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ABSTRACT 

The innate immune response is a fundamental defense mechanism in bony fishes 

and a crucial component of innate immunity is the acute phase response (APR). The APR 

is a systemic and/or local response to any injury, infection, or trauma and is characterized 

by a change in the blood composition of acute phase proteins (APPs). In both veterinary 

and human medicine, APPs are well characterized, however the functional significance of 

fish APP orthologs has not been fully elucidated.  

My master’s research focused on the immunological interactions between T. 

carassii and its goldfish host with a focus on the APR. The gene expression profile of 

several APPs in the kidney, liver and spleen of T. carassii infected goldfish was 

examined during the acute and chronic phases of infection. The genes encoding for C-

reactive Protein (CRP) and Serum Amyloid A (SAA) were highly expressed in the tissues 

of goldfish during the course of T. carassii infection. Consequently, recombinant goldfish 

CRP and SAA were generated and functionally characterized.  

Recombinant goldfish CRP (rgfCRP) enhanced complement-mediated killing of 

trypanosomes in vitro, and the lysis of the parasites was enhanced after addition of 

immune serum to cultures. rgfCRP did not affect the production of reactive oxygen and 

nitrogen intermediates by monocytes and macrophages, respectively. Furthermore, unlike 

mammalian recombinant CRP, rgfCRP did not act as an opsonin to enhance phagocytosis 

of T. carassii by macrophages.  

Recombinant goldfish SAA (rgSAA) treated monocytes and macrophages 

exhibited differential gene expression of select immune genes. rgSAA induced gene 
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expression of both pro-inflammatory (TNFα1, TNFα2) and anti-inflammatory cytokines 

(IL-10, TGFβ) in monocytes, and IL-1β1 and SAA gene expression macrophages. rgSAA 

was chemotactic to macrophages and neutrophils, but not monocytes. rgSAA had no 

effect on respiratory burst in monocytes, however, it suppressed nitric oxide production 

in macrophages exposed to heat-killed Aeromonas salmonicida. rgSAA displayed 

antibacterial properties against Escherichia coli in a concentration dependent manner. 

The results of my thesis research present the first comprehensive analysis of the 

acute phase response during the course of a protozoan infection of bony fish. 

Additionally, it also presents a first comprehensive analysis of two major acute phase 

proteins, CRP and SAA, in bony fish. 



	   iv	  

PREFACE 

This thesis is the original work by Nikolina Kovacevic and conducted under the 

supervision of Miodrag Belosevic. The research project, of which this thesis is a part, 

received ethics approval from the University of Alberta Research Ethics Board, Project 

entitled “Innate Immunity in Bony Fish”, protocol # AUP00000069.  The animals in this 

study were kept in the research facility according to guidelines set by Canadian Council 

of Animal Care (CCAC). 

Portions of Chapter 4 and 5 and Chapter 6 of this thesis have been published or 

are in review.  The published manuscript is:  Kovacevic, N., Hagen, M.O., Xie, J., and 

Belosevic M. 2015. “The analysis of the acute phase response during the course of 

Trypanosoma carassii infection in the goldfish (Carassius auratus L.)”. Developmental 

and Comparative Immunology vol. 53, issue 1, 112-122.  The submitted manuscript is: 

Kovacevic, N., and Belosevic, M. 2015. “Molecular and functional characterization of 

goldfish (Carassius auratus L.) serum amyloid A”. Fish & Shellfish Immunology (in 

review) (Chapter 6 of the thesis).  

The research presented in this thesis represents the first comprehensive analysis of 

the acute phase response during the course of infection of bony fish with a protozoan 

parasite.  It is also the first comprehensive analysis of the molecular and functional 

responses of major acute phase proteins, C-reactive protein and serum amyloid A. I was 

responsible for data collection, analysis and writing of the manuscripts. Hagen, M.O. 

assisted in parasite infections and collection of tissue samples and Xie, J. assisted with 

collection of immune cell populations for use in quantitative-PCR analysis. Belosevic M. 

was the supervisory author and involved in formation of concepts and writing of the 

manuscripts. 
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CHAPTER 1 

GENERAL INTRODUCTION AND OBJECTIVES 

1.0 Introduction 

The innate immune response is a fundamental defense mechanism in all animals, 

playing a critical role in rapid recognition and initiation of antimicrobial defense towards 

infiltrating pathogens [1]. Acute phase response (APR) during early infection involves 

the synthesis of acute phase proteins (APPs), known to play a crucial role in immune 

processes and pathogen elimination in higher vertebrates [2,3]. A large repertoire of 

APPs exists, which work in concert to modulate immune responses and inflammation, 

and aid in the recovery and repair of damaged tissue [3]. In human and veterinary 

medicine, APPs are well characterized and are currently used as a diagnostic and 

prognostic tool for assessment of infection and inflammation [4,5]. However, in fish the 

functional significance of APP orthologs has not been fully established.  

In aquaculture settings, where fish are in overcrowded and stressful conditions, 

infectious diseases cause devastating economic losses [6]. Research has focused on 

prevention and treatment of infectious diseases, however the latter has become 

inconsequential as government approval for therapeutics is difficult to obtain. Therefore, 

elucidating fish defense mechanisms has become the focus of research in fish. In contrast 

to bacterial and viral infections, parasitic infections are more difficult to diagnose due to 

lack of specific diagnostic tools [7]. Adapting parasites to laboratory models is a difficult 

task, further limiting the knowledge of innate immune responses during parasitic 

infections [8].  

Our laboratory has developed a natural host-parasite model system that is be used to 

assess numerous parameters of this relationship. Trypanosoma carassii is an extracellular 

protozoan parasite with a wide host range and ability to infect a variety of economically 

important fish [9]. Infection with T. carassii results in significant morbidity and mortality, 

especially in aquaculture setting, where prevalence of infection can reach 100% [10]. 

Despite its high prevalence, little is known about the innate defense mechanism to T. 
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carassii in bony fish. T. carassii is a naturally occurring parasite in goldfish (Carassius 

auratus L.), making this fish species an excellent model to study interactions. There are 

several advantages for using goldfish.  They include: (1) goldfish are hardy and relatively 

inexpensive; (2) well-characterized immune cell in vitro cultivation system; (3) 

availability of immunological reagents; and (4) T. carassii can be cultured in vitro and 

subsequently be used to infect fish in vivo [9,11,12]. 

My thesis research focused on the characterization of the acute phase response 

(APR) of goldfish infected with T. carassii. This knowledge of host defense can be 

applied to optimize innate immune response against fish pathogens. In addition, it may 

enable the development and design of diagnostic tools for identification of not only 

pathogens, but also assays for the assessment of immunotoxcity due to exposure to 

chemical pollutants in the environment. 

1.1 Objective of the Thesis 

 The goal of my thesis research is to investigate the immunological interactions 

between T. carassii and goldfish, with a focus on the fish APR. The main objective of my 

thesis was characterize the APR of the goldfish during the course of infection with T. 

carassii. The specific aims to my research project were to (a) Identify prominent acute 

phase proteins (APPs) during the course of T. carassii infection by examining changes in 

the gene expression; and (b) To clone, express and functionally characterize C-reactive 

protein (CRP) and serum amyloid A (SAA). 

 

1.2 Outline of thesis 

 This thesis is comprised of 7 chapters. Chapter 2 is a literature review 

summarizing innate immunity in fish with an emphasis on current knowledge of the acute 

phase response and acute phase proteins, and their role in trypanosome infections. 

Chapter 3 contains detailed materials and methods I used throughout my thesis research. 

Chapters 4 to 6 contain research findings of my thesis research, and Chapter 7 is a 

general discussion of research findings presented in the thesis.   
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CHAPTER 2 

 LITERATURE REVIEW 

2.0 Introduction 

The immune system in vertebrates is divided into two branches: innate and 

acquired/adaptive immune responses [13]. The innate immune responses plays a critical 

role in rapid recognition and initiation of antimicrobial defense towards a broad-spectrum 

of infiltrating pathogens or internal stimuli, whereas the main features of the adaptive 

immune system involve immunological memory, and generation of specific antibodies to 

“non-self”, modified “self”, and pathogen-derived molecules [1,14]. This literature 

review focuses on the innate immunity of fish with a specific focus on the acute phase 

response (APR) of vertebrates and APR in trypanosome infections. 

 

2.1 Innate Immunity in Fish 

The innate immune system is comprised of three main components: physical 

barriers, cellular factors and soluble factors.  

2.1.1 Physical Barriers 

Physical barriers include the epithelial and mucosal barrier of the integument of 

the fish (skin, gills and gastrointestinal tract).  

Lying at the interface between fish and surrounding water is the skin. The skin of 

fish has a unique structure, differing from mammals, and is composed of living, non-

keratinized epidermal cells [15]. Mechanisms such as wound repair are accelerated in fish 

compared to humans, and is attributed to migratory abilities of epithelial cells from the 

periphery over the surface wound, providing a mechanical barrier against opportunistic 

infections [16,17]. Migrating epithelial cells, which are analogous to resident dendritic 

cells are also capable of phagocytosis and antigen processing [18,19]. As a protective 

mechanism, epithelial hyperplasia results in thickening of the epidermis in response to 

skin parasites or irritants [19,20]. 
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The gills comprise a large surface of the fish, and is one of the main portals of 

entry for numerous waterborne diseases such as bacterial diseases (Aeromonas 

salmonicida [21], Yersinia ruckeri [22,23]) or ectoparasites infections (Ichthyophthirius 

multifiliis) [24], Neoparameoba perurans [25]). Gills contain populations of plasma cells 

and leucocytes [26], and have increased expression of Major Histocompatibility Complex 

Class I and II in response to infections such as N. perurans [27,28].  

 Similar to the skin, the gastrointestinal tract is continuously challenged, for 

example with food antigens in addition to infectious agents [29]. However, the 

gastrointestinal tract environment has a low pH making it less favorable for some 

pathogens [30]. Unlike mammals, fish intestine lacks specialized structures such as 

Peyer’s patches, however, it contains plasma cells and numerous lymphocytes such as 

granulocytes and macrophages [26,29,31]. If pathogens threaten the integrity of the 

epithelium, an inflammatory response can be elicited, however the immune mechanism 

of the gastrointestinal system in fish remains to be fully elucidated [29]. 

The integument of the fish shares a common feature, a mucosal layer, where 

mucus can trap microorganisms and subsequently slough to prevent colonization 

[1,30,32]. Mucus is composed of high-molecular weight glycoproteins, called mucins 

[8,15]. The composition and structure of mucus changes depending on physiological, 

immunological or environmental conditions [33]. For example, excess mucus production 

occurs in response to colonization by the ectoparasite, Gyrodactylus derjavini [34]. 

Furthermore, changes in the glycosylation of mucins occurs in response to intestinal 

parasitic infections, such as Enteromyxum leei, leading to a reduction of bacterial 

adhesion [35]. Lastly, mucus contains other immunological parameters such as cellular 

factors and soluble mediators, which will be discussed in detail in subsequent sections. 

 

2.1.2 Cellular Factors 

 Different cell populations are involved in innate immunity of fish including CD8+ 

cytotoxic T-lymphocytes (CTL), non-specific cytotoxic cells (NCCs), and phagocytes 

(granulocytes, monocytes, macrophages and thrombocytes). 
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Cell-mediated cytotoxicity is a process where the immune system can sense and 

kill foreign, virus-infected or altered cells [36]. In mammals, natural killers (NK) cells are 

important against viral infections [37], and CTLs are important against re-infection [38]. 

NCCs in fish have similar properties to mammalian natural killer (NK) cells, based on 

their ability to lyse xenogenic cell lines [38]. However, unlike NK cells, NCCs are small 

and agranular [39,40]. The monoclonal antibody (5C6) used to identify NCC populations, 

binds a large proportion of mammalian NK cells [39–41]. Similar to mammalian NK 

cells, NCCs require direct cell-cell contact to cause cell lysis [40], and are capable of 

killing allogenic targets and protozoan parasites such as I. multifiliis and Tetrahymena 

pyriformis [41,42].  

NK-like cell lines have been identified in channel catfish (Ictalurus punctatus) 

PBLs, and non-specifically kill target cells [41]. However, unlike NCC, the monoclonal 

antibody (5C6) fails to recognize NK-like cell lines suggesting they are not NCCs [41]. 

Furthermore, differences in cytotoxicity exists between clones and NK-like cells appear 

to mediate lysis through induction of apoptosis [43]. 

CTLs recognize specific peptides and exogenous antigens that are present on self 

MHC class I molecules [37]. Most studies assessing cell mediated cytotoxicity in teleosts 

have focused on transplantation experiments and graft rejection [44,45]. However, more 

recent research has identified and isolated molecules involved in CTL recognition of 

antigens such as MHC, T-cell receptor (TCR) and perforin [44,46,47]. In teleosts, 

perforin-mediated cytotoxicity by CD8+ CTLs occurs in response to intracellular 

pathogens or molecules expressing alloantigens [47–49]. For example, CTL mediated 

cytotoxicity is important against intracellular pathogens such as Edwardsiella tarda in 

crucian carp (Carassius auratus langsdorfii) [49].  

Granulocytes include basophils, eosinophils, neutrophils, and mast cells. In 

mammals, basophils and eosinophils are primarily involved in defense against parasites 

[36]. In the past, it was believed that the equivalent of these cell lineages did not exist in 

all fish species [50]. However, current literature provides conflicting evidence regarding 

the existence of eosinophils in teleosts, which are also referred to as eosinophilic granular 

cells (EGC), and in some instances believed to be of the mast cell lineage [51,52]. 
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Eosinophil-like cells have been identified in numerous fish species including goldfish 

[53], channel catfish [54] and zebrafish [55]. Functional studies have demonstrated that 

zebrafish eosinophils degranulate in response to the extract of, Heligmosomoides 

polygyrus [55]. Additionally, mast cells have been identified in zebrafish [56], and are 

proposed as being homologous to mammalian counterparts [57]. Unlike eosinophils, 

basophils are often affected by staining procedures, and therefore the occurrence of 

basophils in teleosts has not been convincingly established [58]. However, it has been 

reported that basophil-like cells were present in the head kidney of goldfish (Carassius 

auratus) [58,59]. In the future, the identification of more reliable cell markers will allow 

for better characterization of teleost granulocytes [57].  

Similar to mammalian counterparts, fish neutrophils were characterized by their 

phagocytic, chemotactic, and induction of antimicrobial responses [60–62]. Unlike 

mammalian neutrophils, goldfish neutrophils remain viable in culture for extended 

periods [60], allowing for in vitro analysis of functional responses. For example, goldfish 

neutrophils are chemotactic to, and degranulate in response to A. salmonicida [60]. 

Development of transgenic zebrafish in addition to specific neutrophil markers will 

undoubtedly advance our knowledge of neutrophil function in fish, with respect to cell 

recruitment and resolution of inflammation [63]. 

Fish macrophages and monocytes have been identified in multiple fish species 

including goldfish [11,62]. Macrophages are distributed throughout the tissues, including 

the gills but are mostly found in the spleen and kidney. Monocytes, precursors to mature 

macrophages, are located primarily in the blood and kidney, and upon specific 

inflammatory stimuli, undergo differentiation into tissue macrophages [8]. The 

environmental cues determine the functional phenotype of macrophages [36]. In PKM 

cultures classical activated macrophages are induced by Th1 cytokines, where 

progenitors differentiate into monocytes and then macrophages [64,65]. Interferon-

gamma (IFNγ) promotes Th1-biased responses and has been identified in teleost fish, 

including goldfish [65,66]. Goldfish recombinant IFNγ enhanced phagocytic capability, 

respiratory burst, and nitric oxide production in macrophages [65]. Alternatively 

activated macrophages may also be activated by the Th2 cytokine environments [64]. For 
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example, in common carp (Cyprinus carpio), protozoan parasites such as Trypanoplasma 

borreli and Trypanosoma carassii can modulate the polarization of carp macrophages to 

generate arginase and became M2-type cells [67].  

Induction of potent killing mechanisms in monocytes and macrophages such as 

production of reactive oxygen intermediates (ROI) and nitric oxide (NO) have previously 

been documented [11,62]. Monocytes, however, become less potent at producing ROI as 

they mature into macrophages [11].   

2.1.3 Soluble Factors 

Soluble factors include both soluble molecules and cell-associated receptors, 

which can be found in the plasma or at the site of inflammation [32]. Humoral factors 

include cytokines such as interleukins (IL) or tumor necrosis factor (TNF), antimicrobial 

peptides (AMP), lyzosomes, acute phase proteins such as complement components, 

pentraxins or transport proteins. 

Cytokines mediate signaling within the immune system, and are produced by 

leukocytes in addition to other cells such epithelial cells [68]. For example, pro-

inflammatory cytokines such as IFNγ and TNFα2 can prime ROI and NO responses in 

goldfish PKM macrophages [65,69]. IFNγ is a cytokine with antiviral activity produced 

by Th1 cells and natural killer cells to promote Th1-biased responses [66]. TNFα is 

secreted by macrophages, and monocytes and is important for enhancement of 

antimicrobial responses [70]. Similar to TNFα, IL-1β1 mediates numerous inflammatory 

responses such as cell proliferation and induction of chemotactic recruitment of T and B 

cells, and production of IFNs [71]. 

Lysozyme are bacterial enzymes that break down peptidoglycan walls of bacteria, 

causing cell lysis [1]. They are secreted by monocytes, macrophages and neutrophils, and 

are abundant in lymphoid tissues and mucus [36,72]. In fish, lysozymes are an important 

innate defense mechanism against a variety of pathogens [73]. 

