were resuspended in 90 pLL MilliQ water with 0.1% Triton-X
100. Cells were vigorously flicked for 30 seconds then 10 pL of 10xPBS™ was
then added to return solution of isotonic levels. The lysate was plated onto square
TSA plates following serial 10-fold dilutions. For each dilution, 10 puL. was plated.

Colony formation was counted after 48 hours.

2.13.6 Arginase assay
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The arginase assay was completed as previously described (14-16). Briefly,
macrophages were lysed in a 0.1% Triton X-100 buffer containing pepstain,
aprotinin and antipain. Equivalent volume of 10 mM MnCl,/ 50mM Tris-HCl/ pH
5.5 was added and samples were incubated for 7 minutes at 56°C to activate the
enzyme. One hundred pL of this solution was added to 100 pL of 0.5M
arginine/pH 9.7 and incubated for 2 hours at 37°C. The reaction was stopped by
adding 800 pL of acid mix (H3PO4: H,SO4: H,0O, 1:3:7). Forty puL of a-
isonitrosopropiophenone in 100% ethanol was added to all samples and
concentration standards and incubated for 45 minutes at 100°C. After cooling for
10 minutes, the A540 was measured using a plate reader. Arginase activity was
calculated from the curve produced by concentration standards, generated with

each experiment.

2.13.7 Survivability assay

To assess survival of cells under oxidative conditions, PKMs exposed to
increasing concentration of rsCSF-1R were treated with 2 mM H,O; for 2 hours.
Viability was determined by AnnexinV/ propidium iodide staining, as previously
described (17, 18). A thorough protocol can be found in Appendix I. In brief, cells
were harvested and washed twice in 1xAnnexinV binding buffer (BD Biosciences).
AnnexinV and PI were then added according to the manufacturers specifications
and incubated in the dark for 30 minutes at room temperature. Cells were then
washed well with 1xAnnexinV binding buffer and fixed with 1% formaldehyde for

10 minutes at 4°C. Cells were then treated with RNase for 30 minutes and 37°C,
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washed twice with 1xPBS™ (centrifuge at 393 x g for 10 minutes at 4°C) and
images were acquired using an ImageStream IS100 or mkII (Amnis Corporation,
EMD Millipore). When cells were analyzed on a FACSCanto II flow cytometer
(BD Biosciences), acquisition was done immediately following staining, without

fixation and RNase digestion.

2.13.8 Trans-well assay

To determine the role of soluble factors in mediating responses, trans-wells
(0.4 pm pore size, Corning) were used. These trans-wells permit free flow of
soluble factors but prevent cell transmigration and physical interactions with cells
across the barrier. Activator cells with various stimuli were added into the bottom
of a 6-well plate in 1 mL of complete MGFL-15 media. The bottom was used for
responding cells due to issues to trans-wells tearing during harvesting, resulting in
poor recovery. Trans-wells were then placed and 1 mL of media containing
responding cells was added into each trans-well. Cells were then incubated for 2
hours (at 18°C for goldfish cells; 37°C/5% CO; for murine cells). Five pg/mL
zymosan was added to all murine cells during the incubation to maintain activation
achieved in vivo. Following incubation, responding cells were harvested and ROS
production was assayed with DHR. Since lymphocytes could not be efficiently
removed from mononuclear cells preparations without affecting cellular responses,
these cells were removed from the analysis through gating strategies. As such,
analyzed populations are referred to as ‘neutrophils’ and

‘monocytes/macrophages’.
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2.13.9 Cellular infiltration

Animals were sacrificed after indicated time points and cells were harvested
by peritoneal lavage. To determine in vivo responses to apoptotic cells, goldfish
and C57BL/6 mice were injected with either 5x10° apoptotic cells (in 100 pL of 1x
PBS 7) and/or 2.5 mg zymosan (Sigma) in 100 pL of 1x PBS “for 24 hours. To
study the effects of pre-injection of apoptotic cells, animals were injected with
apoptotic cells at 0 hours, 2 hours, or 4 hours before zymosan (zymosan injection
defined time 0). Cells were counted using a haemocytometer. Within these time
points, changes in cellular numbers were largely associated with cellular
infiltration. Sub-populations were defined by expression of specific markers
(CDl1c, Grl, F4/80, CD3, B220, NK1.1; mice) or by a combination of size,

complexity, morphology and cytochemical staining (goldfish).

2.13.10 Chemotaxis assay

Proliferative PKM cultures were incubated with zymosan +/- increasing
concentrations of recombinant SCSF-1R or apoptotic cells (5:1 ratio) for 24 hours.
Supernatants were collected fresh for each experiment, filtered through a 0.22 pm
filter and 100 pL were applied to the bottom chamber of blind well leucite
chemotaxis chambers (Nucleoprobe).

Goldfish were injected with 2.5 mg zymosan (Sigma) and cells were
harvested after 24 hours. Neutrophils were isolated from peritoneal lavage cells by

layering over 51% Percoll as previously described (19, 20) and outlined above. Red
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blood cells were lysed by ACK Lysis buffer (Lonza), typically in 3 mL for 5
minutes. Cell viability was confirmed with AnnexinV/PI staining; functionality
was confirmed by ROS production. Neutrophils (1x10°) were applied to the top
chamber of blind well leucite chemotaxis chambers. The top and bottom chambers
were separated by a 5 pm pore polycarbonate membrane (NeuroProbe). The
chemokinesis (ChK) control allowed for control of neutrophil chemotaxis to an
inflammatory stimulus in the absence of a chemotactic gradient and consisted of
zymosan-stimulated supernatants in both the upper and lower chambers of the
chemotaxis apparatus. Cells were then incubated for 1 hour at 20°C after which the
cell suspensions were aspirated from the top chamber. The filters removed, fixed in
methanol for 1 minute, stained with Gill’s Solution 3 (Sigma) for 1 minute and
then applied to a slide and fixed under a coverslip using Permount (Fisher
Scientific). Chemotactic activity was measured by counting cells found on the

underside of filters in 25 random fields of view (100x, oil immersion).

2.13.11 In vivo BrdU proliferation assay

Following treatment, goldfish were anesthetized and injected with 100 pL of
BrdU solution. The final concentration was adjusted to be 1 mg/g of fish, as
previously described (21). Goldfish were incubated for 1 hour in water from the
fish facilities. Goldfish were then terminated and kidneys were harvested and
processed as above. An aliquot of 1x10° cells were then removed and fixed for a
minimum of 24 hours in 1% formaldehyde at 4°C. After fixation, cells were spun

down at 393 x g for 10 minutes at 4°C and resuspended in BrdU
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fixation/permeabilization buffer according to the manufacturers’ protocol
(eBioscience) for 1 hour at 4°C. Cells were then washed once in FACS buffer at
(centrifuge at 393 x g for 10 minutes at 4°C) and resuspended in 100 uL FACS
buffer (1xPBS™ supplemented with 2% calf serum) containing DNase I, followed
by a 1 hour incubation at 37°C. Cells were then washed once and stained with 5 pL
of anti-BrdU-FITC antibody (eBioscience) in 100 uL. of FACS buffer for 1 hour at
room temperature. Cells were then washed twice with 2 mL FACS buffer
(centrifuge 393 x g for 10 minutes at 4°C) and acquired on a CANTO II (BD

Biosciences).

2.14 Quantitative PCR

2.14.1 RNA isolation

2.14.1.1  Trizol method

RNA was isolated from goldfish tissues using Trizol (Invitrogen)
according to the manufacturers specifications. Briefly, tissues were placed in 12
mL round-bottom tubes, flash frozen and stored at -80°C. The required amount
of Trizol was then added, depending on tissue size (generally 1 mL for kidney
and spleen; 2mL for furuncle tissue) and tissue was homogenized using blade
disruption. Following homogenization, the Trizol mixture was incubated in ice
for 10 minutes prior to addition of chloroform (0.1 mL/ ImL Trizol) and volume
was transferred into a 1.5 mL microcentrifuge tube. Tubes were vigorously
vortexed, settled on ice for 5 minutes and then re-vortexed. Tubes were

centrifuged at 10,800 x g for 30 minutes in a refrigerated microcentrifuge at
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4°C. The aqueous (clear) layer was extracted and transferred to a new 1.5 mL
microcentrifuge tube. One volume of isopropanol was added and tubes were
gently inverted and incubated at -20°C overnight. Samples were then
centrifuged at 10,800 x g for 60 minutes at 4°C to pellet the RNA. Supernatants
were aspirated, and the RNA pellet washed with 1 mL of 75% reagent grade
ethanol followed by centrifugation at 10,800 x g for 30 minutes at 4°C. Ethanol
was aspirated and pellets allowed to air-dry for 5 minutes. Nuclease-free water
was used to re-suspend the RNA pellet. The nucleic acid concentration was
quantified using a Nanodrop apparatus at an absorbance of 260 nm. Samples
were also read at absorbences of 230 nm and 280 nm to determine phenolic and

protein contamination.

2.14.1.2  Qiagen RNeasy kit

RNA was isolated from peritoneal lavage cells using a Qiagen RNeasy kit
(Qiagen) according to the manufacturers specifications. Briefly, cells were lysed
in Buffer RLT. One volume of 70% ethanol was added to the lysate and applied
to the spin column. Columns were spun at 8,000 x g for 15 seconds at room
temperature and washed with Buffer RW1. Columns were spun at 8,000 x g for
15 seconds at room temperature. Columns were then washed with Buffer RPE
and spun at 8,000 x g for 2 minutes at room temperature. The column was then
placed into a new 1.5 mL microcentrifuge tube and 30-50 pL of nuclease-free
water (Ambion) was added. To elute RNA, columns were spun at 8,000 x g for

1 minute room temperature. The nucleic acid concentration was quantified using
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a Nanodrop apparatus at an absorbance of 260 nm. Samples were also read at
absorbences of 230 nm and 280 nm to determine phenolic and protein

contamination.

2.14.2 cDNA synthesis

cDNA synthesis performed using SMARTScribe Reverse Transcriptase
(Clontech) according to the manufacturer’s protocol using poly-dT. First strand
synthesis was cycled at 72°C for 3 minutes followed by 42°C for 60 minutes.
Second strand synthesis was completed as follows: 95°C for 30 seconds; 55°C for
30 seconds; 72°C for 15 minutes. RNA levels were quantified and normalized prior
to cDNA synthesis (2 mg for tissues; 200 ng for peritoneal lavages). Primers used

in cDNA synthesis reactions can be found in Table 2.10.

2.14.3 Primers

All primers used had been previously validated for use in goldfish. Briefly,
for Q-PCR, primers were validated by 1:2 serial dilutions of cDNA and creating a
standard curve, used in determining in the R value, y-intercept, and efficiency of
the primer set using the 7500 Fast software. All primer sets were chosen with an R*
value of 0.997 or higher, a y-intercept value of -3.0 to -3.2, and an efficiency of
85% or higher. Melt curves were analyzed to ensure a single melting peak, and
qPCR products were run on a gel, excised, and sequenced to ensure the correct

amplicon was being amplified. Q-PCR primers can be found in Table 2.14. For
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RT-PCR, products were run on a gel, excised, and sequenced to ensure the correct

amplicon was being amplified.

2.14.4 Quantitative PCR conditions

Quantitative PCR was performed using an Applied Biosystems 7500 Fast
Real-Time PCR machine using SYBR green reagents. Elongation factor 1 alpha
(EF1a) was used as the endogenous control for all experiments. Thermocycling
conditions were: 95°C for 10 minutes followed by 40 cycles of 95°C for 15 seconds
and 60°C for 1 minute. A melting curve step was added to the end of this protocol.
Data were analyzed using the 7500 fast software (Applied Biosciences) and is
represented as the average of the samples with standard error shown. The RQ

values were normalized against control fish.

2.15 Detection of sCSF-1R transcripts

Target mRNA transcripts were amplified by adding 1 pL of cDNA template
to 40.3 pL of nuclease free water, 5 uL. of Micah’s 10xPCR buffer (1 mM Tris-
HCI, pH 8.3, 500 mM KCI, 15 mM MgCl2, 0.01% w/v gelatin), 1.2 pL of 20 mM
primer solution, 0.8 pL of 25 mM dNTPs, and 0.5 puL of Taq polymerase.
Reactions were amplified in an Eppendorf Mastercycler Nexus Gradient
thermocycler. The general thermocycling program consisted of an initial
denaturation step of 94°C for 3 minutes, followed by 40 cycles of 95°C for 30
seconds; 55°C for 1 minute and 30 seconds; 72°C for 2 minutes, and a final

extension of 72°C for 5 minutes. Bands were visualized by running out on a 1%
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agarose gel. Gels were then stained with an ethidium bromide solution for 30
minutes, followed by destaining in distilled water for 30 minutes. Gel images were
acquired using an Alphalmager 2200 (Alpha Innotech). Primer sequences can be
found in Table 2.13.

For densitometry analysis, files were uploaded in ImageJ and relative band
intensity was determined for sSCSF-1R and B-actin. The ratio of f-actin to sCSF-1R
was determined for each set. RT-PCR was used for these assays, as selective Q-

PCR primers could not be developed for this transcript.

2.16 Detection of sCSF-1R protein

Samples were diluted 1:1 in 2x Laemmli buffer (Table 2.8) and boiled for 10
minutes. Proteins were separated under denaturing and reducing conditions on a
10% polyacrylamide (PAGE) gel. Proteins were transferred to a 0.2 um
nitrocellulose membrane (BioRad) and blocked for 1 hour at room temperature in
5% milk/TBS-T. Membranes were then incubated with anti-CSF-1R (1:1000 in 5%
milk/TBS-T) overnight at 4°C with continuous rocking. Membranes were then
washed 3 times and incubated with goat-anti-rabbit HRP (1:50 000 in 5%
milk/TBS-T) for 1 hour at room temperature. Membranes were developed with
WesternBrightECL (advansta) to detect horseradish peroxidase (HRP) conjugated
antibodies according to the manufacturers specifications. Membranes were imaged

with film (Kodak).

2.17  Analysis
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All confocal data was analyzed using Zen 2012 lite software (Zeiss). Flow
cytometry data was analyzed with FCS Express software v3 (DeNovo Software) or
FACSDiva v6.1.3 (BD Biosciences). ImageStream data was analyzed using IDEAS
v3 through v5 software (Amnis Corporation, EMD Millipore). Statistics were
performed on Prism 4 software (GraphPad Prism). For statistics involving two
comparisons a Students’ t-test was preformed. For statistics involving more than
two comparisons, a one-way ANOVA was used. For post-hoc analyses, a Tukey’s
test was used when all-pairwise analyses were desired. When only a comparison to
control was desired a Dunnet’s post-hoc test was used. For all one-way ANOVA
tests, all values were transformed by square roots for ensure equal variance in all
samples, fulfilling a requirement for the test to be preformed. For each assessment,
each experiment was assessed for a Trial effect. For statistics involving more than
two comparisons over time, a two-way ANOVA was used followed by a
Bonferroni post-hoc test. Similar to one-way ANOVA tests, all values were
transformed by square roots for ensure equal variance in all samples, fulfilling a
requirement for the test to be preformed. In addition, each experiment also
underwent an assessment for a Trial effect, a Time effect and a Trial X Time effect.

No Trial X Time effect was noted for any experiment.
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Figure 2.1. Serial dilutions of recombinant sCSF-1R.

Recombinant sCSF-1R was serially diluted 1:1. Samples were treated as described
and run on a 10% PAGE gel. Protein was detected with polyclonal rabbit anti-
goldfish CSF-1R. Concentrations indicated are in nanograms.
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Figure 2.2. Aeromonas veronii growth curve.

Aeromonas veronii was grown at room temperature for 8 hours. Every hour, a 1
mL aliquot was removed. Optical density (OD) and colony forming units (CFU)
were determined for each time point.



Table 2.1. Composition of 10xPBS™.
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COMPONENT AMOUNT (g)
KClI 2.00

KH,POg4 2.00

NaCl 80.00
NazHPO4° 7H20 21.60

MilliQ water toptol L




Table 2.2. Composition of carbonate buffer.

COMPONENT AMOUNT (g)
0.5 M sodium carbonate buffer* 0.8 mL

0.5 M sodium bicarbonate buffer®* 1.7 mL
MilliQQ water top to 10 mL

* Add 0.529 g of sodium carbonate to 10 mL MilliQ water.
** Add 0.42 g sodium bicarbonate to 10 mL MilliQ water.

pH final buffer to 9.6.
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Table 2.3. Composition of incomplete MGFL-15 media.

COMPONENT AMOUNT
HEPES 7.00 g
NaOH 0.75 ¢
NaHCO;3 034 ¢
10x Hanks Balanced Salt Solution 80 mL
MEM amino acid solution 25 mL
MEM non-essential amino acid solution 25 mL
Sodium pyruvate 25 mL
MEM vitamin solution 20 mL
Nucleic acid precursor solution 20 mL
L-glutamine 0.5844 ¢
Insulin 00lg
GFL-15%* 1000 mL
-mercaptoethanol 7 uL
MilliQ water topto2 L

*GFL-15 is made by mixing DMEM and Leibovitz-15 media powders in 2 L of

MilliQ.
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Table 2.4. Composition of nucleic acid precursor solution.

COMPONENT AMOUNT (g)
Adenosine 0.067
Cytidine 0.061
Hypoxanthine 0.034
Thymidine 0.061
Uridine 0.061

MilliQ water 100 mL




Table 2.5. Composition of 10x Hank’s Balanced Salt solution.

COMPONENT AMOUNT (g)
KCl 2.00

KH,POg4 0.30

NaCl 40.00
NazHPO4°7H20 0.45
D-glucose 5.00

Phenol red 0.05

MilliQQ water top to 500 mL
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Table 2.6. Composition of hybridization buffer.

COMPONENT AMOUNT
Sheared salmon sperm DNA I mL
Formamide 10 mL
20x SSC 5mL
Tween-20 200 uL
SDS 0.1g
Nuclease-free water 4 mL




Table 2.7. Composition of SSC buffer.

COMPONENT AMOUNT (g)
NaCl 175.3

Sodium citrate 88.2

MilliQQ water 1L

pH solution to 7.0 and autoclave.
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Table 2.8. Composition of 2x Laemmli buffer.

COMPONENT AMOUNT
SDS 04¢g
-mercaptoethanol I mL
Glycerol 2 mL

0.5 M Tris 2.5mL
Bromophenol blue pinch
MilliQ water 10 mL
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Table 2.9. Primers used in cDNA synthesis.

PRIMER SEQUENCE (5°-3°)

5' oligo AAG CAG TGG TAT CAA CGC AGA GTA CG
3'CDS poly T AAG CAG TGG TAT CAA CGC AGA GTA TT
5'PCR AAG CAG TGG TAT CAA CGC AGA GT
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Table 2.10. Primers used in Aeromonas spp. detection.

PRIMER SEQUENCE (5°-3")

168 rRNA forward (26) AGA GTT TGA TCA TGG CTC A
16S TRNA reverse (1391) GTG TGA CGG GCG GTG TGT A
16S TRNA forward (308) GCT GGT CTG AGA GGA TGA TC
16S TRNA reverse (556) CTT TAC GCC CAG TAA TTC CG
gyrB UP3 ACT ACG AGA TCC TGG CCA AG
gyrB UP4 TCC TCC CAG ACC AAG GAC
gyrB UP5r GCC TTC TTG CTG TAG TCC TCT

gyrB UPé6r

GCA GAG TCC CCT TCC ACT ATG TA
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Table 2.11. Primers used to design flow cytometry-based in situ

hybridization probes.

PRIMER

SEQUENCE (5°-3°)

M13 forward
M13 reverse
G-CSFR forward
G-CSFR reverse
CSF-1R forward
CSF-1R reverse
sCSF-1R forward
SCSF-1R reverse

GTA AAA CGA CGGCCAG

ACC AGC TAT GAC CAT GAT TAC
TGG CTC ACC CGT ATC AGT GT

CAT GTG TCC AAG CTG CCA GT

TCC TGT TCG TCT GTG GGA TCC TTT
GTT GGA GTC ATT GAT GAT GTC
CGG TCG GTA CGG ATG TGA TTC
CCT TCA GCA AAG TAA TGA ACT
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Table 2.12. Primers used in reverse transcriptase PCR for sCSF-

1R expression.

PRIMER

SEQUENCE (5°-3")

B-actin forward
B-actin reverse
sCSF-1R forward
sCSF-1R reverse

GTA AAA CGA CGGCCAG

ACC AGC TAT GAC CAT GAT TAC
TCG CTG CCC TGG TCG TTG ATA
GGC GGC GGT TCC CAT CTC
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Table 2.13. Primers used in quantitative PCR analysis.

PRIMER

SEQUENCE (5°-3")

EF-1a forward
EF-1a reverse
CSF-1 forward
CSF-1 reverse
CXCL-8 forward
CXCL-8 reverse
IFNy forward
IFNy reverse
IFNyrel forward
IFNyrel reverse
IL-1B-1 forward
IL-1B-1 reverse
IL-1B-2 forward
IL-1B-2 reverse
IL-10 forward
IL-10 reverse

IL-12 p35 forward

IL-12 p35 reverse

IL-12 p40 forward

IL-12 p40 reverse
INOS A forward
iINOS A reverse
INOS B forward
iNOS B reverse
SOCS-3 forward
SOCS-3 reverse
TGEFp forward
TGEFp reverse
TNFal forward
TNFal reverse
TNFa?2 forward
TNFa2 reverse

CCG TTG AGA TGC ACC ATG AGT

TTG ACA GAC ACG TTCTTC ACGTT
ACA CAC ATA ACA GCC CAC AAA GCC
AGC ACA GGA CAA GGA TGA AGC ACT
CTG AGA GTC GAC GCA TTG GAA

TGG TGT CTT TAC AGT GTG AGT TTG G
GAA ACC CTA TGG GCG ATC AA

GTA GAC ACG CTT CAG CTC AAA CA
TGT CGG AGC CAG ACT TCC A
GACTCGATTTTT TCT CGT ACGTTCT
GCG CTG CTC AACTTC ATC TTG

GTG ACA CAT TAA GCG GCTTCA C
GAT GCG CTG CTCAGCTTCT

AGT GGG TGC TAC ATT AAC CAT ACG
CAA GGA GCT CCG TTC TGC AT

TCG AGT AAT GGT GCC AAG TCA TCA
TGT TTT ACG TGC ATT CCT TTG G
GGC GCC TGA AAA AAATAC GA

CTT CAG AAG CAG CTT TGT TGT TG
CAG TTT TTG AGA GCT CACCGA TAT C
TTG GTA CAT GGG CACTGA GATT
CCA ACCCGCTCA AGAACATT

CAT CTT CCA TCC GAC CCT AGT G
AAA GCT ACG GAA GGG AGC AAT
CGA GTC GGG CAC CAA GAA

AAG CTC TGG AGT CCG TCT GAA

GTA CAC TAC GGC GGA GGA TTG

CGC TTC GAT TCG CTT TCT CT

CAT TCC TAC GGA TGG CAT TTA CTT
CCT CAG GAA TGT CAG TCT TGC AT
TCA TTC CTT ACG ACG GCATTT

CAG TCA CGT CAG CCT TGC AG
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Chapter 3. Goldfish macrophages possess potent
phagocytic responses and antimicrobial defenses’

3.1 Introduction

Phagocytosis is an important, evolutionarily conserved mechanism that is
integral to host defenses against invading microorganisms. Phagocytosis is initiated
by the interaction of receptors on the surface of the phagocyte with ligands on large
particles, generally over 1 pm. Receptor ligation results in actin polymerization,
which subsequently leads to particle internalization (1-4). Once internalized, the
phagosome that encloses the particle undergoes a series of maturation steps that
culminate in phagolysosome fusion. In order for phagocytosis to be an effective
immune defense mechanism, these two components- internalization and
phagosomal maturation- must occur (5).

There are a number of methods available to study phagocytosis. Of these,
three common ones are based on light microscopy, fluorescent microscopy, and
flow cytometry techniques. Each of these assays allow for detection phagocytosis
with varying levels of specificity. These techniques, however, also have caveats
that limit the accurate quantification of phagocytosis and their widespread

application (e.g. time, reproducibility of quenching steps to remove fluorescence

L A version of this chapter has been published:
Rieger AM, Hall BE and Barreda DR. 2010. Macrophage activation differentially
modulates particle binding, phagocytosis and downstream antimicrobial

mechanisms. Dev Comp Immunol 34: 1144-59.
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from surface bound particles, and others) (6, 7). Microscopy-based assays are
largely limited by time requirements and low populations counts, which prevent
statistically robust evaluation of phagocytosis. Flow cytometry-based assays have
become increasingly popular due to the ability to analyze much higher cell counts
in a short period of time. These assays, however, lack the spatial resolution of
microscopy-based assays, which limit accurate quantification of internalized
particles.

Using an ImageStream multi-spectral imaging flow cytometer, a novel assay
was developed that incorporates the strengths of the previous assays, while
overcoming the weaknesses associated with both the microscopy and flow
cytometry assays. Analysis of phagocytic responses can be further enhanced by
incorporation of specific cellular markers, characterization of cellular morphology,
and an increased capacity for multivariate analysis. Images can be acquired at over
100 images/second, allowing analysis of a large population of cells.

This chapter describes the phagocytic capacity of goldfish primary kidney
macrophage (PKM) cells. While it has been previously reported that mixed
populations of these cultures are phagocytic, it is unclear which of the sub-
populations are responsible for this activity (8, 9). Further, it remains unclear if
these myeloid cells may display a differential capacity for phagocytosis and
downstream killing mechanisms during key steps along their differentiation
pathways. This chapter examines these questions among mixed populations of cells
to allow for cellular cross-talk and to minimize the need for isolation of individual

subpopulations, which is often associated with higher levels of basal activation.
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The main objectives of this chapter were to (1) determine the predominant
phagocyte in PKM cultures, (2) assess the impact of activation on phagocytic
responses, including induction of downstream antimicrobial defense mechanisms,

and (3) quantify phagolysosome fusion within a mixed PKM culture.

3.2 Results

3.2.1 Current methods have limitations for detecting phagocytosis.

While a number of assays exist to study phagocytosis, each of these assays
has important limitations stemming from time constraints, low sample numbers
and/or lack of spatial resolution. I initially evaluated three phagocytosis assays
based on three commonly used platforms: (i) light microscopy, (ii) fluorescent
microscopy and (iii) conventional flow cytometry.

In a standard light microscopy phagocytosis assay, well-characterized
phagocytic RAW 264.7 macrophages were adhered to plate and incubated with
non-fluorescent 3 um latex beads for 2 hours (Figure 3.1 A). Cells were
subsequently stained and phagocytosis was assessed using a compound light
microscope. While this assay is relatively easy to carry out, does not require
specialized equipment, and can distinguish between cells with internalized and
surface bound particles (this is limited to X-Y axis), two major limitations include
the number of cells that can be quantified (usually 200-300 cells) and the time that
it takes to manually count these cells and the particles within them.

Similarly to the light microscopy-based assay, in the fluorescence
microscopy-based assay, RAW 264.7 macrophage cells were adhered to coverslips

and incubated with zymosan-FITC for 3 hours (Figure 3.1 B). Zymosan particles
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are composed of the cell wall of chemically or heat-killed Saccharomyces
cerevisiae, which makes them a relevant model of pathogenicity. Dectin-1 appears
to be the main receptor involved in the phagocytosis of these zymosan particles
(10). Phagocytosis was analyzed with a confocal fluorescence microscope. As with
the light microscopy-based assay, the fluorescence microscopy-based assay
allowed for differentiation between internalized and surface bound particles (also
limited to X-Y axis). This was further improved by use of the Z-stacking feature,
which is useful in determining particles that may be surface bound along the Z-
axis. However, this method requires more specialized equipment than the light
microscopy method and care must be exercised to prevent fluorochrome bleaching
of fluorescent particles and/or cells during analysis. Furthermore, because
relatively few cells are quantified, both light and fluorescence microscopy-based
methods lack the statistical robustness of assays that can analyze thousands of cells
in a population.

Using a flow cytometry-based phagocytosis assay, phagocytosis can be
studied in a statistically robust manner (over 10,000 cells can be analyzed in a few
minutes) and can be assessed in the context of a mixed population of cells. For this
study, phagocytic RAW 264.7 macrophages were co-incubated with Jurkat T cells,
a non-phagocytic human T cell line, and FITC-labeled zymosan (Figure 3.1 C).
Prior to acquisition, cells were stained with anti-mouse CD45-PE, which
selectively labels murine-derived RAW 264.7 macrophage cells but not human-
derived Jurkat cells. The level of phagocytosis in both the RAW 264.7 macrophage

and Jurkat T cell populations was quantified. While this assay allows analysis of a
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large number of cells, there is no differentiation between cells with surface bound
particles and internalized particles because of the lack of spatial resolution
available through conventional flow cytometry. As such, the phagocytic population
encompasses cells with internalized particles as well as those with bound (non-
internalized) particles (Figure 3.1 D). Importantly, binding and internalization can
have drastically different immunity outcomes. For example, only internalized
pathogens within the maturing phagosome will be subjected to the potent

intracellular killing mechanisms that characterize the phagocytosis process.

3.2.2  Multi-spectral imaging flow cytometry can help to overcome the limits
of previous assays, while maintaining their strengths.

The ImageStream 100 and mkII multi-spectral imaging flow cytometers
combine features of both conventional flow cytometry and fluorescence
microscopy, produces simultaneous images of each cell (four (IS100) or six
(ISmkIT) fluorescent channels, brightfield and side-scatter) and can image over 100
cells per second (11, 12). This allows for analysis of a population of cells in a
statistically robust manner within a few minutes.

RAW 264.7 macrophage and Jurkat T cells lines were co-incubated with
FITC-labeled zymosan for two hours, similarly to the flow cytometry-based
method. Following the incubation, cells were stained with anti-mouse CD45, which
selectively labels RAW 264.7 macrophages, as described above. Subsequently,
RAW 264.7 macrophage (CD45+) and Jurkat T cell (CD45-) populations were

analyzed for zymosan fluorescence and phagocytosis, and produced dot plot
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profiles equivalent to those shown above (Figure 3.2 A). In conventional flow
cytometry, all cells in the FITC+ population would be considered phagocytic.
However, as shown in Figures 3.2 A and 3.1 D, this population includes cells with
internalized zymosan and as well as those with surface bound (i.e. non-
internalized) zymosan. Using IDEAS software, a mask was created to identify the
cellular membrane. This mask allowed differentiation between internalized (degree
of internalization greater than 0) and bound (degree of internalization less than 0)
zymosan particles in the X-Y axis (Figure 3.2 B). By gating on the population with
a positive degree of internalization, I was able to remove cells with surface-bound
particles from subsequent analysis, which was not possible with conventional flow
cytometry. The degree of focus of the zymosan particles was then analyzed to
remove surface bound zymosan in the Z-axis (Figure 3.2 C), a feature absent even
in microscopy-based assays, which only provide spatial resolution in the X-Y axis.
Zymosan bound outside of the X-Y plane of the cell image appears out of focus
relative to the stained nucleus (i.e. in front or behind the plasma membrane
boundaries of the cell [Z-axis]). While not as accurate as a confocal microscopy Z-
stack, this method still allows clear distinction between internalized and surface
bound (non-internalized) particles on the Z-axis because of digital-based
quantitation of relative object focus (particle versus cell nucleus). The population
of cells remaining after these two gating steps (X-Y axis and Z-axis) encompasses
those with “true” phagocytosis, as all particles are internalized (Figure 3.2 D). This
provides a more reliable approach for analysis of phagocytosis and generates

statistically robust analyses in a relatively short amount of time. There is minimal
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fluorochrome bleaching when compared to fluorescent microcopy-based
approaches (and even superior to that found in flow cytometry) because of the
mechanics of signal acquisition within the flow cell. Once gates are defined,
IDEAS software can easily differentiate between internalized and bound particles.
Finally, this phagocytosis analysis can be coupled with evaluation of
morphological markers provided through the ImageStream platform (over 150
potential markers including size, nuclear morphology, nuclear: cytoplasmic ratios,
and others). This is particularly relevant for comparative animal model systems
where reagent availability (e.g. antibodies against surface or intracellular markers)
often lags significantly behind the availability for murine/human models.
Importantly, particle-binding events can also be quantified, thus providing an
additional important parameter for the characterization of phagocytic responses.
For example, this can provide a functional indicator of phagocytic receptor
expression at the cell surface. As such, this approach has the potential to allow for
more detailed characterization of phagocytic responses and the role that these

events have on host antimicrobial mechanisms.

3.2.3 RAW 264.7 macrophage activation preferentially enhances binding
and not internalization of zymosan.
Activation of RAW 264.7 macrophages has previously been shown to
increase phagocytosis (13, 14). As a first step in the validation of the ImageStream-
based phagocytosis assay I sought to examine if this increase in phagocytosis may

be partially due to an increased capacity for particle binding during the phagocytic
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response. To this end, I studied the effect of LPS stimulation on surface binding
and internalization of zymosan particles in RAW 264.7 macrophages. RAW 264.7
cells were activated for 24 hrs with 100 ng/mL ultrapure E. coli LPS. Cells were
then incubated with either a 3:1 or 5:1 ratio of zymosan for 2 hours. Surface
binding and internalization were analyzed as described above. As expected, I found
that LPS stimulation resulted in an overall increase in the number zymosan-
positive cells (Figure 3.3). However, this increase in zymosan positivity was not
associated with “true” phagocytosis but a combinatorial effect of an increase in
both binding and internalization. In fact, surface binding was the primary
contributor to this increase following LPS-driven activation. The increase in
surface-binding appeared to be independent of the cell: zymosan ratio (Figure 3.3).
It is likely that increased binding was due to an upregulation of surface phagocytic
receptors during cellular activation. Alternatively, it may reflect increased
“stickiness” of cells following activation, largely due to the upregulation of

receptors involved in the phagocytic process.

3.2.4  Goldfish PKMs differentially upregulate phagocytosis in response to
activation with host and pathogen derived factors.