In fish, the innate immune response is considered a fundamental defense 

mechanism primarily because fish are poikilotherms, making them inefficient in 
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mounting acquired immune responses [74]. The consequence of this is a less diverse 

antibody repertoire, impaired immunological memory and slower onset of lymphocyte 

proliferation [32,75]. To compensate for a less-evolved adaptive immune response, a key 

component of the innate immune responses of fish is the acute phase response (APR), 

that is suggested to be more robust than that of higher vertebrates [76].  

 

2.2 Acute Phase Response (APR)   

Homeostatic mechanisms ensure an optimal internal environment in the presence 

of constantly changing external stimuli. Deviation from a state of homeostasis results in 

the induction of an orchestrated, rapid sequence of systemic and physiological changes 

collectively known as the APR (Fig. 2.1). The APR is non-specific and can be initiated 

by a variety of stimuli including, but not limited to, the following: infection, trauma, 

tissue injury, cancer, chronic disease and other immunological reactions [2,77–79]. A 

significant change in the blood plasma composition of acute phase proteins (APPs) 

characterizes the APR, whose main function is to eliminate the etiological cause of 

disruption, such as a invading pathogen, promote repair mechanisms, and ultimately 

return the body to homeostasis [2,80].  

2.2.1 Initiation, maintenance and termination of the APR 

The APR is initiated locally at an inflammatory site upon recognition of 

pathogen-associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs) 

[81] present on innate cells such as macrophages, dendritic cells and neutrophils [82]. 

Activation of these immune cells leads to the production and release of pro-inflammatory 

cytokines such as interleukin (IL) IL-1, IL-6, and tumor necrosis factor-alpha (TNFα), 

that induce the synthesis of APPs by hepatocytes in the liver [2,83]. In addition to the 

induction of the systemic APR response, local reactions occur that increase capillary 

permeability, increase infiltration of leukocytes at inflammatory sites and induces 

changes to the endothelium [80]. Fever, somnolence and anorexia are other phenomena 

associated with the APR [84]. Unlike mammals, fever in fish appears to be a behavioural 
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response rather than a physiological response [85], due to the arrangement of branchial 

circulation and ventilation within fish, and the physical properties of water [86,87]. 

The reported variability of APP profiles in different pathophysiological states 

indicates that APP induction is context and species dependent and regulated by a 

complex network of mechanisms [3,88,89]. The synthesis, secretion and clearance of 

APPs vary making clinical interpretations among different species and challenges 

difficult [4,76,78]. 

In mammals, APPs reach a peak concentration approximately 48 hours after 

initiation of the APR. This response declines as the organism recovers, in the absence of 

additional stimuli, allowing feedback mechanisms to limit the APR, leading to a 

resolution within 4-7 days [4]. For example, rapid removal of circulating cytokines assists 

in the down-regulation of the APR by reducing stability of cytokine mRNA and reducing 

transcription, and the release of IL-10 suppresses IL-6 [80,90]. However, if stimuli persist, 

such as long lasting protozoan infections, the APP production and APR response may 

become chronic [80,88,91,92]. In chronic infections, change in APP composition and 

sustained production have been reported [4]. Unlike the short term benefits of the APR, 

sustained chronic APR may have a negative impact on host health, resulting in side 

effects such as anemia, cachexia and increased risk for development of cancer [93]. 

2.2.2 Classification of Acute Phase Proteins 

APPs are classified according to a variety of criteria including amplification of 

synthesis (positive APPs increase whereas negative APPs decrease), intensity of 

production rate (major, intermediate and minor) and function (i.e. complement 

components, protease inhibitors or transport proteins) [76]. Additionally, APPs can be 

classified according which cytokine subsets induce their expression. Type I APPs require 

the synergistic induction by IL-1-like cytokines (IL-1α, IL-1β, TNFα and TNFβ) and IL-

6 whereas Type II APPs are induced by IL-6 [80]. In this review, APPs will be classified 

according to their function; however other classifications are presented in a summary of 

acute phase proteins (Table 2.1). 
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2.2.3 Major acute phase proteins 

2.2.3.1 Pentraxins 

Pentraxins are a superfamily of pentameric-structured proteins functioning as 

soluble pattern recognition molecules [94]. C-reactive protein (CRP) and Serum amyloid 

P (SAP) constitute the short pentraxins, which are protypical acute phase proteins. Long 

pentraxins including pentraxin 3 (PTX3), also exist and have pattern recognition 

properties when induced by inflammatory cytokines [94]. 

These pentraxins have been conserved throughout vertebrate and invertebrate 

evolution, both in primary structure and binding capabilities [95,96]. CRP was the first 

pentraxin identified in 1930, by its calcium dependent binding property to C-

polysaccharide in humans infected with Streptococcus pneumonia. In healthy humans, 

CRP is barely detectable (<1 µg/mL), whereas during the APR serum concentrations can 

increase up to 1000-fold [97,98]. This increase in serum concentrations of CRP is not as 

pronounced in other mammalian species [99]. In fish, pentraxins only show a slight 

increase in concentrations during the APR [100]. In addition to differences in APR 

concentrations between species, differences in baseline levels of CRP exist and have been 

linked to polymorphisms in the CRP gene [101,102].  

CRP and SAP can bind numerous ligands. For example, CRP can bind 

phosphorlycholine (PC), which is a moiety present on many bacteria, fungi, whereas, 

SAP can bind phosphoethanolamine (PE), agarose, glycans and DNA [103–106]. The 

binding capabilities allow CRP to recognize pathogens and act as an opsonin, causing 

both enhanced complement–mediated lysis and phagocytosis of pathogens. In addition, 

CRP binds C1q complement component and activates the classical complement pathway 

[107]. In vitro, CRP have been shown to interact with the Fc receptor of human 

monocytes and macrophages, inducing the production of pro-inflammatory cytokines 

[107–109]. However, the effects of CRP appear pleiotropic, since both pro- and anti-

inflammatory effects have been described [110–112]. For example, CRP increased 

production of anti-inflammatory cytokines (IL-10), while inhibiting production of pro-

inflammatory cytokines such as TNFα and IFNγ in an experimental mouse model [113].  
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Both CRP and SAP are present in human sera, sharing 51.6% amino acid identity 

[114]. Basal levels of SAP are higher in humans than CRP, however SAP is not involved 

in the APR in humans, unlike mice where it is the main APP [102,115] Some fish species 

possess one of either CRP or SAP, whereas other fish species possess both [30]. For 

example, CRP is found in common carp [99], rohu (Labeo rohita) [116] and Asian 

seabass (Lates calcarifer) [117], SAP is found in Atlantic salmon (Salmo salar) [118] and 

rainbow trout (Oncorhynchus mykiss) [119], whereas both CRP and SAP can be detected 

in shark (Pangasianodon hypophthalmus) [120], and cod (Gadus morhua) [121].  

 Although CRP has been identified in the above-mentioned fish species, the 

functions of CRP are not fully elucidated. However, research has demonstrated CRP of 

flatfish (Cynoglossus semilaevis) can interact with gram negative and positive bacterial 

pathogens, and can stimulate antibacterial functions of PBLs [114]. A pentraxin-like 

protein from snapper (Pagrus auratus) was able to opsonize beads to enhance 

phagocytosis [122]. In virus challenged common carp, CRP serum levels were correlated 

to complement activity [123]. 

2.2.3.2 Serum Amyloid A 

Serum Amyloid A (SAA) is a major APP, whose serum levels increase a 1000-

fold in humans during the APR [124,125]. SAA is a ~12-14 kDa protein that has multiple 

physiological roles and have been implicated in pathogenesis of several disease states 

such as atherosclerosis, amyloidosis, cancer, Alzheimer’s disease and rheumatoid arthritis 

[124,126]. However, the current literature on the biological role of SAA is controversial. 

For example, SAA has been shown to induce production of anti-inflammatory cytokines 

such as IL-10 [127–129], but also pro-inflammatory cytokines such as TNFα [128,129]. 

SAA is an amphipathic α-helical apolipoprotein of high-density lipoprotein3 

(HDL3), which has been present in organisms for over 500 million years [124]. The 

presence of SAA has been documented in echinoderms, and based on the high amino acid 

conservation of this protein throughout evolution, it is proposed as having survival-value 

[124,130]. It was first identified in patients with amyloidosis, where it contributed to 

amyloid deposits [131,132]. 
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The SAA family includes acute phase and constitutive proteins. Acute phase SAA 

(A-SAA) is induced by inflammatory cues and constitutive SAA (C-SAA) is 

constitutively expressed [133]. C-SAA is found in humans and mouse only, whereas A-

SAA has been documented in all vertebrates [125]. In mammals, multiple isoforms of 

SAA gene exist such that SAA1 and SAA2 genes encode for the A-SAA, whereas SAA4 

encodes for C-SAA and SAA3 is a pseudogene [134]. In mice, SAA1, SAA2 and SAA3 

encode for A-SAA, SAA4 encodes for C-SAA and one pseudogene exists. In birds, only 

one SAA gene exists corresponding to A-SAA [135]. It has been proposed that 

invertebrates and lower vertebrates such as teleosts, possess only one SAA gene 

suggesting this multi-gene family may have only evolved in mammals [136,137].  

Human SAA appears to behave as cytokine-like immunomodulator [138]. 

Addition of SAA to human monocytes can induce production of cytokines, [128,129], 

chemokines [139] and matrix metalloproteinases (MMPs) [140]. In addition, it’s been 

shown to act as a chemoattractant for numerous cells such as phagocytes, T lymphocytes, 

ands neutrophils [141–143]. SAA has been reported to have a diverse range of receptors 

including TLR2 [127] and TLR4 [144] formyl peptide receptor-like 1 (FPRL1) [145] and 

CD36 [146], emphasizing its role in inflammation. However, SAA isoforms vary in their 

receptor preferences, and consequently modulation of downstream responses [147]. 

Human recombinant SAA has also been implicated in the activation of the NLRP3 

inflammasome and found to induce the release of mature IL-1β1 in human macrophages 

[148]. 

SAA was first identified in salmonids [149]. Thereafter, it’s been identified in 

numerous fish species such as carp [150], rainbow trout [136], and zebrafish [151]. In 

response to chemical mimics or pathogens, genes encoding for SAA are up-regulated in 

various fish species [152–156]. However, the functional role of SAA in teleosts remains 

to be fully elucidated. 

2.2.4 Proteins involved in iron storage and metabolism 

Several plasma proteins involved in the APR have the capacity to carry a variety 

of molecules such as hormones and metal ions including iron [3,4]. Iron is essential for 
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the survival and biological functions of organisms [157,158]. For example, iron-

containing compounds such as hemoglobin/myoglobin and cytochromes require iron for 

oxygen transport or cellular energy synthesis, respectively [159]. Metabolism of iron is 

tightly regulated to avoid cellular damage while maintaining adequate iron stores for 

normal cellular processes. For example, excess iron catalyzes free radical generation 

which can damage proteins and lipids [159,160]. Furthermore, regulation of iron is an 

innate defense mechanism against pathogen proliferation. For example, infection with 

intracellular Salmonella typhirium, results in increased iron export from murine 

macrophages, and reduced iron availability for the pathogen [161]. 

2.2.4.1 Transferrin 

Transferrin (Tf) is an essential glycoprotein in hosts, due to its capacity to carry 

the ferric (Fe3+) form of iron. This Fe3+-Tf complex is inert and is taken up in target 

organs and cells after binding to Tf receptor (CD71) (Fig. 2.2) [158]. Iron sequestration 

mediated by transferrin can restrict growth of pathogens, however pathogens have 

developed mechanism to circumvent iron-withholding strategies of the host [162]. In 

humans, Tf is a “negative” APP, whereas in rodents it’s “positive” [163]. Conversely, in 

fish species it’s been documented to act be both a “positive” and “negative” APP [2,164]. 

Interestingly, transferrin has a variety other immunological functions. For example, 

cleaved transferrin products in fish can activate antimicrobial responses in effectors cells 

[165–167].  

2.2.4.2 Ceruloplasmin 

Ceruloplasmin (Cp) is important in metabolism of copper (Cu) and iron (Fe). It is 

associated with 95% of the plasma copper, however it is also essential in iron 

homeostasis as shown in studies using Cp deficient mice [168]. Cp is serum ferroxidase, 

necessary for the oxidation of ferrous form (Fe2+) into the useable ferric form (Fe3+) [169]. 

Lack of Cp results in iron accumulation and subsequent development of a 

neurodegenerative phenotype [170]. Cp facilitates the transport of iron from storage to 

sites of synthesis, thereby contributing to regulation of erythropoiesis [171]. Furthermore, 

Cp scavenges oxygen radicals, preventing damage mediated by reactive oxygen 
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intermediates [172]. Cp is up-regulated during inflammatory states [173], infection and 

tissue damage in humans [173,174] but has also been observed in fish species [169,175]. 

Recently, the role of Cp in iron metabolism has been linked to host defense [176–178].  

2.2.4.3 Haptoglobin 

Haptoglobin (Hp) is a plasma protein that binds haemoglobin (Hb) with high 

affinity, allowing for rapid recycling in the liver [179]. By binding Hb, Hp can act as an 

antioxidant by preventing formation of oxygen radicals that induce oxidative damage. 

The binding of Hp to Hb-iron complexes, has been shown to limit iron availability to 

bacteria [180], preventing their normal multiplication in the host. In mammals, Hp is a 

“positive” APP and serves as a marker of erythrocyte destruction and ensuing anemia 

[181,182]. For example, Hp has been shown to be up-regulated in individuals with 

infections and/or during inflammation, and appears to be down-regulated in individuals 

exhibiting hemolysis [183]. For example, in malarial infections, Hp is up-regulated and 

important in removing toxic free Hb [184]. In humans, differences in Hp phenotype 

contribute to host susceptibility [185]. In addition to its role in iron metabolism, increased 

Hp expression during the APR can lead to immune cell modulation such differentiation 

and maturation of lymphocytes [186]. Hp has been identified in some fishes [187–189], 

and shown to bind Hb [189], however, its influence during the immune responses of fish 

remains to be elucidated. 

2.2.4.4 Hemopexin 

Hemopexin (Hx) binds excess heme for transport to the liver where it is recycled, 

and because of this function has antioxidant properties [190]. It is a “positive” APP, 

which restricts hemes availability and recycles iron. However Hx-Hb complexes have 

also been shown to serve as sources of iron for pathogens such as bacteria and parasites 

[191]. In teleost, the homolog of Hx is Warm-acclimation protein 65 (WAP65). 

Interestingly, teleosts possess two WAP65 proteins, which differ in expression and 

function. WAP65-1 is ubiquitously expressed whereas WAP65-2 is expressed in the liver 

in response to temperature change or infection [192].  
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2.2.4.5 Ferritin 

Iron can be sequestered and stored by ferritin during immune cell activation [193]. 

Ferritin is regulated at the transcription and translational levels by pro-inflammatory 

cytokines, and has been indirectly linked to innate immune responses [194]. In mammals, 

ferritin molecules are comprised of a heavy (H) and light (L) chain subunits, where the H 

chain is important in Fe2+ oxidation and L chain responsible for long term iron storage 

[164,195]. It is up-regulated in response to inflammatory conditions and infections [196]. 

Interestingly, teleosts contain a heavy (H) chain and (M) middle chain, where the H chain 

is highly conserved throughout evolution [197], and the M chain possesses properties of 

both H and L chain [198]. Similar to mammals, ferritin has been shown to be up-

regulated in response to infections in fish [164,197]. 

2.2.4.6 Hepicidin 

Hepcidin (Hep) is an antimicrobial peptide (AMP) and key regulator of iron 

homeostasis. During infections, inflammation or excess iron concentrations, increased 

hepcidin is produced as a defense mechanism to limit release of iron into the body [199].  

It has both antibacterial and antifungal properties. Hepcidin is a “positive” APP in fish 

and up-regulation has been documented in fish challenged with various bacteria [200–

202], or protozoan ectoparasite [203]. 

2.2.5 Protease Inhibitors 

2.2.5.1 Serpins 

Serine protease inhibitors (serpins) are involved in controlling enzymes that 

trigger inflammatory processes. The most well studied serpins include α-1-antitrypsin 

(AAT) and α-1-antichymotrypsin (ACT). AAT has been shown to inhibit proteases such 

as neutrophil elastase and proteinase 3, which is released by degranulating neutrophils, 

thus preventing tissue damage [204]. In AAT deficient individuals, development of lung 

and liver disease of has been documented [205]. In addition, AAT has been shown to 

have other anti-inflammatory properties, such as inhibition of TNFα and superoxide 

production by neutrophils [206]. Furthermore, AAT has been documented to inhibit the 

multiplication and development of protozoan parasite Cryptosporidium parvum in vitro 
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[207]. In fish, AAT has been documented to act both a “positive” or “negative” APP. For 

example, anti-trypsin activity decreased in cod challenged the immunostimulant, 

turpentine oil[208], and the gene expression of AAT-like protein was down-regulated in 

rainbow trout in response to a confinement stressor [209]. Conversely, in ayu 

(Plecoglossus altivelis) challenged with the bacterium Listonella anguillarum, an up-

regulation in genes encoding ATT was observed [210]. In mammals, ACT regulates 

capthespin G released by neutrophils and chymases released from mast cells [211]. ACT 

has not been identified in teleost species.  

2.2.5.2 α-2-macroglobulin 

α-2-macroglobulin (A2M) is another major and broad-spectrum protease inhibitor 

whose main functions include specific inhibition of proteases of prokaryotes and 

eukaryotes [212,213]. It belongs to the complement component superfamily of proteins 

[214], and has a similar primary structure to complement components C3 and C4 [215], 

which has also been elucidated in fish [216]. A2M has been documented in various fish 

species such as rainbow trout [217], common carp [218] and grass carp 

(Ctenopharyngodon idella) [219] and is a “positive” acute phase protein in response to 

infection with parasites [220]. Furthermore, A2M has been shown to inhibit bacterial 

proteases in fish [221] in addition to neutralizing parasite secreted proteases [222]. 