It has been previously shown that goldfish kidney-derived hematopoietic
progenitors develop along the macrophage lineage in vitro through three well
defined stages of differentiation: early progenitors, monocytes and mature
macrophages (8, 15). Each of these three unique primary kidney macrophage

(PKM) subpopulations displays unique forward- and side-scatter profiles,
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morphological features, gene expression profiles and functional capacities (8, 15,
16). Based on conventional flow cytometry profiles these subpopulations are
defined as early progenitor cells (R1-gate), monocytes (R3-gate) and mature
macrophages (R2-gate) (15, 16). However, it was unknown the extent to which
each subset contributed to the phagocytic response. As such, I decided to examine
this antimicrobial response taking advantage of my novel imaging flow cytometer-
based assay. Firstly, ImageStream analysis identified these three PKM
subpopulations based on cellular area and side scatter intensity, consistent with
previous conventional flow cytometry-based analyses (Figure 3.4 A). In addition,
in situ morphological examination of cellular events in each of the ImageStream-
defined gates showed morphological features that were consistent with those of
FACS-sorted PKM subsets (15).

PKM cultures in the proliferative phase of growth were activated for 6- and
48-hours with macrophage activating factors (MAF) and 1 pg/mL E. coli LPS.
Following activation, cells were incubated with zymosan-FITC at a ratio of 5:1
(zymosan: cells) for 2 hours at 20°C. Phagocytosis was analyzed as described
above. I focused on true particle internalization events since my goal was to
correlate these with the activation of downstream intracellular antimicrobial
responses. Under basal levels of activation, monocytes and mature macrophages
were the predominant phagocytic populations, while early progenitor cells had very
low levels of phagocytosis under both basal and activated conditions (Figure 3.4
B). Mature macrophages displayed greater basal capacity for phagocytosis when

compared to the less differentiated monocytes (49% vs 34%, respectively).
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Following 6-hours MAF/LPS activation, cells in the monocyte population
significantly increased their phagocytic capacity. This was further increased after
48-hours of activation. In contrast to monocytes, 6-hour MAF/LPS activation did
not significantly increase the capacity for phagocytosis among mature
macrophages above basal levels. However, after 48 hours of MAF/LPS activation
PKM mature macrophages significantly increased their phagocytic capacity by 136
percent. This increase was coupled with a significant increase in the phagocytic
index, which was not observed among cells of the monocyte population (Figure 3.4
C). Phagocytic index was defined as the measure of the average number of
particles ingested per phagocyte. As such, these results suggest a segregation of
phagocytic antimicrobial responses along the teleost macrophage lineage, and
highlight the potential for differential contributions of each of these macrophage

differentiation stages to host-pathogen interactions.

3.2.5 PKM mature macrophages and not monocytes display an increased
capacity for the production of reactive oxygen species following
activation.

Reactive oxygen species (ROS) have long been recognized as a crucial
component of host defense and provide a high degree of toxicity against
phagocytosed microorganisms (17). ROS production during the respiratory burst
can be detected using dihydrorhodamine (DHR), based on the oxidization of DHR
into fluorescent rhodamine (18). This provides a useful tool for the characterization

of the respiratory burst assays in phagocytic cells (e.g. mammalian neutrophils),



170

and has been shown to have a high degree of correlation with alternative
approaches such as the nitrobluetetrazolium (NBT) assay (18). The DHR assay has
also been successfully applied to study respiratory burst in teleost fish cells (19).
In control experiments, I examined the respiratory burst in mixed cultures of
LPS activated RAW 264.7 macrophages and Jurkat T cells. As shown previously
(20), I found that LPS activation led to an increased respiratory burst in RAW
264.7 macrophage, but not Jurkat T cells (Figure 3.5 A). Previous experiments
showed that sorted monocytes and mature macrophages from PKM in vitro
cultures had different kinetics of respiratory burst induction following activation
(15). However, these analyses were limited to FACS-sorted populations of cells. In
order to examine the potential for cross-talk among PKM subpopulations, I applied
the DHR assay to study the induction of ROS production in mixed PKM cultures.
Following activation with MAF/LPS for 6- or 48-hours, cells were loaded with
DHR and respiratory burst was triggered with PMA. Similarly to previous reports
on sorted populations (15), I found that monocytes in mixed PKM cultures had a
strong early activation of respiratory burst that was significantly reduced with
prolonged (48-hour) MAF/LPS stimulation (Figure 3.5 B). The original increase by
6 hours mirrored the relative capacity of this population to increase its phagocytic
capacity in response to MAF/LPS (see above). The mature macrophage population
had increased ROS production after 6-hour MAF/LPS stimulation that was further
increased after 48-hour activation. Importantly, higher basal levels of phagocytosis
among PKM mature macrophages were not associated with equivalent higher basal

levels of ROS production (Figure 3.4 B versus 3.5 B). This suggests that non-
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activated teleost mature macrophages have an increased capacity for phagocytosis
compared to the less mature monocytes; however, this does not appear to be linked
to an increased basal capacity for killing through ROS-mediated mechanisms. In
contrast to PKM monocytes and mature macrophages, early progenitor cells had
low levels of ROS production that were not affected by MAF/LPS activation.

The similarity in the kinetics of ROS induction in both sorted and mixed cell
populations suggests that induction of protective anti-microbial responses in these
fish are intrinsically regulated by each of these two macrophage subsets. There was
no apparent crosstalk among these subsets under the conditions that were
examined. Interestingly, for the mature macrophage subset, the induction of anti-
microbial respiratory burst responses follows similar kinetics to that observed for
phagocytosis. In contrast, monocytes see a decrease in respiratory burst capacity
despite continued increase in phagocytosis from 6 to 48 hours. This suggests that
phagocytosis and respiratory burst may represent complementary but not
interdependent mechanisms among the antimicrobial armament available to cells of
the macrophage lineage in these teleost fish, drawing parallels to previously
defined phagocytic and antimicrobial responses of mammalian monocytes and
macrophages (21-24). This points to a strong conservation of these responses

across evolution.

3.2.6 PKM monocytes and mature macrophages display a differential
capacity for phagolysosome fusion under basal and immune

challenged conditions.
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Phagolysosome fusion is a central contributor to the degradation of
internalized particles during a phagocytic response. Classically, phagolysosome
fusion has been studied by cell disruption followed by differential gradient
centrifugation to isolate highly purified phagolysosomes (25) or by confocal
microscopy (26). Recently, flow cytometry-based assays have been developed for
quantification of phagolysosomes in cell lysates (27). While this flow cytometry-
based approach can provide information on the composition and maturation of
phagosomes based on differential expression of markers, there is currently no assay
that allows quantitation of phagolysosomes within an intact cell. Herein, I show the
development of such an assay, taking advantage of the speed, spatial resolution and
detection sensitivity of the ImageStream multispectral imaging flow cytometry
system. As with the approaches described above, this assay can take advantage of
cellular markers (e.g. antibody, cytochemical, and/or morphological-based
markers) to define specific cellular subsets. This opens the door for the
examination of antimicrobial phagocytic events in mixed cell populations, and
thereby allows for the identification and characterization of paracrine cross-talk
events between defined cellular subsets.

Initial pulsing of cells with dextran-FITC allows detection of
phagolysosomes based on the high affinity of this molecule for acidic lysosomes
(28, 29). Briefly, in the absence of phagocytosis, lysosomes are distributed
throughout the cell leading to a punctuate staining pattern based on this staining
procedure. Upon internalization, lysosomes migrate towards the phagosome, fuse

with the phagosome and form a degradative phagolysosome. My approach is based
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on the detection of phagolysosomes made visible through the formation of a
fluorescent dextran ‘ring’ around an internalized particle; those cells with a visible
dextran ring are classified as positive for phagolysosome fusion (Figure 3.6 A).
Those cells with no clear dextran ring, partial co-localization without ring
formation, or no association of dextran-FITC with the particle are classified as
negative. Based on this level of stringency, a fraction of the negative events may
correspond to early events in the phagocytic process that have yet to culminate in
phagolysosome fusion. As such, this provides a rapid, yet conservative approach,
for the quantitation of phagolysosome fusion.

Phagolysosome ring formation examined through the ImageStream
multispectral imaging flow cytometry platform was equivalent to that displayed by
confocal microscopy-analyzed phagocytes (Figure 3.6 B and 3.6 C). As expected,
bound (non-internalized particles) were not associated with fluorescent dextran,
consistent with the requirement for internalization for the initiation of phagosome
maturation events that lead to phagolysosome fusion (Figure 3.6 C). One current
limitation of this assay is that phagocytosed particles must be at least 3 um in
diameter; detection of phagolysosome fusion among smaller particles is currently
limited by the resolution provided by this platform (approximately 40x
magnification). I applied this new technique to the study of phagolysosome fusion
in the teleost PKM in vitro model of macrophage development. The goal was to
determine if PKM monocytes and mature macrophages had a differential capacity
for phagolysosome fusion following particle internalization. Importantly, I looked

to examine phagolysosome fusion under basal and immune challenged conditions
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to assess whether cellular activation may contribute differentially to
phagolysosome fusion in these two unique macrophage subsets. Unlike the smaller
zymosan particles utilized above, the 3 um beads utilized during examination of
phagolysosome fusion greatly increased cellular side-scatter characteristics and
required re-optimization of the PKM subpopulation gating parameters for this
assay (Figure 3.7 A). Thus, I developed an alternative method to differentiate
between the three subpopulations, which took advantage of cellular diameter and
nuclear area morphological parameters. Detection of phagolysosomes within intact
cells was based on identification of green fluorescent dextran rings around
brightfield-defined internalized particles (Figure 3.7 B).

Multivariate integration of phagocytosis and phagolysosome approaches
allowed me to examine these biological events in mixed PKM cultures. I focused
on PKM monocyte and mature macrophage subpopulations, as early progenitor
cells did not show any significant capacity to internalize 3 pm beads. I found that
PKM monocytes and mature macrophages phagocytosed 3 pm beads with kinetics
similar to zymosan, though at reduced levels, as expected based on the relative
increase in particle size (Figure 3.8 A). I found that the kinetics of phagolysosome
fusion mirrored the kinetics of phagocytosis indicating that PKM were able to
effectively initiate degradative pathways following particle internalization (Figure
3.8 B). Importantly, when analysis of phagolysosome formation focused on
phagocytic cells (rather than total PKM population), I found that cellular activation
did not result in a relative change in their formation (Figure 3.8 C). Correlation of

phagolysosome fusion and phagocytosis indicated a direct relationship between
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these two processes (R>= 0.87). However, I found no change in response to cellular
activation, in both monocyte and mature macrophage PKM subpopulations.
Interestingly, the monocyte population had a greater capacity for phagolysosome
formation compared to the mature macrophage subset, as phagocytic monocytes
had a 1.5-fold greater incidence of phagolysosome fusion when compared to PKM

mature macrophages.

33 Discussion

The wide conservation of phagocytosis in metazoans highlights its critical
importance as a first line of defense against invading microbes. Pathogen
engagement of a finite set of receptors on the phagocyte cell surface leads to the
induction of phagocytic cascades, the activation of potent killing mechanisms, and
the rapid expansion of pro-inflammatory programs. Despite the importance of these
immune defense mechanisms to host integrity, current technologies have
significant limitations in their ability to accurately quantitate receptor binding and
particle internalization events during phagocytosis. This is particularly prominent
in comparative model systems where reagent availability, such as cellular markers,
has limited their characterization. In this chapter, I described a novel alternative for
the characterization of phagocytosis and downstream intracellular events. My
approach was based on a multi-spectral imaging flow cytometry platform and
allowed for accurate discrimination between internalized and surface-bound
particles. Rapid sample acquisition allowed the generation of robust data sets that

brought forward discrete changes in particle binding and internalization. This
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opens the door for multi-parametric analysis of phagocytosis and downstream anti-
microbial responses within mixed cell populations and allows users to examine
segregation of responses following both binding and internalization steps during
the phagocytic cascade.

Macrophages provide a unique population of phagocytes known to efficiently
mount phagocytic antimicrobial responses at distinct tissue sites. In teleost fish,
macrophages have long been recognized as effective phagocytes (15, 30-37).
However, it has remained unclear whether the heterogeneity displayed within these
teleost macrophage populations may be a result of a differential capacity for
induction of phagocytic responses as cells mature from early hematopoietic
progenitors. To this end, I focused this chapter on a well-characterized goldfish
primary kidney macrophage (PKM) model, whose distinct stages of macrophage
maturation (early progenitors, monocytes, and mature macrophages) have been
previously defined based on morphological, cytochemical, gene expression, and
functional characteristics (15, 38-41). Utilizing my novel approach, I was able to
examine discrete functional events along the phagocytic cascade in a mixed
population of cells. This minimized the undesirable higher levels of basal
activation that are often found in highly manipulated (e.g. mechanically sorted)
populations of cells and allowed me to identify potential cross-talk between these
three distinct macrophage subsets. I found that both monocyte and mature
macrophage PKM subsets were highly phagocytic but had differential kinetics for
induction of phagocytosis in response to activation by pathogen- and host-derived

factors. Unlike the more differentiated subsets, early progenitors appeared to have a
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very limited capacity for phagocytosis and induction of killing responses. This is
consistent with macrophage phagocytic responses in higher vertebrates where
phagocytosis appears to be associated with the more differentiated stages along the
macrophage pathway (42-45). I found that the greatest capacity for phagocytosis
displayed by the mature macrophage subset was most evident following
examination of its phagocytic index, and not simply that of the percent of
phagocytic cells.

The mature macrophage PKM subset displayed very good correlation
between phagocytosis, the induction of phagolysosome fusion, and the production
of reactive oxygen species (ROS). This was consistent with the induction of
effective degradative and killing mechanisms following pathogen internalization,
and likely reflects an increased impetus to tightly link antimicrobial mechanisms
following immune challenge. Interestingly, in the absence of MAF/LPS, I found
that mature macrophages had high basal levels of phagocytosis despite displaying a
low capacity for phagolysosome formation and ROS production. As such, my
results show the increased efficiency of PKM mature macrophages to couple
phagocytosis and downstream degradative/killing responses upon cell activation.
Unfortunately, these results also highlight intrinsic disadvantages to the original
uncoupling of these mechanisms under basal conditions. One could envision
situations in the early phases of pathogen infiltration where teleost tissue
macrophages may be able to efficiently internalize incoming pathogens, but lack
the capacity to initiate subsequent degradative and killing responses. This could

lead to an increased incidence of pathogen spread, particularly in the case of those
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that can thrive within macrophages, as well as a decreased capacity to process
antigens required for effective antigen presentation (46, 47). Similar scenarios
could stem from host- or pathogen-driven events that promote anti-inflammatory
conditions. PKM monocytes also showed such disconnect between phagocytosis
and downstream intracellular degradative/killing events. In the context of increased
vulnerability to pathogen infiltration, however, this may be less relevant in vivo for
this population as monocytes entering an inflammatory site should be pre-activated
through growing interactions with chemokine gradients, activated vascular
epithelium, and an inflammatory milieu at the infection site (48). An alternative
hypothesis to the uncoupling of phagocytosis and downstream antimicrobial
mechanisms may reflect a host-evolved compartmentalization of macrophage
responses under basal and immune-challenged conditions. The low capacity to
couple phagocytosis and downstream inflammatory mechanisms among PKM
monocytes and mature macrophages may serve to promote homeostaticly relevant
(rather than antimicrobial focused) phagocytic events under basal conditions. In
one example, macrophages could effectively uptake spent host cells and contribute
to normal tissue turnover under controlled conditions that do not promote
inflammation and surrounding tissue damage (49, 50). This would provide a host-
driven strategy for effective segregation of antimicrobial and homeostatic roles
within the lower vertebrate macrophage compartment. It remains to be determined
whether both positive and negative implications of this uncoupling observed under

non-challenged conditions may be reflected in vivo.
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The kinetics for phagocytosis and downstream degradative/killing responses
also differed between monocyte and mature macrophage PKM subsets upon
activation. This further suggests specialization within the macrophage lineage early
in evolution and may contribute to meeting specific requirements for each of these
populations within their specialized niches. The mature macrophage subset saw a
progressive increase in its capacity for phagocytosis, phagolysosome fusion, and
induction of the respiratory burst over a 48-hour activation period with MAF/LPS.
In contrast, monocytes displayed examples of uncoupling between phagocytosis
and downstream antimicrobial responses: although this PKM subset saw an
increased capacity for zymosan internalization over a 48-hour period, it also
showed a significant decrease in ROS production between 6 and 48 hours. Notably,
my current results are consistent with previous observations based on FACS-sorted
monocyte and mature macrophage PKM subpopulations (15). This study took
advantage of the more traditional NBT method for examination of ROS production.
It found that sorted monocytes displayed maximum ROS production after 6 hours
of MAF/LPS stimulation followed by a significant subsequent decrease by 48
hours. This de-priming effect was most notable in monocytes stimulated with LPS
only. In contrast, mature macrophages showed a progressive increase in ROS
producing capacity over the prolonged 48-hour observation period. One possibility
is that PKM monocytes have yet to develop the functional antimicrobial robustness
exhibited by cells of the more differentiated mature macrophage PKM subset.
Another possibility is that PKM monocytes may share some functional responses

to LPS with mammalian monocytes destined for a myeloid dendritic cell (DC)
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phenotype. In mammals, monocytes progressing towards the myeloid DC
maturation path shift between a phagocytic internalization-focused phenotype in
the absence of LPS, to one geared for effective antigen processing/presentation
following LPS stimulation (51-54). It remains unclear whether such phenotype
may be partially reflected in PKM cultures.

As with ROS responses, phagolysosome fusion provides an important
mechanism for degradation of internalized pathogens (55, 56). In this chapter, I
also examined the differential capacity of phagocyte subsets to form
phagolysosomes following particle internalization. This novel approach also allows
for quantification of phagolysosome fusion among mixed populations of cells. I
found that both the monocyte and mature macrophage populations had an increased
proportion of cells with fused phagolysosomes following activation, which
followed the same proportional increase as phagocytosis in these populations. In
this context, it is clear that teleost fish macrophages acquire the capacity to form
phagolysosomes following activation, which parallels a progressive increase in
their capacity for pathogen internalization. However, when the phagolysosome
fusion was studied in the context of the phagocytic cells populations, I found that
activation had no effect on phagolysosome fusion on a per cell basis. In other
words, the increase in phagolysosome fusion following activation appeared to stem
from an overall increase in phagocytosis and was not due to a greater capacity of
individual activated phagocytic cells to form phagolysosomes. Further, I showed
that monocytes have an increased capacity for phagolysosome fusion compared to

mature macrophages. This is also in keeping with the idea that these monocytes
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may be differentiating into antigen presenting cells following activation as they
have high levels of phagocytosis combined with high antigen-processing
capability. It is possible that terminal differentiation into macrophages or other
myeloid cells could lead to decreased phagolysosomal fusion, similar to levels seen
in the mature macrophage population. This phenotype has been linked to potent
antigen presenting capability in mammalian antigen presenting cells, particularly
dendritic cells, which have been shown to have a limited capacity for lysosomal
proteolysis (57).

In this chapter, I have limited the analysis to the characterization of
phagocytosis and downstream antimicrobial responses. However, on a broader
sense, these approaches pave the way for characterization of non-microbicidal
phagocytic responses in comparative model systems, including the study of the
delicate balance that exists between pro- and anti-inflammatory responses at the
inflammatory site, which is known to contain both positive (e.g. pathogens and
PAMPs) and negative (e.g. apoptotic cells) regulatory signals. This is discussed in
the next chapter.

In summary, I have shown here that monocytes and mature macrophages are
the predominant phagocytes of teleost fish based on a goldfish PKM model. In
response to activation by host and pathogen derived factors, these distinct cell
types upregulate phagocytosis and downstream anti-microbial responses in a
temporally regulated fashion that varies depending on the stage of macrophage
differentiation. It appears that monocytes and mature macrophages may also rely

on different killing mechanisms for degrading phagocytosed particles. Based on
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current and previous results, monocytes appear be best able to kill through
phagolysosome degradation, while mature macrophages may rely predominantly
on the production of reactive oxygen and nitrogen intermediates for pathogen
killing. Overall, I believe that the results highlight the intrinsic complexities that
contribute to the regulation of phagocytic responses, and that these processes are
already well developed in teleost fish. Segregation of inflammatory processes may
provide an important mechanism for the maintenance of homeostasis through
efficient tissue turnover under basal conditions and the capacity to efficiently
mount synergistic and potent pathogen killing responses under immune challenged
conditions. However, this may also create unique opportunities for pathogens that

are able to devise clever immune evasion strategies as they enter the teleost host.
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Figure 3.1. Current assays have caveats that limit accurate quantification of
phagocytosis.

(A) RAW 264.7 macrophages were plated in a 6-well plate and allowed to adhere
overnight. Cells were incubated with 3 pum beads for the times indicated and
stained with HEMA3 stain set. Phagocytosis was quantified by light microscopy at
100X magnification. (B) RAW 264.7 macrophages were plated on glass coverslips
and incubated with zymosan FITC for the times indicated. Cells were stained with
anti-mouse CD45 PE and DAPI. Phagocytosis was quantified by confocal
microscopy at 40X magnification. (C) RAW 264.7 macrophages and Jurkat T cells
(1:1 ratio) were incubated with zymosan-FITC for the times indicated. Cells were
then stained with anti-mouse CD45 PE to identify RAW 264.7 cells. Phagocytosis
was quantified by flow cytometry. (D) Representative images of phagocytosis
positive cells by flow cytometry (100X) shows that a proportion of these are
surface-bound (non-internalized) particles. Results are derived from three
independent experiments For A-C, n=3; error bars show SEM.
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Figure 3.2. Novel assay overcomes caveats from current methods by providing
spatial resolution and high throughput quantification of phagocytosis.

(A) RAW 264.7 macrophages and Jurkat T cells (1:1 ratio) were incubated with
zymosan-FITC (5:1 ratio) for 120 minutes. Cells were then stained with anti-mouse
CD45 PE to identify RAW 264.7 cells. Phagocytosis was quantified using an
ImageStream multi-spectral imaging flow cytometer. Phagocytosis was measured by
the intensity of zymosan-FITC. Representative images show that cells positive for
phagocytosis have zymosan particles that are either internalized or surface bound.
(B) Using IDEAS analysis software and the cellular plasma membrane as a
boundary, a mask was applied to identify areas inside and outside the cell. This mask
was used to calculate the degree of internalization of zymosan along the X and Y
axes. (C) The gradient root mean square (RMS) feature was then applied to the
population of cells with internalized particles (gate R11) to find cells with focused
zymosan particles in the Z-axis (gate R13). Cells with zymosan out of focus on the
Z-axis relative to the nuclear focus were included in the surface bound population.
RAW 264.7 macrophages were incubated with a 3:1 or 5:1 ratio of zymosan-FITC
for 2 hours. Using the above analysis strategy, the percent of true phagocytosis was
determined based on RAW 264.7 macrophage cells with internalized zymosan
particles. n=3; error bars show SEM.
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Figure 3.3. LPS activation increases surface binding, but not internalization,
of zymosan particles.

RAW 264.7 macrophages were activated in the presence or absence of 100 ng/mL
ultrapure E. coli LPS for 24 hours. Cells were then washed and incubated with
zymosan FITC at a 3:1 or 5:1 (zymosan: RAW 264.7) ratio. Data was acquired
using an ImageStream multi-spectral flow cytometer and analyzed as described.
LPS activation increased the apparent phagocytosis in RAW 264.7 cells; however,
the majority of the increase in phagocytosis is due to increased surface binding and
not increased internalization. n=3; error bars show SEM.
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Figure 3.4. Monocytes and mature macrophages are the predominant
phagocytic populations in mixed PKM cultures and differentially upregulate
phagocytosis in response to activation.

(A) Flow cytometric analysis of primary kidney macrophage (PKM) cultures has
previously identified three distinct sub-populations based on forward- and side-
scatter properties (size and internal complexity parameters, respectively). These
three sub-populations (R1: early progenitor cells; R2: mature macrophages; R3:
monocytes) can also be differentiated using an ImageStream multi-spectral flow
cytometer based on cellular area (analogous to FSC-H in conventional flow
cytometry) and side scatter intensity (analogous to SSC-H in conventional flow
cytometry). Cells in each of these populations display similar cellular and nuclear
morphology characteristics as previously described. (B) PKM cultures were
harvested in the proliferative phase of growth and activated with MAF/LPS for 6
or 48 hours. Cells were then incubated with zymosan-FITC at a ratio of 5:1
(zymosan: cells) for 2 hours and analyzed for phagocytosis using the
ImageStream-based approach. Bars represent internalized particles only. Monocyte
and mature macrophage sub-populations are the predominantly phagocytic cells in
a mixed PKM culture. (C) Phagocytic index was calculated for each population
following activation. There was no significant difference in the phagocytic index
of either early progenitor or monocyte populations. However, the phagocytic index
of mature macrophages increased significantly after 48 hours of MAF/LPS
activation. For B and C, n=8; * p=0.04 compared to non-activated cells (Student’s
t-test; error bars show SEM.
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Figure 3.5. The kinetics of respiratory burst production in mixed PKM
cultures parallels the increase in mature macrophage but not monocyte
phagocytic responses.

(A) Control experiments show a mixed culture of RAW 264.7 macrophages and
Jurkat T cells was stimulated for 24 hours with 100 ng/mL ultrapure E. coli LPS.
Cells were then loaded with DHR and respiratory burst was triggered with PMA.
As expected, LPS stimulation resulted in increased respiratory burst from the
RAW 264.7 macrophage, but not Jurkat T cell, populations. Representative images
show characteristic staining pattern of DHR+ and DHR- cells. (B) PKM cultures
were harvested in the proliferative phase of growth and activated with MAF/LPS
for 6 or 48 hours. Cultures were then loaded with DHR and triggered with PMA.
Respiratory burst was measured by DHR positivity. Bars represent the percent of
DHR+ cells in each sub-population. Monocytes show increased respiratory burst
after 6-hour activation. This is followed by a significant decrease after 48 hours of
activation. Mature macrophages showed a significant increase in respiratory burst
by 6 hours that continued to increase following 48 hours of stimulation. Results
are derived from eight independent experiments (n=8); error bars show SEM.
Statistics by Student’s t-test.
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Figure 3.6. Evaluation of macrophage phagolysosome fusion using a novel
imaging flow cytometry-based approach.

(A) Classification scheme for phagolysosome fusion. Phagolysosome fusion was
measured by dextran-FITC. Cells were considered positive for phagolysosome
fusion when the internalized particle had a visible dextran ‘ring’ around the
particle or dextran stain overlapping with the entire area of the internalize particle
(filled in ring). All other cells were classified as negative resulting in a robust yet
conservative evaluation of phagolysosome fusion. (B) RAW 264.7 macrophages
were grown overnight on glass coverslips. Cells were then pulsed with dextran-
FITC, followed by incubation with 3 um beads. Phagolysosome fusion was
imaged using a Zeiss LSM 510 laser scanning confocal microscope. Images were
acquired at 40x/1.3. (C) RAW 264.7 macrophages in suspension were pulsed with
dextran-FITC. Cells were then incubated with 3 um beads at a ratio of 3:1 (beads:
cells). Phagolysosome fusion was analyzed using an ImageStream multi-spectral
imaging flow cytometer and show equivalent identification of phagolysosome
formation to confocal microscopy-based approach.
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Figure 3.7. Application of phagolysosome fusion evaluation approach to a
comparative macrophage model system.

(A) Phagolysosome fusion was detected following ingestion of 3 um particles.
Under these conditions cellular side scatter properties changed significantly,
preventing analysis of the three PKM sub-populations through the standard gating
strategy. Expansion of y-axis demonstrates increased side-scatter (Intensity Chl)
characteristics for phagocytic cells (i, i1). To accommodate for this, I developed a
new strategy based on cell diameter and nuclear area. Overlap between
conventional and new gating strategies for PKM early progenitors (R1),
monocytes (R3) and mature macrophages (R2) are shown by blue, purple, and
green colors, respectively (i vs. ii1). Overlap between conventional and new gating
strategies for phagocytic and non-phagocytic cell populations is shown by black
and yellow colors, respectively (ii vs. iv). Representative images from cells based
on new gates are shown. Cell morphology analysis points to the effectiveness of
this new gating strategy to differentiate between the three PKM subsets (early
progenitors, monocytes and mature macrophages). (B) To quantify phagolysosome
fusion, analysis was focused on those cells that stained with dextran-FITC. To
identify and quantitate phagolysosome fusion, I developed a brightfield mask to
identify beads and a green fluorescence mask to identify areas with high dextran-
FITC intensity. Mathematical overlap between these two masks identified dextran-
FITC rings around brightfield-defined beads. Representative images of positive
and negative cells are shown. Note the capacity to differentiate between
phagolysosome positive and negative events despite high FITC fluorescence in
some phagolysosome negative cells.
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Figure 3.8. Phagolysosome fusion follows the Kinetics of phagocytosis.

(A) PKM cultures activated with MAF/LPS for 0, 6 and 48 hours were pulsed with
dextran-FITC for 45 minutes subsequently incubated with 3 pm beads at a ratio of
3:1 (beads: cells) for 2 hours. Phagocytosis of 3 um beads followed similar
kinetics to those seen with zymosan-FITC. (B) Phagolysosome fusion was
analyzed as outline in Figure 8. Phagolysosome fusion followed the similar
kinetics as phagocytosis. (C) Phagolysosome fusion was then focused on
phagocytic monocyte and mature macrophage PKM subsets. Within the
phagocytic cell subsets, phagolysosome fusion appeared unaffected by activation.
Interestingly, monocytes displayed a 1.5 fold greater capacity for phagolysosome
fusion when compared to mature macrophages. For A-C, n=6; error bars show
SEM. Statistics by Student’s t-test.
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Chapter 4: Goldfish phagocytes display divergent
responses to pro-inflammatory and homeostatic stimuli in
.1
Vivo
4.1 Introduction

Inflammation is a complex and highly regulated response to pathogen
infiltration and tissue damage. While this response is critical to pathogen clearance,
inflammatory processes can lead to substantial tissue injury if unchecked (1-3).
Thus, there has been a significant drive for co-evolution of regulatory programs to
minimize deleterious effects on surrounding tissues (4).

As a mechanism to control tissue damage, inflammation-associated apoptosis
triggers anti-inflammatory programs in mammals (4). In vitro studies have shown
that phagocytosis of apoptotic cells drives a decrease in pro-inflammatory
antimicrobial killing mechanisms (5-7). In vivo, apoptotic cells reduce
thioglycollate-induced leukocyte infiltration and promote the resolution of
thioglycollate or LPS-driven inflammation (8, 9). Further, in vitro and in vivo
studies have shown that the clearance of apoptotic cells within an inflammatory site

also promotes the production of anti-inflammatory immune mediators, notably

L A version of this chapter has been published:

Rieger AM, Konowalchuk JD, Grayfer L, Katzenback BA, Havixbeck JJ, Kiemele
MD, Belosevic M, Barreda DR. 2012. Fish and mammalian phagocytes
differentially regulate pro-inflammatory and homeostatic responses in vivo. PLoS

One 7: e47070.
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interleukin (IL)-10, transforming growth factor (TGF)-B, and platelet activating
factor, as well as a decrease in pro-inflammatory cytokines, including tumor
necrosis factor (TNF)-a, IL-6 IL-8, IL-12, IL-17, IL-23, prostaglandin E2,
leukotriene C4 and thromboxane B2 (10-17). The shift in the balance between
TNF-o and TGF-f contributes to the ‘quenching’ of reactive oxygen and nitrogen
species (18). Removal of the oxidative stress associated with ROS production
favors effective uptake of apoptotic cells and further promotes anti-inflammatory
programs (19, 20). Importantly, although continued ROS production can lead to
unnecessary tissue damage, premature neutrophilic apoptosis, and inhibition of
apoptotic cell uptake, NADPH oxidase also appears to play an important role in the
effective resolution of inflammation, by contributing to macrophage recognition
and clearance of activated neutrophils at sites of inflammation (21).

Phagocytes contribute to both pro-inflammatory and anti-inflammatory
(resolution) responses at infectious foci (11, 20-23). However, it remains unclear if
this dichotomy is a recent evolutionary development or whether the capacity to
balance between these two seemingly contradictory processes following
phagocytosis is a feature already displayed by lower vertebrate phagocytes. Recent
evolutionary developments may have provided novel strategies for the control of
inflammation, but may contribute to the development of inflammation-associated
diseases as new mechanisms look to integrate into existing immune regulatory
networks. Importantly, phagocytes are known to internalize pathogens, apoptotic
cells, or both at sites of inflammation, raising questions about the contributions of

individual phagocytes to the inflammatory process in vivo.



200

In this chapter, I examine the effects of homeostatic phagocytosis on the
regulation of pro-inflammatory antimicrobial responses. Using a comparative
model of zymosan-induced peritonitis, the impact of apoptotic cells on reactive
oxygen species (ROS) production was measured in vivo in both mice and fish.
Zymosan is a commonly used pathogen mimic that induces self-resolving
peritonitis in vivo (24-28). Previous in vitro and in vivo studies have shown that
zymosan phagocytosis results in activation of pro-inflammatory responses that
include induction of pro-inflammatory cytokines, production of reactive oxygen
and nitrogen intermediates, and increased infiltration of leukocytes, predominantly
neutrophils (28-34).

The main objectives of this chapter were (1) compare the kinetics of the
induction of inflammatory processes in mice and goldfish, (2) determine goldfish
macrophage responses to pathogenic and homeostatic particles and (3) examine the
conservation of functional phagocyte responses in the induction and resolution
stages of inflammation. Importantly, I chose to do these experiments using two
potential phagocytic particles: zymosan and apoptotic cells. This allowed a closer
examination of the balance of phagocyte responses within an inflammatory site that
would not be possible in systems where inflammation is induced by a soluble/ non-

particulate mediator (i.e. thioglycollate or LPS).

4.2 Results

4.2.1 Teleost phagocytes reduce pro-inflammatory responses following

apoptotic cell internalization.
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As a first step in the characterization of divergent pro-inflammatory and
homeostatic responses in lower vertebrate phagocytes, I examined the impact of
zymosan and apoptotic cell internalization in a well-characterized phagocyte model
of teleosts that uses primary macrophages (PKM) derived from the hematopoietic
compartment of goldfish (35, 36). Apoptotic cells were derived from treating cells
with cycloheximide. Preparations were generally >70% AnnexinV+ with limited
necrosis detected (Figure 4.1). No differences were noted in goldfish responses
with apoptotic cell derived from either 3B11 cells or primary kidney leukocytes
(Figure 4.2). Cellular respiratory burst was used as a marker for the induction of
macrophage antimicrobial responses. This also provided important insights into
NADPH activity, which is known to have key roles in both the induction and
resolution of inflammation. As expected, internalization of zymosan induced a
strong respiratory burst among phagocytes (Figure 4.3 A). Conversely,
phagocytosis of apoptotic cells resulted in a significant decrease in the production
of reactive oxygen species (ROS). Interestingly, zymosan selectively increased the
respiratory burst in phagocytes internalizing zymosan, while the presence of
apoptotic cells decreased the respiratory burst responses in both phagocytic and
non-phagocytic cells (Figure 4.3 A). Internalization of apoptotic cells may induce
soluble mediators in fish macrophages to globally reduce activation.

Within an inflammatory site, macrophages are exposed to both pro-
inflammatory stimuli and dying cells. As such, I measured the effects on
macrophage activation following combined stimulation with both apoptotic cells

and zymosan. Individual goldfish PKM respiratory burst responses were analyzed
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by imaging flow cytometry based on cells that had no particles internalized, cells
that had only apoptotic cells internalized, cells that had only zymosan internalized,
or cells that had internalized both apoptotic cells and zymosan (Figure 4.3 B). The
same trends were observed as when cells were treated with a single stimulus
despite the presence of four distinct phagocyte groups within these mixed
populations - PKM that ingested apoptotic cells exhibited a significant decrease in
respiratory burst while PKM with internalized zymosan had significantly increased
respiratory burst (Figure 4.3 B; refer to Oh group). Together with results from
Figure 4.3 A, this data indicates that the divergence of responses to pro-
inflammatory and homeostatic signals at the level of the individual phagocyte is
already present in teleost fish. This also extends to the production of nitric oxide
(Figure 4.4). Further, these results indicate that regulation of pro- and anti-
inflammatory phagocyte responses displays an important intrinsic level of
regulation.

Pre-incubation with apoptotic cells for 2 hours or 4 hours prior to addition of
zymosan resulted in reduced respiratory burst responses in those cells that were
non-phagocytic, those that had only internalized zymosan or those that had
internalized both zymosan and apoptotic cells (Figure 4.3 B, -2h and -4h groups),
again suggesting the involvement of soluble factors for amelioration of pro-
inflammatory responses. For the group that had only internalized apoptotic cells,
pre-incubation did not lead to an added decrease in ROS production, suggesting
that maximal down-regulation of respiratory burst responses was achieved by 2

hours. Together, these data show that internalization of apoptotic cells leads to
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discrete cellular events that result in reduced macrophage activation in the presence
or absence of stimulatory zymosan particles. The former indicates that this control
mechanism(s) is sufficient to over-ride stimulatory signals that would otherwise

lead to pro-inflammatory responses.

4.2.2  Zymosan differentially induces cellular infiltration in mice and teleost
fish.

Cellular infiltration and induction of antimicrobial defenses are two of the
hallmarks of inflammation at a site of infection (4). Using a commonly used
zymosan-peritonitis model, it was determined that 24 hours following injection was
the best time point for comparison of cellular infiltration and ROS responses
between goldfish and mice; at this time point both had reached significant increases
in the number of infiltrating leukocytes (Figure 4.5). However, examination of
leukocyte exudates following intraperitoneal challenge with zymosan showed
marked differences between mice and goldfish. Murine cellular infiltrates were
defined based on surface expression of Gr1"/ CD11b"/ F4/80 for granulocytes,
Gr1™/ CD11b"/ F4/80™™ for monocytes/ macrophages, and CD3, B220, and
NKI1.1 expression for lymphocytes (Figure 4.6). In the absence of the range of
surface markers available for mice, goldfish leukocytes were first characterized
based on imaging flow cytometry parameters. Because neutrophils displayed
similar morphology to monocytes (37), cytochemical staining and surface receptor
expression further defined the leukocyte subsets isolated from the goldfish

peritoneum (Figure 4.7). Injected goldfish displayed increases in the total numbers
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of infiltrating leukocytes, comprised of both myeloid and lymphoid cells (an
overall 20-fold increase relative to saline controls; Figure 4.8). Increases were
noted in neutrophils, monocytes/ macrophages, and lymphocytes (20-fold, 25-fold,
and 15-fold increases relative to saline controls, respectively).

In contrast to goldfish, mice displayed a more moderate increase in the total
number of infiltrating leukocytes compared to saline controls (1.5-fold increase;
Figure 4.8), with the increase limited to cells in the neutrophil pool (Grl"/ CD11b"/
F4/807). No significant changes were detected in the infiltration of monocyte/
macrophage (Grl"”/ CD11b"/ F4/80™™) or lymphocyte (based on CD3, B220, and
NKI1.1 expression) subsets. This data suggests that inflammatory responses in the
murine peritoneum may depend to a greater extent on resident leukocytes and/or
targeted infiltration by specific leukocyte subsets. Importantly, I also found
significant differences in the kinetics of the leukocyte infiltration responses. Faster
kinetics were observed in goldfish (rapid induction by 8 hours) compared to a
delayed but sustained onset of leukocyte infiltration in mice from 24 to 48 hours

(Figure 4.5).

4.2.3  Apoptotic cells differentially control cellular infiltration in mice and
teleost fish.
In vivo peritoneal administration of apoptotic cells also led to significant
differences in the modulation of leukocyte infiltration in the lower and higher
vertebrate models. In goldfish, addition of apoptotic cells led to a 3.2-fold increase

in total number of infiltrating leukocytes compared to saline controls (goldfish total
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leukocyte panel; Figure 4.8). This was driven by increases in monocyte/
macrophage and lymphocyte populations. No change was detected in the
neutrophil pool. In sharp contrast, administration of apoptotic cells to mice induced
a significant decrease in leukocyte infiltration compared to saline controls, driven
by a reduced number in monocyte/ macrophage and lymphocyte populations
(Figure 4.8). No change was detected in the neutrophil pool. Thus, upon immune
recognition of apoptotic cells, mice and goldfish differentially modulate the
recruitment of individual leukocyte populations.

The presence of apoptotic cells also showed differential effects on cellular
infiltration driven by zymosan in mice and goldfish. Overall, administration of
apoptotic cells returned levels of leukocyte infiltration to those of saline controls in
both goldfish and mice (Total: -4h versus PBS groups; Figure 4.8). However,
significant differences were detected, particularly when focused on the neutrophil
subset. Goldfish showed efficient down-modulation of neutrophil infiltration when
apoptotic cells were administered to a zymosan-induced inflammatory site
(neutrophil group; Figure 4.8). In contrast, parallel experiments in mice showed
maintenance of neutrophil numbers (Figure 4.8). This may point to an increased
role for infiltrating neutrophils in the control of inflammation in higher vertebrates,
which goes beyond the initial induction and maintenance of early pro-inflammatory
phases of the antimicrobial response. This is consistent with the resistance of
transmigrated inflammatory neutrophils to pro-survival/anti-apoptotic signals,
potentially to allow the mammalian host to better take advantage of apoptosis as an

effective mechanism for the control of inflammation (38).
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4.2.4  Apoptotic cells reduce teleost pro-inflammatory responses in vivo in a
time dependent manner.

Consistent with in vitro measurements, injection of zymosan led to
significant increases in respiratory burst in goldfish peritoneal cells (Figure 4.9).
Co-injection of apoptotic cells significantly decreased the respiratory burst relative
to the ‘zymosan only’ group. The respiratory burst response decreased in a time
dependent manner, with respiratory burst being almost undetectable at the -4h time
point despite the presence of zymosan. As expected, respiratory burst responses
predominantly occurred in the myeloid, and not lymphoid population (Figure 4.10).
Mean fluorescence intensity of myeloid cell DHR fluorescence shows a similar
trend (Figure 4.11, top). Interestingly, the decrease in respiratory burst responses
was more pronounced in vivo than in vitro (Figure 4.3B vs. Figure 4.9), suggesting
that teleost cells at an inflammatory site other than macrophages contribute to the

control of pro-inflammatory responses.

4.2.5 Apoptotic cells reduce pro-inflammatory responses in mice to a lesser
extent than in goldfish.

Although in vitro and in vivo studies of murine immune responses to either
zymosan (39, 40) or apoptotic cells (8, 10) have been examined independently, the
combined effects have not been thoroughly investigated. To this end, I injected
C57BL/6 mice intraperitoneally with zymosan and/or apoptotic cells. Similar to

goldfish, zymosan injections of mice resulted in respiratory burst activity in
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peritoneal cells (Figure 4.9); however, basal responses were higher and zymosan-
induced responses were not as pronounced as those in goldfish (ie. relative increase
in ROS production in response to zymosan was much less pronounced in mice).
Mice injected with apoptotic cells also exhibited significantly reduced respiratory
burst response compared to those in the zymosan-injected group (Figure 4.9).
Again, the relative decrease was less pronounced than that observed in goldfish.
Interestingly, murine neutrophil populations demonstrated the greatest decrease in
ROS production, while the monocyte/macrophage subset showed mild reductions
in the respiratory burst (Figure 4.12 A). This decrease was further associated with a
shift in neutrophil ROS responses from ‘high’ levels to ‘low’/ ‘mid’ levels,
especially in neutrophils from mice injected with apoptotic cells 4 hours prior to
zymosan (Figure 4.12 B). A similar shift was noted in the monocyte/macrophage
population, although it was not as prominent as that of neutrophils. Mean
fluorescence intensity of neutrophil and monocyte/macrophage DHR fluorescence

shows a similar trend to these results (Figure 4.11, bottom).

4.2.6  Murine, but not teleost, neutrophils phagocytose apoptotic cells,
which actively reduce pro-inflammatory ROS production in a contact
dependent manner.

Mammalian macrophages are well known to internalize apoptotic cells and
subsequently down-regulate their pro-inflammatory responses (5-7). Similarly,
previous reports indicate that activated ex vivo human neutrophils possess the

capacity to phagocytose apoptotic cells, which results in a decrease in pro-
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inflammatory neutrophil functions, including production of ROS (41). This
establishes macrophages and neutrophils as active contributors to homeostatic
responses at a mammalian inflammatory site. However, classical neutrophils
represent recent additions to the immune cell repertoire of metazoans and,
therefore, may have only recently acquired the capacity to contribute to both pro-
inflammatory and homeostatic responses in higher vertebrates. Therefore, I wished
to compare the relative capacity of murine and teleost neutrophils to internalize
apoptotic cells, and to determine if this subsequently decreased ROS production
through either contact dependent or soluble factor-mediated mechanisms. To this
end, goldfish and C57BL/6 mice were injected intraperitoneally with zymosan and
cells were harvested by peritoneal lavages 24 hours later. Using density gradient
centrifugation, isolated cells were separated into granulocyte and mononuclear
fractions in a manner that has been shown to result in a high level of purity in the
isolated populations (37). To determine the capacity of these leukocytes to
internalize apoptotic cells, cells were incubated with labeled species-specific
apoptotic cells for 2 hours and phagocytosis was analyzed. Consistent with murine
results, goldfish monocytes/ macrophages were efficient at internalizing apoptotic
cells (Figure 4.13 A). There was also limited surface binding capacity in both
goldfish myeloid populations. In sharp contrast, goldfish neutrophils displayed a
very limited capacity for their uptake (<0.6% phagocytosis) whereas murine
neutrophils displayed efficient internalization of apoptotic cells, equivalent to that

of murine monocytes/ macrophages.
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To measure the effects of apoptotic cells on activated ex vivo neutrophils and
monocyte/ macrophage populations, cells were stimulated in vivo and isolated as
described above. Cells were then cultured for 2 hours in the presence of apoptotic
cells. To determine if the effect was contact dependent or mediated through soluble
factors, apoptotic cells were also added to 0.4 pm trans-wells alone or in
combination with various cell populations (Figure 4.13 B; bracketed groups). In the
trans-well conditions, only responding cells were present outside of the trans-well
(ie. no other factors were added to these cells). In goldfish, neutrophil ROS
production was unchanged in any of the experimental conditions, indicating that
neither contact dependent factors nor soluble mediators were present and affected
neutrophil responses (Figure 4.13 B, left panel). In contrast, direct contact with
apoptotic cells significantly reduced monocyte/ macrophage ROS production. This
suggests that the reduction in ROS production identified in the myeloid population
of Figure 4.10 was associated with a selective decrease in monocyte/macrophage
and not neutrophil ROS production. Interestingly, in spite of the limited ability of
neutrophil to phagocytose apoptotic cells, activated goldfish neutrophils cultured in
the presence of apoptotic cells produced soluble factor(s) that significantly
decreased monocyte/ macrophage ROS responses (bracketed N+AB group in
monocyte/macrophage analysis; Figure 4.13 B). This decrease is further enhanced
when the total peritoneal isolate was used, suggesting an additive role of soluble
factors from both neutrophils and mononuclear cells (bracketed Total+AB group in

monocyte/macrophage analysis; Figure 4.13 B).
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In sharp contrast, isolated murine neutrophils significantly downregulated
their ROS responses in the presence of apoptotic cells (Figure 4.13 B, right panel),
similar to the responses observed following in vivo injection of apoptotic cells. The
downregulation of ROS was contact-dependent, as no changes in ROS were
observed when apoptotic cells alone, monocyte/macrophages plus apoptotic cells,
or total leukocytes plus apoptotic cells were added to the experimental trans-well.
This suggests that the decreases in neutrophil ROS measured in vivo were due to
direct contact between apoptotic cells and neutrophils within the peritoneum and

not soluble factors produced by other leukocytes at the site.

4.3 Discussion

Phagocytosis is a well-conserved innate defense mechanism that has served
as a robust platform for incorporation of novel layers of immunological control
(11, 20, 22, 23). For inflammatory processes of higher vertebrates, phagocytosis
represents a central node for the induction and resolution of inflammation. In this
chapter, I studied murine and teleost fish in vivo and in vitro models to assess the
evolutionary conservation of this inflammatory control axis.

Although I found some conservation of phagocyte functional responses, I
also found significant differences in the level and control of these responses to pro-
inflammatory and homeostatic internalization signals between goldfish and mice.
Fish mounted very robust, quick responses to zymosan that led to the recruitment
of several leukocyte populations. Addition of apoptotic cells resulted in a marked

suppression of these responses. In contrast, mice displayed more subtle responses
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to both zymosan and apoptotic cells with targeted cellular recruitment and appeared
to rely more heavily on resident tissue subsets.

Two important characteristics of an inflammatory site are cellular infiltration
and induction of antimicrobial defenses (4). Goldfish exhibited significantly higher
cellular infiltration than mice following intraperitoneal challenge with zymosan
(20-fold increase vs 1.5 fold increase). In goldfish, this infiltrate was composed of
both lymphoid and myeloid cells, while murine leukocyte infiltration was
dominated by neutrophils. Furthermore, apoptotic cells inhibited infiltration of both
myeloid and lymphoid cells in goldfish. This is in sharp contrast to mice, where the
infiltrating macrophage and lymphocyte populations modestly decreased while
neutrophil infiltration was maintained in the presence of apoptotic cell stimuli.

Murine respiratory burst responses also displayed added cell specificity
compared to the teleost model. In mice, apoptotic cells preferentially caused a
decrease in neutrophil respiratory burst, whereas only a limited effect was evident
in macrophage responses. Murine respiratory burst responses also displayed faster
kinetics preceding the wave of leukocyte infiltration, suggesting a significant
contribution from resident peritoneal leukocytes. These results are consistent with
an evolutionary shift towards leukocyte specialization in mammals. This shift
appears to favor targeted induction of leukocyte infiltration (F4/807/ Gr1"/ CD11b"
neutrophils in this model), and is increasingly reliant on local peritoneal leukocyte
populations for early activation of innate antimicrobial effector mechanisms. This
may be associated with evolving roles for specific leukocyte populations. For

example, teleost circulating lymphocyte pools contribute directly to innate



212

phagocytic responses (42-44), whereas mammalian lymphocytes display increased
specialization towards homeostatic tissue repair mechanisms (45-48) and adaptive
mechanisms of immunity (49-51).

These results also point to changing roles for neutrophils across evolution. In
both goldfish and mice, neutrophils are among the first leukocytes recruited to an
inflammatory site (52) and their loss from an inflammatory site is often considered
a key histological feature that signals the start to the resolution of inflammation
(53). The evolutionary origins of neutrophils may lie in their roles as novel
contributors for the induction of potent antimicrobial defenses. However, recent
studies highlight another role for mammalian neutrophils as contributors to
homeostatic responses at an inflammatory site. Within hours after entering an
inflammatory site, infiltrating neutrophils actively produce protective molecules,
such as lipoxins from arachidonic acid, which promote resolution of an
inflammatory response (coined ‘lipid mediator class- switching’) (53). My results
add to this paradigm and indicate that mammalian neutrophils display an increased
capacity to participate in the down-regulation of inflammation though contact
dependent interactions with apoptotic cells. This contact and subsequent
internalization of apoptotic cells significantly reduces not only neutrophilic ROS
production but also macrophage ROS production through a soluble factor-mediated
mechanism. While it is currently unknown which soluble factor(s) contribute to
this action, lipoxins have been shown to attenuate ROS production in a number of
cells including microglia (54), endothelial cells (55), and aggregated peripheral

blood leukocytes (56). Further, while the ability of neutrophils to internalize
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apoptotic cells appears to have evolved recently, as teleost neutrophils do not
display this capability, teleost neutrophils are able to produce soluble factor(s) that
downregulate macrophage ROS production. As such, future studies should assess
the potential differences between mammals and teleosts in the production of pro-
resolution molecules such as lipoxins, resolvins, maresins, and protectins, and the
role(s) these molecules may have in promoting the resolution of inflammation
through neutrophil/apoptotic cell contact-dependent and independent mechanisms.
The balance between pathogen and homeostatic phagocytic responses is
critical for the effective induction of pathogen clearance mechanisms that are
efficiently controlled to prevent excessive tissue damage (57). Loss of this balance
contributes to the development and exacerbation of autoimmune diseases that
include systemic lupus erythematosus (58), adult respiratory distress syndrome and
rheumatoid arthritis (59), and can also lead to incomplete pathogen clearance (4).
The specific importance of homeostatic phagocytic responses is further highlighted
by several recent studies. For example, injection of apoptotic cells prevents the
development of experimental immune complex-mediated inflammatory arthritis
(60), accelerates the resolution of acute inflammation (8), expands a pool of TGF-f
tolerogenic T cells (61), non-specifically facilitates allogenic bone marrow
engraftment (62), and interferes with graft rejection and the development of graft-
versus-host disease (63). These effects appear to be linked to the capacity of
exogenously administered apoptotic cells to promote an immunosuppressive
environment, activate immunomodulatory cells, and decrease inflammatory

immune cell infiltration (8). I have shown in this chapter that the presence of
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apoptotic cells results in greatly diminished zymosan-induced ROS production.
This provides added insights into the mechanisms by which apoptotic cells
contribute to the control of inflammatory processes and may also highlight unique
therapeutic opportunities for treatment of those disease states that possess a strong
ROS component.

Together, my results demonstrate that the distinct polarization of immune
cells in response to inflammatory or homeostatic stimuli are evolutionarily intact in
bony fish. However, differences in the rate of leukocyte migration to the
inflammatory site, increased selectivity for the leukocyte subsets recruitment to this
site, increased participation of resident leukocyte pools, and changes to the kinetics
and strength of the antimicrobial response highlight the significant honing that has

developed for the control of inflammation across evolution.
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Figure 4.1. Cycloheximide primarily induces apoptosis in treated cells and
can be effectively removed from apoptotic cell preparations.

Representative experiments show apoptotic cells generated for treatment of
goldfish phagocytes. 3B11 catfish B cells were cultured for 24 hours in the
presence of 10 pg/mL cycloheximide. Cells were subsequently harvested and
stained with Annexin V/ propidium iodide to determine cell viability.
Cycloheximide treatment primarily induced apoptotic cell death for effective
generation of apoptotic cells, which were then labeled with wheat germ agglutinin-
Alexa Fluor 555 overnight. To ensure that apoptotic cell preparations did not
negatively impact phagocyte viability, apoptotic cell preparations were washed
three times in 1x PBS™ to remove remaining cycloheximide and added to goldfish
PKM for the times indicated. At these time points, PKM cells were harvested and
stained with Annexin V/ propidium iodide to assess viability status of these
phagocytes. Apoptotic cells did not induce cell death in PKM cultures.
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Figure 4.2. Two distinct sources of apoptotic cells repress goldfish
macrophage respiratory burst to equivalent levels.

PKM cultures were incubated with apoptotic cells derived from 3B11 B cells or
goldfish kidney leukocytes. Cells were incubated for 2 hours (5:1, particle: cell
ratio) and respiratory burst was analyzed by DHR. There was no significant
difference in PKM responses to 3B11-derived or kidney-derived apoptotic cells.
n=4; *p<0.05 (One-way ANOVA; Tukey’s post-hoc); error bars show SEM.
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Figure 4.3. Apoptotic cells significantly reduce inflammatory respiratory
burst responses of goldfish primary macrophages.

(A) Goldfish PKM were separately incubated with apoptotic cells or zymosan (5:1,
particle: cell ratio) for 2 hours. Cells were then harvested and respiratory burst was
assayed using DHR. n=3. (B) Goldfish PKM were cultured in the presence of both
apoptotic cells and zymosan for 2 hours (5:1 ratio for both). Respiratory burst was
then analyzed in cells based on phagocytic capacity as follows: non-phagocytic
cells, cells containing only apoptotic cells, cells containing only zymosan or cells
containing both apoptotic cells and zymosan (white bars). Representative images
are shown for cells in each of these groups. To investigate the effects of pre-
incubation with apoptotic cells, apoptotic cells were added to PKM simultaneously
to zymosan (‘-Oh’), 2 hours before zymosan (‘-2h’) or 4 hours before zymosan (‘-
4h’). n=4. For all, * p<0.05; ** p<0.01 (compared to ‘No’); + p<0.05 and ++
p<0.01 compared to (‘-Oh’) (One-way ANOVA; Tukey’s post-hoc); error bars
show SEM. No- no internalized particle; AC- apoptotic cell; Zy- zymosan.
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Figure 4.4. Apoptotic cells do not induce nitric oxide responses.

Goldfish PKM were separately incubated with apoptotic cells or zymosan (5:1,
particle: cell ratio) for 72 hours. Cells were then harvested and nitric oxide was
assayed using a Griess assay. n=4. * p<0.05; ** p<0.01 compared to PBS; +
p<0.05 and ++ p<0.01 compared to zymosan (One-way ANOVA; Tukey’s post-
hoc); error bars show SEM. No- no internalized particle; AC- apoptotic cell; Zy-
Zymosan.
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Figure 4.5. In vivo administration of zymosan induces a marked infiltration of
leukocytes that is linked to high levels of respiratory burst.

Goldfish (left) and C57BL/6 mice (right) were injected intraperitoneally with 2.5
mg of zymosan. Cells were harvested by peritoneal lavage at 0 hours (saline
alone), 8, 24 and 48 hours and counted (top row). Injection of zymosan resulted in
a marked increase in cell numbers isolated from the peritoneum that peaked at 48
hours for mice and 24 hours for goldfish. Respiratory burst in isolated cells at
these time points was determined with DHR (bottom row). n=4; * p<0.05; **
p<0.01 (One-way ANOVA; Tukey’s post-hoc); error bars show SEM.
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Figure 4.6. Gating strategy for cell subpopulations isolated from murine
peritoneum.

(A) Peritoneal cells from C57BL/6 mice were stained with combination of CD11b-
FITC/ Gr1-PE/ F4/80-APC or CD11b-PE-Cy7/ CD3-FITC/ B220-PE/ NK1.1-APC
to determine the infiltration of granulocytes (F4/807/ Gr1"/ CD11b"), macrophages
(F4/80"/ Gr1™/ CD11b"), monocytes (F4/80"°/ Gr1""/ CD11b") and lymphocytes
(F4/807/Gr1"). Lymphocyte populations were confirmed to contain T cells (CD11b’
/ CD3"), B cells (CD11b""/ B220") and NK cells (CD11b7/ NK1.1%). (B) Murine
peritoneal cells were stained with DHR and analyzed using a FACSCanto II flow
cytometer. Cell populations were determined based on forward (FSC-A) and side
scatted (SSC-A) characteristics.
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Figure 4.7. Characterization of goldfish peritoneal myeloid cells.

(A) Total peritoneal exudates were analyzed by imaging flow cytometry and four
distinct cellular subsets characterized based on area, internal complexity, and
morphology. Unlike macrophage and lymphocyte subsets, monocytes and
neutrophils could not be subdivided into two distinct populations solely based on
these parameters. Modified Wright’s stain confirmed the presence of cells with
classical lymphocyte, neutrophil, and monocyte / macrophage morphology. (B) To
better differentiate between myeloid populations within the goldfish peritoneal
exudate, cells were analyzed based on surface CSF-1R expression and Sudan
Black cytochemical staining, which denote monocyte/macrophages and
neutrophils, respectively. Representative cells stained with anti-CSF-1R antibodies
or Sudan Black are shown. Goldfish were injected intraperitoneally with saline,
apoptotic cells (AC; 5x10°) or zymosan (Zy; 2.5 mg) and incubated for 24 hours.
Apoptotic cells were also pre-injected 4 hours (-4h) before zymosan injections to
assess the contributions of kinetics to these responses. For flow cytometry, n=2;
for cytochemical stains, n=4. * p<0.05 and ** p<0.01 compared to control;
++p<0.01 compared to zymosan (One-way ANOVA; Tukey’s post-hoc); error bars
show SEM.
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Figure 4.8. Pro-inflammatory (zymosan) and homeostatic (apoptotic cells)
stimuli differentially impact leukocyte infiltration profiles in goldfish and
mice.

Goldfish and C57BL/6 mice were injected intraperitoneally with saline, apoptotic
cells (5x10%) or zymosan (2.5 mg). Apoptotic cells were also pre-injected 4 hours
before zymosan injections. Goldfish leukocyte populations were defined by
imaging flow cytometry (area, internal complexity, and morphology) and staining
patterns with Sudan Black and an anti-CSF-1R antibody. Murine cells were
defined based on surface markers for neutrophils (F4/807/ Gr1"/ CD11b"),
monocytes (F4/80"°/ Gr1™/ CD11b"), macrophages (F4/80"/ Gr1"/ CD11b") and
lymphocytes (F4/807/Gr1"; CD3, B220, NK1.1). n=4; * p<0.05 and ** p<0.01
compared to control; + p<0.05 and ++ p<0.01 compared to zymosan (One-way
ANOVA; Tukey’s post-hoc); error bars show SEM. No- no internalized particle;
AB- apoptotic body; Zy- zymosan.
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Figure 4.9. In vivo administration of apoptotic cells leads to a more dramatic
reduction of pro-inflammatory respiratory burst responses in teleost fish
compared to mice.

Goldfish and C57BL/6 mice were injected intraperitoneally with saline, apoptotic
cells (5x10°) or zymosan (2.5 mg) and incubated for 24 hours. Apoptotic cells
were also pre-injected 0, 2, or 4 hours before zymosan injections to assess the
contributions of kinetics to these responses. Cells from injected animals were
harvested by peritoneal lavage and respiratory burst was assayed with DHR. n=4;
* p<0.05 and ** p<0.01 compared to PBS (saline) control; + p<0.05 and ++
p<0.01 compared to zymosan (One-way ANOVA; Tukey’s post-hoc); error bars
show SEM. No- no internalized particle; AC- apoptotic cell; Zy- zymosan.
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Figure 4.10. Goldfish myeloid cell respiratory burst responses are most
affected by the presence of apoptotic cells.

(A) Goldfish were injected intraperitoneally with saline, apoptotic cells (5x10°) or
zymosan (2.5 mg). Apoptotic cells were also pre-injected 0, 2, or 4 hours before
zymosan injections. Cells from injected goldfish were harvested by peritoneal
lavage and respiratory burst was assayed with DHR in peritoneal cell
subpopulations based on forward scatter and side scatter profiles. n=4; * p<0.05
and ** p<0.01 compared to control; + p<0.05 and ++ p<0.01 compared to
zymosan (One-way ANOVA; Tukey’s post-hoc); error bars show SEM. No- no
internalized particle; AC- apoptotic cell; Zy- zymosan. (B) Representative
histograms show a single peak in DHR responses.
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Figure 4.11. Mean fluorescence intensity of teleost and murine phagocytes.

Goldfish and mice were injected intraperitoneally with saline, species-specific
apoptotic cells (5x10°) or zymosan (2.5 mg). Apoptotic cells were also pre-injected
4 hours before zymosan injections. Cells from injected animals were harvested by
peritoneal lavage and respiratory burst was assayed with DHR in peritoneal cell
subpopulations based on forward scatter and side scatter profiles. The mean
fluorescence intensity was calculated based on the mean DHR fluorescence in the
entire population. For goldfish, myeloid cells are shown. For mice, phagocyte
populations were further split into neutrophils and monocyte/ macrophages. Error
bars show SEM.
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Figure 4.12. Murine neutrophil respiratory burst antimicrobial responses are
most greatly affected by the presence of apoptotic cells.

(A) C57BL/6 mice were injected intraperitoneally with saline, apoptotic cells
(5x10°) or zymosan (2.5 mg). Apoptotic cells were also pre-injected 0, 2, or 4
hours before zymosan injections. Cells from injected mice were harvested by
peritoneal lavage and respiratory burst was assayed with DHR in peritoneal cell
subpopulations based on forward scatter and side scatter profiles. n=4; * p<0.05
and ** p<0.01 compared to control; + p<0.05 and ++ p<0.01 compared to
zymosan (One-way ANOVA; Tukey’s post-hoc); error bars show SEM. No- no
internalized particle; AC- apoptotic cell; Zy- zymosan. (B) Histograms show
representative DHR responses for total leukocytes, neutrophils and
monocytes/macrophages. We found that the high responders were predominantly
neutrophils (>90%). Pre-incubation with apoptotic cells resulted in a preferential
switch in the neutrophil population from high responders to mid/low responders.
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Figure 4.13. Apoptotic cells downregulate murine neutrophil ROS production
in a contact dependent manner.

Goldfish (left) and C57BL/6 mice (right) were injected intraperitoneally with
zymosan (2.5 mg). Activated peritoneal cells from were harvested by peritoneal
lavage and subpopulations were isolated by density centrifugation. (A) Separated
neutrophil or mononuclear populations were incubated with labeled apoptotic cells
for 2 hours and internalization was analyzed. n=4; * p<0.05 and ** p<0.01 (One-
way ANOVA; Tukey’s post-hoc); error bars show SEM; Mono/M¢= monocytes/
macrophage. (B) Isolated populations were cultured for 2 hours in the presence of
the indicated stimuli. Conditions denoted within brackets were contained within a
4 um transwell. After 2 hours, responder cells outside the transwells were
harvested and respiratory burst was assayed using DHR. n=4; * p<0.05 and **
p<0.01 (One-way ANOVA; Tukey’s post-hoc); error bars show SEM; Mono/M¢=
monocytes/ macrophage.
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Chapter 5: Apoptotic cells induce expression of non-

classical soluble factors in goldfish macrophages1

5.1 Introduction

In mammals, inflammation-associated apoptosis triggers anti-inflammatory
programs as an effective mechanism to control tissue damage and help regain
homeostatic balance (1). In vitro studies have shown that internalization of
apoptotic cells drives a decrease in pro-inflammatory antimicrobial killing
mechanisms (2-4). In vivo, apoptotic cells decrease thioglycollate-induced
leukocyte infiltration and promote the resolution of thioglycollate or LPS-driven
inflammation (5, 6). Mechanisms for apoptotic cell clearance within an
inflammatory site are associated with a decrease in the production of pro-
inflammatory cytokines such as TNF-a, IL-6 IL-8, IL-12, IL-17, IL-23, leukotriene
C4 and thromboxane B2, as well as an increase in the production of classical anti-
inflammatory immune mediators such as transforming growth factor (TGF)- and
interleukin (IL)-10 (1, 7-12).

Macrophage colony-stimulating factor (CSF-1) is the primary regulator of the
survival, proliferation, and differentiation of macrophages, and their precursors and

is also highly involved in an array of inflammatory processes (13-15). Activation

L A portion of this chapter has been previously published in:
Rieger AM, Konowalchuk JD, Havixbeck JJ, Robbins JS, Smith MK, Lund JM,
Barreda DR. 2013. A soluble form of the CSF-1 receptor contributes to the

inhibition of inflammation in a teleost fish. Dev Comp Immunol 39: 438-46.
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of tyrosine kinase activity in its cognate receptor, CSF-1R, results in the
recruitment and activation of discrete signaling pathways that confer its biological
activity. These events occur quickly in the presence of minute amounts of
circulating CSF-1. Consequently, mechanisms have evolved to effectively control
the magnitude and duration of CSF-1 biological function (13-15). CSF-1 activity is
tightly controlled through receptor-mediated endocytosis, metabolic processing,
and inhibition of downstream signaling, as well as through intracellular
mechanisms regulating gene expression of CSF-1 and its membrane-bound
receptor (CSF-1R). In addition, there is a recently identified a novel mechanism for
the control of CSF-1 activity in teleosts- through the production of an inhibitory
soluble form of the CSF-1 receptor (SCSF-1R) (16). Early characterization of the
unique sCSF-1R mRNA transcript derived from goldfish PKM determined that it
was a full-length species possessing a start codon, signal peptide, stop codon,
polyadenylation signals, and a poly-A tail (16). The truncated transcript of the
CSF-1 receptor encoded for the ligand binding extracellular domains of the
goldfish membrane-associated CSF-1R but lacked both transmembrane and
cytoplasmic signal-transducing domains (16). Soluble recombinant sCSF-1R
effectively associated with its cognate ligand, CSF-1 (17). Interestingly, PKM
selectively expressed sCSF-1R during the senescence phase of development, which
corresponds to a defined stage of in vitro culture development where inhibition of
macrophage proliferation and increases in apoptotic cell death is prominent (16,
18). In contrast, PKM cultures undergoing active proliferation displayed low levels

of sCSF-1R expression. Addition of purified recombinant SCSF-1R to developing
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PKM led to a dose-dependent decrease in macrophage proliferation; nanomolar
concentrations of recombinant sSCSF-1R were sufficient for this inhibition (16).
Conversely, addition of antibodies generated against sSCSF-1R prevented this
decrease in macrophage proliferation (16). Notably, unlike mammalian
macrophages, which rely heavily on other cells for production of cytokine growth
factors, teleost fish macrophages are well established to produce endogenous
growth factors (19-21). As such, the sCSF-1R represents an elegant mechanism for
endogenous control of macrophage numbers in this lower vertebrate.