2.2.6 Coagulation Factors 

2.2.6.1 Fibrinogen 

Fibrinogen is significantly increased in inflammatory conditions. Its primary 

functions are to bind and activate a variety of immune cells, assist in formation of blood 

clots, and regulate cell traffic during wound repair [223,224]. Research on fibrinogen in 

fish is limited, however fibrinogen-like molecules have been identified and unlike 

mammalian counterparts, the expression of genes encoding this molecule is down-

regulated in fish exposed to different stimuli [209,225]. 

2.2.6.2 Plasminogen 

Plasminogen is the precursor to the enzyme plasmin, which is a serine proteinase 

important in blood clot lysis and is thus important in the resolution of inflammation and 
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wound repair [226]. Interestingly, in salmonids, pathogen virulence factors can activate 

plasminogen to promote invasiveness and adherence [23]. Plasminogen expression 

increases in response to bacterial and ectoparasite challenges in fish [6,227]. 

2.2.7 Complement Proteins 

The complement system is comprised of plasma and membrane bound proteins, 

which initiate three convergent pathways of complement: classical, alternative and lectin 

pathway, leading to a common terminal membrane attack complex (MAC) [228]. The 

classical pathway is mediated by antibody-antigen complexes, which bind C1q, the first 

component of complement. In addition to antibody-antigen complexes, C-reactive protein, 

pentraxins, and other molecules can interact with C1q to initiate this pathway. The 

alternative pathway is initiated through the spontaneous hydrolysis of C3 and C3b 

binding to microbial surfaces [229]. The lectin pathway is mediated by mannose-binding 

lectins (MBLs) or ficolins, which recognizes carbohydrates associated with microbes 

[229,230]. Activation of all three pathways leads to C3 convertase (C3bBb for alternative, 

C4b2a for classical and lectin) formation, which is necessary to cleave C3 into C3a and 

C3b. Subsequently, C3b binds C3 convertase leading to the generation of C5 convertase 

(C3bBb3b for alternative, C4b2a3b for classical and lectin). C5 convertase is necessary 

for the cleavage of C5 into biological active fragments: C5a and C5b. C5b recruits C6 to 

C9 which form the MAC [231,232]. C3a and C5a are anaphlyatoxins, which support 

inflammation through recruitments and activation of immune cells at an inflammatory 

site [233,234]. To ensure a homeostatic balance between destruction of pathogens and 

potential self damage, the complement system is tightly regulated at the level of 

convertases, by numerous plasma proteins and receptors such as Factor H, Factor I, 

membrane cofactor protein (MCP), decay-accelerating factor (DAF) and complement 

receptor 1 (CR1) [233]. 

Fish share the same set of complement genes as mammals, birds and amphibians 

with the exception of some complement regulators such as Factor D, MBL-associated 

serine protease (MASP)-1 and MASP-3 [215]. Both the alternative and classical 

pathways of complement have been extensively characterized in fish [235,236]. Although 

fish possess functional lectin pathways [237,238], the molecular composition has yet to 
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be fully elucidated [237], however numerous components have been identified and 

characterized such MASPs [239]. C3 is the central component of the complement system 

and multiple isoforms have been identified in most fish species [238,240–242]. Similar to 

mammals, fish C5a and C3a possess chemotactic properties and the ability to induce 

antimicrobial functions in effector cells [243,244].  

2.2.8 Other acute phase proteins  

2.2.8.1 α-1-acid glycoprotein 

α-1-acid glycoprotein (AGP) is a highly glycosylated licopalin, which has been 

documented to be multifunctional [245]. AGP can act as a plasma transport protein and 

binds inflammatory mediators, bacterial components and drugs [246]. In addition, AGP 

can modulate immune responses such as inhibiting chemotaxis, and degranulation and 

up-regulating production of anti-inflammatory cytokines. Furthermore, AGP has been 

documented to have direct antibacterial activity [245,247]. It is a major APP in humans 

and various mammal species [245]. AGP has been identified in viviparous fish such as 

surfperch (Neoditrema ransonnetii) [248], and homologues have been identified in 

Japanese flounder (Paralichthys olivaceus) [249], however its immunomodulatory role in 

teleosts remains to be elucidated.  

2.2.8.2 Lipopolysaccharide Binding Protein 

Lipopolysaccharide (LPS) binding protein (LBP) is an essential molecule against 

bacterial invasion, as demonstrated in LBP knockout mice [250]. LBP mediates transport 

of LPS aggregates to the surface of monocytes and macrophages [251]. Low levels of 

LBP have pro-inflammatory effects whereas high levels of LBP have anti-inflammatory 

properties [252]. LBP molecules have been identified in numerous fish species such as 

rock bream (Oplegnathus fasciatus) [253], rainbow trout [254], and Atlantic cod [255]. 

Similar to mammalian counterparts, LBP is up-regulated during the APR and have been 

shown to mediate innate immune responses such as resistance to Aeromonas hydrophila 

infection in tipalia (Oreochromis niloticus) [256].  

 

 



 

	  

19 

2.3 Trypanosomes 

2.3.1 Mammalian trypanosomes 

Trypanosomes are flagellate protozoan parasites that can reside inside cells 

(Trypanosoma cruzi) or are extracellular (African trypanosomes, Trypanosoma carassii). 

They are characterized by the presence of a distinctive mitochondrion, called a 

kinetoplast, and therefore are grouped in the order Kinetoplastida (Phylum Euglenoza). 

Trypanosomes infect a variety of hosts including humans, mammals and fish species 

resulting in significant impacts on human welfare, agriculture, and aquaculture [257].  

Trypanosoma brucei and Trypanosoma cruzi are two human trypanosomes that 

cause significant morbidity and mortality. For example, T. brucei that causes sleeping 

sickness, is highly prevalent in 36 Sub-Saharan countries and despite collaborative public 

and private efforts to eradicate it, 65 million people remain at risk and 200,000 are 

infected each year [258]. Similarly, T. cruzi the causative agent of Chagas disease is 

present in 21 Latin American countries, infecting about 6 million people and it has been 

estimated that approximately 13% of the Latin American population is at risk of 

acquiring the infection [259,260]. However, infections and risk of acquiring T. cruzi 

infection is not limited to Latin America. For example, blood transfusions or organ 

transplants have been documented to contribute to development of T. cruzi infections in 

Canada and the United States [261–263]. 

T. cruzi is an intracellular parasite transmitted to humans by via triatome bug 

vectors. T. cruzi is coated with glycosylphosphatidylinositol (GPI) glycoproteins that 

allow for adhesion to cells including macrophages, fibroblasts and muscle tissue 

[264,265]. T. cruzi avoids antimicrobial effector functions of immune cells such as 

macrophages by escaping the phagolysosome [266]. During the acute infection with T. 

cruzi, individuals are often asymptomatic which has been attributed to the inhibition and 

modulation of host immune responses by the parasite, allowing it to establish in the host 

[267,268]. Pathogenesis associated with T. cruzi include myocarditis caused by 

infiltration of inflammatory cells to sites such as the heart [269] and eventual parasite-

induced autoimmunity [270].  
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T. brucei is an extracellular parasite transmitted to humans by tsetse fly. This 

parasite is able to evade the host immune response by constantly changing its Variable 

Surface Glycoproteins (VSG) surface coat, allowing it to establish and persist in the host 

[271,272]. T. brucei proliferates in the blood, and tissues of infected hosts, causing 

infiltration of inflammatory cells, and vasculitis [273]. In the latter stages of T. brucei 

infection, the parasite crosses the blood brain barrier and contributes to cerebral 

trypanosomiasis [271]. Similar to T. cruzi, T. brucei can modulate host immune responses 

and has numerous evasion strategies (reviewed in [272,274,275]). 

2.3.2 Fish trypanosomes (Trypanosoma carassii) 

Trypanosoma carassii (syn. T. danilewskyi) is an extracellular protozoan parasite 

infecting piscine hosts such as carp, goldfish, tench and eel [276]. T. carassii is similar to 

T. brucei as it is extracellular in nature, however it contains sialic acids like the 

intracellular T. cruzi [257]. Similar to mammalian trypanosomes, T. carassii is 

transmitted by a vector, in this case through a blood meal of a leech. In natural settings, 

infection with T. carassii is not considered pathogenic, however, in aquaculture setting, 

prevalence on infection can reach up to 100% causing significant mortality and morbidity 

[10,257]. Severity and mortality of infection is dependent on the initial numbers of 

parasites that enter the host [277]. Parasites replicate in the blood of fish, and reach peak 

parasitemia at approximately 2-3 weeks post infection [278]. Fish infected with T. 

carassii display symptoms of anemia and anorexia, and histopathalogical changes in 

organs can be observed [12,257,276].  

Goldfish, which survive a primary infection with T. carassii, develop resistance to 

re-infection, indicating production of parasite-specific antibodies and apparent 

immunological memory. For example, immunization with serum or IgM from recovered 

hosts conferred protection in naïve hosts [279,280]. Moreover, immunization with T. 

carassii excretory/secretory (ES) products resulted in increased resistance, as shown by 

lower parasitemia [281]. Analysis of ES via mass spectroscopy revealed presence of 

tubulin (α and β) subunits, which were able to inhibit growth of T. carassii in vitro [282]. 

Immunization of goldfish with β-tubulin conferred partial resistance to T. carassii 

infections [283]. These data suggest that parasite-specific antibodies contribute to control 
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and elimination of T. carassii. However, researchers do not share the stance on the 

presence of immunological memory in teleosts. In mammals, long-lived logarithmic 

increases in antibody affinity are observed after infection or immunization [284]. 

Contrary to, teleosts display a modest increase in antibody response, and antibody 

heterogeneity is low [72]. For example, multiple immunizations are required for the 

detection of specific antibody titres [285], however this memory remains to be limited in 

time [286]. T. carassii has been shown to aggregate in internal organs such as the kidney 

or spleen [279,287,288]. Sequestration of parasites in internal organs may contribute to 

long-lasting resistance to re-infection due to the constant priming of the immune system 

[277,280]. 

Even so, T. carassii can maintain prolonged infections in fish, and the 

mechanisms behind its persistence remain unclear [257]. During the acute phase of 

infection, polyclonal activation of lymphocytes may contribute to immunosuppression of 

the host. For example, IgM purified from non-infected fish had higher trypanocidal 

activity then IgM purified from T. carassii during the acute stage of infection, suggesting 

T. carassii induced production of non-specific polyclonal antibodies, resulting in a 

dilution of specific IgM [289]. Additionally, T. carassii has numerous evasion strategies 

that may contribute to its persistence, which will be discussed in the subsequent section. 

2.3.3 Immune evasion mechanisms of flagellates 

Flagellates can modulate host immune responses by influencing cytokine 

production, and thus the effectiveness of host defense against intracellular or extracellular 

parasites. Th1-biased responses result in production of pro-inflammatory cytokines such 

as IFNγ, and TNFα, that result in macrophage and CTL activation and are important in 

elimination of intracellular pathogens [290,291]. Induction of Th2-biased responses is 

necessary for elimination of extracellular parasites by eosinophils and mast cells and is 

characterized by induction of cytokines such as IL-4 and IL-10 [290,291]. For example, a 

Th1 response is necessary for immunity against Leishmania spp [292]. However, 

Leishmania major can prevent its clearance by inducing IL-10 production by T regulatory 

cells [293]. Similarly, in T. cruzi infected mice elevated levels of IL-10 have been 
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documented and may contribute to parasite persistence [294]. Furthermore, increased IL-

10 and TGFβ were associated with increased susceptibility of mice [295,296], which was 

also achieved by the  blockade of IFNγ and TNFα in T. cruzi infected mice [297]. 

Therefore, the induction of IFNγ is required to activate phagocytes to destroy internalized 

parasites via NO production [298], as well as induction of TNFα that mediates resistance 

by inducing NO production against T. cruzi [299].  

Contrary to intracellular pathogens such as Leishmania and T.cruzi, IL-4 is 

necessary for antibody production and controlling T. brucei infections in mice [300]. 

Moreover, T. brucei production of the trypanokine, trypanosome lymphocyte trigger 

factor (TLTF) induces production of IFNγ and TGFβ [301]. During acute stage of T. 

brucei infection, a higher induction of IFNγ and TNFα have been documented in mice, 

which favors a Th1-type immune response against intracellular pathogens [302], thereby 

allowing T. brucei to establish.  

Sharing characteristics of both intra- and extracellular trypanosomes, T. carassii 

induced a mixed Th1/Th2 response in infected goldfish, with up-regulation of genes 

encoding for both pro- and anti-inflammatory cytokines [303]. In carp infected with T. 

carassii, an induction of IFNγ and IL-23 was observed, suggestive of a Th17-like 

immune response [304]. Moreover, T. carassii heat shock protein 70 (Tcahsp70) was 

identified using 2-dimensional gel electrophoresis, and shown to enhance pro-

inflammatory responses in goldfish macrophages [305]. Although a mixed Th1/Th2 

responses were observed, this finding suggests T. carassii may preferentially induce a 

Th1 immune response in goldfish to evade elimination via Th2 immune responses 

[257,305].   

Trypanosomes have developed numerous evasion strategies. For example, T. 

brucei constantly modifies its VSG to evade host immune system, whereas T. cruzi has a 

sialic acid rich surface coat, and is intracellular to avoid detection. Similar to T.cruzi, T. 

carassii has mucin-like glycoproteins on the surface that are GPI-linked and modified 

with sugars such as sialic acids [306]. The presence of sialic acids contributes to a net 

negative charge, and provides protection against antibodies [307]. Additionally, these 
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mucin glycoproteins aid in the establishment of infection since they provide protection 

against the alternative complement pathways [306]. Parasites can dampen host immune 

responses by masking antigens using parasite trans-sialidase (TS) enzyme to transfer 

sialic acids from host glycococonjugates onto mucins of the parasite [265]. 

Both alternative and classical complement pathways are activated during 

infections with trypanosomes. Although T. brucei activates alternative pathway of 

complement, it is able to escape lysis via its VSG coat to prevent the association of C3 

with parasite surface [308–310]. Furthermore, T. brucei glycoprotein 63 (gp63) impairs 

protein processing functions and therefore protects against complement-mediated lysis 

[311]. In T. carassii, a gp63 homologue was identified (Tcagp63) and may interfere with 

signal transduction as indicated by an attenuation of reactive oxygen and nitric oxide 

intermediate production [312]. Trypsinized T. carassii is susceptible to the alternative 

pathway of complement [313]. However, molecules expressed on parasite surfaces such 

as calreticulin (CRT), an E/S molecule, participates in modulation of the complement 

system of hosts [314,315]. For example, T. cruzi CRT inhibits the classical complement 

pathway [316]. Similarly, T. carassii calreticulin (TcaCRT) has been identified and 

documented to bind C1q inhibiting classical pathway of complement [9]. TcaCRT may 

play a protective role for T. carassii since complement lysis of trypsinized T. carassii has 

been demonstrated [313]. 

 

2.4 Trypanosomes and acute phase proteins 

Trypanosomes infections have been documented to alter the expression of APPs 

in different experimental models. For example, mice infected with T. brucei displayed 

increased expression of serum amyloid P and haptoglobin [317]. Similar to, rabbits 

infected with Trypanosoma evansi displayed elevated levels of haptoglobin, however this 

increased was only observed in the chronic phase of infection [318]. 

Haptoglobin binds hemoglobin facilitating its rapid clearance and preventing 

heme-mediated oxidative damage. Trypanosomes have evolved mechanisms to acquire 
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iron components, such as high affinity heme binding proteins and receptors on their cell 

surfaces [319,320]. For example, T. brucei contains a haptoglobin-hemoglobin receptor 

within its VSG for acquisition of iron components [321]. Interestingly, in humans and 

mice, haptoglobin-related proteins (Hpr) such as trypanosome lytic factor-1 (TLF-1) 

when taken up by trypanosomes as they acquire iron, can directly kill them via oxidative 

damage [322,323]. Recent research has also demonstrated human Hpr was able to divert 

the function of T. brucei receptor-mediated uptake of iron components and mediate 

innate immune responses against T. brucei in humans [320]. Similarly, in T. cruzi 

infections haptoglobin affects the pathogenesis of disease. For example, Hp1-1 isoform 

confers protection against T. cruzi due to a rapid metabolism of haptoglobin-hemoglobin 

complexes and higher antioxidant activity  [325,326].  

Continuing on the topic of iron, trypanosomes require host transferrin to cover its 

iron needs [327] which is mediated through trypanosome expression of transferrin 

receptors [328]. T. brucei is able to switch between different transferrin-receptor genes, 

therefore overcoming transferrin host diversity [329]. During infections, mammalian 

hosts down-regulate expression of transferrin to limit iron availability [191], however 

trypanosomes can combat this by up-regulating their own receptor expression [330]. 

Nanobodies (monovalent antigen binding fragments) against T. brucei VSG were able to 

block transferrin uptake and contributed to trypanosome killing [331], emphasizing the 

importance of transferrin in trypanosome infections.  

In mice infected with Trypanosoma congolense ceruloplasmin was up-regulated 

[332]. Similarly, T. brucei infected mice [333] and T. evansi infected cats [334], 

displayed higher expression of ceruloplasmin and were correlated to serum copper levels 

[334]. Ceruloplasmin has anti-oxidant and anti-inflammatory properties [89], however 

the exact role of ceruloplasmin in trypanosome infections is unclear i.e. where it causes 

iron influx or efflux from cells [92].  

In other protozoan infections such as Plasmodium falciparum, α-1-acid 

glycoprotein inhibited parasite multiplication by blocking parasite-erythrocyte interaction 

[335]. Although α-1-acid glycoprotein is significantly up-regulated in T. congolense mice 
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[332] and T. brucei infected humans [336], it may not be play important roles in 

immunomodulation. For example, T. cruzi neuraminidase was able to hydrolyze α-1-acid 

glycoprotein with high affinity [337]. 

C-reactive protein and Serum amyloid P are up-regulated in several trypanosome 

infections. For example, up-regulation is observed in T. congolense infected mice [332], 

T. brucei infected dogs [338], and in T. brucei [336] and T. cruzi [339] infected humans. 

Despite the presence of phosphocholine on T. brucei, CRP-deficient mice were not more 

susceptible to trypanosome infection [96]. In T. cruzi infections elevated CRP levels were 

correlated to myocardial injury progression, suggesting it may be a marker of Chaga’s 

Disease progression [339]. In addition to being a diagnostic tool, CRP plays a role in 

immunomodulation such as activating complement. However, trypanosomes have 

evolved mechanisms to disrupt the progression of these pathways. For example, T. cruzi 

produces complement regulatory protein, which is similar to the complement regulatory 

protein DAF as it is able to inhibit formation of C3 convertases [340]. Additionally, T. 

cruzi complement C2 receptor inhibitor traspanning (CRIT) interacts with complement 

component C2 to inhibit formation of C3 convertase [341]. 

Complement factor 3 is a key regulator of complement activation and binding to 

parasite surfaces contributes to opsonization and phagocytosis. Component C3 was up-

regulated in carp in response to T. borreli infection [153], ectoparasite Ichthyophthirius 

multifilis infection [342], and detected in rainbow trout [2]. Contrary to, in animal 

trypanosomiasis, there was a negative correlation between complement components and 

parasites, suggesting trypanosomes themselves affect complement levels e.g. inhibiting 

formation of C3 convertase [308,343]. T. carassii can also inhibit complement activation 

through secretion of CRT which binds the C1q preventing downstream activation of the 

classical pathway of complement [9]. Similarly, T. cruzi CRT can bind C1q and MBL to 

inhibit classical and lectin complement pathways [314,341,344].  

α-2-macroglobulin seems to have species dependent activities as an acute phase 

protein. For example in squirrels and rats it is considered a major APP, unlike other 

mammals [2,345]. In T. cruzi infection, mice displaying elevated levels of α-2-

macroglobulin were more resistant to acute infection [346]. α-2-macroglobulin can 
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inhibit T. cruzi cysteine proteases such as cruzipain, and the ability to invade host cells 

[347–349]. Similar to, in rainbow trout α-2-macroglobulin inhibited Cryptobia 

salmositica proteases [350]. Up-regulation of α-2-macroglobulin was observed in grass 

carp infected with the parasitic copepod Sinergasilis major [220], and carp infected with 

Trypanoplasma borreli [153]. Homologues of acute phase proteins have been identified 

in numerous fish species and research elucidating expression of these proteins has been 

observed in response to chemical mimics, bacterial and viral infections however, limited 

information exists about the acute phase response to piscine trypanosomes.  

From the above, it is clear that the acute phase response has been studied 

extensively in higher vertebrates such as humans and other mammals, however the 

characteristics of piscine APPs are not fully elucidated. Understanding the 

pathophysiology of the APR and the function and kinetics of APPs will provide a basis 

for future work in fish diseases. For example, APP could be used for clinical diagnosis 

and prognosis of infections in aquaculture. In addition, APPs can be used in 

environmental monitoring to assess fish welfare and evaluate immunotoxicity. Lastly, 

APPs have the potential to be used as markers of disease resistance, thereby providing 

long-term control over infection problems.  
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Figure 2.1 The initiation, progression and termination of the acute phase response. 
This figure reflects information drawn and adapted from [76,80,90,351]. 
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Figure 2.2 Simplistic overview of iron homeostasis in (A) Normal physiological 
conditions: Cp oxides Fe2+ to Fe3+. Tf carries Fe3+ to Tf receptor on target organs, and is 
taken up via clatherin-dependent endocytosis. Within the lysosome, Fe3+ is reduced to 
Fe2+. Hp binds Hb while Hx binds heme for recycling within the liver. (B) In states of 
iron deficiency: Hepatic synthesis and secretion of Tf and Cp occur. Additionally, 
expression of Tf receptors is increased to accommodate for decreased iron stores. 
Decreased Hep results in iron release from storage sites. (C) in iron overload: Increased 
Hep results in inhibition of iron release. Increased Hp and Hx prevents against oxidative 
damage. Decreased expression of Ft and Tf receptors protects from iron accumulation 
within organs and cells (D) during infection or inflammation: Hepatic synthesis and 
secretion of Tf and Cp occur. Increased Hp and Hx prevents against oxidative damage. 
This figure reflects information drawn and adapted from [160,190,199,352–354]. 
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Table 2.1 Summary of classifications and biological functions of acute phase 
proteins. Acute phase proteins have been classified according to function, direction of 
change (positive or negative), amplification intensity (minor, intermediate or major) and 
according to cytokine regulation (Type I or II).  
 

 Direction 
of change 

Intensity Cytokine 
regulation 

Function 

Major Acute Phase Proteins 
C-reactive Protein Positive Species 

dependent 
Type I Pentraxin recognizing phosphocholine; opsonin 

mediating phagocytosis & complement 
activation; induces expression of cytokines 
[103,107–109] 

Serum Amyloid P Positive Species 
dependent 

Type I Pentraxin recognizing phosphoethanolamine 
[103] 

Serum Amyloid A Positive Major Type I Immunomodulation (induction of pro- & anti- 
inflammatory cytokines; chemotactic 
recruitment of immune cells) 
[128,129,138,141,148] 

Iron transport and metabolism 
Transferrin Species 

dependent 
- - Iron delivery; associated with innate responses 

(antimicrobial effector functions) [158,165–167] 
Ceruloplasmin Positive Minor Type II Serum ferroxidase essential in iron homeostasis 

[168] 
Haptoglobin Positive Species 

dependent 
Type I/II Binds hemoglobin with high affinity [179] 

Hemopexin Positive Minor Type I Binds excess heme; antioxidant properties [190] 
Ferritin Positive Intermediate Type II Involved in iron storage [193] 
Hepcidin Species 

dependent 
- Type II Main regulator of iron homeostasis; 

antimicrobial peptide [199] 
Protease Inhibitors 
α-1-antitrypsin Positive Intermediate Type II Serine protease inhibitor; inhibits neutrophil 

elastase and proteinase 3; inhibits TNFα and 
superoxide production in neutrophils [204,206] 

α-1-anti-
chymotrypsin 

Positive Intermediate Type II Serine protease inhibitor; inhibits capthesin G 
[211] 

α-2-macroglobulin Species 
dependent 

Species 
dependent 

Type II Inhibits parasitic/pathogenic proteases [212,213] 

Coagulation Factors 
Fibrinogen Positive Intermediate Type II Important in coagulation & wound healing; 

regulator of inflammatory responses (activation 
& recruitment of immune cells) [223,224] 

Plasminogen Positive Intermediate - Precursor to serine protease, plasmin important 
in control of inflammation & clotting [226] 

Complement Proteins 
C3 Positive Minor Type I Key component in complement pathways [238] 
C3a, C5a Positive Minor - Anaphylatoxins [233,234] 
C5b-C9 Positive Minor - Forms the membrane attack complex [231] 
Other Acute Phase Proteins 
α-1-acid 
glycoprotein  

Positive Major Type I Binds microbes & drugs; anti-inflammatory 
properties [245,246] 

LPS binding 
protein 

Positive Species 
dependent 

Type I Binds LPS; modulates innate immune responses 
[250] 
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CHAPTER 3 

MATERIALS AND METHODS 

3.0 General Procedures 

3.1 Fish and maintenance of the parasite 

3.1.1 Fish 

Goldfish (Carassius auratus L.) (3-6 cm in length) were purchased from Aquatic 

Imports (Calgary, Alberta, Canada) and maintained in the Aquatics Facility in the 

Biological Sciences Building at the University of Alberta. Fish were kept in a continuous 

flow-through water system at 20°C, on a simulated natural photoperiod (14 hour light, 10 

hour dark), and fed trout pellets daily until satiated. Fish were acclimated for at least 

three weeks prior to use in experiments. Prior to handling or manipulation, fish were 

sedated with tricaine methane sulfonate (TMS; 40 mg/L). The care of experimental 

animals followed guidelines of the Canadian Council of Animal Care (CCAC-Canada). 

3.1.2 Collection and preparation of fish serum 

Goldfish blood was obtained by bleeding anaesthetized fish from the caudal vein 

using a 23-guage or 25-guage needle fitted syringe. After allowing blood to clot 

overnight at 4°C overnight, serum was isolated by centrifugation at 1540 x g for 30 

minutes. Serum used for maintenance of parasite cultures was heat-inactivated at 56°C 

for 30 minutes, filter-sterilized (Millipore, 0.22µm) and frozen at -20°C until used. Carp 

serum (Cyprinus caprio) was collected and prepared using the same procedures as those 

for goldfish and used in cultivation and maintenance of goldfish cells. Immune serum 

was collected from individual fish infected with 6.25 x 106 or 1.0 x 107 in vitro grown 

parasites. Sera were collected on 3,7,14, 21, 28 and 56 days post-infection, and stored at -

20oC until used. 

3.1.3 Parasites 

Trypanosoma carassii strain TrCa (syn. T. danilewskyi) was used in this study. 

Parasites were cultured in vitro in TDL-15 medium (Table 3.1) supplemented with 10% 

heat-inactivated goldfish serum at 20°C as previously described [278,355]. 

Trypanosomes used for all assays were obtained from 5-7 day old stock cultures.  
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3.1.4 Purification of parasites from blood 

Trypanosomes were purified from the blood as previously described [288]. 

Briefly, tri-sodium sodium citrate (100 mM sodium citrate, 40 mM glucose, pH 7.3) was 

added to blood collected from infected fish to prevent clotting, after which it was 

centrifuged at 750 x g for 10 minutes and the supernatant removed. The layer on top of 

the red blood cell pellet containing trypanosomes was removed and gently re-suspended 

in suspension buffer (57 mM Na2HPO4, 3 mM NaHPO4, 44 mM NaCl, 4 mM KCl, 5 mM 

glucose, 80 mM sucrose, pH 8). The re-suspension step was repeated twice to ensure 

most of the blood cells were removed. Following the last centrifugation step, the vial was 

titled at a 20° angle for 5 minutes to allow parasites to separate from the pelleted cells. 

The separated parasites were removed and suspended in culture medium. 

3.1.5 Infection of fish 

Fish were infected intraperitoneally with 6.25 × 106 or 1 x 107 in vitro grown 

parasites suspended in 100 µL of TDL-15 medium, or sham injected with 100 µL of 

TDL-15 (control) using a 1 mL tuberculin syringe fitted with a 25-guage needle. 

3.1.6 Assessment of infection (parasitemia) 

Fifty microliters of blood was removed on days 3, 7, 14, 21, 28, and 56 post-

infection and 4 µL of undiluted blood was added to 96 µL of tri-sodium citrate 

anticoagulant solution. Parasitemia was determined using the methods described 

previously [281,355]. Briefly, the number of trypanosomes per ml of blood was 

determined using an improved Neubauer hemocytometer fitted with a glass cover slip (22 

x 22 mm) and a bright field microscope (400x).  

For fish with very low circulating parasites that were not detectable using the 

haemocytometer, blood collected in a heparinized capillary tube was examined for the 

presence of parasites using the hematocrit centrifugation technique [356]. 
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3.1.7 Effects of goldfish complement on T. carassii in vitro 

3.1.7.1 Enzymes and inhibitors 

Trypsin (TPCK-treated) and Soybean trypsin inhibitor (SBTI) were purchased 

from Sigma. A 1 mg/mL trypsin and SBTI solution was prepared in serum-free medium 

and used at a concentration of 0.1 mg/mL 

3.1.7.2 Enzyme treatment of trypanosomes 

Trypanosomes cultured in vitro were washed twice in serum-free medium and re-

suspended to 1 x 106/mL. Medium alone or 0.1 mg/mL trypsin (Trypsin (TPCK-treated), 

Sigma) treatments were added to 1 mL of trypanosome suspension and incubated for 1 

hour at 20°C. Subsequently, 10% HI-GFS or 0.1 mg/mL Soybean trypsin inhibitior:SBTI 

(Sigma) was added to the reaction tubes and the tubes incubated for 10 minutes at 20°C. 

After enzyme inactivation, trypanosomes were washed twice in serum-free medium and 

re-suspended in 1 mL of medium for use in the assay 

3.1.7.3 Trypanosome lysis assay 

The procedure to assess trypanosomes susceptibility to lysis was described 

previously [313]. Briefly, 1 x 105 parasites were seeded in a 96-well plate in either 

medium, non-immune, heat-inactivated (HI) non-immune or immune goldfish serum or 

normal goldfish serum supplemented with either PBS or 0.5 µg/mL or 5 µg/mL of 

recombinant goldfish C-reactive protein (rgfCRP). Plates were incubated for 1 hour at 

20°C, after which the contents of each well were re-suspended in medium and viable 

trypanosomes enumerated using a hemocytometer. Trypanosomes were considered viable 

when flagellar movement was observed. 

 

3.2 Isolation and cultivation of goldfish kidney leukocytes 

3.2.1 Culture Medium 

The culture medium used for cultivation of goldfish leukocytes has been 

previously described [357,358]. The composition of incomplete medium (MGFL-15) is 

shown in Table 3.2. The composition of medium constituents is shown in Table 3.3. 

Complete medium (C-MGFL-15) was composed of MGFL-15 containing 100 U/mL 
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penicillin/100 µg/mL streptomycin (Invitrogen), 100 µg/mL gentamycin (Gibco), 10% 

newborn calf serum (NCS: Hyclone, Loan, UT), and 5% carp serum. 

3.2.2 Isolation and establishment of primary kidney macrophages (PKM) 

The procedure for the isolation and cultivation of primary kidney macrophages 

(PKM) has been previously described [11]. Briefly, the kidney were aseptically removed 

from individual fish, and passed through stainless steel screens using incomplete medium 

containing antibiotics (100 U/mL penicillin/100 µg/mL streptomycin, Invitrogen), and 

heparin (50 U/mL, Sigma). The resulting cell suspensions were layered on 51% Percoll 

(Sigma) and centrifuged at 400 x g for 25 minutes. The cells at the Percoll-media 

interface were removed and washed twice in MGFL-15 (230 x g for 10 minutes).  

PKM cultures were established by seeding freshly isolated PKMs into 75 cm2 

culture flasks containing 15 mL of complete media (C-MGFL-15) and 5 mL of cell-

conditioned medium (CCM) from previous cultures. The PKM cultures consisted of a 

heterogeneous population of cells, which include early progenitors, monocytes, and 

mature macrophages. Day 3 to 4 cultures consisted primarily of monocytes whereas older 

cultures (6-7 days) consisted primarily of macrophages. In this thesis, day 3 PKM 

cultures are referred to as monocytes and day 6-7 PKMs are referred to as macrophages. 

Based on previously established parameters, PKM cultures were sorted into mature 

macrophage and monocyte populations based on internal complexity and size using the 

FacsAria flow cytometer (Becton Dickson) [11]. The number of viable cells was 

determined using the trypan blue staining. 

3.2.3 Isolation and establishment of kidney-derived neutrophils 

The procedure for isolation of kidney neutrophils has been previously described 

[60]. Briefly, kidneys were removed from individual fish and passed through steel 

screens, homogenates collected, and layered on a 51% Percoll solution, and centrifuged 

at 400 x g for 25 minutes. The pellet containing red blood cells and kidney-derived 

granulocytes were re-suspended in 1X red blood cell (RBC) lysis buffer (144 mM NH4Cl, 

17 mM Tris, pH 7.2) to lyse the red blood cells. The cells were washed twice in NMGFL-

15 (230 x g for 10 minutes) and seeded into 25 cm2 culture flasks containing 10% carp 
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supplemented MGFL-15. Non-adherent cells were harvested and washed twice in 

NMGFL-15 (230 x g for 10 minutes) prior to use. 

3.2.4 Isolation of splenocytes 

The procedure for the isolation of splenocytes has been previously described [65]. 

Briefly, spleens were removed from individual fish and passed through steel screens 

using incomplete medium containing antibiotics (100 U/mL penicillin/100 µg/mL 

streptomycin, Invitrogen). The cell suspensions were then layered on a 51% Percoll 

solution, and centrifuged at 400 x g for 25 minutes, after which the 51% Percoll-medium 

interface was removed and washed twice with MGFL-15 (230 x g for 10 minutes). 

3.2.5 Isolation of peripheral blood leukocytes (PBLs) 

The procedure for the isolation of PBLs has been previously described [65]. 

Blood was collected from the caudal vein of individual fish using heparinized needles 

and suspended in NMGFL-15 containing 100 U/mL penicillin/100 g/mL streptomycin. 

PBLs were pelleted by centrifugation at 400 x g for 10 minutes after which the red blood 

cells were lysed using 1X RBC lysis buffer for 30-40 minutes on ice. The sample was 

washed twice in NMGFL-15 (230 x g for 10 minutes) to collect PBLs. 

3.2.6 Preparation of cell-conditioned medium 

Cultures of primary kidney macrophages maintained for 6-8 days at 20°C were 

centrifuged at 400 x g for 10 minutes, and the supernatant (CCM) was collected from 

individual cultures when total cell counts exceeded 10 million cells/individual culture, 

pooled, filter-sterilized (0.22 µm) and stored at 4°C until further use. 

 

3.3 Molecular procedures 

3.3.1 Cloning of C. auratus genes 

To clone CRP and SAA, primers were designed based on the conserved 

nucleotide sequences against the CRP gene of common carp (Accession No. 