Native sCSF-1R protein was found in goldfish PKM culture supernatants,
consistent with SCSF-1R mRNA expression by PKM (16). Interestingly, native
sCSF-1R was also identified in goldfish serum, suggesting that this soluble protein
may also play a systemic regulatory role that expands its role beyond the regulation
of macrophage proliferative events within goldfish hematopoietic tissues.

As a first step to characterize the contributions of apoptotic cells to the
resolution of inflammatory responses in lower vertebrates, the previous chapter
examined their impact on the innate antimicrobial responses of goldfish phagocytes
and compared them to those of a C57BL/6 murine system (22). I assessed the
conservation of divergent pro-inflammatory and anti-inflammatory (resolution)
responses at the level of the phagocyte and identified significant differences
between goldfish and mice in vivo with regards to the level of responsiveness to
zymosan and apoptotic cells, the identity of infiltrating leukocytes, their rate of
infiltration, and the kinetics and strength of resulting antimicrobial responses.

Interestingly, I also found that in vitro treatment of goldfish PKM with apoptotic
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cells decreased the respiratory burst responses in both phagocytic and non-
phagocytic cells (22). Further, pre-incubation of PKM with apoptotic cells prior to
addition of zymosan resulted in reduced respiratory burst responses in those cells
that were non-phagocytic, those that had only internalized zymosan and those that
had internalized both zymosan and apoptotic cells (22). Together, these results
suggested that internalization of apoptotic cells induced the production of soluble
inhibitors of cell activation by goldfish primary macrophages. In this chapter, I
examine the role of soluble factors in regulating macrophage responses to apoptotic
cells.

The main objectives of this chapter are to (1) examine the role of soluble
factors in response to apoptotic cells, (2) investigate the expression patterns of
sCSF-1R, a putative mediator of responses to apoptotic cells, and (3) determine the

kinetics of expression of SCSF-1R during an acute inflammatory process.

5.2 Results

5.2.1  Apoptotic cells contribute to the production of non-classical
inhibitor(s) of macrophage antimicrobial responses by goldfish PKM.
I showed in the previous chapter that apoptotic cells contribute to the global
reduction of macrophage ROS production in goldfish primary kidney macrophage
(PKM) in vitro cultures (22). My results suggested the production of soluble
inhibitors by PKM, which were released into culture supernatants and modulated
the responses of those macrophages actively internalizing apoptotic cells as well as

those of surrounding non-phagocytic PKM (22). Further, pre-incubation of PKM
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with apoptotic cells for 2 hours or 4 hours prior to addition of stimulatory zymosan
resulted in reduced respiratory burst responses in those cells that were non-
phagocytic, those that had only internalized zymosan as well as those that had
internalized both zymosan and apoptotic cells (22). As the next step to determine
the identity of these soluble factor(s), apoptotic cells were generated from catfish
3B11 B cells or primary goldfish kidney leukocytes and added to PKM cultures.
Trans-well experiments demonstrated the production of soluble inhibitor(s) of
respiratory burst responses. Target PKM, incubated opposite 0.4 um trans-well
permeable supports containing PKM exposed to apoptotic cells, displayed a
significant decrease in ROS production (Figure 5.1 A). These soluble inhibitor(s)
were actively produced by PKM, which required direct contact with apoptotic cells
for production; no decrease in respiratory burst activity was detected in the absence
of direct contact between PKM and apoptotic cells (Figure 5.1 A). In similar
experiments, supernatants collected from PKM treated with apoptotic cells for 24
hours inhibited respiratory burst responses of target PKM later assayed for ROS
production (Figure 5.1 A).

Phagocytosis of apoptotic cells in mammals is well documented to result in
reduced expression of classical pro-inflammatory factors like TNF-a, combined
with an increase in production of anti-inflammatory factors like TGF-f3 and IL-10
(1, 8, 10, 12). Since goldfish macrophages displayed a similar decrease in ROS
production as mammalian macrophages following internalization of apoptotic cells,
I examined whether goldfish PKM displayed changes in immune gene expression

similar to those previously described in mice. Using real-time PCR, I measured the
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expression of interleukin (IL)-1, IL-10, tumor necrosis factor (TNF)-al and 2,
transforming growth factor (TGF)-f3, and vascular endothelial growth factor
(VEGF), as a marker of alternative macrophage activation (23, 24), following 4,
24, or 48 hours incubation with apoptotic cells or zymosan (Figure 5.1 B).
Interestingly, while apoptotic cells contributed to a decrease in teleost pro-
inflammatory TNF-al and 2 and decreased VEGF expression, no significant
changes were found in the expression of the teleost anti-inflammatory cytokines
IL-10 and TGF-p. I considered whether goldfish macrophages may take advantage
of other novel soluble factors for inhibition of pro-inflammatory responses such as
the respiratory burst.

A novel soluble form of the CSF-1 receptor (SCSF-1R) represented a viable
candidate for my studies. This soluble factor was previously shown to be
temporally produced by goldfish PKM during periods of in vitro senescence and to
actively inhibit macrophage proliferation in a dose-dependent manner (16).
Previous studies also identified native sCSF-1R in goldfish serum, suggesting that
this soluble protein may also play a systemic regulatory role that expanded its role
beyond the regulation of macrophage proliferative events within goldfish
hematopoietic tissues. Examination of sCSF-1R gene expression in goldfish tissues
via RT-PCR indicated wide expression of SCSF-1R beyond kidney and spleen
hematopoietic tissues, consistent with this hypothesis (Figure 5.1 C). Finally,
among the various roles of CSF-1 in macrophage function, there is also a direct
link between CSF-1 activity and ROS production (25, 26). Thus, subsequent

experiments looked to examine the potential link between this novel cytokine
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receptor and the inhibition of pro-inflammatory antimicrobial responses like the

respiratory burst by apoptotic cells in goldfish.

5.2.2  Apoptotic cells selectively induce expression of a soluble CSF-1R in
goldfish macrophages in vitro.

In vitro characterization of SCSF-1R expression determined selective up-
regulation of cytoplasmic mRNA expression upon exposure of PKM to apoptotic
cells (Figure 5.2 A). In contrast, zymosan, a strong inducer of pro-inflammatory
dectin-1 and TLR-2/6 responses (27, 28), did not induce up-regulation of sCSF-1R
expression (Figure 5.2 A). Analysis was based on a novel flow-assisted fluorescent
in-situ hybridization approach that allowed examination of gene expression in
mixed PKM in vitro cultures, which are known to contain macrophages at different
stages of differentiation (19, 29, 30). Using a differential cross-screen approach
coupled to RT-PCR analysis, legumain and CD63 have been previously shown to
be preferentially expressed in mature macrophage and monocyte PKM subsets,
respectively (31). Coupling these results to the examination of sSCSF-1R expression
determined that sSCSF-1R was expressed by PKM mature macrophages and not
monocytes (Figure 5.2 B). In contrast, both of these PKM sub-populations
expressed CSF-1R (Figure 5.2 C), consistent with prior analyses (16). This also
highlights the specificity of sSCSF-1R and CSF-1R probes used in these
experiments. Finally, apoptotic cells were added to PKM cultures at decreasing

ratios and protein expression was examined by Western blot (Figure 5.2 D). Protein
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concentration of native SCSF-1R decreased with decreasing ratios of apoptotic

cells.

5.2.3  Soluble CSF-1R does not affect PKM viability, phagocytosis nor
production of reactive oxygen intermediates in resting macrophages.
Since sCSF-1R expression increased in PKM cultures upon exposure to
apoptotic cells, I was curious if SCSF-1R may be one of the soluble factors
mediating responses to these inducers of anti-inflammatory homeostatic responses.
To this end, I incubated PKMs in vitro with increasing concentrations of
recombinant SCSF-1R (rsCSF-1R) known to induce dose-dependent inhibition of
PKM proliferation (16, 17). Based on the contributions of CSF-1 to macrophage
survival and up-regulation of phagocytic responses (13-15), I therefore examined
the impact of increasing concentrations of rsCSF-1R on PKM survival under basal
and oxidative conditions, as well as on the phagocytic uptake of zymosan. Unlike
the effects incurred on PKM proliferation, no changes were detected in PKM
survival or phagocytosis under any of the conditions tested (Figure 5.3 A).
Characterization of PKM ROS production via DHR also yielded no changes at any
of the rsCSF-1R concentrations tested (Figure 5.3 B). Finally, isolation of
peritoneal macrophages provided ex vivo examination of another distinct
population of goldfish macrophages. Consistent with PKM results, ex vivo
administration of rsCSF-1R did not affect ROS production in this tissue
macrophage population (Figure 5.3 B). I then wished to assess the impact of

rsCSF-1R on activated macrophages. To this end, PKMs were activated with
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MAF/LPS for 24 hours +/- rsCSF-1R. Interestingly, rsCSF-1R significantly
decreased ROS production in activated macrophages but had no effect on

phagocytosis (Figure 5.4).

5.2.4  Apoptotic cells selectively induce up-regulation of goldfish sCSF-1R
expression in vivo, which coincides with increased macrophage
numbers at an inflammatory site.

The previous chapter showed that in vivo administration of apoptotic cells
into the goldfish peritoneal cavity resulted in a significant increase in macrophage
numbers, as defined by morphological, cytochemical, and cell surface marker
analyses (22). Flow-assisted in situ hybridization analysis of SCSF-1R and CSF-1R
using gene specific probes corroborated these results and showed selective up-
regulation of sSCSF-1R and CSF-1R following in vivo administration of apoptotic
cells but not zymosan (Figure 5.5). Together, these experiments indicated that up-
regulation of sSCSF-1R expression in vivo coincided with an increase in
macrophage numbers that resulted from administration of apoptotic cells into the
goldfish peritoneal cavity. These findings supported those observed in vitro where
PKM also increased sCSF-1R expression following apoptotic body but not
zymosan treatment (Figure 5.2 A). Conversely, there was no correlation between
increased sCSF-1R expression, G-CSFR expression, and the infiltration of
neutrophils into the peritoneal cavity observed during early zymosan-induced
inflammatory responses. Gene expression analysis indicated selective up-regulation

of G-CSFR expression in peritoneal cells from fish injected with zymosan (Figure
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5.5). This up-regulation of G-CSFR expression paralleled the increase in neutrophil
infiltration observed using morphological cellular analysis and Sudan Black
cytochemical staining (22). However, peritoneal cells from fish injected with
zymosan had a significant reduction in expression of SCSF-1R, in contrast to those
from fish treated with apoptotic cells (Figure 5.5). Administration of apoptotic cells
4 hours prior to zymosan stimulation (-4h group) led to an intermediate expression

phenotype similar to that of PBS-treated controls (Figure 5.5).

5.2.5 Expression of sCSF-1R throughout a time-course of acute
inflammation mimics the presence of apoptotic cells.

Zymosan has been previously shown to induce an acute, self-resolving
peritonitis that generally resolves within 72 hours. These kinetics, however, have
not been described in fish so I measured a range of inflammatory responses within
this 72 hour time period. I found that cellular infiltration rose steadily, peaking at
18 hours. Counts then dropped steadily from 24- 72 hours (Figure 5.6 A). The
kinetics of cellular infiltration matched those of ROS responses. When CSF-1
expression was measured, I found responses peaked at 24 hours, dropping below
basal levels at 72 hours. When apoptotic cell death was measured in this same
window, I found that apoptosis levels were significantly increased at 72 hours. This
was the same time point at which we found significant increases in sSCSF-1R
expression. When this time course was carried out further, it was found that sCSF-
IR levels remained high until 10 days post-injection, then returned to basal levels

(Figure 5.6 B). This data suggests that, similar to expression data found with
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injected apoptotic cells, the generation of apoptotic cells in vivo coincides with
sCSF-1R expression increases.

Over this same time period, I measured cytokines known to be involved in
cellular recruitment, induction of inflammation and resolution of inflammation. I
found that CXCL-8 (a chemokine involved in neutrophil recruitment) levels were
high between 8 and 12 hours (Figure 5.7). This time period of expression
immediately precedes the detection of neutrophil infiltration, occurring primarily at
18 hours. Two important pro-inflammatory cytokines, TNF-a 2 and IL-1p 1, also
show high levels of expression early within the acute inflammatory period,
dropping to basal levels between 24 and 72 hours. While no increases in IL-10, an
important anti-inflammatory cytokine in mammalian systems, was detected late in
the inflammatory response, a significant increase was detected at 8 hours. This
likely is to control early inflammatory monocyte responses, as has been suggested
in murine sepsis models (32). Finally, this data suggests that, like in mammals,

zymosan peritonitis resolves within 72 hours in goldfish as well.

5.3 Discussion

Recent studies point to the conservation of the CSF-1 system between teleost
fish and mammals (13, 17, 33-38). Both CSF-1 and/or its cognate receptor, CSF-
IR, have been identified in a range of species and display the classic characteristics
associated with CSF-1 activity. In mammals, this cytokine regulatory node is
responsible for the control of macrophage numbers and contributes to the

modulation of their state of activation and function. However, the breadth of its
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contributions also expands into bone metabolism, atherogenesis, lipoprotein
clearance, and female reproduction [(13) and references therein]. In teleost fish, the
CSF-1/ CSF-1R axis has been studied primarily in the context of macrophage
development and function, but is also known to be important for the development
of osteoclasts and the establishment of adult pigment pattern expressed by
zebrafish (13, 34-36, 39-41). The current chapter expands on the contributions of
this cytokine regulatory axis to teleost biology, through characterization of the
impact that SCSF-1R has on the inhibition of leukocyte inflammatory processes.
Two key findings from this study present the first evidence for the regulation of
teleost fish inflammation by sCSF-1R. Firstly, sCSF-1R expression was strongly
induced in response to apoptotic cells. Secondly, rsCSF-1R significantly decreased
ROS production in activated macrophages.

Based on the effective association of rsCSF-1R with goldfish rCSF-1, and the
capacity of this soluble receptor to abrogate recombinant and native CSF-1 activity
in vitro, it appears that this soluble receptor may inhibit PKM proliferation through
competitive inhibition of CSF-1 binding to the membrane-associated CSF-1R (16,
17, 20). Notably, the ability of rsCSF-1R to regulate PKM responses in vitro
beyond those associated with macrophage proliferation highlights the potential
complexity of the CSF-1 / CSF-1R regulatory node even in this lower vertebrate.
Soluble CSF-1R directly impacts macrophage respiratory burst antimicrobial
responses in fish in vitro. The in vivo effects of SCSF-1R will be discussed in the

next chapter.
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Overall, this chapter expands our current understanding of the CSF-1 system.
I show here that the contributions of this cytokine regulatory node to teleost fish
biology are beyond those in macrophage hematopoiesis and function, osteoclast
development, and the establishment of adult pigment patterns. A novel player, the
soluble form of the CSF-1 receptor, is induced upon exposure to apoptotic cells and
increases late in inflammatory processes. Early indications suggest that it may also
be involved in regulating inflammatory processes, which will be examined more

fully in the next chapter.
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Figure 5.1. Soluble factors regulate macrophage responses to apoptotic cells.

(A) Primary kidney macrophage (PKM) cultures were incubated in a transwell
system. Within the 0.4 um transwell, apoptotic cells derived from 3B11 catfish B
cell line or kidney leukocytes were cultured in the presence (left) or absence (right)
of PKMs. Target PKMs across the transwell membrane were harvested 2 hours later
and ROS production was assayed via DHR staining. For supernatants, PKMs were
incubated with indicated stimuli for 24 hours. Supernatants were harvested, filter
sterilized, and added to fresh PKM cultures at 50% of the culture volume. PKM
ROS responses were assessed 2 hours later. (B) PKM cultures were incubated alone
(No), with apoptotic cells (AC) or with zymosan (Zy) for the indicated time points.
Cells were then harvested, RNA was extracted and converted to cDNA and levels of
the indicated cytokines were assayed via Q-PCR. Expression of sCSF-1R was
assessed by reverse transcriptase PCR (C). n=3 for A and B; * p<0.05; ** p<0.01
(One-way ANOVA; Tukey’s post-hoc); error bars show SEM.
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Figure 5.2. Characterization of soluble CSF-1R expression in goldfish primary
kidney macrophages.

(A) PKM cells were incubated alone (No), with apoptotic cells (AC) or zymosan
(Zy) for 2 hours. Levels of soluble CSF-1R were measured using a flow cytometry-
based fluorescent in situ hybridization approach. Relative fluorescence of sense
probe (negative control; red line) and anti-sense probe (experimental; black line).
“M1” denotes positive cellular events. (B-C) PKM cells were cultured with
apoptotic bodies for 2 hours and expression of sSCSF-1R (B) or CSF-1R (C) were
examined in the context of a monocyte (CD63) and a mature macrophage (legumain)
PKM marker, as described in A. For A-C n=3; ** p<0.01 (One-way ANOVA;
Tukey’s post-hoc); error bars show SEM. (D) PKM were incubated with decreasing
concentrations of apoptotic cells or zymosan for 4 hours. Supernatants were then
collected and run on a Western blot.



253

+H,0
100 I Y
> 3
= 75- -%40'
g 50_ g, 30'
% ] 204 — —_ o —_
= 25 S 104
0- Ll L] ) °\° c T T T T
0 01 1 10 0 01 1 10
(nM) rsCSF-1R (nM) rsCSF-1R
B PKM Peritoneum
100- 100-
& 751 & 75
I I
A 50— a 5041 — T T T
X 25 X 25
0 01 1 10 0 01 1 10
(nM) rsCSF-1R (nM) rsCSF-1R

Figure 5.3. Impact of recombinant sCSF-1R on resting goldfish primary
macrophages.

(A) To determine the impact of rsCSF-1R on various aspects of macrophage
function, PKM cultures were incubated with increasing concentrations of rsCSF-1R
for 24 hours. After this time point, survivability under basal and oxidative
conditions, and phagocytosis were examined. PKM viability was assessed by
Annexin V/ propidium iodide staining, and phagocytosis was examined using
fluorescent zymosan. (B) To determine the impact of rsCSF-1R on the production of
reactive oxygen species, goldfish macrophages derived from PKM in vitro cultures
or the peritoneal cavity were incubated with increasing concentrations of sCSF-1R
(24 hours for PKM cultures; 2 hours for ex vivo peritoneal macrophages). Following
incubation, ROS production was measured via DHR staining. n=9; error bars show
SEM.
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Figure 5.4. Impact of recombinant sSCSF-1R on activated goldfish primary
macrophages.

To determine the impact of rsCSF-1R on the production of reactive oxygen species,
goldfish macrophages derived from PKM in vitro cultures were incubated with
increasing concentrations of SCSF-1R for 24 hours in the presence of MAF/LPS.
Following incubation, ROS production was measured via DHR staining and
phagocytosis was examined using fluorescent zymosan. n=6; ** p<0.01 compared
to No; ++ p,0.01compared to 0 (One-way ANOVA; Tukey’s post-hoc); error bars
show SEM.
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Figure 5.5. Expression of soluble CSF-1R during an inflammatory response in
vivo.

Goldfish were injected intraperitoneally with 1x PBS, apoptotic cells (AC), zymosan
(Zy) or apoptotic bodies and zymosan, or with apoptotic bodies injected 4 hours
prior to zymosan administration (-4h). Goldfish were lavaged 24 hours later. sCSF-
IR, CSF-1R, and G-CSFR expression was examined in peritoneal lavage cells
using a flow cytometry-based fluorescent in situ hybridization approach. n=4; *
p<0.05; ** p<0.01 (One-way ANOVA; Tukey’s post-hoc); error bars show SEM.
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Figure 5.6. Expression of soluble CSF-1R in vivo matches increases in apoptotic
cell death.

(A) Goldfish were injected intraperitoneally with zymosan and cells were harvested
at the indicated time points. At each time point, cells were counted to determine
infiltration. Viability was assessed by AnnexinV/PI staining. ROS production was
measured with DHR. RNA was harvested from the remaining cells, converted into
c¢DNA and used to profile CSF-1 and sCSF-1R expression. (B) Goldfish were
injected intraperitoneally with zymosan and cells were harvested at the indicated
time points. At each time point, RNA was harvested from the cells, converted into
c¢DNA and used to profile sSCSF-1R expression. For all, n=5; * p<0.05; ** p<0.01
(One-way ANOVA; Tukey’s post-hoc); error bars show SEM.
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Figure 5.7. Cytokine gene expression kinetics during acute zymosan peritonitis.

Goldfish were injected intraperitoneally with zymosan and cells were harvested at
the indicated time points. RNA was harvested from the harvested cells, converted
into cDNA. Gene expression was determined by quantitative PCR. n=5; * p<0.05;
** p<0.01 (One-way ANOVA; Tukey’s post-hoc); error bars show SEM.
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Chapter 6: The soluble form of the CSF-1 receptor
contributes to the inhibition of inflammation in a teleost

fish'

6.1 Introduction

Macrophage colony stimulating factor-1 (M-CSF or CSF-1) is the main
regulator of the proliferation, differentiation and survival of macrophages (1). It
also regulates key aspects of macrophage function including microbicidal activity
(2, 3), cytokine (4, 5) and chemokine (6, 7) production, chemotaxis (8, 9) and
phagocytosis (10, 11), which is a testament to its importance in the regulation of
immunity. However, CSF-1 has also been linked to numerous pathological
conditions, including but not limited to, allograft and xenograft rejection, cancer,
autoimmune disorders, atherosclerosis, and obesity (4, 12-16). As such, tight
regulation of the CSF-1 system is critical for proper balance between the beneficial
and the potential deleterious outcomes.

CSF-1 exerts its biological effects in nanomolar concentrations and several
mechanisms have evolved to regulate its actions, including receptor-mediated
endocytosis, metabolic processing, and the inhibition of downstream signaling (1).

CSF-1 activity is also regulated through intracellular modulation of the gene

L A version of this chapter has been previously published:
Rieger AM, Konowalchuk JD, Havixbeck JJ, Robbins JS, Smith MK, Lund JM,
Barreda DR. 2013. A soluble form of the CSF-1 receptor contributes to the

inhibition of inflammation in a teleost fish. Dev Comp Immunol 39: 438-46.
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expression of both CSF-1 and its cognate receptor CSF-1 receptor (CSF-1R) (1).
Most recently, a unique mechanism for the regulation of CSF-1 activity in teleost
fish was identified- through the production of a soluble form of CSF-1 receptor
(sCSF-1R) (17). Soluble CSF-1R decreases macrophage proliferation in a dose-
dependent manner and was originally identified among primary macrophage
cultures with high levels of apoptosis (17, 18). The native protein was detected in
goldfish serum (17), which suggested that this protein might also play a role in
systemic regulation, in addition to its role in regulating proliferation within the
hematopoietic compartment.

In the previous chapter, I showed that the expression of SCSF-1R was linked
to the presence of apoptotic cells. Further, sSCSF-1R significantly decreased ROS
responses in activated macrophages, suggesting a potential role in inflammatory
control. With this in mind, in this chapter I examine the role of sSCSF-1R in the
regulation of teleost macrophage inflammatory responses. The main objectives of
this chapter were to detail the role of SCSF-1R in regulating inflammatory
processes, notably (1) cellular infiltration and chemotaxis, (2) production of
reactive intermediates, (3) phagocytic capacity, and (4) production of inflammatory

mediators.

6.2 Results

6.2.1 Soluble CSF-1R contributes to amelioration of goldfish leukocyte

infiltration responses in vivo.
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To determine if SCSF-1R was affecting inflammatory processes in vivo, |
injected goldfish intra-peritoneally with both zymosan and increasing
concentrations of rsCSF-1R (Figure 6.2 A). As a control, fish were also injected
with zymosan with recombinant erythropoietin receptor; this recombinant protein
had no effects on inflammatory processes, suggesting that the effects of
recombinant SCSF-1R are due to the presence of sCSF-1R protein and not simply
because a protein was added (Figure 6.1). After 24 hours, leukocytes were
harvested by peritoneal lavage and counted. Intra-peritoneal administration of
zymosan resulted in significant up-regulation of inflammatory ROS production by
peritoneal leukocytes compared to those derived from saline-treated fish (Figure
6.2 A). Consistent with the effects observed upon co-injection of apoptotic bodies
(19), co-administration with rsCSF-1R resulted in significant inhibition of
zymosan-induced ROS production; a dose-dependent effect was observed in
response to increasing concentrations of rsCSF-1R (Figure 6.2 A). Parallel
examination of leukocyte infiltration into the peritoneal cavity further pointed to an
anti-inflammatory effect for rsCSF-1R against zymosan-induced pro-inflammatory
responses. The total number of infiltrating leukocytes decreased in a dose-
dependent manner compared to zymosan-stimulated controls upon addition of
increasing doses of rsCSF-1R (Figure 6.2 B). At a concentration of 800 ng rsCSF-
IR, leukocyte numbers in the peritoneal cavity were equivalent to those of saline-
treated controls. To examine the impact on individual neutrophil, lymphocyte, and
monocyte/macrophage sub-populations, peritoneal exudates were characterized as

previously described based on morphological, cytochemical, and flow cytometric
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characteristics (19). Administration of rsCSF-1R decreased the levels of all three
leukocyte subsets. However, inhibition of leukocyte infiltration was most notable
for the neutrophilic subset, as evidenced by the progressive dose-dependent
decrease associated with increasing concentrations of rsCSF-1R (Figure 6.2 B).
Further support for the potential contributions of rsCSF-1R to the inhibition of
goldfish inflammation came from evaluation of its impact on the proportions of
individual cellular subsets within the peritoneal cavity of zymosan-stimulated fish.
The percentage of neutrophils decreased dramatically in this zymosan-induced
peritonitis model following co-administration of rsCSF-1R; a progressive dose-
dependent decrease was observed in response to increasing concentrations of
rsCSF-1R (Figure 6.2 C). This decrease in the proportion of neutrophils was
accompanied by a parallel increase in the proportion of monocytes/macrophage and
lymphocyte sub-populations within the peritoneal cavity that was most marked at

800 ng rsCSF-1R.

6.2.2  Soluble CSF-1 receptor decreases pro-inflammatory phagocytic
responses similarly to apoptotic cells.

Phagocytosis of apoptotic cells is known to be a potent down-regulator of
inflammatory processes. I have shown in Chapter 4 that, in mammals, both
macrophages and neutrophils actively internalize apoptotic cells, leading to
reduction in the production of inflammatory antimicrobial products (20). In teleost
fish, however, neutrophils are not capable of internalizing apoptotic cells, leaving

macrophages as the main mediators of anti-inflammatory responses. As such, I
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wished to investigate further the macrophage-specific mechanisms by which
apoptotic cells decrease inflammation in teleost fish. The previous data pointed to a
potential key role of soluble CSF-1R in regulating cellular infiltration and
inflammatory ROS production (21). I was curious, then, if sCSF-1R and apoptotic
cells were intrinsically linked and able to similarly down-regulate inflammatory
processes. | focused my studies on phagocytosis and the subsequent downstream
processes, as these are known to be integral to both the initiation and resolution of
inflammation. I found that both sCSF-1R and apoptotic cells significantly
decreased the phagocytic responses to basal levels (Figure 6.3 A, left panel). These
cells also had significant reduction in the production of reactive oxygen species, an
antimicrobial mechanism downstream of phagocytosis (Figure 6.3 A, right panel).
Interestingly, sSCSF-1R seemed to have a greater impact on ROS production than
apoptotic cells. When the killing capacity of these cells was assessed using a
gentamicin protection assay, I found that apoptotic cells and rsCSF-1R
significantly decreased zymosan-induced increases in killing capacity (Figure 6.3
C). As such, sCSF-1R appears to play an integral role in regulating antimicrobial
responses of goldfish macrophages.

It has been suggested that apoptotic cells drive macrophage phenotypes from
a classically activated, inflammatory macrophage (M1) towards an alternatively
activated macrophage (M2) (22, 23). The phenotypic difference seems to lie largely
in the balance between nitric oxide (M1) and arginase (M2) production (24, 25).
These macrophage phenotypes have also been described in teleost fish, suggesting

that they are highly conserved (26, 27). Since I appear to be getting a classical-type
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macrophage phenotype in the zymosan peritonitis model, I investigated if either
sCSF-1R or apoptotic cells were capable of driving macrophages towards an
alternatively activated phenotype, similar to mammalian macrophages. While I
found a significant increase in iNOS expression (both A and B) with zymosan,
sCSF-1R significantly decreased iNOS B, but not iNOS A (Figure 6.4). Apoptotic
cells had no significant impact on iNOS expression, though it tended to be lower
(Figure 6.4). Interestingly, though sCSF-1R had a greater impact on iNOS, it had
no effect on arginase expression, suggesting that sSCSF-1R is impacting
inflammatory antimicrobial mechanisms but may not be driving macrophages
toward the alternatively activated phenotype. In contrast, apoptotic cells
significantly increased arginase activity in spite of a limited effect on iNOS
expression. It is possible that, after 24-hour exposure to apoptotic cells, I may be at
the tipping point between classical and alternative macrophage activation. A
greater time of exposure may push the responses towards a true alternatively

activated macrophage phenotype.

6.2.3  Cytokine expression is differentially affected by sCSF-1R and
apoptotic cells.

Since sCSF-1R and apoptotic cells both exert strong anti-inflammatory
effects on phagocytosis and ROS production, I wondered if this control extended to
cytokine production, another downstream process that is integral to the
development and maintenance of inflammation. To this end, goldfish were injected

with zymosan in the presence or absence of either sSCSF-1R or apoptotic cells.
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Peritoneal cells were harvested by lavage 24 hours later and RNA was extracted
from the cells. Cytokine levels were then assayed by Q-PCR, using a panel of
cytokines known to be important in goldfish inflammatory processes (28-31).
Overall, sCSF-1R has a greater impact on inflammatory cytokine production than
apoptotic cells, causing a significant decrease in the expression of TNF-a 2, IL-1f3
1 and 2, IFNy and IFNyrel (IFNy-related), IL12p35 and CSF-1 (Figure 6.5).
However, both sCSF-1R and apoptotic cells significantly decreased TNF-a 2,
IFNyrel and IL-12p35, suggesting that these cytokines may be the primary targets
for reducing inflammation, making them likely critical to inflammatory processes
in goldfish.

Macrophages are important to both the induction and resolution of
inflammation (32, 33). It has been previously shown that phagocytosis of apoptotic
cells results in the production of an array of anti-inflammatory soluble factors (32-
35). As such, I wanted to test the impact of SCSF-1R and apoptotic cells would
have on the production of goldfish anti-inflammatory cytokines (36, 37). Unlike
mammalian studies, I found little impact on the expression on TGF- or vascular
endothelial growth factor (VEGF), an important mediator of wound healing, with
either SCSF-1R or apoptotic cells (Figure 6.6). However, I did find a significant
increase in IL-10 expression with apoptotic cells, but not sCSF-1R, suggesting that
sCSF-1R may be important in down-regulating inflammatory processes but may
not directly activate anti-inflammatory mechanisms.

It has been previously reported that suppressor of cytokine signaling 3

(SOCS3) is upregulated following exposure to apoptotic cells, leading to a decrease
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in inflammatory cytokines and chemokines (38). Interestingly, I found no increases
with either sCSF-1R or apoptotic cells, suggesting that the observed decreases in
pro-inflammatory cytokine expression in goldfish may not be regulated by SOCS3

(Figure 6.6).

6.2.4  Soluble CSF-1R affects cytokine expression in a dose-dependent
manner.

Figures 6.2 and 5.4 show that sCSF-1R has dose-dependent effects on both
cellular infiltration and ROS production (21). I wondered if there were also dose-
dependent effects on cytokine production. To examine this, I injected goldfish with
zymosan and increasing concentrations of SCSF-1R or apoptotic cells. Peritoneal
cells were harvested by lavage and cytokine expression was measured from the
extracted RNA. I chose to focus these studies on TNF-a 2, CSF-1, SOCS3 and IL-
10 since these cytokines were differentially affected by both sCSF-1R and
apoptotic cells. I found that TNF-a 2 was significantly decreased at all
concentrations of SCSF-1R, suggesting that expression of TNF-a 2 may be tightly
linked to the CSF-1 system (Figure 6.7). For CSF-1 and SOCS3, I found that
expression tended to be increased slightly with decreasing concentrations of sCSF-
IR, though this was not significant (Figure 6.7). Further, SOCS3 never
significantly rose above basal levels, again suggesting that this may not be the
primary mediator for decreasing the observed pro-inflammatory cytokine
expression in this system. The most dramatic effect of SCSF-1R concentration was

seen on IL-10 expression, where levels significantly increased with decreasing
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sCSF-1R concentration (Figure 6.7). Interestingly, low levels of sCSF-1R induced

IL-10 expression to levels near what was found with apoptotic cells.