AB028455.1) and zebrafish (Accession No. JF772178.1) and against the SAA gene of 

common carp (Accession No. AB016524.1) and zebrafish (Accession No. 
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NM_001005599.1). RACE PCR was performed using the SMART RACE PCR 

(Clonetech, USA) to obtain the open reading frame and untranslated regions of the 

transcript. The primers used in homology based PCR, RACE-PCR primers can be found 

in Table 3.5. 

3.3.2 In silico analysis of C. auratus genes 

Protein alignments were performed using Clustal W or Omega  software. Conserved 

regions and motifs identified by Pfam (http://pfam.sanger.ac.uk/search/sequence). 

Phylogenetic analysis was done using MEGA5 software neighbor joining method and 

bootstrapped 10,000 times [359]. The full-length sequence for CRP (Accession No. 

KP057691).and SAA (Accession No. KT598223) have been submitted to Genbank.  

 

3.4 Prokaryotic expression of C. auratus recombinant proteins 

3.4.1 Cloning of C. auratus genes into pET SUMO expression vector 

PCR fragment encoding the full sequence of goldfish CRP and SAA ORF was 

amplified using primers that allow cloning into pET SUMO expression vector 

(Invitrogen). PCR products were gel purified (QIAquick Gel Extraction Kit, Qiagen) and 

ligated into pET SUMO vector (Invitrogen). The recombinant plasmid was transformed 

into competent Escherichia coli (NEB10, Biolabs) and plated onto LB-kanamycin plates 

(50 µg/mL) and incubated at 37°C overnight. Positive recombinant clones were identified 

by colony PCR, cultured in LB-kanamycin, and plasmid DNA purified from recombinant 

clones using QIAprep spin Miniprepkit (Qiagen). To verify that the insert was in the 

correction orientation and frame, the purified plasmids were sequenced using vector 

specific primers. The pET SUMO vector encodes an N-terminal 6XHis tag for 

purification and detection of the recombinant molecules. All primers used in the 

generation of recombinant protein expression constructs can be found in Table 3.6. 

3.4.2 Pilot expression of recombinant CRP and SAA 

Recombinant plasmids containing CRP or SAA inserts were transformed into 

BL21 Star One Shot E. coli cells (Invitrogen). In this pilot study, 1 mL of transformation 

mixture was used to inoculate 10 mL LB-kanamycin (50 µg/mL), which was grown to 
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mid-log phase (OD600 of 0.5-0.6) and split into five 1 mL cultures. IPTG (0.25 mM, 0.5 

mM, 1 mM) was added to induce expression of recombinant proteins for 3 hours. 

Bacterial lysate supernatant and pellet were resolved by SDS-PAGE and visualized by 

Western blot using mouse monoclonal antibody (1:5000) against the N-terminus 6X His 

tag. From this pilot study, I determined that the recombinant CRP was present in the 

pellet whereas SAA was present in the pellet and to a lesser extend in the supernatant, 

and the optimal induction concentration was 1 mM IPTG. 

3.4.3 Scale up production of recombinant goldfish CRP and SAA in E. coli 

Recombinant plasmids containing CRP or SAA inserts were transformed into BL21 

Star One Shot E. coli cells (Invitrogen), scaled up to mid-log phase (OD600 of 0.4-0.6), 

and induced with 1 mM IPTG for 3 hours. Optimal induction time and concentration was 

determined in a pilot study. The induced bacteria was pelleted and frozen at -20°C until 

needed. The bacteria re-suspended in lysis buffer (2.5 mL of 10X FastBreak Lysis 

Reagent (Promega) in 22.5 denaturing wash buffer (100 mM Hepes, 10 mM imidazole, 

7.5 M urea, pH 7.5)) and incubated with MagneHis Ni-particles (Promega) as 

recommended by manufacturer. A PolyATtrack System 1000 magnet (Promega) was 

used to retain Ni-particles bound to recombinant proteins. Protease Inhibitor cocktail (500 

µM AEBSF, HCl, 150 nM Aprotonin, 1 µM E-64, and 1 µM Leupeptin) was added to all 

buffers to prevent protein degradation. The supernatants were discarded, the beads 

washed 3 times under denaturing conditions (as described above), and the recombinant 

proteins eluted from the beads using 500 mM imidazole. To confirm the presence of 

recombinants, a western blot was performed using the anti-6X His tag antibody. 

Subsequently, the protein was renatured overnight in 10 volumes of renaturation buffer (4 

mM reduced glutathione, 2 mM oxidized glutathione, 50 mM sodium borate, 5 mM 

EDTA, pH 8.5), and dialyzed overnight against 4 L of 1X PBS overnight using 20 kDA 

MWCO Snakeskin dialysis tubing (Pierce). To concentrate protein, the dialysis tubing 

was placed in polyethylene glycol flakes for 8 hours and further dialyzed against PBS 

overnight to remove traces of imidazole and urea. The recombinant protein was passed 

through Pierce High Capacity Endotoxin Columns (Thermo Scientific) according to 

manufacturers directions. Recombinant protein was analyzed using the Limulus 

amebocyte lysate kit (Thermo Scientific) and found to be endotoxin free (<0.1 EU/mL). 
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Protein concentration was determined using a Micro BCA Protein Assay Kit (Thermo 

Scientific). The presence of recombinant protein was confirmed by Western blot and the 

identity of the protein confirmed using mass spectrometry. 

 

3.5 Quantitative expression analysis (Q-PCR) of goldfish acute phase proteins 

3.5.1 Quantitative PCR design and validation 

Quantitative PCR (Q-PCR) primers were designed using Primer Express Software 

(Applied Biosystems). Primers were validated by assessing the relative quantitative 

efficiency against a curve designed from serial dilutions of goldfish cDNA. Primers were 

chosen by assessing R2 value, y-intercept range, percentage efficiency, and visualizing 

melting curves for single peaks. To confirm primer specificity, Q-PCR products were run 

on a gel and sequenced. All primer sequences are shown in Table 3.7. 

3.5.2 Quantitative PCR analysis of APP expression in non-stimulated goldfish immune 
populations 

Cell populations including goldfish mature macrophages, monocytes, neutrophils, 

splenocytes, and PBLs were isolated (n=5) as described. Total RNA was isolated 

immediately after cell isolation using TRIzol Reagant (Invitrogen) and reverse 

transcribed into cDNA using SuperScript III cDNA kit (Invitrogen) according to the 

instructions by the manufacturer. Thermocycling parameters were as follows: 95ºC, 2 

minutes; 95ºC, 15 seconds; 60ºC, 1 minute; 95ºC, 15 seconds; 60ºC, 1 minute; 95ºC, 30 

seconds; 60ºC, 15 seconds (melting curve); for 40 cycles. Analysis of gene expression 

was performed using 7500 Fast Software (Applied Biosystems). Expression analysis of 

APPs was performed relative to the endogenous gene, elongation factor 1 alpha (EF-1α).  

The mean Ct value for EF-1α was in the range of 21.54 - 21.8 for all immune cell 

populations. The RQ values were normalized against the lowest expression of APPs 

(macrophages). 

3.5.3 Quantitative PCR analysis of APP expression in normal goldfish tissue 

Total RNA was isolated from kidney, liver, spleen, heart, brain, muscle, intestine 

and gill of healthy goldfish (n=6 for each tissue) using TRIzol reagent (Invitrogen) and 
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transcribed into cDNA using Superscript III cDNA synthesis kit (Invitrogen) according to 

manufacturer’s instructions. Quantitative expressions of APPs were performed using the 

7500 Fast Real-Time PCR machine (Applied Biosciences). The cycling parameters were 

the same as described in Section 3.5.2. Expression analysis of APPs was performed 

relative to the endogenous gene, EF-1α. The mean Ct value for EF-1α was in the range of 

19.34 - 19.76 for all tissues examined. The RQ values were normalized against the 

expression seen in the lowest tissue group (muscle). 

3.5.4 Quantitative PCR analysis of APPs in non-infected and T. carassii infected 
goldfish 

Kidney, liver and spleen were removed from non-infected control (n=6) and 

infected (n=6) goldfish on 3, 7, 14, 21 and 56 days post infection. Samples were 

immediately flash frozen in liquid nitrogen and stored at -80°C until RNA processing. 

Kidney, spleen, and liver RNA was extracted from tissues using TRIzol reagent 

(Invitrogen) or RNAeasy Mini Kit according to manufacturer’s instructions. 2.5 µg of 

total RNA was reverse transcribed into cDNA using Superscript III cDNA synthesis kit 

(Invitrogen) according to manufacturer’s instructions. The cycling conditions are the 

same as described in Section 3.5.2. The fold difference (RQ) was found as instructed by 

the qPCR instruction manual (Applied Biosystems) in comparison to the endogenous 

control gene, EF-1α. All samples were run in triplicate and presented as the mean ± SEM 

of 6 fish per experimental group. 

3.5.5 Quantitative PCR analysis of pro-inflammatory and anti-inflammatory cytokine 

expression in treated PKMs 

Monocytes and macrophages were obtained from individual fish (n=4 for each) 

and seeded into individual wells of a 24-well plate at a density of 1 x 106 cells per well in 

a final volume of 500 µL CMGFL-15. Cells were treated with PBS, 0.5 µg/mL rgSAA, or 

5 µg/mL rgSAA for 1, 3, 6, and 12 hours. Total RNA was isolated from cells at indicated 

times and reverse transcribed into cDNA as described in previous sections. Changes in 

expression of select immune genes (IL-1β1, IL-1β2, IL-10, IL-12p35, IL-12p40, NLRP3, 
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TGFβ, TNFα1, TNFα2 and SAA) were assessed. All primer sequences used in Q-PCR 

are shown in Table 3.7. 

3.6      Measurement of functional responses in goldfish immune cells 

3.6.1 Respiratory burst assay 

Respiratory burst assay was performed as previously described [65]. Briefly, 

goldfish monocytes from three to four day old cultures from individual fish were seeded 

into 96-well plates at a density of 2 x 105 or 3 x 105 cells per well and incubated in culture 

medium alone (control) or treated with various concentration of recombinant APPs. The 

cell cultures were incubated for 16-18 hours at 20°C after which NBT (2 mg/mL, Sigma) 

and PMA (final triggering concentration 100 ng/mL, Sigma) in PBS were added to the 

cultures and incubated at room temperature for 30 minutes. The plates were centrifuged 

at 400 x g for 10 minutes, supernatants aspirated, and pelleted cells fixed with methanol. 

Non-reduced NBT was removed by washing twice with methanol and reduced NBT was 

dissolved by 2 M KOH. To induce a colorimetric response, DMSO was added and plates 

read at 630 nm. To factor in background NBT reduction, absorbance from cells alone (no 

PMA) was subtracted from treatment values. 

3.6.2 Nitric oxide assay 

Nitric oxide assay was performed as performed as previously described [65]. 

Briefly, macrophages from six to eight day cultures from individual fish were seeded in 

wells of 96-well plates at a density 2 x 105 or 3 x 105 cells per well. These were then 

incubated in culture medium alone (control) or treated with various concentration of 

recombinant APPs and incubated at 20°C for 48 to 72 hours. Nitrite production was 

determined using the Griess reaction. Briefly, 1% sulphanilamide and 0.1% N-napthyl-

ethylenedamine were added to cultures and nitrite levels were determined 

colorimetrically at 540 nm using a nitrite standard curve. 

3.6.3 Chemotaxis assay 

Cells from either day 3 (monocytes) or days 6–7 (mature macrophage) cultures or 

neutrophils were washed twice in incomplete NMGFL-15 and adjusted to a final 

concentration of 1 x 106 cells/mL. The chemotaxis assay was performed using blind well 
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leucite chemotaxis chambers (Nucleoprobe Corp.). The top and bottom chambers were 

separated by a 5 µm pore size polycarbonate membrane filter (Neuroprobe). Negative 

controls consisted of medium alone and the positive control was 20 ng/mL fMLP (N-

formyl-methionyl-leucyl-phenylalanine). The chemokinesis control consisted of equal 

amounts of the treatment in both the upper and lower chambers.  

For chemotaxis experiments the incubation period was 4 hour at 20 °C for PKMs 

and 1 hour at 20 °C for neutrophils. Following incubation the cell suspensions were 

carefully aspirated from the top chamber and the filters fixed in methanol, stained with 

Gill’s Solution 3 (Sigma), and applied bottom side up on a microscope slide. 

Determination of chemotactic activity was assessed by counting the total number of cells 

found on the underside of the polycarbonate filters in 20 random fields of view under oil 

immersion (100X). Separate PKM cultures were established from four individual fish. 

3.6.4 Phagocytosis assay 

3.6.4.1 Preparation of FITC labeled T. carassii and GFP-labelled E. coli 

T. carassii was labelled with 500 ng/mL FITC with continuous shaking at room 

temperature for 30 minutes. After staining, T. carassii was washed twice with 1X PBS. A 

growth curve of E.coli DH5α-GFP was generated correlating to A600 in conjunction with 

the number of colony forming units (CFUs) after plating bacterial serial dilutions. E.coli 

DH5α-GFP was washed twice with 1X PBS before use in experiments 

3.6.4.2 Phagocytosis assay using ImageStream 

T. carassii-FITC and E.coli DH5α-GFP were opsonized with either: 0.5 and 5 µg/mL 

rgfCRP or a PBS control, after which targets were washed twice with 1×PBS to remove 

unbound particles. E.coli DH5α-GFP were added to 1 x 105 macrophages at a ratio of 5:1 

(bacteria/parasite: cells), and incubated for 2 hours at 20°C. After incubation, the samples 

were fixed in 1% formaldehyde at 4°C for 20 minutes. Collection of data was done using 

the ImageStream multi-spectral imaging flow cytometer (Amnis) and analyzed using 

INSPIRE software. A minimum of 10,000 cells was acquired. Phagocytic index was 

calculated based on the number of particles/parasites internalized per macrophage. 
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3.6.4.3 Phagocytosis assay using Quanta SC 

E.coli DH5α-GFP was opsonized with varying concentrations of rgSAA (0.01, 

0.1, 1, and 10 µg/mL) or a PBS control for 30 minutes, after which it was washed twice 

with 1X PBS to remove unbound particles. The bacteria were added to cells (neutrophils 

and macrophages) at a ratio of 3:1 (bacteria:cells) and incubated for an additional 30 

minutes for neutrophils an 1 hour for macrophages. After incubation, the samples were 

fixed in 1% PFA at 4°C for 20 minutes. Collection and analysis of data was done using 

the Cell Lab Quanta SC flow cytometer. 

 Mature macrophages or neutrophils were pre-treated with varying concentrations 

of rgSAA (0.01, 0.1, 1, and 10 µg/mL) or a PBS control for 30 minutes, after which 

E.coli DH5α-GFP was added at a ratio of 3:1 (bacteria:cells) and incubated for an 

additional 30 minutes for neutrophils an 1 hour for macrophages. After incubation, the 

samples were fixed in 1% PFA at 4°C for 20 minutes. Collection and analysis of data was 

done using the Cell Lab Quanta SC flow cytometer. 

 

3.7 SDS-PAGE and Western blot 

3.7.1 SDS-PAGE 

Proteins were separated and visualized by reducing SDS-PAGE according to the 

method described originally by Laemmli [360]. Briefly, samples were dissolved in 

Laemmli sample buffer (BioRad) and heated at 95 °C for 10 minutes. Samples were 

electrophoresed through polyacrylamide gels (4% stacking, 12% separating) at 100 V for 

15 minutes followed by 130 V for 1 hour. The polyacrylamide gels were stained with 

Coomassie brilliant blue (BioRad) to visualize protein bands in some experiments. 

Coomassie staining was performed by soaking the gels in a solution of Coomassie 

brilliant blue (0.1% Coomassie brilliant blue, 10% acetic acid, 40% methanol) for 1 hour 

at room temperature). Gels were destained using 10% acetic acid and 40% methanol 

overnight. 
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3.7.2 Western blot 

Following gel electrophoresis, proteins were transferred to 0.2µm nitrocellulose 

membranes (BioRad) at 125 V for 50 minutes in transfer buffer (25 mM Tris, 192 mM 

glycine, 20% methanol). Membranes containing transferred proteins were blotted in the 

following manner. The nitrocellulose were blocked with 5% Skim Milk in Tris-buffered 

saline/Tween 20 (TTBS; 0.1% Tween 20 in 100 mM Tris-HCl, 0.9% NaCl, pH 7.5; TBS) 

for 1 hour at room temperature or at 4°C overnight. Membranes were washed 3X in 

TTBS, then incubated in a solution containing primary antibody in 2.5 % blocking buffer 

or TTBS and incubated for 1-2 hours at room temperature or overnight at 4°C. 

Membranes were washed 3X in TTBS for 5 minutes each before incubation with 

secondary antibody for 1 hour at room temperature. Blots were washed 3 times in TTBS 

for 5 minutes each. Protein bands were visualized using chromogenic ECL development 

solution according manufacturer’s instructions (Thermo Scientific). 