6.2.5 Neutrophil chemotaxis but not ROS production is impacted by sCSF-
1R.

Neutrophil infiltration is one of the hallmarks of inflammation. Figure 6.2
shows that zymosan-induced neutrophil infiltration is reduced by sCSF-1R (21).
However, neutrophils are not directly affected by sCSF-1R, suggesting that the
inhibition of inflammation caused by sCSF-1R relies on leukocyte cross-talk.
Given the central contribution of chemokines to leukocyte recruitment, I first
examined the impact of SCSF-1R on CXCL-8 and CCL-1, two important
chemokines, that are known to drive neutrophil and monocyte chemotaxis,
respectively. Recombinant sCSF-1R significantly decreased CXCL-8 at all
concentrations tested (Figure 6.8). In comparison, CCL-1 only displayed
significant decreases in expression at the highest concentration of sCSF-1R used.

Since macrophages are the primary recruiters of neutrophils to an

inflammatory site, I was curious if sSCSF-1R decreased the capacity of
macrophages to drive neutrophil chemotaxis. To assess this, I isolated infiltrating
inflammatory neutrophils from zymosan-injected fish and measured chemotaxis
towards supernatants from activated macrophages treated with increasing
concentrations of SCSF-1R (Figure 6.9). Neutrophil chemotaxis in a blind-well

chamber decreased in a dose-dependent manner with increasing concentration of
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recombinant sCSF-1R and reached similar levels to those achieved upon addition
of apoptotic cells.

In Chapter 4, I showed that murine but not teleost neutrophils were able to
internalize apoptotic cells, leading to decreased ROS production in neutrophils
with phagocytosed apoptotic cells (20). These experiments, however, were done ex
vivo, removing the effects of in vivo leukocyte cross-talk in the responses. As such,
I wished to determine if exposure to soluble products in vivo following either
apoptotic cells or sCSF-1R injection would impact neutrophil ROS. Interestingly, I
found that neutrophil-specific ROS responses were reduced in goldfish injected
with apoptotic cells but not with sCSF-1R (Figure 6.10 A). This is strikingly
different from ROS responses found in monocyte/ macrophages, where responses
are significantly reduced with both sCSF-1R and apoptotic cells (20, 21). Finally, I
assessed neutrophil killing capacity with a gentamicin protection assay and found a
significantly decreased ability to kill when exposed to soluble products from
macrophages activated in the presence of either apoptotic cells or rsCSF-1R
(Figure 6.8 B). Importantly, this data suggests that apoptotic cells are able to
trigger a variety of pathways that contribute to the resolution of inflammation, as
evidenced by the wide range of responses, while SCSF-1R is more targeted and

likely only able to regulate responses directly controlled by the CSF-1 system.

6.3 Discussion

Inflammation is a beneficial process required for the clearance and control of

pathogens. However, a loss of control of inflammatory processes can have grave
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consequences for the host, including development of chronic inflammatory
diseases, autoimmunity, or chronic infection (39-41). Macrophages and their
central regulator, CSF-1, have been linked tightly to both the beneficial and
deleterious effects of inflammation (4). As such, the CSF-1 system represents a
potentially excellent target for controlling inflammatory processes.

Soluble receptors have been shown to be important and common regulators
of many cytokines within the immune system, including IL-1, IL-6, IFNy, TNF-q,
GM-CSF, G-CSF and many more (42, 43). This chapter describes a novel soluble
receptor- soluble CSF-1 receptor- that, to date, has only been found in teleost fish.
In primary macrophage cultures, soluble CSF-1R was found at the highest levels
when macrophage development needed to be tightly controlled. In the senescent
phase of goldfish in vitro macrophage development, macrophage increase in sCSF-
IR production paralleled induction of apoptotic events (17). Recombinant sCSF-1R
inhibited macrophage proliferation, pointing to a potential role in hematopoiesis
control (17). As I have shown here, this novel soluble product is also able to induce
inflammatory control within teleost fish. Further, my data places the CSF-1 system
as a primary driver behind a range of inflammatory processes in goldfish.

Chapter 4 shows that apoptotic cells significantly decrease inflammatory
responses in goldfish by decreasing cellular infiltration and production of reactive
oxygen species (20). While there are striking differences in the cellular infiltration
responses in teleosts and mice (20), the overall outcomes following exposure to
apoptotic cells is similar between these two species. Interestingly, I have also

shown that sCSF-1R impacts the cellular infiltration and ROS production in a
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similar manner as apoptotic cells (21). I wondered if this similarity would extend to
other aspects of the inflammatory response, suggesting that SCSF-1R was a
primary mediator of resolution responses in teleost fish. While I found some
similarities in the effects of SCSF-1R and apoptotic cells, there were some striking
differences in the responses that were induced.

Overall, soluble CSF-1R, like apoptotic cells, is an efficient regulator of
inflammatory processes. This was most evident in the production of antimicrobial
inflammatory mediators, where sCSF-1R reduced zymosan-induced ROS
production and iNOS B expression to basal levels. This was combined with a
significant decrease in expression of a number of inflammatory cytokines, notably
IL-1B 1 and 2, IFNy and IFNyrel, TNF-a 2, IL-12p35 and CSF-1. All of these
cytokines have been shown to be important in the regulation of inflammatory
processes in goldfish macrophages, especially phagocytosis and the production of
reactive intermediates (28-31). It is probable, then, that the effects on ROS and
iNOS may not be a direct one but may be due to the changes in the cytokine
profiles following exposure to sCSF-1R. Further, since sCSF-1R is thought to only
bind CSF-1, it is likely that these cytokines and the production of reactive
intermediates are tightly linked to the CSF-1 system. However, the possibility
exists that sSCSF-1R may be interacting with factors other than CSF-1 to exert these
effects. Interestingly, I found significant down-regulation of two pro-inflammatory
cytokines- TNFa 2 and CSF-1- across a range of sSCSF-1R concentrations. This
suggests a high degree of sensitivity of these cytokines to SCSF-1R. It will be

interesting to examine the impact of low doses of sCSF-1R across a panel of pro-
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inflammatory cytokines to see if this is a general effect or if pro-inflammatory
cytokines have differential levels of sensitivity to sCSF-1R.

When I studied canonical anti-inflammatory responses, I found further
differences between responses to sSCSF-1R and apoptotic cells. The most dramatic
effect was seen on IL-10 expression. Unlike the pro-inflammatory cytokines, I
found that IL-10 expression increased with decreasing concentrations of sCSF-1R.
At the lowest level of sSCSF-1R tested, responses were similar to those measured
with apoptotic cells. This may indicate that, at low doses of SCSF-1R, there are
sufficient pro-inflammatory signals remaining to induce IL-10 expression that are
ablated at high levels of sSCSF-1R. Alternatively, it may show IL-10 requires a
threshold level of CSF-1 expression to be produced and it is not expressed below
this level. Interestingly, I have yet to observe an increase in TGF-3 following
apoptotic cell exposure, even though this is the primary mediator of anti-
inflammatory responses following phagocytosis of apoptotic cells in mammals
(44). While expression and many of the functions of TGF-f are highly conserved
(37, 45), it is possible that the link between TGF-f and apoptotic cells is not
conserved through evolution. It is also possible that a different trigger or
combination of triggers is required to induce TGF-f3 production following exposure
to apoptotic cells in teleost fish.

Neutrophils are among the earliest leukocytes recruited into an inflammatory
site and are known for their vast inflammatory and antimicrobial arsenal.
Therefore, reducing the infiltration of neutrophils into an inflammatory site may

represent an important mechanism to limit damage to host tissues. I show here that
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both sCSF-1R and apoptotic cells significantly reduce the infiltration of neutrophils
into an inflammatory site (20, 21). I was curious if this was occurring due to
changes in chemotaxis or through another mechanism. Using a blind-well
chemotaxis chamber, I found that neutrophil chemotaxis was significantly
decreased with increasing concentrations of sSCSF-1R or with apoptotic cells.
Further, both sCSF-1R and apoptotic cells significantly decreased expression of
CXCL-8 (also known as IL-8), the primary mediator of neutrophil chemotaxis (46).
The relatively limited impact on CCL-1 also matches my infiltration data, where
monocyte/macrophage infiltration was only impacted at the highest doses of sCSF-
IR (21). I have previously shown that goldfish neutrophils are unable to ingest
apoptotic cells and that their ROS production is not changed by soluble factors
produced ex vivo (20). Thus, I examined if exposure to complex in vivo milieu
could affect neutrophil-specific ROS responses. Surprisingly, I found that only
apoptotic cells and not SCSF-1R resulted in decreased neutrophil ROS production,
though neutrophil killing capacity was equally affected by soluble products from
apoptotic cell or sCSF-1R stimulated macrophages. This suggests two things: [1.]
neutrophil ROS is not controlled by the CSF-1 system; and [2.] apoptotic cells are
able to affect inflammatory pathways not targeted by sCSF-1R, suggesting that
these two anti-inflammatory mediators are complimentary, not redundant.

Overall, the proper control of inflammation is of outmost physiological
importance for the long-term survival of an animal host. This chapter further
describes a novel method of controlling inflammation- through the production of a

soluble CSF-1 receptor. Soluble CSF-1R affects every aspect of a macrophage
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inflammatory response examined- phagocytosis, production of inflammatory
cytokines and chemokines, production of reactive intermediates, and the ability to
recruit cells into an inflammatory site. This speaks to the importance of CSF-1 to
inflammation and suggests that it may be an important target for inflammatory

control across vertebrates.
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Figure 6.1. Recombinant sCSF-1R but not recombinant EPO receptor affects
inflammatory processes.

Goldfish were injected intraperitoneally with zymosan (Zy), zymosan plus
recombinant sCSF-1R, or zymosan with recombinant erythropoietin receptor.
Cells were harvested by peritoneal lavage 24 hours later. Cells were also counted
to determine levels of total leukocyte infiltration. ROS production was measured
via DHR staining.. n= 3; ** p<0.01 compared to Zy ++ p<0.01 compared to
Zy+EPOR (One-way ANOVA; Tukey’s post-hoc); error bars show SEM.
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Figure 6.2. Recombinant sCSF-1R affects inflammatory leukocyte infiltration
in vivo.

Goldfish were injected intraperitoneally with PBS, zymosan (Zy) or zymosan plus
the indicated amounts of recombinant SCSF-1R. Cells were harvested by
peritoneal lavage 24 hours later. (A) ROS production was measured via DHR
staining. (B) Cells were also counted to determine levels of total leukocyte
infiltration. Total leukocytes were further broken down into cellular
subpopulations based on morphology, Sudan Black staining and flow cytometric
forward and side scatter parameters. (C) Cell proportions for each subpopulations
in the total leukocyte pool were determined based on characteristics outlined in
(B). n=6; ** p<0.01 compared to PBS; + p<0.05 compared to Zy; ++ p<0.01
compared to Zy (One-way ANOVA; Tukey’s post-hoc); error bars show SEM.
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Figure 6.3. Soluble CSF-1R and apoptotic cells down-regulate pro-
inflammatory phagocytic responses.

Goldfish were injected i.p. with zymosan in the presence or absence of either
apoptotic cells (AC) or recombinant sCSF-1R. After 24 hours, peritoneal cells
were harvested by lavage. (A) Cells were then incubated with zymosan-FITC
particles (5:1 ratio, particle: cell) for 2 hours to measure phagocytosis. Reactive
oxygen production was measured with dihydrorhodamine (DHR). Both apoptotic
cells and sCSF-1R reduced phagocytic and ROS responses. n=4. (B) Killing
capacity was measured with a gentamicin protection assay. PKMs were incubated
for 2 hours with the noted stimuli. Aeromonas veronii was then added for 30
minutes. Cells were washed and incubated in a high dose of gentamicin for 30
minutes. At the indicated time points, cells were lysed and plated onto TSA plates.
Colonies were counted 48 h later. n=6; * p<0.05, ** p<0.01 compared to PBS; +
p<0.05, ++ p<0.01 compared to zymosan (One-way ANOVA; Tukey’s post-hoc
for A; Two-way ANOVE; Bonferroni post-hoc for B); error bars show SEM.
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Figure 6.4. Soluble CSF-1R does not shift macrophages towards an
alternative pathway phenotype.

iNOS and arginase levels were measured as indicators of classical vs. alternative
macrophages, respectively. iNOS A and B levels were determined by Q-PCR.
Arginase activity was determined using a standard arginase assay. n=6; * p<0.05,
** p<0.01 compared to PBS; + p<0.05, ++ p<0.01 compared to zymosan (One-
way ANOVA; Tukey’s post-hoc); error bars show SEM.
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Figure 6.5. Soluble CSF-1R dramatically decreases inflammatory cytokine
expression.

Goldfish were injected i.p. with zymosan in the presence or absence of either
apoptotic cells (AC) or recombinant SCSF-1R. After 24 hours, peritoneal cells
were harvested by lavage and RNA was extracted. Cytokine levels were measured
by Q-PCR. sCSF-1R causes a general down-regulation of pro-inflammatory
cytokines. n=6; * p<0.05, ** p<0.01 compared to PBS; + p<0.05, ++ p<0.01
compared to zymosan (One-way ANOVA; Tukey’s post-hoc); error bars show

SEM.
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Figure 6.6. Both apoptotic cells and sCSF-1R have a limited impact on anti-
inflammatory cytokine expression.

Goldfish were injected i1.p. with zymosan in the presence or absence of either
apoptotic cells (AC) or recombinant SCSF-1R. After 24 hours, peritoneal cells
were harvested by lavage and RNA was extracted. Cytokine levels were measured
by Q-PCR. n=6; * p<0.05, ** p<0.01 compared to PBS; + p<0.05, ++ p<0.01
compared to zymosan (One-way ANOVA; Tukey’s post-hoc); error bars show

SEM.
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Figure 6.7. Soluble CSF-1R has dose-dependent effects on important pro- and
anti-inflammatory factors.

Goldfish were injected i.p. with zymosan in the presence or absence of either
apoptotic cells (AC) or recombinant sCSF-1R. After 24 hours, peritoneal cells
were harvested by lavage and RNA was extracted. Cytokine levels were measured
by Q-PCR. n=6; * p<0.05, ** p<0.01 compared to PBS; + p<0.05, ++ p<0.01
compared to zymosan (One-way ANOVA; Tukey’s post-hoc); error bars show

SEM.
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Figure 6.8. Soluble CSF-1R alters chemokine expression, especially CXCL-8.

Goldfish were injected 1.p. with zymosan in the presence or absence of either
apoptotic cells (AC) or recombinant sSCSF-1R. After 24 h, peritoneal cells were
harvested by lavage and RNA was extracted. Chemokine levels were measured by
Q-PCR. n=6; * p<0.05, ** p<0.01 compared to PBS; + p<0.05, ++ p<0.01
compared to zymosan (One-way ANOVA; Tukey’s post-hoc); error bars show
SEM.
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Figure 6.9. Neutrophil chemotacxis is decreased by macrophage soluble factors
produced in the presence of sCSF-1R.

Goldfish PKM cultures were incubated with zymosan in the presence/absence of
increasing doses of recombinant SCSF-1R or apoptotic cells. After 24 h, filtered
supernatants were applied to the bottom of a blind-well chemotaxis chamber.
Neutrophils isolated from zymosan-injected fish were isolated and applied to the
top chamber. After 1 h, membranes were removed and neutrophil chemotaxis was
counted. ChK= chemokinesis control. n=6; * p<0.05, ** p<0.01 compared to PBS;
+ p<0.05, ++ p<0.01 compared to zymosan; # p<0.05 compared to 0.1 (One-way
ANOVA; Tukey’s post-hoc); error bars show SEM.
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Figure 6.10. Neutrophil killing, but not ROS, responses are affected by

soluble products produced by macrophages activated in the presence of sCSF-
1R.

Goldfish were injected i.p. with zymosan in the presence or absence of either
apoptotic cells (AC) or recombinant SCSF-1R. After 24 h, peritoneal cells were
harvested by lavage and neutrophils were isolated. (A) Cells were then incubated
with zymosan-FITC particles (5:1 ratio, particle:cell) for 2 h to measure
phagocytosis. Reactive oxygen production was measured with dihydrorhodamine
(DHR). Both apoptotic cells and sCSF-1R reduced phagocytic and ROS responses.
n=5. (B) Neutrophil killing potential was assessed with a gentamicin protection
assay. Neutrophils were incubated in the soluble products from PKMs activated
with the with noted stimuli for 2 h. Aeromonas veronii was then added (100:1) for
30 min. Cells were then treated with gentamicin for 30 min and lysed at the
indicated time points. n=3; * p<0.05, ** p<0.01 compared to PBS; + p<0.05, ++
p<0.01 compared to zymosan (One-way ANOVA; Tukey’s post-hoc for A; Two-
way ANOVA; Bonferroni post-hoc for B); error bars show SEM.
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Chapter 7: Aeromonas infections induce high levels of
soluble CSF-1R expression and impact hematopoietic cell

production

7.1 Introduction

Aeromonas is one of the oldest known fish pathogens, originally
characterized in the 1890s (1). This highly virulent fish pathogen has had
devastating effects on the fish farming industry (2). Aeromonas infections are
characterized by the presence of fin rot, tail rot, ulcers, and hemorrhagic
septicemia- leading to scale shedding, hemorrhages in the gills and anal area,
exophthalmia, and abdominal swelling (3-7). However, many carrier fish do not
present with external furuncles but are still capable of shedding bacteria into the
environment at high rates (10°-10° CFU/fish/hour) (8). In fact, it has been
estimated that up to 80% of cultivated fish may carry Aeromonas (9), and in many
cases of major die-offs in fish, Aeromonas species caused invasive secondary
infections in fish that were immune suppressed due to adverse environmental
conditions (improper handling, drastic temperature changes, poor water quality) (5-
8, 10) or spawning (1).

While reports vary, depending on the classification system used, there are
currently up to 24 characterized species of Aeromonas reported (1). The genus is
characterized as being Gram-negative, oxidase- and catalase-positive, glucose
fermenting rods (10) that have traditionally been divided into two groups: the

psychrophilic group and the mesophilic group (1). The psychrophilic group,
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typified by 4. salmonicida, causes primarily fish diseases and is compromised of
non-motile isolates that grow optimally at 22-25°C (1, 10). The mesophilic group,
typified by 4. hydrophila, is composed of motile isolates that grow well at 35-37°C
and are commonly associated with human infections (1, 10). Other important
pathogens within this group include 4. caviae, A. sobria, and the Aeromonas
veronii group (AVG) (A. veronii bv sobria, A. veronii bv veronii, and A.
allosaccharophila) (10). Bacteria within the AVG have been characterized as
‘virulent pathogens’, with an LDs, ranging from10*%’-10” CFU/fish (11-13),
depending on species of fish and site of administration.

Of the characterized acromonads, Aeromonas veronii displays virulence in
the greatest host range of species, including causing wound infections, diarrhea and
septicemia in humans (1, 11, 14), as well as infections in fish (15), eels (16) and
pigs (17). This species has been shown to produce significantly higher levels of
endotoxins than other Aeromonas species (18). One of the important endotoxins is
Act, a cytotoxic factor present in culture supernatants responsible for host cell
death and damage (19). Act has been shown to induce apoptosis in epithelial cells
through oxidant-dependent activation of the mitochondrial pathway (20), and is
thought to be the causative cytotoxic enterotoxin that induces apoptosis in murine
macrophages (21). Cell death is largely caused by the extensive generation of
reactive nitrogen and oxygen intermediates within the site of infection (22).

Aeromonas veronii is protected from ROS —induced damage by the presence
of KatA, an antioxidant enzyme catalase (23). This enzyme has been shown to be

important for bacterial survival within oxidative conditions, as well as proliferation
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and persistence within a leech host (23). Furthermore, 4. veronii has a catalase-
independent defensive mechanism against exogenous H,O, during stationary-phase
growth (23). It has also been shown that, though A. veronii interacts with
macrophages, these interactions have a low rate of phagocytosis in murine
macrophages that is only slightly increased by activation with high levels of IFNy
(24). This slight increase in phagocytic rates, however, was not followed by an
increased rate in bacterial clearance (24), suggesting that avoidance of
phagocytosis or escape/protection from downstream killing mechanisms represent
immune evasion techniques employed by 4. veronii.

The previous chapters have examined the role of macrophage-specific factors
in regulating inflammatory responses induced by zymosan. In this chapter, I
examine the role of macrophages and the CSF-1 axis in an Aeromonas infection.
The main objectives of this chapter were to (1) identify the causative strain of
Aeromonas found within the University of Alberta aquatics facility, (2) examine
the expression of SCSF-1R and CSF-1 in infected fish, and (3) determine the
impact of sSCSF-1R on macrophage responses during an Aeromonas infections,

including the impact on proliferation within the hematopoietic compartment.

7.2 Results

7.2.1  Isolates obtained from furuncles were typed by sequence analysis.
Goldfish naturally infected with 4eromonas are routinely found within the
aquatic facilities at the University of Alberta, with the prevalence increasing during

the spring months (spawning season) or immediately after animal shipments arrive.
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Goldfish commonly present with sores on the body, mouth and oral cavity, and on
their fins/tail. Sores were classified based on the level of progress- early infection
fish had a raised, red area; mid infection had a red sore with a white center that had
not erupted; late infection fish had larger sores that had erupted in the center (or
extensive fin/tail rot) (Figure 7.1 A). When goldfish were swabbed, bacteria were
only detected from the furuncles, but not from areas without sores (on infected or
control fish) (Figure 7.1 B).

Bacterial clones were isolated from 6 furuncles (2 body, 1 mouth/oral cavity,
1 eye and 2 fin/tail) and expression of 16s rRNA and gyrB were analyzed by PCR
(Figure 7.2 A). PCR products were purified and sequences were analyzed.
Sequence alignments identified the isolated bacteria as Aeromonas veronii bv

sobria (Figure 7.2 B).

7.2.2  Naturally infected goldfish have increased expression of sCSF-1R
within the furuncle and peripheral tissues.

Furuncle, spleen, and kidney tissues were harvested from naturally infected
fish. For furuncle tissue, a similarly sized piece of tissue of the same origin was
harvested from an uninfected area (ie. for a body sore, a piece of muscle was
removed from the uninfected side of the fish). Control spleens and kidneys were
harvested from fish with no apparent sores. RNA was isolated from each tissue and
the corresponding cDNA was used to analyze sCSF-1R expression (Figure 7.3 A).
Furuncle, spleen, and kidney tissue of infected fish all had significant increases in

sCSF-1R expression. Interestingly, no increases in CSF-1 expression were detected
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in the furuncle or spleen, and a significant decrease in CSF-1 expression was found
in infected kidneys (Figure 7.3 B). This suggested that Aeromonas might be
manipulating the CSF-1 system. Further, changes to the CSF-1 system are not a
general outcome of infection in goldfish, as goldfish infected with Mycobacterium

marinum showed significant decreases in SCSF-1R expression (Figure 7.4).

7.2.3  Addition of sSCSF-1R does not abrogate Aeromonas-induced
inflammatory responses.

To determine the effects of SCSF-1R on Aeromonas-induced ROS
production, PKM cultures were incubated with heat-killed 4. veronii clonal isolates
in the presence of apoptotic cells or sCSF-1R (Figure 7.5 A). As a control, PKM
cultures were also activated with MAF/LPS or zymosan. As expected, both
apoptotic cells and sCSF-1R significantly reduced ROS production in PKM
cultures activated with MAF/LPS or zymosan. Interestingly, in cultures activated
with Aeromonas, sSCSF-1R had no impact on ROS responses; however, apoptotic
cells still significantly reduced ROS production. This same trend was observed
when PKM cultures were activated with heat-killed or live 4. veronii clonal
isolates (Figure 7.5 B). Finally, PKM cultures were activated by clonal A. veronii
or A. salmonicida, in the presence of apoptotic cells or sSCSF-1R (Figure 7.5 C). Of
note, A. salmonicida-induced ROS production was intermediately affected by
sCSF-1R, where ROS production was significantly higher than un-activated cells
but significantly reduced compared to both 4. salmonicida and A. veronii activated

cells.
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To assess the effects of sSCSF-1R on Aeromonas-induced inflammation in
vivo, heat-killed A. veronii was injected intraperitoneally in combination with
apoptotic cells or sSCSF-1R (Figure 7.6). Similar to in vitro experiments, sSCSF-1R
had no impact on A. veronii-induced leukocyte infiltration or ROS production.
Apoptotic cells resulted in a significant reduction in both leukocyte infiltration and

ROS production.

7.2.4 Induced infection with Aeromonas veronii isolates also results in
increased sCSF-1R expression.

While intraperitoneal injection is a good method to measure the effects of
sCSF-1R on Aeromonas-induced inflammation in vivo, it does not recapitulate the
hypothesized mechanism of exposure of fish to Aeromonas. To better mimic a
natural infection, a patch of scales was removed and the underlying tissue was
slightly scraped. This area was then rubbed with a cotton-tip swab soaked in an 4.
veronii clonal culture. This would mimic a fish rubbing up against another fish
with a sore. Bacteria from the swabbed area would also be introduced into the
water, coming into contact with all the fish in the tank. Control fish were rubbed
with a cotton-tip swab soaked in PBS. Fish were then harvested at the indicated
time points. Representative control and infected fish are shown in Figure 7.7. Sites
of infection and kidneys were harvested at each time point, RNA was isolated and
sCSF-1R expression was measured from the corresponding cDNA (Figure 7.8).
Aeromonas-infected fish tended to have higher sSCSF-1R expression at both the site

of infection and in the kidney, similar to naturally infected fish.
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7.2.5  Goldfish with natural or induced A4. veronii infection have significant
reductions in proliferation within the hematopoietic compartment.
Goldfish with either a natural or induced Aeromonas veronii infection have
significant, systemic increases in SCSF-1R expression. However, unlike zymosan
or MAF/LPS-induced inflammation, sCSF-1R does not appear to reduce
Aeromonas-induced inflammatory processes. Since sCSF-1R was originally
described as a regulator of macrophage hematopoiesis, I was curious if the
hematopoietic compartments of infected fish would be affected. To this end,
infected goldfish (natural or induced) were injected intraperitoneally with BrdU.
Proliferation was then measured from isolated kidney cells. Interestingly, goldfish
that were infected with Aeromonas veronii, either naturally (Figure 7.9 A) or
through an induced infection (Figure 7.9 B), showed significant decreases in

kidney cell proliferation.

7.3 Discussion

Aeromonas veronii is a ubiquitous fresh water pathogen that has been found
to be associated with a wide range of hosts, including vertebrates and invertebrates
(1, 25). While this bacteria may have beneficial symbiotic relationships with some
hosts such as the leech, Aeromonas is a highly virulent bacterial pathogen that has
been linked to many massive die-offs in the fish farming industry, as well as to

human diseases ranging from diarrhea to septicemia (25).
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In this chapter, I show that Aderomonas veronii infection promotes systemic
expression of the soluble colony stimulating factor-1 receptor (SCSF-1R) in
challenged goldfish. However, unlike other pathogen models, SCSF-1R was unable
to inhibit inflammation at the A. veronii challenge site. Instead, sCSF-1R did not
decrease leukocyte infiltration or the production of reactive oxygen species (ROS).
This was further supported by in vitro experiments with live and heat-killed 4.
veronii, suggesting this pathogen may prevent sCSF-1R-mediated down-regulation
of macrophage ROS production. Importantly, while sCSF-1R did not appear to
reduce inflammatory processes, the increased systemic expression of sSCSF-1R in
A. veronii infected fish appears to decrease proliferative activity among cells in the
hematopoietic compartment, which is further coupled to a decrease in CSF-1
expression in kidney hematopoietic tissues. It is interesting to speculate that
manipulating the CSF-1 system may represent a unique additional mechanism by
which A. veronii promotes sustained host-derived cytotoxic responses and
pathogenesis.

Currently, the mechanism behind the increase in Aeromonas-induced sCSF-
IR expression is unknown. I have shown in previous chapters that sSCSF-1R
expression appears to be closely linked to apoptotic cell death. It has been
previously reported that 4. veronii induces cell death in murine macrophages and
epithelial cells (21, 22, 24). This may be a potential explanation behind expression
levels within the furuncle tissues, where there would be a high level of cell death.
However, it has been recently reported that Aeromonas-induced cell death results

in pyroptosis (programmed cell death associated with antimicrobial responses in
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inflammation, leading the cells to produce cytokines, swell, and burst), and not
apoptosis in macrophages (26). Specifically, cell death was induced by aerolysin
and the type III secretion system (T3SS), leading to activation of caspase-1,
secretion of IL-1P, and pyroptosis (26). It is currently unknown if pyroptosis will
have a similar effects on sCSF-1R expression as apoptosis. However, pyroptosis is
generally an inflammatory process, so it is hypothesized that this form of cell death
would not induce sCSF-1R expression.

In earlier chapters, I have shown that sSCSF-1R reduces phagocytosis of
zymosan by goldfish macrophages. Further, sSCSF-1R significantly decreases the
capacity of goldfish macrophages to kill Aeromonas veronii. Reduced phagocytic
capacity and killing has been previously reported for murine macrophages (21, 24)
and leech hemocytes (27). The changes in phagocytic capacity and killing appear to
be related to the type III secretion system (T3SS) (27). The T3SS has been shown
to be an important virulence factor in mammals, as bacteria with a mutant T3SS
have significantly reduced cytotoxic effects and decreased host mortality (27). It
will be interesting to test, then, the potential for modulation of the CSF-1 system by
the T3SS and related secretion products. This may represent an alternative
explanation for the induction of sCSF-1R and may represent an additional
mechanism by which 4. veronii modulates macrophage responses, in addition to
inducing macrophage death, as a method for evading the immune response.

Reactive oxygen species (ROS) are short-lived species generated by
inflammatory cells that accumulate during inflammatory processes. ROS have

potent destructive effects on both DNA and proteins, making them effective
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antimicrobial mediators (28). However, these mediators also have the potential to
destroy host tissue, especially under strong inflammatory conditions (28).
Aeromonas species have been shown to induce strong ROS and nitric oxide
responses (20). While this induction results in cell death and tissue destruction in
the host, (20-22, 24), Aeromonas is relatively well protected by catalase dependent
and independent mechanisms (23). This tissue damage may be an important
mechanism for Aeromonas infection, as tissue infections in mammals generally
occur after traumatic tissue injury that was exposed to infected water (29). I have
shown in previous chapters that sCSF-1R is able to reduce production of ROS
following activation with various inflammatory mediators. However, this does not
occur with Aeromonas-induced ROS production, suggesting that Aeromonas may
have developed a mechanism to modulate the effect of SCSF-1R on ROS
production. It will be interesting to determine if this further contributes to
Aeromonas colonization through subversion of host immune responses.

I also found increased expression of SCSF-1R in the kidney within both
naturally infected goldfish and goldfish with an induced infection. This increase in
expression appears to be linked to a decrease in the proliferative capacity within the
hematopoietic compartment and to a significant decrease in CSF-1 expression.
Prior to its link in regulating inflammatory processes, SCSF-1R had been
characterized as potent regulator of macrophage hematopoiesis (30-33). Aeromonas
salmonicida has previously been shown to induce changes to hematopoietic
transcription factors through an undetermined mechanism (34). This included

significantly decreased expression of markers of hematopoietic stem cells and
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myeloid progenitors (34). Interestingly, the myeloid marker most decreased by
Aeromonas infection (egrl) was greatly increased by addition of recombinant CSF-
1 (34), suggesting a link between Aeromonas infection, the CSF-1 system, and the
regulation of hematopoiesis. Further, it was hypothesized that the downregulation
in hematopoietic transcription factors during an Aeromonas infection may result in
either an arrest in commitment of monocyte/macrophage progenitors or in the
reduction in mobilization of these cells from the hematopoietic organ into the
periphery (34). It will be interesting, then, to determine if the increased expression
of sCSF-1R has a similar impact on hematopoietic transcription factor expression,
suggesting that Aeromonas veronii is modulating hematopoietic proliferation
through modulating sSCSF-1R expression. Further, if these changes do result in
arrest of hematopoiesis or reduced mobilization to the periphery, it will be
interesting to determine what impact this has on both [1.] the recovery from an
Aeromonas infection; and [2.] the ability to protect against subsequent/ secondary
infections. The potential also exists that the changes in proliferation observed may
be due to stress, as this is a common effect of stress hormones on immune function
(35). Recent data from our group has shown that following zymosan injection,
proliferation is reduced for 36 hours (Havixbeck, J.J., unpublished data). As such,
it seems possible that early decreases in proliferation may be due to stress.
However, we hypothesis that sustained reductions in proliferation are due to the
Aeromonas infection, and more specifically due to the enhanced expression of

sCSF-1R within the hematopoietic compartment.
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Overall, the data presented in this chapter suggest that Aeromonas veronii has
evolved a mechanism by which it can modulate the CSF-1 system of teleosts.
Infection with 4. veronii results in increased SCSF-1R in local and peripheral
tissues. However, the increased expression of SCSF-1R does not appear to decrease
inflammatory responses, but instead reduces proliferation within the hematopoietic
compartment. These effects appear to most greatly benefit the pathogen, suggesting
that modulation of the CSF-1 system may represent a unique immune evasion
response that impacts the host both at the site of infection, and within the

hematopoietic compartment.
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Control Early infection

Mid infection Late infection

B Contralateral
Control Furuncle scales

Figure 7.1. Presentation of naturally occurring Aeromonas infection.