 

3.8 Statistical analysis 

All statistical analysis was performed using GraphPad Prism 6. Data for 

antimicrobial responses (respiratory burst, nitric oxide, chemotaxis) as well as 

quantitative expression analysis were analyzed using one-way ANOVA followed by post-

hoc tests. Probability of P < 0.05 was considered significant.  
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Table 3.1 Components of Trypanosoma carassii TDL-15 Mediuma 

Reagants/Solutions Amount (per 500 mL) Specifications 

Milli-Q Water 150 mL Endotoxin-free 

Hank’s Solution 20 mL 10X, no Ca2+ or Mg2+ 

MEM Amino Acid Solutionb 6.25 mL 50X 

MEM Non-essential Amino Acid 

Solutionb 

6.25 mL 100X 

 

NaHCO3 0.63 g  

NaOH 15 µL  

Sodium pyruvate solutionb 6.25 mL 10 mM 

MEM Vitamin Solutionb 5 mL 100X 

Nucleic Acid Precursor Solutionc 5 mL 2.5 mM 

L-glutamine Solution 5 mL  200 mM 

Gentamicind 0.5 mL 50 mg/mL 

2-Mercapthoethanol 0.5 mL 50 mM (fresh) 

HEPES 1 g  

Insulin 0.0025 g  

GFL-15 Mediume 250 mL  

pH to 7.2 and filter sterilize using a 0.2 µm filter. Store at 4°C 
a Developed by Wang and Belosevic [278] 
b Supplied by Invitrogen 
c 2.5 mM each of: adenosine, cytidine, hypoxanthine, thymidine and uridine 
d Supplied by Gibco 
e Leibovitz-15 and Dulbecco’s Modified Eagles Medium 50:50 (v:v) 
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Table 3.2 Components of MGFL-15 

Reagants/Solutions Amount (per 1 L) Specifications 

Hepes 3.5 g  

KH2PO4 0.344 g  

K2HPO4
 0.285 g  

NaOH 0.375 g  

NaHCO3 0.17 g  

L-glutamine 0.2922 g   

Insulin 0.005 g  

10X Hanks Balanced Salt Solution 40 mL  

MEM Amino Acid Solutiona  12.5 mL 50X 

MEM Non-essential Amino Acid 

Solutiona 

12.5 mL 100X 

MEM Sodium Pyruvate Solutiona 12.5 mL 100X 

MEM Vitamin Solutiona 10 mL  

Nucleic Acid Precursor Solutionc 10 mL  

2-Mercapthoethanol 3.5 µL  

GFL-15 500 mL  

Milli-Q water Fill to 1 L Endotoxin-free 

pH to 7.4 and filter sterilize using a 0.2 µm filter. Store at 4°C 
a Supplied by Invitrogen 
b GFL-15 medium contains 1 package of dry powder of Leibovitz-15 and 1 package of 
dry powder of Dulbecco’s Modified Eagle Medium in 2 L 
cNucleic Acid Precursor Solution is composed of 0.067 g adenosine, 0.061 g cytidine, 
0.034 g hypoxanthine, 0.061 g thymidine, and 0.061 g uridine in 100 mL Milli-Q water. 
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Table 3.3 Constituents of Hank’s Balanced Salt Solution 

Reagants/Solutions Amount (g per 500 

mL) 

KCl 2.0 
KH2PO4 0.30  
NaCl 40.0 
Na2HPO4*7H2O 0.45  
D-Glucose 5.0  
Phenol Red 0.05  
Filter sterilized using a 0.2 µm filter. Store at 4°C 

 

 

Table 3.4 Constituents of Nucleic Acid Precursor Solution 

 

Dissolved at 50°C water bath. Do not filter. 

 

Table 3.5 Constituents of Phosphate Buffered Saline (PBS) 

 

pH to 7.4 and filter sterilize using a 0.2 µm filter. 

Reagants/Solutions Amount (g per 100 

mL) 

Adenosine 0.067  
Cytidine 0.061  
Hypoxanthine 0.034  
Thymidine 0.061  
Uridine 0.061  

Reagants/Solutions Amount (g per 1 L) 

NaCl 8  
KCl 0.2  
Na2HPO4*7H2O 2.68  
KH2PO4 0.24  
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Table 3.6 Primers used for molecular cloning of C. auratus Serum amyloid A (SAA) 
and C-reactive protein (CRP) 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Primer Name Sequence (5’-3’) 
Homology Based Primers 
CRP forward TTTACTCTCTGCATGCGTGTGG 
CRP reverse ATCAGGGTCTTGTCCGAGCAC 
SAA forward TGCACGTGGGAACTATGATGCT 
SAA reverse TTCTGTTGCAGTGATGCTCTTCTT 
RACE PCR primers 
CRP 3’ race  TCTGCATGCGTGTGGCGACG 
CRP 3’ nested race ACCGCACGCCCGAGTTTGAT 
CRP 5’ race ACGGTGCCACCAGGACGGAT 
CRP 5’ nested race AACTCGGGCGTGCGGTAAGC 
SAA 3’ race ATTACGTCCCCAGCGGTTGGC 
SAA 3’ nested race TTACCGCGGCGAGAGAGTCC 
SAA 5’ race AGAAGGGGCCCTGGAGGCAAA 
SAA 5’ nested race TGCAGGGACTCTCTCGCCGC 
Prokaryote Expression Primers 
CRP forward ATTACTGAAGTGGGCCTCAGTG 
CRP reverse GTGCTAGTGGTGCAAATTAACTGA 
SAA forward CAATGGCACCGCTACCCAG 
SAA reverse TCAGTACTTTCTGGGAAGGCCC 
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Table 3.7 List of quantitative PCR primers 

CRP = C-reactive Protein; Cp = Ceruloplasmin; EF-1α = Elongation Factor-1-alpha; Hx= 
Hemopexin; IL-1β-1 = Interleukin-1beta-1; IL-1β-2 = Interleukin-1beta-2; IL-10 = 
Interleukin-10; IL-12p35 = Interleukin 12 p35; IL-12p40 = Interleukin 12 p40; NLRP3 = 
NLR family pyrin containing 3; Tf = transferrin, TGFβ = Transforming growth factor-
beta; TNFα1 = Tumor necrosis factor-alpha-1; TNFα2 = Tumor necrosis factor-alpha-2; 
SAA = Serum Amyloid A 

 

  

Primer Sequence (5’-3’) 
CRP forward GAT GGT TGT GTG GCC TTG GT 
CRP reverse AGG CAG ATG GAA AAA TGC TTC T 
Cp forward GCC ACT TCC TGC TGC ATT G 
Cp reverse TCC TTA GGA ACC ACC CAC TCA 
EF-1α forward CCG TTG AGA TGC ACC ATG AGT 
EF-1α reverse TTG ACA GAC ACG TTC TTC ACG TT 
Hx forward CATCACCTGGGACATGTGGAT 
Hx reverse GGTGTTCTGGGCTGTCTTCAG 
IL-1β-1 forward GCG CTG CTC AAC TTC ATC TTG 
IL-1β-1 reverse GTG ACA CAT TAA GCG GCT TCA C 
IL-1β-2 forward GAT GCG CTG CTC AGC TTC T 
IL-1β-2 reverse AGT GGG TGC TAC ATT AAC CAT ACG 
IL-10 forward CAA GGA GCT CCG TTC TGC AT 
IL-10 reverse TCG AGT AAT GGT GCC AAG TCA TCA 
IL-12 p35 forward TGT TTT ACG TGC ATT CCT TTG G 
IL-12 p35 reverse GGC GCC TGA AAA AAA TAC GA 
IL-12 p40 forward CTT CAG AAG CAG CTT TGT TGT TG 
IL-12 p40 reverse CAG TTT TTG AGA GCT CACCGA TAT C 
NLRP3 forward CAG AAG ACG CTC TCG GGT ACA 
NLRP3 reverse TCA GCT CCC AGT ATG CCA ATT 
Tf forward AGC CAT ATG CGG CCA AAC 
Tf reverse AGG AGC GCA GCC TTT ACT GA 
TGFβ forward GTA CAC TAC GGC GGA GGA TTG 
TGFβ reverse CGC TTC GAT TCG CTT TCT CT 
TNFα1 forward CAT TCC TAC GGA TGG CAT TTA CTT 
TNFα1 reverse CCT CAG GAA TGT CAG TCT TGC AT 
TNFα2 forward TCA TTC CTT ACG ACG GCA TTT 
TNFα2 reverse CAG TCA CGT CAG CCT TGC AG 
SAA forward TCT CTC GCC GCG GTA ATT C 
SAA reverse  GGA AGG CCC TTG GGT CTG TA 
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CHAPTER 4 

GENE EXPRESSION ANALYSIS OF THE ACUTE PHASE RESPONSE IN 

GOLDFISH (Carassius auratus L.) INFECTED WITH Trypanosoma carassii1 

 

4.0 Introduction 

An integral component of the innate immunity is the acute phase response (APR), 

which is a rapid physiological reaction to infection, injury or trauma [2]. The pathogen-

induced homeostatic disruption leads to the release of cytokines and inflammatory 

mediators such as IL-1, IL-6 and TNF-α, which induce rapid synthesis of acute phase 

proteins (APP) in the liver [3,81]. A significant change in the blood plasma composition 

of acute phase proteins (APPs) characterizes the APR, enabling the host to limit pathogen 

growth and restore homeostasis. 

APPs have various functions such as the ability to opsonize pathogens and activate 

the complement system, scavenge free radicals, protect against oxidative damage and 

neutralize enzymes [3]. APPs are classified according to a variety of parameters 

including: magnitude of concentration change in plasma (major, intermediate, minor), 

direction of concentration change (negative versus positive) and function (i.e. transport, 

interaction with complement components etc.) [2]. Serum amyloid A (SAA) and C-

reactive protein (CRP) are major APPs whose concentrations increase as much as 1000-

fold during inflammation [125]. CRP has been shown to enhance phagocytosis of 

pathogens and activate classical complement pathway [97]. The functions of SAA are not 

well established, however, SAA has been implicated in chemotactic recruitment of 

inflammatory cells, promotion of the expression and eventual production of pro-

inflammatory cytokines and the regulation of adaptive immune responses [89,124]. 

1A portion of this chapter has been published: Kovacevic, N., Hagen, M.O., Xie, J., and Belosevic, M. 2015. The 
analysis of the acute phase response during the course of Trypanosoma carassii infection in the goldfish 
(Carassius auratus L.). Developmental and Comparative Immunology 53(1): 112-122 
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Ceruloplasmin (Cp), hemopexin (Hx), and transferrin (Tf) are classified as transport 

APPs, involved in the regulation of iron concentrations in the host [352]. 

In human and veterinary medicine, APPs are well characterized and changes in their 

concentrations in the host are handy diagnostic tools for identifying ongoing infection 

and inflammation, as well as evaluation tools for assessment of immunotoxicity [4,5,361].  

Research of host defense in fish has attracted widespread attention due to a growing 

aquaculture industry, as disease outbreaks from overcrowding and associated stress cause 

devastating losses [6]. Amongst bacterial and viral infections, parasites pose a serious 

risk to aquaculture. Adapting parasites to laboratory models is difficult, limiting the 

knowledge of innate immune responses, and in particular the APR during infection in 

teleosts [8]. Our laboratory has a natural host-parasite model system that is be used to 

assess numerous parameters of this relationship. Trypanosoma carassii is a protozoan, 

extracellular parasite infecting economically important cyprinids [10]. In aquaculture 

setting, prevalence of infection can reach up to 100%, resulting in significant morbidity 

and mortality [281].  

In this study, I examined the expression of genes that encode APPs to assess the 

importance of these during the course of T. carassii infection in the goldfish.  

 

4.1. Experimental design 

4.1.1. Course of infection in goldfish infected with T. carassii 

Individual fish (n=6 for each group) were anaesthetized with TMS and injected 

intraperitoneally with 6.25 × 106 in vitro grown parasites suspended in 100 µL of TDL-15 

medium, or sham injected with 100 µL of TDL-15 (control fish). Fifty microliters of 

blood were collected on days 3, 7, 14, 21, 28 and 56 after infection, and 4 µL of undiluted 

blood was added to 96 µL of tri-sodium citrate anticoagulant (100 mM tri-sodium citrate, 

40 mM glucose, pH 7.3). Parasitemia was enumerated using the methods described 

previously [281,355]. Briefly, parasitemia was enumerated as parasites/mL of blood 

using a haemocytometer. When parasite numbers were too low to detect using a 

haemocytometer, hemocrit centrifugation technique was used [356]. Number of parasites 
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per mL was log transformed and presented as mean ± SEM parasites per mL of blood of 

(n=6) fish per experimental group. 

4.1.2 Identification of goldfish acute phase proteins 

CRP primers were designed based on the nucleotide sequences against the CRP gene 

of common carp (Accession No. AB028455.1) and zebrafish (Accession No. 

JF772178.1).  RACE PCR (Clonetech, USA) was done to obtain the open reading frame 

and untranslated 5’ and 3’ sequences of goldfish CRP. To determine the sequence CRP, it 

was first cloned into pJET1.2/blunt cloning vector (Fermantas) and colonies containing 

the correct insert were identified by colony PCR using pJET1.2 sequencing primers 

(Fermantas). Positive clones were isolated using the QIAprep spin Miniprepkit (Qiagen) 

and sequenced using the DYEnamic ET terminator cycle sequencing kit and a PE 

Applied Biosystems 377 automated sequencer. Sequences were analyzed using 4peaks 

software and BLAST programs (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The nucleotide 

sequences of goldfish CRP (Accession No. KP057691) has been submitted to the 

Genbank. 

Goldfish Tf and Hx (syn. Wap65) have been previously cloned and sequenced 

[165,192], and Cp (Accession No. HM355584) has been partially sequenced. 

Quantitative PCR primers were designed using Primer Express Software (Applied 

Biosystems). Primers were validated by assessing the relative quantitative efficiency 

against a curve designed from serial dilutions of goldfish cDNA. Primers were chosen if 

the R2 values were greater than 0.980 and an efficiency > 90%. To confirm primer 

specificity, qPCR products were run on a gel and sequenced. 

4.1.3 Assessment of the effects of T. carassii infection on expression of acute phase 

proteins of goldfish 

Kidney, liver and spleen were removed from non-infected control and infected (n=6) 

goldfish on 3, 7, 14, 21, 28 and 56 days post infection. Samples were immediately flash 

frozen in liquid nitrogen and stored at -80°C until isolation of RNA. 

Kidney, spleen, and liver RNA was extracted from tissues using TRIzol reagent 

(Invitrogen) or RNAeasy Mini Kit according to manufacturer’s instructions. The purity of 
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the RNA was confirmed by assessing the ratio of the absorbance at 260 nm and 280 nm 

as well as 260 nm and 230 nm. 2.5 µg of total RNA was reverse transcribed into cDNA 

using Superscript III cDNA synthesis kit (Invitrogen) according to manufacturer’s 

instructions. The cycling parameters were as follows: 95ºC, 2 minutes; 95ºC, 15 seconds; 

60ºC, 1 minute; 95ºC, 15 seconds; 60ºC, 1 minute; 95ºC, 30 seconds; 60ºC, 15 seconds 

(melting curve); for 40 cycles.  

The fold difference (RQ) was determined as described by the qPCR instruction 

manual (Applied Biosystems); the endogenous control gene, was elongation factor 1 

alpha (EF-1α). All expression data were normalized using the baseline expression in non-

infected control fish for each gene. All samples were run in triplicate and presented as the 

mean ± SEM of 6 fish per experimental group.  

 

4.2 Results 

4.2.2 The course of T. carassii infection in goldfish 

All fish injected with the parasites became infected as indicated by examination of 

their blood for trypanosomes as early as 3 days post infection (dpi) (Table 4.1). Parasite 

numbers peaked at 14 dpi with a mean log parasite burden of 6.16 ± 0.35 parasites/mL. 

Thereafter, parasite numbers begins to progressively decline with a mean log burden of 

3.97 ± 0.58/mL by 56 dpi. The first phase of infection (up to 21 dpi) is referred to as the 

acute phase, after which the following phase is referred to as the chronic or elimination 

phase (days 28-56). No mortality was observed in both infected and non-infected fish. 

4.2.3 T. carassii alters the expression of acute phase proteins during the acute phase of 
infection in goldfish 

To understand the role acute phase proteins have during T. carassii infection of 

goldfish, I measured the expression of several acute phase proteins: SAA, CRP, Hx, Tf 

and Cp using quantitative RT-PCR and compared expression in the kidney, liver and 

spleen in infected and non-infected goldfish. 

In the liver, infected fish had increased mRNA levels of CRP, SAA and Tf during 

the early course of infection, when compared to control fish (Fig. 4.1A-D). The mRNA 
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levels of Cp, CRP, SAA and Tf were highest at 7 dpi (Fig. 4.1B), and Cp and Tf mRNA 

levels remained statistically significant compared to control non infected fish at 21 dpi 

(Fig. 4.1D), whereas SAA mRNA levels in the liver were similar to those in controls at 

21 dpi. By 28 and 56 dpi, the expressions of all APPs were similar to those in non-

infected age-matched non-infected fish (Fig. 4.1E-F), with the exception of SAA that was 

down-regulated at 28 dpi (Fig. 4.1E). 

In the kidney, CRP, SAA and Tf mRNA levels were significantly up-regulated by 

3 dpi (Fig. 4.2A). CRP and Tf expression retuned to control levels by 14 dpi (Fig. 4.2B-

C), whereas CRP mRNA levels were significantly different in infected fish on 21 dpi and 

were 4-fold higher than those in and age-matched non-infected control fish (Fig 4.2D). 

The SAA mRNA levels were significantly elevated on days 3, 7 and 14 dpi and were 

similar to those in non-infected fish on 21 dpi (Fig. 4.2C-D). At 56 dpi, SAA and Tf 

mRNA levels were up-regulated compared to those in control fish (Fig. 4.2F). 

In the spleen, SAA mRNA levels were 20-fold higher in infected compared to 

non-infected fish at 7 dpi (Fig 4.3A-D). In contrast, Cp, Hx, and Tf were significantly 

down-regulated at 7 dpi in the spleen and returned to control levels by 21 dpi. The CRP 

mRNA levels did not change in the spleen until 21 dpi (Fig. 4.3D). At day 28, the 

expressions of genes encoding APPs were comparable to those in control fish (Fig. 4.3E), 

whereas by 56 dpi, there was a 10-fold higher gene expression of Cp, Hx, and Tf 

compared those in control fish (Fig. 4.3F). 