(A) Representative images of goldfish presenting with body sores at various stages
of infection. (B) Representative images of plates streaked from swabs of goldfish
scales.
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1 - 16s rRNA, Eye Furuncle Isolate
2 — gyrB, Eye Furuncle Isolate

3 — 16s rRNA, Body Furuncle Isolate
4 — gyrB, Body Furuncle Isolate

5 — 16s rRNA, Fin Furuncle Isolate

6 — gyrB, Fin Furuncle Isolate

B

‘Score Expect Identities Gaps Strand
.926 bits(501) 0.0 501/501(100%) 0/501(0%) Plus/Plus
Query 1 CGAGCGE GEGAAAGTAGCTTGCTACTTTTGCCGGC GGACGGGTGAGTA 60
_ |||||[||[|||||||||||||||||||||||||||||||||||||||| iy
sbjet 7 GGGAAAGTAGCTTGCTACTTTTGC GACGGG 66
Query 61 ATGCCTGGGGATCTGCCCAGT! GCTAATACCGCA 120
, |||||[||[|||||||||||||||||||||||||||||||||||||||||||||[|||||
Sh]Ct 67 'AATACCGCA 126
Query 121 GGGGGAAAGCAGG ATGARCCCA 180
, IIIIIIIII||||||I|IIIII|I|||||||| i |||||||||||||||||||[|||||
Sbject 127 GGGGACCTTCGGGCCTTGCGCGATTGGATGAACC! 186
Query 181 CGATCCCTAGCTGGTCT! 240
, |||||[||[|||||||||||||||||||||||||||||||||||||||||||||[|||||
Sbject 187 CCTAGCTGGTCT 246
auery. 241 T T 300
Sbjct 247 306
Query 301 GGGAATAT GGGGGARACC GTGAARGARGGC 360
, IIIIIIIIIIIII||I|IIIII|I||||||||I|IIIII|I||||||||IIIII[I|I||
Sbjct 307 GGGAATATTGCACAATGGGGGAAACC ATGCAGCCATGCCGCGTETGTGAAGAAGGT 366
Query 361 TCGGGTTGTARAGCA 420
, ||I||I||II||||||||II||||||||||||||I|I|||||||||||||II|I[|||||
Sb]Ct 367 GGGTTGTAAAGCACTTTCAG GCGAATAACTG! 426
Query 421 480
_ |||||[||[|||||||||||||||||||||||||||||||||||||||||||||[|||||
Sbjct 427 GGCTAACTC 486

Query 48l GGGTGCAAGCGTTAATCGGARA

LLLLLLTLL LT L]

Sbjct 487 GGGTGC TTAATCGGAA

Figure 7.2. Sequence analysis of isolated bacterial clones.

(A) Goldfish presenting with an Aeromonas infection were swabbed and isolated
bacterial clones were analyzed for expression of 16S rRNA and gyrB. (B) Bands
were excised and sequenced. Sequence analysis identified the bacteria to be
Aeromonas veronii bv sobria.
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Figure 7.3. Soluble CSF-1R expression is increased in furuncle and peripheral
tissues.

RNA was extracted from tissues harvested from control and naturally infected
goldfish and sCSF-1R and CSF-1 expression was measured by RT-PCR and Q-
PCR, respectively. n=4; * p<0.05, ** p<0.01 compared to control (Student’s t-
test); error bars show SEM.
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Figure 7.4. Soluble CSF-1R increases do not occur in a Mycobacterium
marinum infection.

RNA was extracted from tissues harvested from control goldfish, naturally
Aeromonas- infected goldfish, and goldfish with an induced Mycobacterium
marinum infection. sSCSF-1R was measured by RT-PCR. CSF-1, IL-1B1, and IFN-
v expression was analyzed by Q-PCR. n=4; * p<0.05, ** p<0.01 compared to
control (Student’s t-test); error bars show SEM.
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Figure 7.5. Soluble CSF-1R does not reduce Aeromonas veronii-induced ROS
production.

(A) Goldfish PKM were incubated with MAF/LPS, zymosan or heat-killed
Aeromonas veronii in the presence/absence of apoptotic cells (AC) or recombinant
sCSF-1R. ROS production was measured after 2 hours. (B) Goldfish PKM were
incubated with live or heat-killed Aeromonas veronii in the presence/absence of
apoptotic cells (AC) or recombinant SCSF-1R. ROS production was measured
after 2 hours. (C) Goldfish PKM were incubated with heat-killed Aderomonas
veronii or Aeromonas salmonicida in the presence/absence of apoptotic cells (AC)
or recombinant SCSF-1R. ROS production was measured after 2 hours. n=4; *
p<0.05, ** p<0.01 compared to control; + p<0.05, ++ p<0.01 compared to Aero
(One-way ANOVA; Tukey’s post-hoc); error bars show SEM.
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Goldfish were injected i.p. with heat-killed Aeromonas veronii in the presence or

absence of either apoptotic cells (AC) or recombinant sCSF-1R. After 24 hours,
peritoneal cells were harvested by lavage and counted. ROS production was
measured by DHR. n=6; * p<0.05, ** p<0.01 compared to PBS; + p<0.05, ++
p<0.01 compared to Aero (One-way ANOVA; Tukey’s post-hoc); error bars
show SEM.
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Figure 7.7. Representative images of goldfish with induced Aeromonas
veronii infection.

Goldfish were infected with Aeromonas veronii by rubbing an exposed area with
a swab soaked in a clonal culture. Fish were harvested at the time points
indicated.
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Figure 7.8. Expression of SCSF-1R in the furuncle and kidney of goldfish
with induced Aeromonas veronii infection.

At each of the indicated time points, furuncle and kidney tissue were harvested
from PBS (P) or Aeromonas veronii (A) infection goldfish. RNA was isolated
and sCSF-1R expression was measured with the corresponding cDNA. n=3; *
p<0.05, ** p<0.01 compared to PBS (One-way ANOVA; Tukey’s post-hoc);
error bars show SEM.
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Figure 7.9. Aeromonas infection reduces proliferation within the kidney.

Prior to kidney harvesting, goldfish were injected i.p. with BrdU and incubated
for 1 hour. Kidneys were then harvested from (A) naturally-infected goldfish or
(B) goldfish with an induced infection and proliferation was measured based on
BrdU incorporation. For naturally infected fish, n=8; for induced infection, n=3;
*p<0.05 compared to control (Student’s t-test for A; One-way ANOVA; Tukey’s
post-hoc for B); error bars show SEM.
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Chapter 8: General Discussion'

8.1 Overview of findings

Inflammation is a complex, biological process that occurs following
activation by a noxious stimulus such as tissue injury or infection. Phagocytes are
central effectors in both the induction and resolution of inflammatory programs.
These cells are armed with potent antimicrobial defenses that aid in the clearance
of infiltrating pathogens. They are also capable of producing a wide range of
soluble mediators that instruct and shape downstream responses. However, though
inflammation is generally of benefit to the host, it can also have a high cost
associated with it. This includes collateral tissue damage, septic shock, and
autoimmune diseases (1). As such, various mechanisms have evolved to balance
these responses in order to maximize the host benefit and minimize inflammatory
tissue damage.

The main focus of my Ph.D. was to characterize functional phagocyte
responses that occur at inflammatory sites, where various responses are involved in
the clearance of pathogens, dying or senescent cells, and in tissue repair/ wound
healing. Using an in vitro system for culturing macrophage-lineage cells, I

determined that both goldfish monocytes and macrophages were highly phagocytic

L A portion of this chapter has been previously published:
Rieger AM, Hanington PC, Belosevic M and Barreda DR. 2014. Control of CSF-1
induced inflammation in teleost fish by a soluble form of the CSF-1 receptor. Fish

Shellfish Immunol pii: S1050-4648(14)00105-3.
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(Chapter 3). Both cell types upregulated phagocytic and antimicrobial responses in
a temporal fashion, dependent on the stage of differentiation (Chapter 3). However,
the data presented here suggest that monocytes and macrophages may
preferentially rely on different killing mechanisms: monocytes appear to favor
phagolysosome fusion while macrophages have stronger, more sustained
production of reactive oxygen and nitrogen species (Chapter 3). A similar
dichotomy exists in mammalian macrophage-lineage cells, where it is hypothesized
that maturation of macrophages leads to decreases in lysosomal proteolysis,
allowing for better presentation of antigens (2). My results highlight intrinsic
differences in phagocyte responses are present in teleost fish.

Mammalian macrophages are well known for their roles in both the
induction and resolution of inflammatory responses. Further, mammalian
macrophages are capable of internalizing both pathogenic and homeostatic/self
particles, resulting in activation of vastly different macrophage responses (3, 4). In
Chapter 4, I showed that teleost macrophages, similar to mammalian macrophages,
downregulate inflammatory responses following exposure to apoptotic cells (5).
Internalization of apoptotic cells resulted in decreased ROS production in vitro and
in vivo (Chapter 4). Using a zymosan peritonitis model, I found that apoptotic cells
significantly reduced infiltration of neutrophils, monocytes, and lymphocytes
(Chapter 4). Interestingly, in mice, apoptotic cell addition resulted in a decrease in
only the monocyte and lymphocyte populations, and not the neutrophil subset
(Chapter 4), suggesting a potential role for neutrophils in the resolution of

inflammatory responses. Using a purified inflammatory neutrophil population, I
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found that, in mice, both neutrophils and macrophages were able to internalize
apoptotic cells, resulting in decreased ROS production (Chapter 4). In goldfish,
only macrophages (not neutrophils) were able to internalize apoptotic cells
(Chapter 4).

Early indications suggested that responses to apoptotic cells by goldfish
macrophages were partially mediated by soluble factors (Chapter 4/5).
Interestingly, unlike, mammalian systems, I detected no changes in the levels of
IL-10 and TGF-f (6), suggesting that a different soluble factor may be mediating
these responses (Chapter 5). A candidate molecule was soluble CSF-1R. When
sCSF-1R was originally characterized, the greatest levels of expression were
detected in senescent macrophage cultures, where there are high levels of apoptotic
cells death (7). In addition, the native sCSF-1R protein was detected in goldfish
serum (7), which suggested that this protein might also play a role in systemic
regulation in addition to its role in regulating proliferation within the hematopoietic
compartment. When goldfish macrophages were exposed to apoptotic cells either
in vitro or in vivo, expression of SCSF-1R transcript is greatly increased
(approximately 3-fold) (Chapter 5) (6). In vivo, the expression of SCSF-1R within
peritoneal cells is highest during the resolution of acute peritonitis, peaking after
cellular infiltration when the levels of apoptotic cell death are highest (Chapter 5).
This increase in expression is maintained following resolution of peritonitis
(Chapter 5).

In vitro, addition of recombinant sCSF-1R reduced phagocytic responses,

production of reactive nitrogen and oxygen species, and chemotaxis in
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macrophages activated with either CSF-1 (8) or zymosan (Chapter 5/6) (6). In vivo,
recombinant sCSF-1R exerted a potent downregulatory effect on zymosan-induced
ROS production that is dose dependent (6) and reduces inflammatory ROS
responses to a similar degree as found with apoptotic cells (5) (Chapter 6). I also
found an in vivo reduction in macrophage phagocytic responses that culminates in a
reduced capacity to kill bacteria (4eromonas veronii) (Chapter 6).

Within an inflammatory site, macrophages are known to produce a wide
range of soluble products that are important in recruiting cells and instructing
responses of responding cells. As inflammatory processes resolve, there is a drive
to switch off pro-inflammatory factors while increasing anti-inflammatory factors.
When studying a panel of pro-inflammatory goldfish cytokines, I found that
recombinant sCSF-1R greatly reduced zymosan-induced production of a wide
range of cytokines, including TNF-a 2, IL-1 1 and 2, IFNy and IFNyrel (IFNy-
related), IL12p35, and CSF-1 (Chapter 6). The effects of apoptotic cells appear to
be targeted to a more select group of pro-inflammatory cytokines (TNF-a 2,
[FNyrel, and IL-12p35). Interestingly, while the presence of apoptotic cells induced
a slight increase in IL-10 expression, no change was induced by sCSF-1R (Chapter
6), suggesting that sSCSF-1R may be important in down-regulating inflammatory
processes but may not directly activate anti-inflammatory mechanisms.

In addition to reducing inflammatory macrophage responses, recombinant
sCSF-1R also dramatically decreased zymosan-induced leukocyte infiltration into
the peritoneal cavity (6) (Chapter 6). Interestingly, sCSF-1R appeared to

preferentially affect neutrophil infiltration, since, even at the highest doses of
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recombinant SCSF-1R, lymphocytes and monocytes are present at higher levels
than in control fish (6) (Chapter 6). This is unlike apoptotic cells, which targets the
infiltration of all three leukocyte subsets to a similar extent (5) (Chapter 4). When I
measured the in vivo expression of chemokines by quantitative PCR, I found that
sCSF-1R dramatically reduced levels of CXCL-8, the primary chemokine involved
in neutrophil recruitment, and had only a modest effect on expression of CCL-1,
the recruiter of lymphocytes and monocytes (Chapter 6). Interestingly, the
neutrophils that at still recruited into the inflammatory site maintain their ROS
production capacity in fish injected with sCSF-1R, but not those injected with
apoptotic cells (Chapter 6). However, following injection with sCSF-1R or
apoptotic cells, the recruited neutrophils exhibit a reduced capacity to kill bacteria
(Chapter 6).

Using an Aeromonas model, I found that infection, either natural or
induced, resulted in significant increases in SCSF-1R expression both at the site of
infection and distally in the kidney and spleen (Chapter 7). Interestingly, addition
of sCSF-1R in vitro or intraperitoneally did not reduce Aeromonas-induced
inflammatory responses, namely ROS production and leukocyte infiltration
(Chapter 7). However, I found a significant decrease in kidney cell proliferation
(Chapter 7), suggesting that Aeromonas-induced expression of sSCSF-1R may affect
the hematopoietic compartment, possibly compromising host responses to this
pathogen.

Overall, my data suggests that SCSF-1R is produced at time when either [1.]

CSF-1 production is high or [2.] there are high levels of apoptotic cell death. The
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presence of SCSF-1R then drives the inflammatory process towards resolution by
targeting inflammatory macrophage processes (Figure 8.1). Because of the mode of
action of sSCSF-1R (binding CSF-1 and preventing interaction with membrane
bound CSF-1R), sCSF-1R can only block macrophage actions that require or are
downstream of CSF-1. By understanding the macrophage actions that are
controlled by sCSF-1R, we then not only gain an understanding of the role of
sCSF-1R in macrophage survival, proliferation, differentiation, and regulation of
immunity, we also gain a better appreciation of the varied roles of CSF-1 in
immune processes. My work places CSF-1 as a central component of teleost
inflammatory responses, being important in activating downstream processes that
direct leukocyte responses. As a primary regulator of CSF-1 activity, SCSF-1R has
become integrated at all levels of macrophage actions, from controlling
proliferation and differentiation to inducing the resolution of inflammation, with

the outcomes of its actions extending past macrophages.

8.2 Evolution of inflammatory control mechanisms

Responses to an inflammatory stimulus activate a complex web of
interactions between phagocytes and other immune cells throughout the response,
from induction to resolution (9-13). Apoptotic cell internalization has been
recognized as an important switch between inflammatory and repair programs (4).
All organisms have mechanisms in place to maintain integrity, both structural and
physiologically, following injury or disruption. Tissue repair, wound healing, and

regeneration are necessary for the long-term survival of an organism. It is therefore



323

reasonable to hypothesize that repair mechanisms are evolutionarily ancient. For
my thesis, I have focused on the role of apoptotic cells in downregulating
inflammatory responses. A comprehensive discussion of this can be found in
Chapter 4. This section will focus on outcomes of apoptotic cell phagocytosis
across a range of species, bringing in the impact on inflammatory control where
this is currently known, to gain a wider evolutionary appreciation of this process. A
summary of our current understanding can be found in Figure 8.2.

Genetic studies in Caenhorhabditis elegans have identified two partially
conserved pathways involved in the internalization of apoptotic cells that are
highly conserved (13-16). Interestingly, in C. elegans, apoptotic cells (called “cell
corpses”) are rapidly engulfed by neighboring cells and generally not by
professional phagocytes (17-19). Internalized corpses, similar to mammalian
phagocytes, are enclosed within a phagosome that fuses with lysosomes to form a
phagolysosome (20). In C. elegans, this is dependent on ar/-8§ expression; loss of
function of this gene results in accumulation of cell corpses and decreased
degradation (20). When a pathogen is sensed by C. elegans pattern recognition
receptors, a cascade of inducible defense mediators is initiated, including
antimicrobial peptides, caenopores, lysozymes, lectins, and ROS (21). The
mechanisms induced are pathogen- and tissue specific (21). This split in functions
suggests that phagocytes of C. elegans may not have the capacity to induce
divergent responses to pathogenic or homeostatic particles at the level of a single

cell. This, however, has not been studied yet.
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Drosophila has proven to be a powerful model organism for the study of a
variety of biological processes. Within their immune system, three major types of
hemocytes have been identified: plasmatocytes, crystal cells, and lamellocytes (22,
23). Of these, plasmatocytes are most similar to mammalian phagocytes and are
involved in phagocytosis of invading pathogens, clearance of apoptotic cells, and
tissue repair/wound healing (22, 23). These cells are able to mount a number of
defenses, including production of antimicrobial peptides, nitric oxide, and ROS,
induce blood coagulation, and produce cytokine-like molecules (24-26). Crystal
cells also participate in wound healing, involved in formation of scabs (26). Unlike
C. elegans, phagocytosis of both pathogens and apoptotic cells is carried out by
hemocytes (27, 28). Similar to mammalian macrophages, the recognition and
internalization of apoptotic cells appears to involve phosphatidylserine (29).
Further, current work from the Barreda lab has shown that Drosophila hemocytes
are capable of internalizing bacteria and apoptotic cells at a single cell level
(Wong, M.E., unpublished observation). Functional outcomes of phagocytosis of
both apoptotic cells and pathogenic particles are currently unknown.

Lamprey, along with hagfish, are thought to be the earliest known
vertebrates. Unlike invertebrates, which appear to possess only innate immune
systems, lampreys possess both innate and adaptive immune systems. The lamprey
adaptive immune system, however, is different from that found in higher
vertebrates, consisting of lymphocyte-like cells that express somatically diversified
clonal variable lymphocyte receptors (VLRs) (30). Recent work from the Barreda

lab has shown that lamprey phagocytes are capable of internalizing both pathogenic
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and homeostatic particles (31). Similar to goldfish, internalization of apoptotic cells
significantly reduces ROS production from lamprey phagocytes (31). However,
unlike goldfish, lamprey phagocytes appeared to by pre-disposed to have strong
responses to the internalization of apoptotic cells, and were less responsive to the
presence of zymosan (31). Internalization of a single apoptotic cell by lamprey
phagocytes was able to significantly reduce responses to zymosan, even when 3-
fold more zymosan was internalized (31). In goldfish, a similar downregulation in
responses was only observed when the number of internalized apoptotic cells
outnumbered zymosan 3:1 within an individual phagocyte (31). These data suggest
that a primary method of regulating inflammatory responses in lamprey may be due
to a shift in the balance of pro- and anti-inflammatory responses, with anti-
inflammatory responses being favored.

During my thesis work on goldfish, I found two main mechanisms by which
goldfish appear to regulate inflammatory responses. The first is through the
production of a novel receptor: soluble CSF-1 receptor. This is extensively
discussed in Chapters 5 and 6 and reviewed in Chapter 8, so will not be covered
here. Another mechanism appears to involve leukocyte recruitment. During an
acute peritonitis response, I found that neutrophils were recruited early in the
response, followed by a rapid reduction in neutrophil recruitment. Since goldfish
neutrophils do not appear to reduce inflammatory responses in the presence of
apoptotic cells (Chapter 4), it stands to reason then that reduced recruitment is a

primary mechanism whereby neutrophil inflammatory responses can be controlled.
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Frogs, during metamorphosis, undergo a drastic change, involving significant
amounts of apoptotic cell death in the tail and body muscle. Macrophages are
known to be present in the body and tail muscles during active metamorphosis and
phagocytosis apoptotic muscle cells (32). Frog macrophages are also known to be
highly involved in immune defenses, providing protection against pathogens and
activating adaptive immune defenses (33-35). However, currently no
comprehensive work has studied frog macrophage responses when both apoptotic
cell and pathogenic particles are internalized. Interestingly, in salamanders, it has
recently been shown that infiltration of macrophages into a site of limb
regeneration is essential to the regeneration process (36). Further, the cells
recruited to the site are highly phagocytic (36).

In mice, it has been well documented that internalization of apoptotic cells by
macrophages results in important changes in phenotype- the macrophages decrease
production of pro-inflammatory cytokines and chemokines, reduce production of
inflammatory antimicrobial factors, and increase production of anti-inflammatory
mediators (3, 9, 37-42), thereby promoting the resolution of inflammatory
responses. Classically, neutrophils, due to their vast armamentarium of
antimicrobial defenses and short life span, have been thought to contribute only to
the induction of inflammation and pathogen clearance. It is becoming clear,
however, that they also actively participate in the control of inflammation. As
shown in Chapter 4 and summarized in Figure 8.3, murine neutrophils are able to
internalize apoptotic cells, leading to decreased ROS production (5). This appears

to be a relatively newly evolved feature of neutrophils as it has only been found
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noted so far in murine (5) and human neutrophils (43). Murine neutrophils are also
capable of producing resolution-promoting mediators such as lipoxins from
arachidonic acid, which attenuate inflammatory responses (44). This suggests that,
over evolution, neutrophils have acquired the capacity to aid macrophages in the
resolution of inflammation. This added complexity of phagocyte-mediated
inflammatory control has the potential to increase the efficiency of resolution
responses. However, as systems gain in complexity, there tend to be more points at
which the system can fall apart or lose regulation. Inappropriate regulation of
inflammatory responses, especially during aging, may explain the increase in
diseases of affluence and extended lifespan that have a chronic inflammatory
component such as cardiovascular disease, obesity, neurodegenerative diseases,
and cancer (45-51).

Wound healing and tissue repair are essential for the long-term survival and
growth of an organism. As shown by the candidate species outlined above, there is
a varied array of responses by which phagocytes participate in the process of
wound healing, following the recognition of apoptotic cells. Through evolution,
these responses have become highly integrated and interdependent, leading to
increasing complexity in this process. Further, it is becoming increasingly apparent
that macrophage responses to pathogenic and homeostatic, self particles have been
well conserved across evolution while neutrophils appear to be acquiring a capacity

to actively participate in resolution events over evolution.

8.2.1 Apoptotic cells vs. exosomes
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During the process of apoptosis, cells undergo a number of morphological
changes including cell shrinkage and rounding, chromatin condensation, and
organelle fragmentation (52). The cellular contents are then packaged up into
several vesicles- the apoptotic bodies- that are then phagocytosed (53, 54). In order
to be phagocytosed, these apoptotic bodies are identified by the presence of several
“eat me” signals on the surface (53-55), as discussed in Chapter 1. Apoptotic
bodies are just one type of extracellular vesicle released from the plasma
membrane. Almost all cells release vesicles, also known as exosomes, which have
a variety of physiological effects. It is important to note that the protein and lipid
composition of exosomes is different from apoptotic bodies (56). Exosomes are
derived from the membrane of living cells and contain various molecules,
including adhesion molecules, membrane trafficking molecules, cytoskeleton
molecules, heat shock proteins, cytoplasmic enzymes, signal transduction proteins,
cytokines, chemokines, proteinases, cell-specific antigens, mRNA, non-coding
RNAs, microRNAs, and extra-chromosomal DNA (56). Exosomes are found in
plasma and other body fluids and are important for intercellular communication,
especially within the immune system (56). These vesicles have been shown to
mediate immune stimulation and suppression, and have been implicated in
pathologies from infections, inflammation, and autoimmunity (56). Because they
are derived from living membranes, exosomes are not recognized by the same “eat
me” signals as apoptotic bodies. Further, exosomes tend to be much smaller in size
(30-100 nm vs. 1 um); as such the contents of exosomes tend to enter cells through

either endocytosis or fusing with the plasma membrane (56). Therefore, it is
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unlikely that immune suppression by exosomes or any potential roles of exosomes
in resolving inflammation occur through similar mechanisms induced by apoptotic

cells/bodies.

8.3 Soluble CSF-1R and self-renewing macrophages: potential

for inflammatory control

When originally characterized, soluble CSF-1R was most highly expressed in
progenitor cells and mature macrophages, the two populations in primary kidney
macrophage cultures that are capable of self-renewal (7). While self-renewal is a
common characteristic of progenitor/ hematopoietic stem cells, this feature is
generally lost following terminal differentiation. However, it is becoming
increasingly apparent that self-renewing macrophages exist in mammals, as well as
goldfish. It is now thought that major macrophage populations derived from
embryonic progenitors are able to renew independent of hematopoietic stem cells
and can respond to stimuli indefinitely without loss of functional differentiation
(57). Under homeostatic conditions, self-renewing macrophage populations have a
low level of proliferation (57). Under stress or challenge conditions, an increased
proliferative response is induced (57). This feature appears to be due to a continued
induction of proliferation by CSF-1 in mature macrophages. In non-self renewing
macrophages, CSF-1 generally enhances survival but no longer promotes
proliferation (58). There is a strong phenotypic similarity between self-renewing
macrophages in mammals and mature/ alternative pathway macrophages in

goldfish- both maintain their proliferative capacity and are highly responsive to
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CSF-1 (59). Interestingly, goldfish mature/ alternative pathway macrophages are
also capable of producing CSF-1, in addition to sCSF-1R, allowing these cells to
regulate induction and suppression of proliferative responses (60). It will, then, be
interesting to determine if mammalian self-renewing macrophages have a similar,
self-contained mechanism(s) of regulation.

There is increasing evidence in mammalian literature showing the need for
macrophage proliferation within a site of infection (61-63). Local proliferation of
tissue-resident macrophages is transient and intense, and occurs following
recruitment of inflammation-associated macrophages (61). This proliferative burst
is dependent on CSF-1 (62). Interestingly, it has also been shown that
inflammatory macrophages recruited from bone-marrow precursors are also
capable of proliferation during the resolution phase of inflammation, also in a CSF-
1-dependent manner (62). Based on this, it has been hypothesized that the role of
CSF-1 in the resolution of inflammation is thought be dual: [1.] re-establishing the
tissue resident- macrophage population in a tightly governed manner that is
restricted once normal tissue macrophage numbers has been restored (61); and [2.]
maintaining the continued presence of inflammatory macrophages to control
pathogens or injury (62). The dynamics of proliferation induced by CSF-1 in these
two seemingly opposite types of macrophages is of critical importance, especially
given the strong link to fibrosis (excessive activity of resident tissue
macrophages?) and chronic inflammatory disease (excessive activity of
inflammatory macrophages?). It is interesting to speculate a role of a putative

sCSF-1R in this system, as a potential regulator of proliferation in these disparate
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macrophage populations. Further, it will be of interest to determine if self-renewing
macrophages exist in vivo in goldfish, and what role sCSF-1R has in regulating

both the proliferation and inflammatory responses of this population.

8.4  Aeromonas-driven modulation of the inflammatory

response: implications for host defenses

Aeromonas is a highly virulent pathogen that, depending on the bacterial
species, can infect a range of hosts. In fish, infections are most prominent during
times of stress, including changes in water temperature, water quality or hormone
levels. In humans, infections are most common following traumatic tissue injury or
in immune-compromised individuals. Aeromonas species possess a vast repertoire
of virulence factors and host evasion strategies, which are covered in Chapter 1.
One main protective mechanism appears to be induction of apoptosis in
macrophages (64-66). Inducing apoptosis in members of the myeloid phagocyte
family is a common virulence mechanism of several successful bacterial pathogens
(67-69). When an overwhelming amount of apoptosis occurs at a site of infection,
it is common for non-cleared apoptotic cells to progress to secondary necrosis (70),
especially in the presence of extensive pathogen-induced macrophage apoptosis
(71). Within a site of infection, this is an efficient, self-amplifying mechanism that
benefits the pathogen in two distinct ways: [1.] clearance of macrophages (by
apoptosis) and neutrophils (by secondary necrosis) protects the bacteria from
potent anti-microbial defenses of phagocytes; and [2.] lysis of neutrophils during

secondary necrosis results in release of potent molecules that increase damage and
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contribute to infection associated pathology (71). During an Aeromonas infection,
furunculation coincides with inflammation and large-scale cell death. Interestingly,
there is also a significant increase in SCSF-1R expression (Chapter 7). While this
may be due to the presence of apoptotic cells, its expression may amplify the
protective effects of Aderomonas-induced macrophage apoptosis for the pathogen-
macrophages within site are either undergoing apoptosis or less efficient at
phagocytosing and killing 4Aeromonas due to the effects of SCSF-1R (Chapter 6).
Thus, apoptosis of macrophages is likely highly beneficial to the establishment of
infection and subsequent tissue infection that occurs during furunculation.
Interestingly, I also noted an increase in SCSF-1R expression within the
kidney of infected fish (Chapter 7). This increase likely cannot be explained by
apoptotic cell death. While it is currently unclear what is inducing this increase, the
expression of SCSF-1R within the kidney coincides with a decrease in
hematopoietic proliferation (Chapter 7). Previously, it has been reported that
infection with Aeromonas salmonicida significantly alters the expression patterns
of transcription factors important to myeloid cell development (72). Specifically, it
was found that during infection expression of runx1, cmyb, and egr decreased,
while expression of pu./ and cjun increased (72). RunxI and cmyb are involved in
proliferation and maintenance of progenitor cells (73). Egr and cjun are important
for monocyte/macrophage differentiation (74). Pu.l expression is necessary for
myeloid fate decision (75). It has been hypothesized that these changes may shift
cells within the kidney towards early myeloid committed progenitors, followed by

either an arrest in commitment/progression or mobilization of myeloid cells that
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are not fully differentiated (72). It will be of great interest to determine if
Aeromonas veronii infection also results in changes to transcription factor
expression. Arrest in commitment combined with decreased proliferation may
allow Aeromonas to subvert defenses within the kidney and aid in colonization.
Therefore, it will be interesting to determine if expression of SCSF-1R within the
kidney contributes to Aeromonas colonization through the modulation of

hematopoiesis, thereby subverting host immune responses.

8.5 Future Directions

8.5.1 Neutrophil-driven inflammatory control in goldfish

In Chapter 4, I showed that goldfish neutrophils did not have the capacity to
internalize apoptotic cells. However, neutrophils incubated in the presence of
apoptotic cells produced soluble factors that decreased ROS responses in
monocytes and macrophages. It is currently unknown what these factors are.
Further, though neutrophil recruitment is temporally regulated (in zymosan
peritonitis, occurs between 18-24 hours), the neutrophils that remain within the
peritoneum after this time reduce ROS production while still maintaining
phagocytic responses. The role of these neutrophils remaining within the site is
currently unknown but it is hypothesized that they play a dual role: [1.] aid in
resolution of inflammation through the production of soluble factors, likely lipid
mediators involved in resolution responses, such as lipoxins and resolvins; and [2.]
provide protection against remaining pathogens or secondary infections that may

challenge a host following an inflammatory response. This topic is currently the
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focus of the Ph.D. research of a current Barreda lab student J.J. Havixbeck. I
predict that, even though they lack the capacity to internalize apoptotic cells,
goldfish neutrophils are highly integrated into resolution responses and aid in

repair processes.

8.5.2  Does sCSF-1R promote long-term survival of Aeromonas within host
tissue?

At the end of Chapter 7, I mentioned that fish with Aeromonas infections,
either natural or induced, had significant decreases in proliferation. A next logical
step is to determine if, similar to Aeromonas salmonicida infections, there is a
change in transcription factor expression in Aeromonas veronii infected fish. This
may give an indication as to which progenitor populations are being affected
during an infection. To determine if these changes are due to the infection itself or
to the increase in sCSF-1R expression in the kidney, goldfish will be injected with
recombinant SCSF-1R into the caudal vein. Kidney proliferation and transcription
factor expression can then be analyzed for changes.

Aeromonas salmonicida infections have been shown to result in long-term
infection of several tissues, including the kidney, that can last for up to 2 years. To
determine if sSCSF-1R contributes to survival of Aderomonas veronii in the kidney,
goldfish will be infected using the scale-scraping method. These fish will then be
injected with sCSF-1R or anti-sCSF-1R antibodies early in the infection process
(multiple injections between day 0 and day 7, the day the peak furunculosis).

Colony forming units in the kidney will be determined on various days, from day 0
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to day 56 post-infection (or later). If sSCSF-1R aids in survival, it would be
expected that CFUs of 4eromonas will increase in fish injected with sCSF-1R and
decrease in fish injected with antibodies against SCSF-1R. There is a possibility,
however, that the antibody raised against sSCSF-1R will affect the function of
membrane bound CSF-1R on resident macrophages, impeding the action of
macrophages and aiding in colonization of Aeromonas. These studies are currently
underway in the Barreda lab, being conducted by M.E. Wong. I predict that
Aeromonas co-opts the CSF-1 system to its advantage, essentially inducing a short-
term, localized, pseudo-immunocompromisation necessary for infection. By
inducing high levels of sSCSF-1R expression, Aeromonas effectively decreases the
efficacy and efficiency of macrophage responses and generation, allowing
Aeromonas to gain a foothold and overcome host defenses, leading to long-term
survival within the host. In the absence of such disruption, I believe that

Aeromonas infections would be rapidly cleared by the host.

8.5.3  Detection of sCSF-1R outside of teleosts

To date, sSCSF-1R has only been identified in teleosts- goldfish and zebrafish
(Lund, J.M., M.Sc. thesis 2012). Based analysis of the splice site sequence
variations in the Exon4/Intron4 boundary and the presence of the hydrophilic tail, it
is predicted that sCSF-1R may also exist in Japanese medaka, Xenopus, chicken,
mouse, horse, gorilla, and human (Lund, J.M., M.Sc. thesis 2012). We have
previously attempted to identify native SCSF-1R in mice using RACE-PCR in

basal and LPS injected mice (Rieger, A.M. and Tam, J., unpublished data). These
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attempts identified a potential transcript but this transcript did not have a poly-A
tail. Given the significant increase in SCSF-1R infection induced by Aderomonas, it
may be worth using a murine Aeromonas veronii infection model to hypothetically
increase SCSF-1R expression within the mouse as well. This may aid in detection.
It is also possible that, similar to phagocytic B cells, sSCSF-1R plays a much more
focused role in mammalian compared to piscine immune systems. As such, it is
worth attempting to detect sSCSF-1R within tissues that require specialized
modulation of macrophage responses such as the brain or liver. Once/if sSCSF-1R is
found in mice and a recombinant protein is generated, it will be interesting to
determine if murine sSCSF-1R is also capable of modulating inflammatory
responses or if it plays a more specialized role. I predict that sCSF-1R will have a
limited, highly specialized role in the mammalian immune system. I think it will be
localized to areas with a high density of self-renewing macrophages and will be

involved in regulating the generation of these cells.