 

4.3 Discussion 

The course of infection reported in my thesis is consistent with previously 

published reports on the course of infection with T. carassii [12,257,288]. The in vitro 

cultured parasites were infective since all inoculated fish developed trypanosome 

infections as early as 3 dpi. No mortality was observed, and this has been attributed to 

loss of virulence in prolonged in vitro cultures of T. carassii.  

In this study, I used an in vivo goldfish model system to assess APP gene 

expression during the course of infection of goldfish with T. carassii. The gene 

expression analysis indicated that T. carassii induced significant changes in APP gene 
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expression in the liver, kidney, and spleen during the infection. Similar up-regulation in 

the expression of genes encoding APPs has been observed in other teleosts infected with 

different pathogens. In channel catfish infected with the bacterium Edwardsiella ictaluri, 

APPs were significantly up-regulated in the liver [6]. Specifically, APPs involved in iron 

metabolism such as Cp and Tf were up-regulated as early as 3 dpi, which is similar to 

what I observed in our study. In zebrafish infected with Aeromonas salmonicida and 

Staphylococcus aureus increased gene expression of a CRP-like molecule was observed 

as early as one hour post infection and increased expression of SAA at 1 dpi [151]. 

In the host, iron levels are tightly regulated to ensure a proper balance between 

adequate nutrition and toxicity. Iron is not only an essential nutrient for the host, but it is 

also necessary for proper growth and development of pathogens [327]. Thus, regulation 

of iron availability is an important host defense strategy. Ceruloplasmin (Cp), hemopexin 

(Hx), and transferrin (Tf) are classified as transport APPs and participate in the regulation 

of iron levels in the host [2,352]. Ceruloplasmin, a serum ferroxidase, oxidizes ferrous 

iron (Fe2+) to the useable ferric iron (Fe3+) [169]. Transferrin is a glycoprotein, which 

carries ferric iron (Fe3+). This complex is then bound by transferrin receptors on target 

cells, allowing iron uptake [158]. Hemopexin, or more commonly known as its 

homologue Warm-acclimation protein 65 (WAP65), binds excess heme-Fe2+ for transport 

to the liver, where it is recycled [362].  

My findings on the gene expression analysis suggest iron-withholding strategies 

may be utilized as part of the APR due to up-regulation of iron regulatory proteins seen in 

the liver. Similar results were obtained in a study assessing transcript levels in channel 

catfish infected with E. ictaluri where APPs were up-regulated in the liver [6]. Rainbow 

trout infected with a Vibrio sp. showed increased transcripts of iron regulatory molecules, 

hepcidin and haptoglobin [187]. Increased Tf can limit pathogen growth and survival by 

creating environments with decreased iron availability [363]. In our study, Cp and Tf 

were significantly up-regulated from 3 dpi until 21 dpi in the liver. In contrast, carp 

infected with I. multifiliis did not induce changes in Tf mRNA expression in skin, liver or 

blood [342]. In sea bass infection with Photobacterium damselae, there was decreased Tf 

expression in the liver [164]. This is similar to mammals, where Tf was generally down-

regulated in response to infection, and it differs from reports that showed that in avian 
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species Tf expression was up-regulated in the liver [364]. Thus, the differences in Tf gene 

expression in the liver upon pathogen challenge may be dependent on both host and 

pathogen. During the later stages of the infection of goldfish with T. carassii, the 

expression of Cp and Tf returned to levels similar to those in control fish. These 

observations are similar to what has been reported for Trypanosoma brucei infected mice, 

where gene expression Cp and Tf returned to baseline during later stages of the infection 

[333]. Typically, the APR is induced until homeostasis is restored or is in the process of 

being restored. In the T. carassii infected goldfish, parasite numbers begin to decrease by 

21 dpi, and compared to the parasitemia at 14 dpi, there was up to a 3 log reduction in the 

number of parasites by 56 dpi, which parallels the down-regulation in APP gene 

expression in the liver. 

A persistent up-regulation of SAA was observed throughout the acute course of T. 

carassii infections in all tissue examined. SAA and CRP have important immune roles 

and have been implicated in linking the innate and the adaptive immune systems. SAA 

acts as a cytokine-like immunomodulator [128] to induce cytokine production, making it 

a potent pro-inflammatory mediator [365]. Despite the plethora of research on SAA and 

its various effects, its physiological functions are yet to be fully elucidated. To date, no 

SAA-deficient animals have been generated, suggesting that it may play a vital role in the 

survival of multicellular organisms [124]. Our results support earlier findings of the 

increases SAA gene expression in the liver and kidney of common carp infected with the 

Trypanoplasma borreli [153], and Asian sea bass infected with Cryptocaryon irritans 

[152]. 

In goldfish spleen, SAA was highly expressed throughout the course of infection. This 

is similar to findings reported for Atlantic salmon infected with A. salmonicida, where 

the SAA expression was significantly elevated on 13 dpi [155]. In contrast, SAA was 

down-regulated on 10 dpi in the spleen of Asian sea bass infected with C. irritans [152]. 

There are also reports that SAA expression was highly variable upon parasite challenge 

[154], suggesting that changes in SAA expression in host tissues may be pathogen-

dependent.  

In this study, CRP was up-regulated during the acute part of infection (3 and 7 

dpi) in the liver and kidney, and at 21 dpi in the spleen. In mammals, CRP is primarily 
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synthesized in the liver during the APR [97]. However, there are several reports of 

circulating CRP deposits at sites of inflammation or tissue damage [366]. T. carassii has 

been reported to cause substantial changes in hematopoietic organs such as disintegration 

of red blood cells in both the kidney and spleen. In addition, T. carassii aggregates and is 

sequestered in internal organs such as the kidney and contributes to a continual priming 

of the immune system [279,287,288], which may contribute to changes in CRP 

expression in these tissues.  

Similar up-regulation of CRP has been observed in other fish species infected 

with pathogens or exposed to chemicals. For example, in Atlantic cod (Gadus morhua L.) 

stimulated with turpentine oil a significant up-regulation of CRP was observed in the 

kidney [367]. An increase in CRP expression was also observed in zebrafish exposed to A. 

salmonicida and S. aureus [151], and rainbow trout exposed to Yersinia ruckeri O1 [368]. 

In common carp, infected with A. hydrophila, there was an increase in serum CRP [369], 

and rohu and major carp exposed to various metals had higher CRP-like protein levels in 

the serum [370]. 

CRP has been reported to recognize PAMPs such phosophorylcholine that is 

present on the surface of parasites. Binding of CRP to these parasites moieties apparently 

confers anti-parasitic properties, however the mechanism(s) are unclear [9,371]. In 

addition to its anti-parasitic properties, CRP acts as a pro-coagulant that may hinder the 

ability of the extracellular parasite to establish and proliferate in the host [371,372].  

APPs are important component of early response to infectious agents not only in 

mammals but also teleosts. The diverse functional properties of APPs ensure a more 

efficient control of infectious diseases, and as such constitute an essential role in innate 

host defense against prokaryotic and eukaryotic pathogens. 
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Table 4.1 Parasitemia in goldfish infected with Trypanosoma carassii1 

    Days Post-Infection Number of Trypanosomes/mL 
(log10) (Mean ± SEM) 

3 4.91 ± 0.48 
7 5.25 ± 0.43 
14 6.16 ± 0.35 
21 5.92 ± 0.25 
28 5.10 ± 0.31 
42 4.30 ± 0.57 
56 3.97 ± 0.58 

1Fish (n=6) were inoculated with 6.25 X 106 of in vitro grown T. carassii. Blood samples 
were collected for individual fish throughout the course of infection and the parasite load 
was enumerated. The results are mean of parasites per mL of blood ± SEM. 
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Figure 4.1 Quantitative expression analysis of acute phase protein encoding genes in 
the liver of T. carassii infected and non-infected goldfish: (A) 3 days post infection (B) 
7 days post infection (C) 14 days post infection (D) 21 days post infection (E) 28 days 
post infection and (F) 56 days post infection. Expression was relative to EF-1α and 
normalized against those observed in non-infected control fish for each gene. Data are 
represented as mean ± SEM of 6 fish (P < 0.05). Asterisks (*) denote statistical 
significance from non-infected control fish. (CRP = C-reactive Protein; SAA = Serum 
Amyloid A; Tf = Transferrin). 
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Figure 4.2 Quantitative expression analysis of acute phase protein encoding genes in 
the kidney of T. carassii infected and non-infected goldfish (A) 3 days post infection 
(B) 7 days post infection (C) 14 days post infection (D) 21 days post infection (E) 28 
days post infection and (F) 56 days post infection. Expression was relative to EF-1α and 
normalized against those observed in non-infected control fish for each gene. Data are 
represented as mean ± SEM of 6 fish (P < 0.05). Asterisks (*) denote statistical 
significance from non-infected control fish. (Cp = Ceruloplasmin; CRP = C-reactive 
Protein; Hx = Hemopexin; SAA = Serum Amyloid A; Tf = Transferrin) 
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Figure 4.3 Quantitative expression analysis of acute phase protein encoding genes in 
the spleen of T. carassii infected and non-infected goldfish: (A) 3 days post infection 
(B) 7 days post infection (C) 14 days post infection (D) 21 days post infection (E) 28 
days post infection and (F) 56 days post infection. Expression was relative to EF-1α and 
normalized against those observed in non-infected control fish for each gene. Data are 
represented as mean ± SEM of 6 fish (P< 0.05). Asterisks (*) denote statistical 
significance from non-infected control fish. (Cp = Ceruloplasmin; CRP = C-reactive 
Protein; Hx = Hemopexin; SAA = Serum Amyloid A; Tf = Transferrin) 
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CHAPTER 5 

MOLECULAR AND FUNCTIONAL CHARACTERIZATION OF  

GOLDFISH C-REACTIVE PROTEIN1 

 

5.0 Introduction 

C-reactive protein (CRP) is a classical serum pentraxin [361] composed of 5 subunits 

arranged in a pentagonal shape [103]. It was characterized by calcium-dependent binding 

to ligands and high affinity to the phosphocholine (PC) moiety of C-polysaccharide 

[105,118]. During an inflammatory episode or insult, CRP concentrations can increase 

significantly making it a reliable biomarker of health status in humans and mammalian 

species. 

CRP has been proposed as having numerous immunological roles. Human CRP can 

bind damaged and apoptotic cells via phospholipids such as PC to promote removal in an 

anti-inflammatory manner [373]. In addition to binding the PC moiety of C-

polysaccharide, CRP has been reported to bind microorganisms such as fungi, bacteria, 

and intracellular parasites (Plasmodium, Leishmania) [95,374]. This interaction allows 

CRP to act as an opsonin enhancing phagocytosis and clearance of microbes [110].  

Complement activation may be a mechanism by which apoptotic cells and microbes are 

removed [375]. CRP can activate the classical complement cascade by binding to 

component C1q [9]. Furthermore, CRP has been documented to bind noxious compounds 

such as mercury to detoxify it [376]. CRP shows high conservation in structure and 

binding abilities, making it a primitive molecule of innate immune protection [82]. The 

various functions of CRP make it an especially important aspect of innate defense in 

lower vertebrates such as teleosts [377].  

The presence of CRP has been reported in numerous teleost species, including rohu 

(Labeo rohita) [370], plaice (Pleuronectes platessa) [378], rainbow trout (Oncorhynchus 
1A portion of this chapter has been published: Kovacevic, N., Hagen, M.O., Xie, J., and Belosevic, M. 2015. The 
analysis of the acute phase response during the course of Trypanosoma carassii infection in the goldfish 
(Carassius auratus L.). Developmental and Comparative Immunology 53(1): 112-122 
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mykiss) [379], common carp (Cyprinus carpio) [380], and zebrafish (Danio rerio) [381]. 

In many of these studies, researchers have focused on identification and expression of 

CRP in fish species. CRP has anti-parasitic properties [9], however not many studies 

have assessed the CRP response to parasitic infections. 

In this chapter, I report on the identification and functional characterization of 

goldfish CRP against T. carassii. Goldfish CRP was highly expressed in spleen, with 

lower mRNA levels observed in other tissues examined. In non-stimulated goldfish 

immune populations, mRNA levels of CRP were highest in monocytes, splenocytes and 

neutrophils, with lowest expression observed in macrophages. A recombinant form of 

goldfish CRP (rgfCRP) was produced using a prokaryotic expression system. Treatment 

of goldfish monocytes and macrophages did not induce antimicrobial responses against T. 

carassii. However, addition of rgfCRP enhanced complement-mediated killing of 

trypanosomes in vitro, and the lysis increased after addition of immune serum.  

 

5.1 Experimental design 

5.1.1 Molecular cloning and expression of rgfCRP 

The sequence for goldfish CRP was identified as previously described [382]. 

Briefly, primers were designed based on the nucleotide sequences against gene of 

common carp (Accession No. AB028455.1) and zebrafish (Accession No. JF772178.1).  

RACE PCR (Clonetech, USA) was done to obtain the open reading frame and 

untranslated 5’ and 3’ sequences of goldfish CRP. 

PCR fragment encoding the full sequence of goldfish CRP ORF was amplified 

using primers that allow cloning into pET SUMO expression vector (Invitrogen). PCR 

products were gel purified (QIAquick Gel Extraction Kit, Qiagen) and ligated into pET 

SUMO vector (Invitrogen). The recombinant plasmid was transformed into competent 

Escherichia coli (NEB10, Biolabs) and plated onto LB-kanamycin plates (50 µg/mL) and 

incubated at 37°C overnight. Positive clones were identified by colony PCR, cultured in 

LB-kanamycin, and plasmid DNA purified from recombinant clones using QIAprep spin 

Miniprepkit (Qiagen). To verify that the insert was in the correction orientation and frame, 

the purified plasmids were sequenced using vector specific primers. The pET SUMO 
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vector encodes an N-terminal 6XHis tag for purification and detection of the recombinant 

molecules.  

5.1.2 Quantitative expression of CRP in goldfish normal goldfish tissues and non-
stimulated immune cells 

Quantitative gene expression of CRP was assessed in normal goldfish tissues (kidney, 

spleen, liver, intestine, brain, muscle and gill) as well as goldfish immune cell 

populations (mature macrophages, monocytes, neutrophils, splenocytes, and PBLs). Total 

RNA was isolated using TRIzol Reagant (Invitrogen) and reverse transcribed into cDNA 

using SuperScript III cDNA kit (Invitrogen) according to the instructions by the 

manufacturer. The RQ values were normalized against the lowest expression of APPs 

observed in goldfish tissues (muscle) and immune cell populations (macrophages). The 

cycling conditions were the same as those described in Section 3.5.2 

5.1.3 Infection of fish with trypanosomes 

Fish were anaesthetized with TMS and were injected intraperitoneally 6.25 x 106  

or 1 × 107   in vitro grown parasites suspended in 100 µL of TDL-15 medium, or sham 

injected with 100 µL of with TDL-15 (control fish). Fifty microliters of blood was 

removed on days 3, 7, 14, and 21, and 4 µL of undiluted blood was added to 96 µL of tri-

sodium citrate anticoagulant (100 mM tri-sodium citrate, 40 mM glucose, pH 7.3). 

Parasitemia was enumerated using the methods described previously [281,355]. Number 

of parasites per mL was log transformed and represented as mean ± SEM log10 parasites 

per mL of blood of (n=6) fish per experimental group. 

 

5.1.4 Quantitative expression of CRP in non-infected, low T. carassii infected and high 
T. carassii infected goldfish during acute infection 

 
 Kidney, liver and spleen were removed from non-infected control (n=6) and both 

doses infected (n=6 each) goldfish on 3, 7, 14 and 21 dpi. Samples were immediately 

flash frozen in liquid nitrogen and stored at -80°C until RNA processing. 

 Kidney, spleen, and liver RNA was extracted from tissues using TRIzol reagent 

(Invitrogen) or RNAeasy Mini Kit according to manufacturer’s instructions. 2.5 µg of 

total RNA was reverse transcribed into cDNA using Superscript III cDNA synthesis kit 
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(Invitrogen) according to manufacturer’s instructions. The cycling conditions are the 

same as described in Section 4.1.3. The fold difference (RQ) was found as instructed by 

the qPCR instruction manual (Applied Biosystems) in comparison to the endogenous 

control gene, elongation factor 1 alpha (EF-1α). All samples were run in triplicate and 

presented as the mean ± SEM of 6 fish per experimental group. 

 

5.1.5 Scale up production of recombinant goldfish CRP (rgfCRP) 

Plasmids containing in frame insert of CRP was transformed into BL21 (DE3) 

One Shot E. coli cells (Invitrogen), scaled up to mid-log phase (OD600 of 0.5-0.6), and 

induced with 1 mM IPTG for 3 hours. Optimal induction time and concentration was 

determined in a pilot study. The induced bacteria was pelleted and frozen at -20°C until 

needed. The bacteria resuspended in lysis buffer (2.5 mL of 10X FastBreak Lysis 

Reagant (Promega) in 22.5 denaturing wash buffer (100 mM Hepes, 10 mM imidazole, 

7.5 M urea, pH 7.5), and incubated with MagneHis Ni-particles (Promega) as 

recommended by manufacturer. A PolyATtrack System 1000 magnet (Promega) was 

used to retain Ni-particles bound to recombinant gfCRP. Protease Inhibitor cocktail (500 

µM AEBSF, HCl, 150 nM Aprotonin, 1 µM E-64, and 1 µM Leupeptin) was added to all 

buffers to prevent protein degradation. The supernatants were discarded, the beads 

washed 3 times under denaturing conditions (as described above), and the recombinant 

proteins eluted from the beads using 500 mM imidazole. To confirm the presence of 

recombinants, a Western blot was performed using the anti-6X His tag antibody.  