8.6 Relevance

8.6.1 To basic biology

Colony stimulating factor-1 is central to a number of processes, including
survival and maintenance of macrophage-lineage cells, and in inflammatory
processes. Through the study of CSF-1 and factors regulating the action of CSF-1
(ie. sCSF-1R), we will gain a better understanding of how the CSF-1 system
induces inflammation and regulates phagocytes throughout an inflammatory

reaction. Further, by studying the actions of CSF-1 from an evolutionary
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perspective, we will gain added information on the highly conserved mechanisms

of CSF-1 action, allowing identification of critical roles of this important cytokine.

8.6.2 To aquaculture

One of the greatest challenges in aquaculture is mass death caused by
infections. Aeromonas infections are commonly associated with mass death
outbreaks. As such, gaining a better understanding of mechanisms of immune
evasion and modulation employed by this pathogen may lead to the development of

novel strategies for disease prevention.

8.6.3 To medicine

Currently, there are a number of therapeutic inhibitors are being developed
against c-fins, or CSF-1R. These include Ki20227 (bone metastasis), GW2580
(rheumatoid arthritis), SB1578 (rheumatoid arthritis), and PLX5622 (rheumatoid
arthritis) (76-79). Other therapeutics targeting the CSF-1 system are being
developed for interventions against infections, other autoimmune disorders, various
cancers, and a range of inflammatory conditions (80). The potential, therefore,
exists that an sCSF-1R-like therapeutic could be beneficial to a range of medically

relevant diseases.

8.7 Summary

The main objective of my Ph.D. was to characterize functional phagocyte

responses that occur at inflammatory sites. I specifically focused on responses that
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occur at the boundary between inflammation and resolution. My research has
expanded our current knowledge of inflammatory control on goldfish and mice,
highlighting important roles for phagocytes in each species. Further, the
identification of sCSF-1R as a central regulator of inflammation in goldfish has
advanced our understanding of the importance of the CSF-1 system in
inflammation and opens the door for potential applications not only to aquaculture,

but to human therapeutics as well.
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Figure 8.1. Summary of roles of CSF-1 and sCSF-1R in homeostasis,
inflammation and the resolution of inflammatory processes.

(A) Within the kidney, the primary hematopoietic organ, a fine balance exists
between CSF-1 (blue circle) and sCSF-1R (blue) to maintain the pool of
progenitors and support differentiation and proliferation of monocytes and
macrophages to meet the demands of the host. Within peripheral tissues, CSF-1
and sCSF-1R maintain tissue macrophages in a homeostatic state. (B) When tissue
macrophages are triggered by an inflammatory stimuli (injury, infection), the
resident tissue macrophage responds by producing increased levels of CSF-1
(blue), as well as a number of pro-inflammatory cytokines (orange circles) and
chemokines (purple circles). The increased expression of CSF-1 feedback on the
macrophage, resulted in the actions listed above. The other inflammatory factors
produced as influence and direct the responses of both the resident tissue
macrophages and the infiltrating leukocytes. (C) As the inflammatory process
continues, the increase in CSF-1 and/or increasing numbers of apoptotic cells
triggers macrophages to produce high levels of sCSF-1R. This results in the
initiation of resolution events, primarily those outlined above. These actions,
however, appear to be targeted largely towards macrophage-lineage cells as other
phagocytes remaining in the site (neutrophils) maintain their capacity to mount
ROS, phagocytic and killing responses. This would allow responses to any
remaining infectious stimuli within the site while still promoting resolution of
inflammation.
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Figure 8.2. Evolution of phagocyte control of inflammation following

internalization of apoptotic cells.

Apoptotic cells are thought to be an important stimulus in the switch between
inflammation and resolution. The ability to recognize and clear apoptotic cells has
been highly conserved across evolution. This figure highlights our current
knowledge of responses to apoptotic cells in an inflammatory site across a range of

species.
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Figure 8.3. Phagocyte-driven control of inflammation by apoptotic cells.

Phagocyte responses are highly integrated throughout an inflammatory response.
This figure summarizes key interactions described in the thesis. In goldfish,
macrophage internalization of apoptotic cells induces a switch in the production of
soluble factors from pro- to anti-inflammatory. Soluble CSF-1R is a primary anti-
inflammatory factor that is upregulated. These soluble factors reduce inflammatory
processes in both macrophages and neutrophils, including ROS production,
phagocytosis, killing of bacteria, and production of inflammatory cytokines and
chemokines. Goldfish neutrophils do not internalize apoptotic cells; however,
neutrophils incubated in the presence of apoptotic cells produce soluble factor(s)
that decrease ROS responses in macrophages, suggesting they may actively
participate in resolution responses. In mice, both macrophages and neutrophils
internalize apoptotic cells, leading to the production of a range of soluble factors
that downregulate macrophage and neutrophil responses.
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Appendix I: Conventional apoptosis assays using
propidium iodide generate a significant number of false

positives that prevent accurate assessment of cell death’

Al.1 Introduction

Propidium iodide (PI) is a widely utilized stain for assessing cell death, for
measuring cell cycling and for determining ploidy in tumor samples. Since the
advent of flow-cytometry based apoptosis assays, PI, in combination with Annexin
V, has been commonly used to distinguish between live, apoptotic and necrotic
cells based on differences in membrane permeability (1, 2). Intact membranes
exclude PI, and thus live and early apoptotic cells are not stained as PI does not
pass through the plasma membrane (1-3). Cells undergoing late apoptosis or
necrosis, however, have changes in the permeability of both the plasma and nuclear
membranes. In late apoptotic cells, increased permeability of nuclear pores allows

even large proteins and complexes to enter the nucleus (4). In necrotic cells,

L A version of this Appendix has been previously published:

Rieger AM, Hall BE, Luong Le T, Schang LM, Barreda DR. 2010. Conventional
apoptosis assays using propidium iodide generate a significant number of false
positives that prevent accurate assessment of cell death. J Immunol Methods 358:
81-92.

Rieger AM, Nelson KL, Konowalchuk JD, Barreda DR. 2011. Modified
AnnexinV/Propidium lodide apoptosis assay for accurate assessment of cell death.

J Vis Exp 50: pii: 2597.
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mitochondrial dysfunction results in the disruption of nuclear membrane integrity
(5). Therefore, in late apoptotic and necrotic cells, PI enters the cell, passes through
the disrupted nuclear membrane and intercalates into DNA, causing red
fluorescence in the nucleus (1-3).

Early studies that precede current flow cytometry-based assays indicated that
PI does not only bind DNA but can intercalate into any double-stranded nucleic
acid in the cell, which includes both DNA and dsRNA (6). For this reason, early
microscopy-based PI staining protocols had an RNase treatment following fixation
to remove RNA and thereby increase the specificity of the PI stain for DNA (6, 7).
This step, however, has been omitted in the vast majority of studies and protocols
of major developers of assays that employ flow cytometry. Since the first
published Annexin V/PI staining protocol in 1995 (2), only 3 of 1019 published
papers using an Annexin V/PI stain have an RNase treatment (8) and the main PI
staining protocols for apoptotic cells, including Current Protocols in Immunology
(9) and those of major developers of flow cytometry applications (e.g. Molecular
Probes, BD Biosciences, eBioscience, Abcam, MBL international, Santa Cruz,
Miltenyi Biotech, Roche Applied Science), do not include an RNase treatment.
This likely stems from a lack of RNase permeability in live cells.

The ImageStream multi-spectral flow cytometer combines features of both
flow cytometry and fluorescence microscopy (10). The ImageStream 100 platform
(Amnis) produces six simultaneous images of each cell and images over 100 cells
per second (11). In an effort to correlate Annexin V/PI staining with morphological

changes associated with apoptotic events, I examined cellular death in a variety of
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primary cells systems and cell lines using an ImageStream multi-spectral flow
cytometer. In this appendix, I show that conventional Annexin V/PI staining results
in a significant number of false positive events that greatly impacts quantification
of cell death. Based on thse findings, I have developed and propose a modified
Annexin V/PI protocol in which cells are fixed at a late stage in the procedure and
RNase treated prior to examination. This greatly reduces the number of false
positive events while having no detectable impact on Annexin V or nuclear PI
stains. The modified protocol described here would be applicable to ImageStream
multi-spectral and conventional flow cytometry applications, as well as microscopy
and microplate-based approaches that historically rely on examination of cellular
death events in unfixed cells. Importantly, these modifications are necessary to
accurately quantify cell death, especially in biological systems where changes in
RNA content could severely impact accurate assessment of cell death. As I show
here, RNA produced during replicative viral infection (DNA or RNA virus) can be
misinterpreted as cell death, leading to a belief that infected cells may actively
induce cell death to contain virus spread. In fact, I found that cell viability levels in
virally infected cells remains high between 6 and 24 hours. This points to an
alternative conclusion: during the initial phase of infection, host defenses are
overcome but cell death is not induced. Instead, high levels of viral RNA likely

serve to produce high titers of infectious viral particles.
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Al.2 Materials and Methods

AlL2.1 Animals

Four-to-six week old C57BL/6 female mice were maintained in a P-2-
specific pathogen-free facility in the Biosciences Animal Services Centre at the
University of Alberta.

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. Unlike its
smaller cyprinid relative, D. rerio, C. auratus provided sufficient numbers of
hematopoietic progenitors necessary for the establishment of in vitro primary
macrophage cultures. Blastoderms were isolated from hatching eggs obtained from
white leghorn hens (Lohmann LSL-Lite) at the Poultry Research Center,
University of Alberta. Weaner pigs were obtained from the Swine Research and
Technology Center, University of Alberta. All animals were maintained in

accordance with the guidelines of the Canadian Council on Animal Care.

AlL2.2 Primary cells

Primary cells from four species were examined to study the relevance of
these findings across a wide range of animal models. Chicken blastodermal cells
were isolated from embryos after 0, 4 or 14 days of storage. Following dissection,
embryonic tissue was trypsin digested for 10 minutes at 37°C. Cells were then

washed and allowed to settle for 2 minutes. The cells were harvested and the
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isolated cells stained. Goldfish (Carassius auratus L.) leukocytes were isolated
from kidneys. Primary kidney macrophages (PKM) were generated by seeding
isolated leukocytes and culturing in 15 mL complete MGFL-15 media (MGFL-15
supplemented with 100 U/mL penicillin, 100 ug/mL streptomycin, 100 ug/mL
gentamicin, 10% newborn calf serum (Gibco) and 5% carp serum) with 5 mL cell-
conditioned media from previous experiments and incubated for 6-9 days at 20°C
(12). Naive C57BL/6 mice were sacrificed by cervical dislocation and their spleens
were harvested. Spleen tissue was passed through a tissue screen and allowed to
settle for 2 minutes. The cells were harvested and washed once in PBS™ (no
calcium, no magnesium) and treated with ACK lysing buffer (Lonza) for 1 minute
at room temperature. Cells were washed once in complete DMEM media (DMEM,
100 U/mL penicillin, 100 ug/mL streptomycin, 10% fetal calf serum; all from
Gibco) and cultured at 37°C/5% CO, for 24 hours. Spleen and lung tissues isolated
from weaner pigs were diced into 1 cm” pieces and passed through a tissue screen
in homogenizing solution (100 U/mL penicillin, 100 ug/mL streptomycin and 0.1%
heparin in DMEM). The tissue was allowed to settle and the supernatant is
transferred to a 51% Percoll (GE Healthcare Life Sciences) gradient and spun for
25 minutes at 300 x g at 4°C. The interface between the solution and the pellet was
collected in washed twice in complete DMEM media. Cells were then cultured for
24 hours in complete DMEM media to allow adherence of macrophage
populations. After 24 hours, culture plates were washed with PBS™* to remove all
non-adherent cells. The remaining adherent cell population (> 90% macrophages)

was cultured for another 24 hours in complete DMEM media.
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AlL2.3 Cell lines

Jurkat T cells were cultured in RPMI 1640 supplemented with 100 U/mL
penicillin, 100 ug/mL streptomycin, 10% fetal calf serum, 1 mM sodium pyruvate,
and 1x non-essential amino acids (all from Gibco). RAW 264.7 macrophage cells
were cultured in complete DMEM media. Cell lines were cultured at 37°C/5% CO,
and passaged every 3-4 days. RAW and Jurkat cells were treated with 10 ug/mL

cycloheximide (Sigma) for 24 hours prior to propidium iodide staining to induce

cell death.

AlL2.4 Nuclear stains
AL2.4.1  BrdU staining
Cells were incubated with 10 uM bromodeoxyuridine (5-bromo-2-
deoxyuridine, BrdU) (BD Biosciences) for 18 hours. Cells were subsequently
harvested, washed twice in PBS'/', and fixed with 1% formaldehyde on ice for 10
minutes. Cells were then stained following the manufacturer’s protocol (BD

Biosciences).

AL2.4.2  Propidium iodide staining
Following BrdU staining, cells were washed twice in PBS™ and re-suspended
at 2x10” cells/mL. 100 uL (2x10° cells) were transferred to 500 uL siliconized
polypropylene tubes. Propidium iodide (Sigma) was then added at a final

concentration of 1 ug/mL and cells were incubated for another 15 minutes at room
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temperature. To ensure that false positives were not due to a specific lot of the
reagent, PI staining was compared between two unique lots of PI purchased from

two major distributors - Sigma and Molecular Probes (Invitrogen).

AL2.4.3  DAPI staining
Following PI staining, cells were washed once with PBS™ and re-suspended
in 100 uL of 1 ug/mL 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen) in PBS™.
Cells were incubated for 15 minutes at room temperature. Following DAPI

staining, cells were washed twice with PBS™ and re-suspended in 60 uL PBS™".

AL2.4.4  DRAQS staining
Cells were stained with a 1:600 dilution of DRAQS5 (Biostatus). Cells were
subsequently incubated at room temperature for a minimum of 5 minutes before

acquisition.

AlL2.5 RNase treatment to remove false positive events

Fixed and unfixed cells were treated with 0 ug/mL or 50 ug/mL (equivalent
to 4 units of activity) DNase-free RNase A (Sigma) for 15 minutes at 37°C. Cells
were then washed once with 1xPBS™ (centrifuge 393 x g for 10 minutes at 4°C)

and stained with PI as outlined above.

AlL.2.6 Modified Annexin V/PI staining protocol to reduce false positive

events
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Cells were harvested and washed once with PBS™ and once with 1x Annexin
V binding buffer (BD Biosciences). Cells were re-suspended at a final
concentration of 2x10” cell/mL and 100 uL (2x10° cells) was transferred into a 500
uL siliconized polypropylene tube. Annexin V-Alexa Fluor 488 (Molecular
Probes) was added at a 1:20 dilution and cells were incubated for 15 minutes at
room temperature. Following this, PI was added at a final concentration of 1
ug/mL and cells were stained for a further 15 minutes at room temperature. After
staining, cells were washed twice with PBS™ and fixed with 1% formaldehyde for
10 minutes on ice. Following fixation, cells were washed twice with 1xPBS™
(centrifuge 393 x g for 10 minutes at 4°C) and treated with 50 ug/mL DNase-free
RNase for 15 minutes at 37°C. Cells were then washed once with 1xPBS™
(centrifuge 393 x g for 10 minutes at 4°C), stained with DRAQS (1:600 final
concentration) and were then analyzed by an ImageStream multi-spectral flow

cytometer (Amnis).

AlL2.7 Viral infection

African green monkey (Vero) cells were maintained in DMEM supplemented
with 50 U/mL penicillin, 50 pg/mL streptomycin, and 5% fetal calf serum (all from
Gibco). Cells were infected with 5 plaque-forming units (PFU) per cell of herpes
simplex virus type-1 (HSV-1) or vesicular stomatitis virus (VSV) (multiplicity of
infection- MOI 5). Mock-infected cells were used to control for normal cell death.

Cycloheximide treated cells were used to control for cell death with no viral

infection. Cells were harvested at 6 and 24 hours (HSV-1) or 6 and 16 hours (VSV)
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and stained using the conventional (-RNase) or modified (+RNase) AnnexinV/PI
protocols. To ensure that the additional steps in the modified protocol (fixation,
incubation and washes) did not skew the results, the samples stained with the
conventional protocol were treated the same but received PBS during the RNase
incubation step. Data was then acquired using a FACSCalibur (Becton Dickson)
and an ImageStream multispectral flow cytometer (Amnis) and were analyzed as

described below.

AlL2.8 Acquisition and analysis- ImageStream

Cell imagery was acquired using an ImageStream multi-spectral imaging
flow cytometer (Amnis Corporation). Classifiers were set to eliminate cell debris
and clusters prior to data acquisition based on low and high bright field area,
respectively (11). After acquisition, a compensation matrix was applied to all data
to correct for spectral overlap.

All analyses were completed on a population of spectrally compensated,
single, focused cells. Using analysis features available in IDEAS® (Image Data
Exploration and Analysis Software, Amnis Corporation), a mask was applied to
determine the nuclear area based on DAPI, BrdU and DRAQS staining (11). Using
this mask, the similarity feature was then applied to calculate the degree of
localization of PI stain to the nucleus. Cells with a high degree of similarity
between PI stain and the defined nuclear area were characterized as ‘true-positive’
PI stained cells. Cells with a low degree of similarity (PI stain largely outside of

the nuclear region) were classified as ‘false-positive’ PI stained cells. For further
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description of ImageStream technology and analysis features, refer to Zuba-Surma

et al. (2007).

AL2.9 Acquisition and analysis- flow cytometry

Flow cytometry data was acquired on a FACSCalibur (Becton Dickson) and
analyzed using FCS express. Debris were eliminated by gating based on FSC-H
and SSC-H parameters. Cell death was then analyzed based on the intensity of
FL1-H (AnnexinV) and FL2-H (PI). Gates were defined based on differences in

fluorescence levels between experimental and non-infected controls.

AL2.10 Statistics
GraphPad Prism software was used to determine the significance between
control and experimental groups by paired Student’s t-test. Probability level of P <

0.05 was considered significant.

AlL3 Results

AlL3.1 Propidium iodide stains outside of the nuclear area in fixed cells.
Primary cells and cell lines were harvested, fixed and stained with DAPI,
BrdU FITC, PI and DRAQS, using standard protocols, to compare nuclear staining
patterns (Figure Al.1). While DAPI, BrdU FITC and DRAQS all had a high degree
of similarity in nuclear staining patterns, PI showed a significantly broader staining
pattern that included marked staining of the cytoplasmic compartment. This pattern

of staining was verified using a Zeiss LSM 510 laser scanning confocal
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microscope. Using this microscope, I found that the majority of cells exhibited
strong cytoplasmic staining by PI at both 40x and 63x magnification (Figure Al.1
D, E).

Since DAPI, BrdU and DRAQS had a high degree in similarity with respect
to nuclear staining patterns, I chose to use DRAQS as the nuclear stain for the
remainder of the experiments as it has been previously reported that DRAQS
staining correlates very well with PI staining (13). Furthermore, DRAQS is highly
membrane permeable (14), allowing for rapid nuclear staining of both live and
dead cells (15). In contrast, BrdU only stains proliferating cells making it less
amenable for this application. Finally, DRAQS5 can be excited by either 488 nm
and 658 nm lasers (13) making it compatible with the optics of benchtop flow
cytometers and non-UV laser scanning confocal microscopes (16). In contrast,
compatibility of DAPI staining tends to be restricted by a requirement for optics
not commonly found in these systems.

Results from the ImageStream multi-spectral imaging flow cytometer and
laser scanning confocal microscope led us to classify PI stained cells as “true-
positive” or “false-positive” based on distinct staining parameters within nuclear
and cytoplasmic compartments (Figure AL.2). To ensure that false positives were
not due to a specific lot of the reagent, PI staining was compared between two
unique lots of PI purchased from Sigma-Aldrich and Molecular Probes-Invitrogen.

No difference was found in the staining patterns derived from these two PI stains.
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AlL3.2 False positive PI staining is detected in both unfixed primary cells and
cell lines.

Propidium iodide has become a popular stain for assessing membrane
integrity, thereby aiding in studies of viability in unfixed cells. While cytoplasmic
staining of PI has been documented in fixed cells (17), this pattern of PI staining
has not been studied in unfixed cells. Since PI positivity in apoptosis / necrosis
assays is based upon nuclear DNA PI staining (18-20), false positive cytoplasmic
PI staining would greatly affect the accuracy of quantifying cell viability. Primary
cells and cells lines were harvested and stained with PI and DRAQS5 to determine
the degree of similarity between the two stains in unfixed cells. Gating on the
population of PI+/DRAQS5+ cells, I used the similarity feature to determine the
degree of similarity between PI and DRAQS stains in goldfish primary kidney
macrophages (Figure AL.3 A). I found that there was a sizable proportion of falsely
stained PI positive in these cells, as well as in all unfixed primary cells and cell
lines tested (Figure AlL.3 B).

I examined and present data derived from cells isolated from a broad range of
animal species that span across teleost fish, avian and mammalian animal models.
The percentage of false positive PI stained cells was greater in primary cells than in
the cell lines tested, ranging from 3-40% in primary cells compared 1-3% in cells
lines (Figure AL.3 C). For primary cell preparations there were generally two
distinct cell populations, ‘small cells’ and ‘large cells’ (Figure Al.4 A). Small cells
were classified based on a nuclear: cytoplasmic ratio of greater than 0.5 while the

large cells were classified based on a nuclear: cytoplasmic ratio of less than 0.5.
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The false PI staining was much more pronounced in cells with a nuclear:
cytoplasmic ratio less than 0.5 (Figure Al.1 B). I believe that this is associated
with a lower limit in the capacity to detect cytoplasmic PI staining in cells with
small cytoplasmic compartments, rather than an intrinsic inability of these cells to

exhibit cytoplasmic PI staining.

AlL3.3 RNase removes false positive staining but only in fixed cells.

Previous work using microscopy has shown that RNase treatment in fixed
cells prior to PI staining greatly reduces cytoplasmic PI staining (17). To determine
the effect that RNase treatment had on false PI staining for unfixed cells, cells were
treated for 15 minutes at 37°C with 50 ug/mL (4U) DNase-free RNase A. RNase A
was added prior to PI staining. In all primary cells and cell lines tested, RNase
treatment had no significant effect on the percentage of false positive PI events
(Figure ALS5 A). Furthermore, morphological examination showed that RNase
treatment on unfixed cells did not decrease the intensity of the false cytoplasmic
stain (Figure AL.5 B). However, when cells were fixed prior to RNase treatment,
the percentage of false positive PI events was significantly reduced (Figure AIS
O). It is likely that the increased membrane permeabilization that results from
fixation allows RNase to pass through the cell membrane thereby increasing its

capacity to target cytoplasmic RNA.

AlL3.4 Modified Annexin V/PI protocol significantly reduces the number of

false positive PI events.
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Annexin V and PI are commonly used stains to determine cell viability as
they allow discrimination between live, apoptotic, and necrotic cells (3). However,
current Annexin V/PI protocols fail to remove false positive PI staining associated
with RNA staining in the cytoplasmic compartment. This presents a particularly
relevant problem for flow cytometry applications, which unlike ImageStream and
microscopy-based assays lack the spatial resolution to discriminate between
different subcellular compartments. This results in a significant overestimation of
the number of PI positive events, and thus late apoptotic and necrotic events. I
therefore propose a modification to the current Annexin V/PI protocol. Following
staining with Annexin V and PI as described previously (2), cells are fixed with 1%
formaldehyde to 10 minutes on ice. This fixation protocol increases plasma
membrane permeability thereby promoting RNase A entry. This step, however,
must be completed after staining and thorough removal of excess stain to prevent
entry of unbound stain into cells. Following fixation, cells are treated with DNase-
free RNase A for 15 minutes at 37°C. I found that this combination of incubation
time and temperature optimally removes false positive staining across the broad
range of primary cells and cell lines observed in this study. Results using this
modified protocol are shown for representative cell types in Figure AL.6 A.
Importantly, this modified protocol has no adverse effect on Annexin V staining or
nuclear PI staining (Figure AIL.6 B, C). Inclusion of these steps in conventional
Annexin V /PI staining protocols results in significant reduction of false positive

events and greatly improves the accuracy of cell death measurements.
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AL3.5 Virus infection increases dsRNA content in cells and is detected as cell
death

I have shown here that false positive propidium iodide staining occurs in
resting cells from species as diverse as mice and teleost fish. Since false positive PI
staining is due to RNA, I hypothesized that the number of false positive events
would be further exacerbated in cells that undergo increased RNA production. This
could potentially compromise conclusions stemming from any cellular system
where levels of RNA change at the time of analysis. Virally infected cells represent
a common biological system in which apoptosis is studied and in which cellular
RNA content is increased due to viral replication. To study the effects of
replicative viral infection on the detection of true cell death, Vero cells were
infected with an RNA virus, vesicular stomatitis virus (VSV) or a DNA virus,
herpes simplex virus type-1 (HSV-1). Cell death was then assayed using the
conventional (-RNase) and modified (+RNase) Annexin V/PI protocols. Results
using the conventional AnnexinV/PI protocol indicated that infection with either
VSV or HSV-1 led to an increase in cellular death. Other authors have speculated
that this may represent an effective host defense mechanism designed to slow down
viral spread by decreasing the number of cells that can yield de novo viral particles
(21, 22). However, my results indicate that viral infection leads to a high
percentage of false positive PI events in these cells, and that this is associated with
PI-mediated staining of cytoplasmic viral RNA (Figure AL.6 D). The levels were
highest at 6 hours, the time with the highest levels of viral replication. The

percentage of cytoplasmic PI staining was greatly reduced with the modified
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(+RNase) protocol. Overall, these results support an alternative conclusion: during
the initial phase of infection viruses overcome existing host defenses, and
effectively increase cytoplasmic RNA that likely serves as a platform for de novo
production of infectious viral particles. Further, viral infection does not lead to

induction of cellular death.

AL3.6 Modified protocol allows multivariate dissection of cellular processes.
Current Annexin V/ PI protocols require that cells be analyzed shortly after
staining because the cells are unfixed. With this modified Annexin V/ PI protocol,
cells can be stored at 4°C for up to 7 days and can also be stained with various
intracellular markers, allowing further dissection of cellular processes during death.
This opens the door for multivariate analysis of cellular processes (Figure AL7).
RAW cells were stained with the modified Annexin V/ PI protocol following two-
hour stimulation with 250 ng/mL E. coli LPS (Invitrogen). After fixation and
RNase treatment, cells were permeabilized and stained with NF-kB to examine the
state of activation in live, early apoptotic, late apoptotic and necrotic cells, as
measured by the degree of NF-kB translocation. I have found that the subsequent
staining steps have no impact on Annexin V and PI staining as the percent gated
cells in each quadrant does not significantly change following permeabilization and
NF-«B staining. Adding this extra dimension to current Annexin V/ PI apoptosis
assays will enable comprehensive analysis of live, early apoptotic, late apoptotic

and necrotic cell individual populations previous limited to whole cell populations.
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Al.4 Discussion

Propidium iodide is one of the most commonly used dyes for the quantitative
assessment of DNA content and for determination of cell viability (23). In this
appendix, I have shown that PI staining results in a sizable proportion of false
positive events- up to 40%- in both primary cells and cell lines. The percent of
false positive events were particularly prominent in primary cells. While RNase
treatment significantly decreased the degree of false positive staining in fixed cells,
it had no effect on false positive staining in unfixed cells. Thus, it required
modification of conventional Annexin V/PI staining protocols and optimization of
the methodology to ensure that it will be amenable to a broad range of cell types
and several animal models currently used in the field today. Further, removal of PI
false positive staining needed to maintain integrity of the parallel Annexin V stain.
To achieve this I determined the optimal concentration of RNase, incubation time
and temperature to maximally remove false positive PI staining with no effect on
Annexin V staining. Finally, I applied this modified protocol to study apoptosis in
a system with high levels of RNA- virally infected cells. I have shown here that, in
virally infected cells, RNase treatment significantly reduces levels of cytoplasmic
PI staining, indicating that in the absence of RNase treatment, PI staining is due to
virally produced RNA and not cell death.

The nucleic acid composition of cells typically consists of DNA, ssRNA and
dsRNA. PI has been shown to intercalate into double-stranded regions of helical
nucleic acids, which includes both DNA and dsRNA (6). While most studies have

focused on the DNA binding properties of PI, some studies have exploited the
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binding capacity of PI to study dsRNA content in DNase-treated cells (24). These
studies have shown that, under basal conditions, cells normally have low dsRNA
content, with bone marrow primary cells and certain neoplastic cell lines (HeLa,
L1210, HL60, ARH-77) generally having higher dsSRNA content compared to other
primary/ non-neoplastic cells (24, 25). This would lead to differential false
positives across different cell types, consistent with results presented in this
manuscript. Based on these studies it is likely that the majority of false positive
events are resulting from cytoplasmic staining of dSRNA. Importantly, cellular
activation and proliferation led to an increase in dsSRNA abundance within the
cytoplasmic compartment (24-26). As such, it is likely that false positive events are
more prominent in activated and/or cycling cells, thus falsely increasing the
relative gap in cell death events between activated and non-activated groups.

False positive, cytoplasmic PI staining has been previously documented by
confocal microscopy on ethanol fixed tissue sections (17, 27). In the absence of
RNase treatment, both the cytoplasm and nucleus stained with PI (17, 27). This has
likely been overlooked in assays with unfixed cells as cytoplasmic PI staining was
thought to occur only in fixed cells (28). The assumption that unfixed cells would
not exhibit false positive cytoplasmic staining was supported by early flow
cytometry data showing that RNase treatment of unfixed cells has no effect on the
intensity of PI staining (7). However, as I have shown here, this observation was
not due to a lack of false positive staining but, instead, because RNase is unable to
cross the membrane of unfixed cells. Based on my work, it is clear that cytoplasmic

RNA staining does occur in conventional Annexin V/PI staining protocols.
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However, cells must be fixed prior to RNase treatment in order for RNase to pass
through the membrane and degrade cytoplasmic RNA. For those studies
employing conventional Annexin V/PI staining protocols, failure to remove
cytoplasmic RNA has likely led to varying degrees of false positives, depending on
the cell model used, and an overestimation of late apoptotic and/or necrotic events.
More critically, my findings have important ramifications for studies that examine
events in cellular models experiencing changes in RNA content. As I have shown,
virally infected cells, for example, are qualified as undergoing cellular death in
response to infection when conventional Annexin V/PI staining protocols are used;
in fact, these cells are alive and actively producing viral dsSRNA that can serve to
produce additional infectious viral particles.

Importantly, these ramifications go beyond the viral infection example that I
describe, and would be relevant to any cellular system where changes in RNA,
especially dsRNA, occur during examination of cellular death events. Among
others, these include cells undergoing genotoxic stress (29, 30), cells treated with
cell cycle arrest drugs such as thymidine or hydroxyurea (25, 31), neoplastic tissue
(31) or studies on embryonic cells where developmental progression is
characterized by discrete changes in cellular RNA synthesis (32). The potential
impact of this is shown in a recent study by Mansilla et al (2006). In this study,
breast cancer cell lines were treated with two cell cycle arrest drugs and cell death
was assayed with a conventional AnnexinV/PI assay and by caspase activation. It
was concluded that the drugs induced necrotic type cell despite identification of

caspase induction, which is generally associated with apoptosis (33). It is possible
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that PI-mediated staining of RNA may have led to under-estimation of early
apoptotic cells, which may be more consistent with the parallel caspase activation
events observed. Thus, the findings presented in this appendix could have
significant implications in the design, testing and use of cancer therapeutics, as
necrosis and apoptosis are known to have divergent pro-inflammatory outcomes.
Using ImageStream technology, I have shown here that current apoptosis
assays using PI are likely overestimating the amount of cell death due to false
positive PI staining. While these false positive events can be detected by
ImageStream analysis software and removed from subsequent analyses, this is not
possible by standard flow cytometry. Overall, my work emphasizes the importance
of addressing cytoplasmic RNA staining in those cells being examined for
apoptosis and necrotic events using Annexin V/PI staining. The modified protocol
that I propose increases the overall specificity of PI staining and does not
compromise Annexin V or nuclear DNA staining. As such, it will allow for more
accurate quantification of cell death across several platforms available today such
as conventional flow cytometry. Notably, this protocol is amenable to multivariate
analysis of cellular death mechanisms, setting the stage for more in depth
characterization of cellular death programs. Among others, this could allow for
characterization of important mediators such as cytochrome c, Bax, Bcl-2, or
activated caspases in mixed live, apoptotic and necrotic populations. Parallel
characterization of downstream events could also take advantage of existing

intracellular cytokine stains and activation markers. These analyses will provide
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detailed information in particular populations of cells and will open avenues for

comprehensive analysis of mechanisms of cell death.

AlLS Protocol

This procedure can be performed in 500 pL siliconized tubes or 6 mL polystyrene
round-bottom FACS tubes. The latter is normally used when carrying out viability
analysis in conjunction with other procedures. All volumes given are for 6 mL
polystyrene round-bottom FACS tubes. For 500 pL siliconized tubes, reduce all

volumes by 1/5.

The optimum concentration for flow cytometry analysis is 2-4 x 10° cells per 200
uL volume. Cell loss may result from this procedure and thus we recommend that

each sample consist of 4 x 10° cells at the start of the procedure.

1. Cell Preparation

1. Harvest cells - refer to specific procedures for corresponding cell lines or
primary cell isolations.

2. Centrifuge samples at 311 x g for 10 minutes at 4°C and decant the
supernatant.

3. Resuspend cells in 2 mL 1 x phosphate buffered saline (PBS) ” (no
calcium, no magnesium).

4. Centrifuge samples at 311 x g for 10 minutes at 4°C and decant the
supernatant.

5. Resuspend cells in 1 mL 1 x Annexin V binding buffer.
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6. Centrifuge samples at 311 x g for 10 minutes at 4°C and decant the
supernatant.

7. Resuspend cells in 100 pL 1 x Annexin V binding buffer.

2. Application of Annexin V/ PI Stain

1. Add Annexin V according to the manufacturer's recommendations [e.g. 5
uL Annexin V Alexa Fluor 488 (Molecular Probes, A13201)].

2. Incubate tubes in the dark for 15 minutes at room temperature.

3. Add 100 pL of 1 x Annexin V binding buffer to each reaction tube. There
should be approximately 200 pL in each tube.

4. Add 4 pL of PI (Sigma, Cat# P-4864-10ML) that has been diluted 1:10 in 1
x Annexin V binding buffer (i.e. 1 pL PI with 9 pL 1 x Annexin V binding
buffer). This will yield a final PI concentration of 2 pg/mL in each sample.

5. Incubate tubes in the dark for 15 minutes at room temperature.

6. Add 500 puL 1 x Annexin V binding buffer to wash the cells.

7. Centrifuge samples at 311 x g for 10 minutes at 4°C and decant the
supernatant.

8. Resuspend cells in 500 pL 1 x Annexin V binding buffer and 500 puL 2%
formaldehyde to create a 1% formaldehyde (fixative) solution. Mix tubes
by gentle flicking.

9. Fix samples on ice for 10 minutes. Alternatively, samples can be stored

overnight at 4°C in the dark. If the latter method is chosen, make sure to be
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consistent across all tubes labeled with Annexin V/PI (including
compensation controls).

Add 1 mL 1 x PBS™ to each sample and mix gently by flicking.
Centrifuge tubes at 393 x g for 10 minutes at 4°C and decant the
supernatant.

Repeat steps 2.10 and 2.11.

Resuspend pellet by flicking the tube.

Add 16 pL of 1:100 diluted RNase A (Sigma, R4642) to give a final
concentration of 50 pg/mL. Incubate for 15 min at 37°C.

Add 1 mL 1 x PBS” and mix gently by flicking.

Centrifuge tubes at 393 x g for 10 minutes at 4°C.

Samples are now ready to be analyzed. Alternatively, samples can be used
for subsequent staining steps if Annexin/PI staining is being performed in

parallel with other procedures.
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Figure Al.1. Propidium iodide stains outside of the nuclear area.

(A-C) RAW cells were stained with DAPI, BrdU FITC, PI and DRAQS in order to
compare nuclear staining patterns and imagery was acquired using an
ImageStream multi-spectral flow cytometer. All imagery was collected using 40X
magnification. Two independent experiments examined 10,000 cells. (A) Using
the similarity feature (refer to Materials and Methods for description of analysis),
the degree of similarity between nuclear stains was determined. Purple line:
similarity between DAPI and DRAQS; green line: similarity between DAPI and
BrdU FITC; red histogram: similarity between DAPI and PI. The low similarity
between DAPI and PI indicates that PI stains the cytoplasm as well as the nucleus.
(B) Representative images showing the high degree of similarity between DAPI
and DRAQS. (C) Representative images showing the low degree of similarity
between PI and other nuclear stains. (D, E) RAW cells (n=2) were stained with
DAPI and PI and imaged using a Zeiss LSM 510 laser scanning confocal
microscope to examine correlation with ImageStream results. Images were
acquired at 40x/1.3 (F-Fluar lens) (D) and 63x/1.4 (Plan Apochromat lens) (E).
Images were acquired at room temperature in Fluoromount G imaging media
(Southern Biotech) with a Zeiss LSM510 camera. Data was acquired and analyzed
using Zen software. Propidium iodide staining was detectable in the cytoplasm at
both levels of magnification.
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True positive:
exact overlap
between DRAQS5
and PIl. No
cytoplasmic
staining

Overlap between
DRAQS5 and PI.
Pl may stain
additional
cellular areas

No overlap
between DRAQ5
and PI. Discrete

Pl staining
outside DRAQ5-
defined nucleus

No overlap
between DRAQ5
and Pl. Pl staining
throughout
cytoplasm but not
DRAQS5-defined
nucleus

True positive

False positive

Figure Al.2. Classification of true and false positive propidium iodide staining

patterns.

True positive stained cells are defined as having overlap between PI and DRAQS
in the nuclear region. In some cases, there may be stain of additional cellular areas.
False positive stained cells are classified as having no overlap between PI and
DRAQS. PI staining may be in discrete locations outside the DRAQS defined
nucleus or throughout the cytoplasm.
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Figure AL3. Primary cells and cell lines exhibit false-positive PI staining.

Primary cells and cell lines were harvested and stained with propidium iodide and
DRAQS. Primary cells included chicken blastodermal cells, goldfish primary
kidney macrophages (PKM), porcine lung macrophages, porcine spleen
macrophages murine splenocytes and bone marrow (BM) macrophages. Cell lines
included human Jurkat T-cells and murine RAW macrophages. Imagery was
acquired by an ImageStream multi-spectral imaging flow cytometer. (A)
Representative analysis shows procedure for classification of primary kidney
macrophage cells into true positive (R4) and false positive (R5) populations. Using
a mask that highlighted the nuclear area, based on the pixel intensity of the
DRAQS stain (refer to Materials and Methods for description of masking strategy),
the degree of colocalization between DRAQS5 and PI was determined. (B) All cell
types tested exhibited false positive PI staining to varying degrees. To allow for
easier visual determination of PI and DRAQ5 colocalization, the DRAQS stain
was given a green pseudocolour. Areas where PI and DRAQS colocalize appear
yellow. Cells with a high degree of colocalization were characterized as true
positive. Cells with a low degree of colocalization were characterized as false
positive. Chicken blastodermal cells, n=5; goldfish PKM, n=3; porcine lung and
spleen macrophages, n=3; murine splenocytes and bone marrow (BM)
macrophages, n=2; Jurkat T-cells, n=3; RAW macrophages, n=3; error bars show
SEM.
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Figure Al.4. False PI stain is more readily detected in large cells with a
nuclear: cytoplasmic ratio less than 0.5.

(A) Gated single cell populations of single cells could be divided further into small
cells (pink) and large cells (blue). Small cells were classified as having a nuclear:
cytoplasmic ratio greater than 0.5. Large cells were classified as having a nuclear:
cytoplasmic ratio less than 0.5. (B) In primary cells, large cells had a greater
percentage of false positive PI events compared to small cells. Cell lines were not
sub-divided as cells were homogenous in size. Chicken blastodermal cells, n=5;
goldfish PKM, n=3; porcine lung and spleen macrophages, n=3; murine
splenocytes and bone marrow (BM) macrophages, n=2; error bars show SEM.
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Figure ALS. RNase treatment decreases false positive PI stain on fixed cells
but not in unfixed cells.

(A) Chicken blastodermal cells, goldfish primary kidney macrophages (PKM),
murine splenocytes, porcine lung macrophages, porcine spleen macrophages,
Jurkat T-cells and RAW macrophages were harvested and treated +/- 50 ug/mL
DNase-free RNase for 15 minutes prior to propidium iodide and DRAQS staining.
Imagery was acquired by an ImageStream multi-spectral imaging flow cytometer
equipped with 488nm and 658nm lasers. The percentage of true- and false-positive
PI events was calculated by determining the degree of colocalization between
DRAQS and PI. RNase treatment did not decrease the percentage of false positive
PI stains in unfixed cells. Chicken blastoderm, n=4; goldfish PKM, n=3; murine
splenocytes, n=2; porcine lung and spleen macrophages, n=3; Jurkat T-cells, n=3;
RAW macrophages, n=3; error bars show SEM. (B) Representative figures from
fixed and unfixed goldfish primary kidney macrophage cells treated +/- 50 ug/mL
DNase-free RNase for 15 minutes prior to PI and DRAQS staining. (C) Unfixed
cells continue to stain non-nuclear areas following RNase treatment. In contrast,
RNase treatment of fixed cells removes cytoplasmic RNA staining. Goldfish
primary kidney macrophages (PKM), Jurkat T-cells and RAW macrophage cells
were harvested and fixed with 1% formaldehyde. Cells were then washed and
treated +/- 50 ug/mL DNase-free RNase for 15 minutes prior to PI and DRAQS
staining. Imagery was acquired by an ImageStream multi-spectral imaging flow
cytometer. The percentage of true- and false-positive PI events was calculated by
determining the degree of colocalization between DRAQS5 and PI. RNase
treatment significantly decreased the percentage of false positive PI stains in
goldfish PKM and RAW. n=2, *p<0.05; error bars show SEM.
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Figure Al.6. Modified Annexin V/PI protocol significantly reduces false
positive PI staining while not affecting Annexin V or nuclear PI staining.

(A) Goldfish PKM, murine bone marrow macrophages and RAW cells were
stained with Annexin V and PI using a standard protocol. Cells were then fixed
with 1% formaldehyde and treated +/- 50 ug/mL DNase-free RNase for 15
minutes according to the modified protocol. Imagery was then acquired using an
ImageStream multispectral flow cytometer. RNase treatment significantly reduces
the percentage of false positive PI events; n=3, *p<0.05; error bars show SEM. (B)
Scatterplots depicting Annexin V/PI stain of goldfish PKM. Following RNase
treatment, there was a decrease in the percentage of PI+ cells due to removal of
false positive events. Note: the decrease in false positive events is shown in the
context of the whole population of cells (PI+ and PI-). (C) Representative images
of goldfish PKM, murine bone marrow macrophages and RAW cells stained using
the modified Annexin V/PI protocol. Using this protocol, cytoplasmic PI staining
is reduced while intensity/ pattern of Annexin V stain is unchanged. (D) Vero cells
were infected with VSV or HSV-1 with a multiplicity of infection of 5. Cells were
harvested at the indicated time points and stained using either the conventional
AnnexinV/PI protocol (-RNase) or with the modified AnnexinV/PI protocol
(+RNase). Viral infection increases the number of false positive PI events
detected. Treatment with RNase greatly reduces the percentage of cells with
cytoplasmic PI staining.
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Figure AL.7. Modified protocol allows further analysis of apoptotic and
necrotic populations.

RAW cells were stimulated with 250 ng/mL E. coli LPS for 2 hours. Cells were
stained using the modified AnnexinV/ PI protocol. Following fixation and RNase
treatment, cells were permeabilized for 10 minutes on ice with 0.1% saponin
buffer and then stained with NFkB primary antibody followed by goat- anti-rabbit
R-PE secondary antibody. Imagery was then acquired using an ImageStream
multi-spectral flow cytometer. (A) Using the modified protocol, cellular activation
(NFKkB translocation) was studied in live, early apoptotic, necrotic and late
apoptotic populations. We found a higher degree of NFkB translocation in early
apoptotic cells than live cells. Cell counts in necrotic and late apoptotic
populations were too low to analyze. (B) Representative images of NFkB
translocated and untransloacted cells from live (top) and early apoptotic cells
(bottom).
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Appendix II: X-FISH: the use of RNA-based probes in
flow cytometry for differentiating cellular populations

based on RNA expression patterns

All.1 Introduction

Fluorescent in situ hybridization (FISH) allows detection of nucleic acid
(both RNA and DNA) within tissues and cells. FISH has proven to be a very useful
technique in the detection of mRNA expression (1), viral RNA (2, 3), telomere
length determination (4), and studies of gene expression (5). While FISH is
conventionally used to study expression in cells or tissues fixed on slides, this
technique has been adapted to study hybridization by flow cytometry (flow-FISH)
(6), a powerful technique for the detection and quantification of mRNA within cell
populations (7-10). This technique has also been recently used to study gene
expression within bacteria and viruses (11, 12). However, due to the time
consuming nature of the technique, the limitations in sensitivity and resolution, the
difficulty in maintaining cellular morphology following the required fixation steps,
and issues of probe design and stability (13, 14), flow-FISH is infrequently utilized
in eukaryotic cells compared to other techniques to study mRNA (e.g. real-time
PCR).

One of the greatest challenges in comparative immunology is the lack of
specific antibodies to differentiate between subpopulations of cells. While
morphological and functional features can be used to differentiate cells, further

characterization of subpopulations using unique markers has been limited. Teleost
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fish, being the earliest known vertebrate to have both an innate and adaptive
immune system, are a commonly used model in comparative immunology studies.
While teleost fish have been shown to possess the main immune cells that are
characteristic of mammalian systems (15), further sub-typing of these cells has not
been possible due to a lack of reagents. As such, there is currently a great deal of
interest in finding unique markers to differentiate between various leukocyte
populations.

Previous studies with goldfish macrophages have identified a number of
genes by PCR that are differentially expressed in the three distinct macrophage
subpopulations (16-21). However, all of these studies have been performed using
cell lysates of sorted populations. The protocol developed herein utilizes RNA-
based markers to differentiate between leukocyte populations in mixed cultures.
Importantly, this is accomplished while still maintaining cellular morphology. This
technique can be applied to any cellular system to allow sensitive and specific
detection of mRNA species that are differentially expressed- in cellular subsets,
over time, following activation or following any treatment that affects expression.
Using this technique, cells are studied as single events, allowing for robust

statistical analyses not possible in lysate-based detection methods.

All.2 Materials and Methods

AlL2.1 Animals
Goldfish (Carassius auratus L.) 10-15 cm in length were purchased from

Mount Parnell (Mercersburg, PA) and maintained in the Aquatic Facility of the
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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. All
animals were maintained according to the guidelines of the Canadian Council on
Animal Care. The University of Alberta Animal Care and Use Committee

approved all protocols.

AlIL2.2 Cell lines

RAW 264.7 macrophage cells and COS-1 wild type cells were cultured in
complete DMEM media (DMEM supplemented with 10% heat-inactivated fetal
bovine serum, 100 U/mL penicillin, and 100 pg/mL streptomycin). Thp-1 and
U937 cells were cultured in complete RPMI 1640 media (RPMI, supplemented
with 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin). Cell lines were cultured at 37°C/5% CO, and passaged every 3-4

days.

AllL2.3 Goldfish primary kidney macrophage cultures

Primary kidney macrophages (PKM) were generated by seeding isolated
leukocytes and culturing in 15 mL complete MGFL-15 media (MGFL-15
supplemented with 100 U/mL penicillin, 100 pg/mL streptomycin, 100 pg/mL
gentamicin, 10% newborn calf serum (Gibco) and 5% carp serum) with 5 mL cell-
conditioned media from previous experiments and incubated for 6-9 days at 20°C

(22, 23).
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AllL2.4 cDNA synthesis

RNA was extracted from cultured cells using an RNeasy Mini kit (Qiagen).
TURBO DNA-free (Ambion) was used to remove any remaining contaminating
genomic DNA from the isolated RNA. First strand synthesis was completed using
the Clontech SMARTScribe protocol. In brief, 2 pg of RNA was incubated with 20
uM CDS poly T primer and 5” oligo at 72°C for 3 minutes. 5X first-strand buffer,
dNTPs (Invitrogen), DDT and reverse transcriptase (Clontech) were then added
and the reaction was incubated at 42°C for 60 minutes. Heating at 70°C for 15
minutes terminated the reaction. Second strand synthesis was completed using Taq:

Pfu with 20 uM 5” PCR primer.

AllL2.5 PCR amplification of genes of interest and cloning

Refer to Table AIl.1 for all primer sequences. Primers were designed to
amplify B-actin, FcyRlIla, legumain, CD63, tumor necrosis factor (TNF)-al
(goldfish), TNF-a (mouse) and interleukin (IL)-12p40. Optimal length of inserts
for generating probes was found to be between 400-700 base pairs. Genes were
elongated at 52.5°C for 1.5 minutes for 35 cycles and run on a 1% agarose gel.
Bands were extracted and purified using QIAquick gel extraction kit (Qiagen).
Purified PCR products were cloned into pCRII-TOPO, following the
manufacturer’s directions (Invitrogen). TOP10 competent cells (Invitrogen) were
incubated with the TOPO cloning reaction for 5 minutes on ice to transform cells.
Cells were then plated directly onto pre-warmed LB-ampicillin plates (100 pg/mL)

and incubated over night at 37°C.
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AllL2.6 Identification of positive clones

Colonies were picked from LB-ampicillin plates and PCR was preformed
using M 13 forward and reverse primers (vector based). Plasmids were purified
from positive clones using QIAprep Spin Miniprep kit (Qiagen) and sequenced
using BigDye (Applied Biosystems) to confirm the insert and to determine the

orientation of the insert.

AllL2.7 Probe synthesis

Purified plasmids from positive clones were digested with BamHI for 1 hour
at 37°C to linearize plasmids. Linear plasmids were purified using a PCR
purification kit (Qiagen). 1 pg of linear template plasmid was then incubated with
T7 RNA polymerase in the presence of 25 mM RNA label mix (fluorescein-UTP:
Roche; biotin-CTP: Invitrogen; digoxigenin-UTP: Roche) and 0.1M dithiothreitol
(DTT) for 2 hours at 37°C. Probe size was verified by running on a 1% agarose gel

with RiboRuler High Range RNA ladder (Fermentas).

AllL2.8 Hybridization

Cells were harvested and fixed with 2% formaldehyde overnight at 4°C. Cells
were then spun down and resuspended in 70% ethanol and incubated for 15
minutes at room temperature. After washing in incomplete media (centrifuge 393 x
g for 10 minutes at 4°C), cells were resuspended in 20 mM Tris-HCI/ 2 mM CacCl,

(pH 7.5) and treated with proteinase K (1 mg/mL, Sigma) for 7.5 minutes at room
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temperature. Cells were then re-fixed in 2% formaldehyde for 10 minutes at 4°C
and centrifuged at 393 x g for 10 minutes at 4°C. Cells were resuspended in a mix
of formamide and 20X SSC (2:1) and 100 pL was aliquoted into 5 mL round
bottom polypropylene tubes containing 400 pL hybridization buffer (5X SSC, 50%
formamide, 10 mg/mL sheared salmon sperm DNA, 0.1% Tween-20 and 0.5%
SDS) and probes. Tubes were mixed thoroughly and incubated in a 60°C water
bath for 4 hours, with occasional mixing. After 4 hours, excess hybridization buffer
without probe was added to each tube to remove unbound probe and cells were
incubated further for 45 minutes at 60°C. Cells were then washed once in 2X SSC
followed by 0.1X SSC (centrifuge 393 x g for 10 minutes at 4°C). Cells were then
washed twice in 1x PBS™ (centrifuge 393 x g for 10 minutes at 4°C) and
resuspended in 1xPBS™/ 2% newborn calf serum (Gibco) for staining. Samples can
also be resuspended in 2% formaldehyde and stored at 4°C overnight prior to

washes and staining.

AlIL2.9 Detection and analysis

Hybridized cells were stained with streptavidin-PE (Invitrogen) or
streptavidin-DyLight405 (Jackson ImmunoResearch Laboratories; to detect biotin-
CTP labeled probes) and/or anti-FITC IgG1 DyLight488 (Jackson
ImmunoResearch Laboratories; to detect fluorescein-UTP labeled probes) and/or
anti-digoxigenin (Roche) followed by anti-mouse IgG1 (BD BioSciences; to detect
digoxigenin-UTP probes) for 30 minutes at room temperature. Cells were then

washed twice with 1xPBS™/ 2% newborn calf serum (centrifuge 393 x g for 10
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minutes at 4°C) and data was acquired using an ImageStream multi-spectral flow
cytometer (Amnis) or FACSCanto II (BD Biosciences). Hybridization was
analyzed based on fluorescence intensity using IDEAS 4.0 software (Amnis),
FACSDiva (BD Biosciences) or FCS Express 3.0. Statistics were done using a two-

tailed Students’ T test (Prism).

AlIlL2.10 Intracellular cytokine staining
Cells were activated in the presence of GolgiPlug (BD BioSciences).

Following activation, cells were fixed with 2% formaldehyde at 4°C for a
minimum for 10 minutes. Cells were then washed twice with 1X PBS™ containing
2% calf serum (centrifuge 393 x g for 10 minutes at 4°C). Cells were then
permeabilized with 0.1% saponin in 1X PBS™ containing 2% calf serum on ice for
20 minutes. Anti-TNF-a-PE (BD BioSciences) was then added for 30 minutes.
Cells were then washed 3 times with saponin buffer (centrifuge 393 x g for 10

minutes at 4°C).

AlIL3 Results

AIL3.1. X-FISH detects specific RNA species within the cytoplasm.
Fluorescent in situ hybridization is a robust technique for the detection of
nucleic acids within tissues and cells. Though most FISH assays have focused on
microscopy-based readouts, recent protocols have adapted this technique for use in
flow cytometry. Because of the lack of protein-based markers and the wealth of

information on gene expression in comparative immunology systems, I sought to
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test the efficacy of FISH in providing unique markers for subpopulations of
immune cells. To this end, I created a flow cytometry-based FISH that detects
RNA with a high level of specificity and sensitivity in cells with minimal effect of
cellular morphology.

In order to optimize the X-FISH assay, I designed probes for B-actin, a
ubiquitously expressed gene. This probe was used in COS-1 cells, which have a
large cytoplasmic area, giving an increased area for hybridization, as well as a good
indication of the effect that the hybridization protocol has on cell morphology.
COS-1 cells were hybridized with either sense or anti-sense B-actin probes (Figure
AlL1 A and B). The sense probe served as a control to determine the level of
background fluorescence due to unhybridized probe not removed by washes. As a
control to show specificity of the probe for RNA, COS-1 cells were also pretreated
with RNase A (equivalent 4 units of activity) for 15 minutes at room temperature.
Hybridization with an anti-sense -actin probe (binds complementary sense mRNA
within the cell) resulted in a significant shift in fluorescence compared to both
streptavidin alone or hybridization with a sense probe (95% vs. 3% and 6%,
respectively; Figure AIl.1 A). When cells are pretreated with RNase A, the level of
fluorescence is dramatically reduced (8%), showing that the detected fluorescence
is due to RNA hybridization. Importantly, using the protocol described here,
sensitive hybridization is accomplished while cell morphology is maintained
(Figure AIL.1 B). This is necessary to detect a strong signal within the cytoplasmic
compartment. As expected, the B-actin signal is localized throughout the cytoplasm

in a disperse pattern.
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As a next step, | wanted to ensure that this protocol was amenable to use in
immune cells and could specifically discriminate between cells that had
differentially expressed genes. To this end, I designed sense and anti-sense probes
to FcyRlIla, an Fc-receptor expressed on human but not murine leukocytes. These
probes were used to stain three myeloid cell lines: human Thp-1 and U937
monocytes and murine RAW 264.7 macrophages. As expected, I saw a significant
shift in fluorescence with the anti-sense probes in the Thp-1 and U937 cell lines
(Figure AIL.1 C). The murine RAW 264.7 cells displayed no difference in

fluorescence between sense and anti-sense probes.

AlIlL3.2 RNA probes match expression patterns of antibody markers.

An important criterion for this protocol is to possess a similar robustness in
detection as is present for protein-based markers. As such, I wanted to test this
protocol with a gene expressed in low quantities and compare this to the expression
detected with an antibody to the same molecule. To this end, I activated RAW
264.7 macrophages with LPS or PMA over a 24-hour period and used both X-FISH
and intracellular cytokine staining to measure TNF-a expression (Figure AIL.2 A). 1
found similar levels of expression and kinetics of upregulation with both
techniques, showing that X-FISH is not only able to detect RNA species that
expressed at a low level, but is also able to sensitively detect subtle changes in
expression following activation. Further, I found no difference in the staining

pattern with TNF-a antibodies when the stain was done separately or in
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conjunction with the X-FISH protocol, suggesting that these two techniques may

be combined so long as the antibody epitope is unchanged by the fixation steps.

AlL3.3 X-FISH can distinguish between cells in mixed populations and
measure changes in activation in each subpopulation.

As a final step, I wanted to test the protocol on primary cells, as primary cells
are known to be generally much more sensitive and less amenable to manipulation
compared to cell lines. For this, I employed a well-studied teleost primary
macrophage culture — goldfish primary kidney macrophage cells (PKMs). It has
been previously shown by PCR that the three subpopulations within these cultures
(early progenitors, monocytes and mature macrophage) have distinct expression
patterns of certain markers (21). To test this protocol, I selected CD63, a marker of
monocytes, and legumain, a marker of mature macrophages. Using the X-FISH
protocol, I probed PKMs that had been incubated with fluorescent zymosan with
probes against legumain, CD63 and TNF-al. I found that TNF-al was expressed to
a significantly higher degree in cells that had internalized zymosan compared to
cells that had not (Figure AIL.2B). This occurred in both legumain+ mature
macrophages and CD63+ monocytes. Similar to cell lines, I noticed no negative

impact of the X-FISH protocol on primary goldfish macrophage cells.

All.4. Discussion

Fluorescent in situ hybridization is a powerful technique for detecting nucleic

acids within cells or whole tissue mounts. The protocol described here adapts this
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process for use on cells in suspension and provides sensitive detection of RNA
species while maintaining cellular morphology. Further, this technique can be
applied to both cell lines and primary cells and can be used across a range of
species.

There are a number of challenges associated with FISH assays, the most
prominent being the ability to detect a signal with a high signal: noise ratio. The
majority of background fluorescence with this technique is associated with
unbound probe that remains within the cells following washes (24). As such,
stringent washing protocols must be followed to remove unbound probe (24). In
this assay, have developed here, I detected little fluorescence due to either unbound
probe or non-specific staining with the secondary detection antibodies.

Another common challenge with in sifu hybridization is optimizing fixation
and permeabilization steps to avoid loss of cell morphology as well as to minimize
any effects that these steps may have on signal levels and integrity of organelles
(25). I found that the fixation and permeabilization steps outlined here had minimal
effect on the nuclear: cytoplasmic ratios while still providing strong signal
detection. This was true for not only cell lines, but primary cells as well.
Maintaining the cytoplasmic size is of critical importance as loss of cytoplasm will
significantly reduce the ability to detect hybridization, especially in cells such as
leukocytes that may have a small nuclear: cytoplasmic ratio. Lastly, target
accessibility presents a unique challenge. Within cells, RNA molecules have

complex secondary structures and associated proteins that may mask or outcompete
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probe binding sites (14). As such, it may be necessary design, synthesize and test
multiple probes to select the best target probe (14).

While there may be many challenges associated with in situ hybridization, I
have been able to overcome the main challenges through optimization of the X-
FISH protocol. As such, X-FISH appears to hold significant potential in creating
probes to differentiate between cell populations in the absence of specific protein-
based markers. This technique may also be complexed with certain antibodies to
provide an added layer investigation. Finally, X-FISH can be applied to any cell or
tissue, irrespective of species or origin. As such, is can be easily applied to and
transferred across many different comparative immunology model systems, filling
a void until protein-based markers become available. Finally, as a testament to the
importance of this technique across a wide range of disciplines, there are now
multiple companies with commercial products similar to the technique described in

this Appendix (Stellaris, EMD Millipore, eBioscience).

AlIlL.5. Protocol

1. PCR of desired insert and ligation into vector
1. Follow established lab protocols for PCR of the gene of interest.
2. Excise band from gel and follow gel purification protocol in Qiagen kit.
3. Insert into TOPO TA cloning vector and transform bacteria, following the
recommended protocol outlined by Invitrogen.

4. TIsolate plasmid by mini-prep, following the Qiagen protocol.
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2. Linearize plasmid
1. Digest plasmid with BamHI (cuts on opposite side of insert from T7)-
Incubate in water bath at 37°C for 1 hour
2. Reaction mix:
Plasmid (~5ug)
2 uL 10x REact 3 buffer
3 uL BamHI
x- L nf-H,0 (to 20uL final volume)
3. Incubate in water bath at 37°C for 1 hour
4. Purify linearized plasmid using Qiagen PCR purification kit, following

manufacturers protocol.

3. Make RNA probe
1. Reaction mix:
11 pL linear plasmid DNA
2 uL biotin-14-CTP mix (or fluorescein-12-UTP)
- Biotin-CTP (Invitrogen; cat #: 19519-016): Add 10mM
biotin-14-CTP to 10mM dNTP mix (Invitrogen; cat #:
18109-07) in equal volume
- Fluorescein-12-UTP (Roche, cat #: 11685619910): Use
stock solution
2 uL T7 RNA polymerase (Invitrogen, cat #: 18033-019)

4 uL 5x reaction buffer (comes with T7)
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1 uL 0.1M DTT (comes with T7)
= Final volume 20uL/ reaction
Incubate in water bath at 37°C for 2 hours
Run on 1% agarose gel to ensure probe is present (use 5 uL. RNA MW

marker- tube in use at -20°C; store rest at -80°C)

4. Hybridization

1.

2.

Fix cells overnight in 2% formaldehyde
Spin down (centrifuge 393 x g for 10 minutes at 4°C))
Resuspend in 1 mL 70% EtOH made with nuclease-free water and incubate
15 minutes at room temperature
Add incomplete media (PBS™ does not work well) and centrifuge at 393 x
g for 10 minutes at 4°C
Resuspend in 300 pL of 20mM Tris-HC1/2mM CaCl,/pH 7.5 + 0.5mg/mL
proteinase K (Sigma, cat #: P2308-10MG) and incubate 7 minutes at room
temperature (timing may vary with different cells)
- Tris/CaCl, buffer (10 mL 1M Tris-HCI, pH 7.5; 1 mL IM CaCly;
top up to 500 mL with DEPC H,0)
- Dilute proteinase K 1:20 (10 mg/mL stock)
Fix in 2% formaldehyde for 10 minutes and centrifuge at 393 x g for 10

minutes at 4°C
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Resuspend cells in a 100 pL 1:2 ratio of 20X SSC (87.65 g NaCl/ 44.1 g
Na-citrate (Sigma; cat #: S1804-1KG) in 500 mL nuclease-free H,O) and
formamide (Fisher Scientific; cat #: BP227-500)
Add 400 pL hybridization buffer
- Hybridization buffer:
1 mL sheared salmon sperm DNA (Ambion; AM9680)
1 OmL formamide
5mL 20X SSC
200 puL Tween-20 (Fisher Scientific, cat #: BP337-500)
0.1 g SDS
4 mL DEPC water
- Add 1-2 pL probes/tube (depending on concentration) directly to
tubes and mix well
Incubate in water bath at 60°C (may vary for different probes) for 4 hours;
flick every 30-60 minutes
Add 1 mL hybridization buffer to each tube, mix and incubate 45 minutes
as above
Centrifuge at 393 x g for 10 minutes at 4°C
Resuspend in 2x SSC, mix well, spin down (centrifuge at 393 x g for 10
minutes at 4°C)
Resuspend in 0.1X SSC, mix well, spin down (centrifuge at 393 x g for 10

minutes at 4°C)
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14. Resuspend in 1x PBS™(or can store overnight in incomplete media but not
PBS)
15. Spin down (centrifuge at 393 x g for 10 minutes at 4°C) and wash in 1x
PBS”
16. Add secondary antibody
o Streptavidin-PE (Invitrogen; cat # SA1004-1 OR Jackson, cat #:
016-100-084): 1 in 50 (use with biotin-14-CTP)
o Anti-fluorescein- DyLight 488 (Jackson, cat #: 200-482-037):
1 in 50 (use with fluorescein-12-UTP)
17. Incubate 30 minutes at room temperature in the dark
18. Wash 2x with PBS™ (centrifuge at 393 x g for 10 minutes at 4°C)

19.  Acquire using a flow cytometer
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Figure AIIL.1. X-FISH detects RNA expression in the cytoplasm specifically and
sensitively.

(A) COS-1 cells were fixed and hybridized with a probe against B-actin. Cells
stained with secondary alone or sense (control) probe show limited fluorescence.
Cells probed with an anti-sense probe show intense staining that is removed with
RNase treatment, showing specificity for RNA. (B) Images acquired from an
ImageStream imaging flow cytometer show B-actin signal in COS-1 cells throughout
the cytoplasm. Cytoplasmic fluorescence is lost following RNase treatment. It is also
important to note that COS-1 cells maintain a normal morphological appearance. (C)
Macrophage cells lines were stained with sense or anti-sense probes against FcyRlIla,
an Fc-receptor expressed on human but not murine leukocytes. Expression was
detected in Thp-1 and U937 human monocyte cell line but not in RAW 264.7
murine macrophage, showing specificity of probes to target RNA.
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Figure AIL2. X-FISH detects changes in cytokine expression following
activation in specific cell subpopulations.

(A) RAW 264.7 macrophages were activated with LPS for 0-24 h. Cells were then
harvested and fixed and TNF-o with either an RNA based probe using the X-FISH
protocol or with an antibody through intracellular cytokine staining. Probe and
antibody showed similar patterns of staining. n=4; **p<0.01; error bars show SEM.
(B) Goldfish primary kidney macrophages were incubated with fluorescent zymosan
for 2 h. Cells were then fixed and probed with legumain, CD63 and TNF-al probes.
Both legumain+ mature macrophages and CD63+ monocytes significantly increased
TNF-al expression following internalization of zymosan. n=4; **p<0.01; error bars
show SEM.
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Table AIL.1. Primer sequences.

Primer Sequence 5' to 3'

CDS poly T AAG CAG TGG TAT CAA CGC AGA GTATT
5' oligo AAG CAG TGG TAT CAA CGC AGA GTA CG
B-actin fwd ACG TTG CTA TCC AGG CTG TGC TAT
B-actin rev GCA ATC AAA GTC CTC GGC CAC ATT
FeyRlIla fwd CTC GAC AAG CTG CTC CCC CAA AG
FcyRlIla rev AAT TAC AGG ATC AGT GGA ATT GGC

TNF-a (mouse) fwd
TNF-a (mouse) rev

CTC CCT CTC ATC AGT TCT ATG G
GAA AGG TCT GAA GGT AGG AAGG

Legumain fwd
Legumain rev

TGT CGT TGC CTG TGA TTA CTG AA
CCT GGT ATC CTC CCT GAC ACA

CD63 fwd
CD63 rev

CGA CAC CTC AGC CAT CAT CA
TGG CAC AGA GAT ATA CAG GAT GA

TNF-al (goldfish) fwd
TNF-al (goldfish) rev

CCT TTA CTG GAG AAA GGA CC
GAA GAA GGT CTT TCC GTT GTC G

IL-12p40 fwd
IL-12p40 rev

CAA CAG TGA GGG ATC CTA CC
TTG CAG AAT TCA TCC CTG GC

M13 fwd
M13 rev

GTA AAACGA CGGCCAG
ACC AGC TAT GAC CAT GAT TAC
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