The recombinant protein was renatured overnight in 10 volumes of re-naturation 

buffer (4 mM reduced glutathione, 2 mM oxidized glutathione, 50 mM sodium borate, 5 

mM EDTA, pH 8.5), and dialyzed overnight against 4 L of 1X PBS overnight using 20 

kDA MWCO Snakeskin dialysis tubing (Pierce). To concentrate protein, the dialysis 

tubing was placed in polyethylene glycol flakes for 8 hours and further dialyzed against 

PBS overnight to remove traces of imidazole and urea). The N-terminal His- and SUMO-

tag were cleaved from recombinant CRP using SUMO protease (Invitrogen) and purified 

using MagneHis Ni-particles. The endotoxin was removed from the recombinant protein 

using Pierce High Capacity Endotoxin Columns (Thermo Scientific) according to 
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manufacturer’s directions. Recombinant protein was analyzed using the Limulus 

amebocyte lysate kit (Thermo Scientific) and found to be endotoxin free. Protein 

concentration was determined using a Micro BCA Protein Assay Kit (Thermo Scientific).  

5.1.6 In vitro binding assay 

Recombinant CRP (2.5 µg) was suspended in conjugation buffer (20 mM Hepes) 

containing either PBS or varying concentrations of calcium chloride (1.75 mM, 2.5 mM 

or 5 mM) for 15 minutes. rgfCRP was cross-linked using di-succinimidyl suberate (DSS, 

Thermo Scientific) according to manufacturer. Cross-link reaction was allowed to 

proceed for 30 minutes, after which it was terminated by addition of 50 mM Tris. The 

reactions were resolved using reducing SDS-PAGE and western blot using polyclonal 

rgfCRP antibody and visualized using ECL detection Kit (Pierce). 

5.1.7 Assessment of rgfCRP on nitric oxide response of goldfish macrophages 

Nitric oxide (NO) assay was performed as performed as previously [383]. Briefly, 

macrophages from 6 to 8 day cultures were established using cells from 3 individual fish 

and seeded in wells of 96-well plates at a density 2 x 105 cells/well. These were then 

incubated in culture medium alone (control) or treated with one of the following: heat 

killed A. salmonicida, 1 µg/mL or 5 µg/mL of cleaved and un-cleaved rgfCRP, with or 

without 1 x 106 T. carassii, and incubated at 20°C for 48 hours. Nitrite production was 

determined using the Griess reaction. Briefly, 1% sulphanilamide and 0.1% N-napthyl-

ethylenedamine were added to cultures and nitrite levels were determined 

colorimetrically at 540 nm and a nitrite standard curve. 

5.1.8 Assessment of rgfCRP on respiratory burst response of goldfish monocytes 

Respiratory burst assay was performed as previously described [383]. Briefly, 

goldfish monocytes from 3 to 4 day old separate cultures of cells obtained from 3 

individual fish were seeded into 96-well plates at a density of 2 x 105 cells/well and 

incubated in culture medium alone (control) or treated with one of the following: heat 

killed Aeromonas salmonicida, 1 µg/mL or 5 µg/mL of cleaved and un-cleaved rgfCRP, 

with or without 1 x 106 T. carassii, and incubated for 16 hours at 20°C after which NBT 

(2 mg/mL, Sigma) and PMA (final triggering concentration 100 ng/mL; Sigma) in PBS 
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were added to the cultures and incubated at room temperature for 30 minutes. The plates 

were centrifuged  (400 x g, 10 minutes), supernatants aspirated, and pelleted cells were 

fixed using methanol. Non-reduced NBT was removed by washing twice with methanol 

and reduced NBT was dissolved by 2 M KOH. To induce a colorimetric response, DMSO 

was added and plates read at 630 nm. To factor in background NBT reduction, 

absorbance from cells alone (no PMA) was subtracted from treatment group values. 

5.1.9 Assessment of rgfCRP to enhance phagocytosis of T. carassii in macrophages 

5.1.9.1 Preparation of T. carassii and opsonisation of targets with rgfCRP 

T. carassii was labelled with 500 ng/mL FITC with continuous shaking at room 

temperature for 30 minutes. After staining, T. carassii was washed twice with 1×PBS 

E.coli DH5α-GFP was washed twice with 1X PBS before use in experiments. T. carassii-

FITC and E.coli DH5α-GFP were opsonized with either: 0.5 and 5 µg/mL rgfCRP or a 

PBS control, after which targets were washed twice with 1X PBS to remove unbound 

particles. 

5.1.9.2 Phagocytosis Assay using ImageStream 

E.coli DH5α-GFP, T.carassii-FITC or rgfCRP opsonized T.carassii-FITC or 

E.coli DH5α-GFP were added to 1 x 105 macrophages at a ratio of 5:1 (bacteria/parasite: 

cells), and incubated for 2 hours at 20°C. After incubation, the samples were fixed in 1% 

formaldehyde at 4°C for 20 minutes. Data were collected using the ImageStream multi-

spectral imaging flow cytometer (Amnis) and analyzed using INSPIRE software. A 

minimum of 10,000 cells was acquired. Phagocytic index was calculated based on the 

number of particles/parasites internalized per macrophage. 

5.1.10 Assessment of rgfCRP to enhance complement lysis of T. carassii 

5.1.10.1 Enzyme treatment of trypanosomes 

Trypanosomes cultured in vitro were washed twice in serum-free medium and re-

suspended to 1 x 106/mL. Medium alone or 0.1 mg/mL trypsin (Trypsin (TPCK-treated), 

Sigma) treatments were added to 1 mL of trypanosome suspension and incubated for 1 

hour at 20°C. Subsequently, 10% HI-GFS or 0.1 mg/mL Soybean trypsin inhibitior:SBTI 
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(Sigma) was added to the reaction tubes and the tubes incubated for 10 minutes at 20°C. 

After enzyme inactivation, trypanosomes were washed twice in serum-free medium and 

re-suspended in 1 mL of medium for use in the assay. 

5.1.10.2 Trypanosome lysis assay 

The procedure to assess trypanosomes susceptibility to lysis was described 

previously [313]. Briefly, 1 x 105 parasites were seeded in a 96-well plate in either 

medium, non-immune, heat-inactivated (HI) non-immune or immune goldfish serum or 

normal goldfish serum supplemented with either PBS or 0.5 µg/mL or 5 µg/mL of 

rgfCRP. Plates were incubated for 1 hour at 20°C, after which the contents of each well 

were re-suspended in medium and viable trypanosomes enumerated using a 

hemocytometer. Trypanosomes were considered viable when flagellar movement was 

observed. 

5.1.11 Antibody production 

Purified rgfCRP was used to immunize rabbits for production of polyclonal 

antibodies. Rabbits were injected with 250 µg purified rgfCRP mixed with 750 µL of 

Freund’s Complete Adjuvant (FCA). Thereafter, booster injections were performed every 

4 weeks up to 12 weeks using the same quantity of rgfCRP mixed with Freund’s 

incomplete adjuvant (FIA). All inoculations and blood collection were performed by 

technicians at the University of Alberta Biological Sciences Animal Services Unit. The 

polyclonal IgG antibodies were purified from rabbit serum using Melon Gel IgG Spin 

Purification Kit (Thermo Scientific) according to manufacturer’s specifications. The 

specificity of anti-rgfCRP IgG was confirmed using Western blot.  

 

5.2 Results 

5.2.1 Goldfish CRP in silico analysis 

The complete open reading frames (ORFs) and the untranslated regions (UTR) of 

the goldfish CRP cDNA transcripts were obtained. GfCRP consisted of 936 bp with an 

ORF encoding 687 aa (Fig. 5.1). Conserved domains predicted by Pfam showed CRP had 
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a pentraxin domain (29-224 aa) and a conconavalin A-like lectin/glucanase domain (23-

224 aa).  In addition, goldfish CRP contain the pentraxin family signature (116-123 aa) 

H-x-C-[ST]-W-x-[ST], where the cysteine is involved in disulfide bonds.  

Protein alignment of goldfish CRP with other known vertebrae sequences 

indicated that goldfish CRP amino acid sequence was highly conserved among species. 

All CRP protein sequences had a pentraxin domain (Fig. 5.2) 

The phylogenetic analysis of CRPs of fish and select higher vertebrates is shown 

in Fig 5.3. Goldfish CRP branched closely to the teleost groups suggesting they are 

highly conserved among fish. 

5.2.2 Analysis of CRP gene expression in normal goldfish tissues and non-stimulated 
goldfish immune populations 

Assessment of goldfish CRP gene expression in the tissues of normal goldfish 

revealed the highest mRNA levels in the spleen, intestine and gill, and lowest mRNA 

levels in the muscle (Fig 5.4A). The mRNA levels of CRP were measured in different 

immune cell populations of normal goldfish (Fig. 5.4B). The mRNA levels were the 

highest in monocytes and splenocytes and lowest in macrophages and PBLs (Fig. 5.4B).  

5.2.3 Assessment of parasitemia in goldfish infected with two doses of T. carassii 

All fish injected with trypanosomes became infected as indicated by the 

examination of blood as early as 3 dpi (Table 5.1). Parasitemia peaked at 14 dpi in low T. 

carassii infected goldfish with a mean log burden of 6.16 ± 0.35 x 106 parasites/mL, and 

thereafter declined progressively. Conversely, in the high T. carassii infected goldfish 

parasitemia continues to increase up until the last time point assessed (21 dpi) where 

parasitemia is significantly higher than low T. carassii infected goldfish (Table 5.1) 

5.2.4 Assessment of CRP gene expression in goldfish infected with two doses of T. 
carassii 

In the kidney, CRP was significantly up-regulated by 3 dpi in low dose infected 

fish, whereas in high dose infected goldfish, CRP expression was significantly down-

regulated compared to control counterparts. At 7 dpi, only the high dose infected goldfish 

displayed significantly up-regulation of CRP mRNA levels compared to control 
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counterparts. At 21 dpi, both infection doses had significant up-regulation of CRP mRNA 

levels, however there were no significant differences between groups (Fig. 5.5A). 

A similar trend was observed in the liver, where CRP mRNA levels were up-

regulated by 3 dpi in low infected goldfish, and down-regulated in high T. carassii 

infected fish, in comparison to control counterparts (Fig. 5.5B). At 21 dpi, CRP mRNA 

levels were up-regulated for both infection dose groups, however they were no 

statistically significant differences between groups (Fig. 5.5B). 

Similar to the kidney and spleen, CRP mRNA levels were significantly up-

regulated at 21 dpi in both infection groups compared to non-infected control 

counterparts, however no significant differences were observed between infection groups 

(Fig. 5.5C). CRP mRNA levels were significantly up-regulated at 7 dpi in the high T. 

carassii compared to control non-infected fish, whereas low T. carassii infected fish 

displayed similar mRNA as control counterparts (Fig. 5.5C). 

5.2.5 Goldfish CRP does not show pentamerization  

Mammalian CRP has been shown to be present in the pentamer form. Goldfish 

CRP possesses a cysteine, which is involved in forming disulfide bonds in mammals. 

Therefore, I wanted to assess whether goldfish can form a pentamer, and whether the 

addition of calcium was necessary for these interactions. rgfCRP did not show any 

pentamerization on its own or with the addition of varying calcium concentrations (Fig. 

5.6C).  

5.2.6 Detection of goldfish CRP in sera of T. carassii infected goldfish 

The specificity of anti-rgfCRP IgG was confirmed using Western blot (Fig. 5.6A). 

Subsequently, I wanted to assess whether CRP can be detected in sera collected from T. 

carassii infected goldfish was assessed using anti-rgfCRP. CRP was observed in 3 of the 

5 fish assessed, each with varying levels of CRP detected (Fig. 5.6B). The presence of 

bands larger than the expected size of CRP (~25 kDa) was observed. This may be due to 

either aggregation or degradation of pentameric CRP which has been documented in 

mammals [384,385]. Due to lack of loading control, I was unable to quantify CRP levels 

in goldfish.  
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5.2.7 Recombinant goldfish CRP does not induce respiratory burst of monocytes and 
nitric oxide response of macrophages 

The mammalian literature suggests that CRP (at concentrations <10 µg/mL) 

activate antimicrobial responses of macrophages [386]. To access the ability of rgfCRP to 

activate antimicrobial response in goldfish macrophages and monocytes, I measured the 

nitrite production and respiratory burst, respectively. The cleaved (His-tag removed) 

rgfCRP (Fig. 5.7A) or non-cleaved rgfCRP (Fig. 5.84A), alone or with trypanosomes, did 

not induce respiratory burst response in goldfish monocytes. Macrophages stimulated 

with either cleaved rgfCRP (Fig. 5.7B) or non-cleaved rgfCRP (Fig. 5.8B), alone or with 

trypanosomes, did not exhibit significant nitrite production compared to medium controls. 

5.2.8 Recombinant goldfish CRP enhancement of complement mediated lysis 

Cultures of trypanosomes incubated with non-HI (heat-inactivated) serum and 5 

µg/mL rgfCRP showed a small, but significant reduction in the number of parasites. A 

greater reduction of parasites in cultures was observed when immune serum was added to 

the cultures; with enhanced reduction in viable parasites after addition of either 0.5 

µg/mL or 5 µg/mL rgfCRP (Table 5.2). The reduction in the number of viable parasites 

was not observed in medium only group, or when heat-inactivated serum was added to 

the cultures. Trypsin-treated trypanosomes were highly susceptible to lysis with or 

without the addition of rgfCRP in the presence of normal serum (Table 5.2). 

5.2.9 Recombinant goldfish CRP does not act as an opsonin to enhance phagocytosis  

Opsonization with rgfCRP did not enhance phagocytosis of T. carassii-FITC or 

E.coli DH5α-GFP at either treatment of rgfCRP. E.coli DH5α-GFP displayed similar 

phagocytic index with or without rgfCRP, whereas there was no phagocytosis with T. 

carassii (Table 5.3). 

 

5.3 Discussion 

In this chapter, I report on the cloning and molecular characterization of goldfish 

CRP, and a comprehensive functional analysis of the molecule against a parasitic 

infection. CRP is used as a biomarker for diagnosis of infection, risk assessment and 
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prognosis. Levels of CRP have been correlated to bacterial load in several human studies 

[387,388]. Similar results have been seen in humans infected with parasitic infections 

such as malaria where CRP is used as a marker of morbidity [389,390]. CRP is 

commonly used in veterinary medicine to determine progression of disease and 

effectiveness of treatment [4]. In our experiment, the high dose T. carassii infected 

goldfish exhibited consistently higher CRP expression than low T. carassii infected 

goldfish with the exception of 3 dpi where there was a significant reduction in CRP in all 

3 tissues assessed. At 3 dpi there was not a significant difference in parasitemia (Table 

5.1), however the difference in inoculum load could have contributed to this observation. 

In mice infected with Trypanosoma cruzi, the parasite inocula influenced the activation 

of the immune response as well as the disease progression [391]. The authors report a 

higher IL-6 production in their medium T. cruzi inoculum group compared to a high 

inoculum group. Production of APPs such as CRP are strongly mediated by the potent 

inducer IL-6 [392,393]. This suggests that T. carassii inocula potentially have a role in 

modulating the immune response, in particular, IL-6 that would affect CRP production. 

To assess whether goldfish CRP has similar antimicrobial effects as observed in 

mammalian counterparts, I cloned and molecularly characterized goldfish CRP. The 

goldfish CRP shared highest homology with common carp, and had the hallmark features 

present in all pentraxins, a pentraxin (PTX) domain [394], reported to recognize PAMPs 

such phosophorylcholine (PC), which is present on parasites and may confer anti-

parasitic properties [371]. 

Quantitative gene expression analysis of goldfish CRP in normal goldfish tissues 

indicated highest expression levels in the spleen followed by intestine and gill (Fig. 5.4A). 

This differential expression was also observed in several other fish reports [114,380]. 

Organs such as spleen, intestine and gill of fish contain numerous immune cells, which 

have been reported to express CRP. In mammals, immune cells such as peripheral blood 

cells and macrophages have been shown to express CRP [395,396]. However, in goldfish 

non-stimulated cell populations I observed the lowest expression in PBLs and 

macrophages and highest expression in monocytes and splenocytes (Fig. 5.4B). CRP is a 

complement component [397], and it has been proposed that extrahepatic production of 
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complement components occurs in teleosts. This occurs in circulating blood, and lymph 

tissues awaiting potential pathogens as well as playing a role in clearance of apoptotic 

cells, and regeneration of cells and tissues [398]. 

CRP can activate the classical complement cascade by binding to component C1q 

[397]. I showed that in the presence of complement components of normal goldfish 

serum, parasite numbers are reduced in vitro (Table 5.2). This effect is abolished when 

serum is heat-inactivated suggesting heat-liable components of complement are necessary.  

Previously, our lab showed that T. carassii was susceptible to the alternative 

complement pathway-mediated lysis [313]. My results indicate that the classical pathway 

of complement may also play a role in controlling parasite numbers in vitro. In common 

carp challenged with the virus CyHV-3, there was an up-regulation of complement 

related genes [123]. In addition, the authors found CRP serum levels to be correlated to 

complement activity in infected fish. However, this may not necessarily be the case in 

vivo where there are other factors at play. CRP can interact with complement regulatory 

proteins such as factor H. This interaction results in an inefficient generation of the 

membrane attack complex and abrogation of amplification of alternative pathway 

[97,399]. In addition, although CRP has anti-parasite properties, parasites have evolved 

mechanisms to evade host defenses. Parasites can bind CRP or C1q of the complement 

pathway to inhibit activation [9], allowing T. carassii to propagate and establish during 

early infection.  

Phagocytosis of hemoflagellates has previously been reported in Cryptobia 

salmositica [400] and Cryptobia (Trypanoplasma) bullock [401]. However, phagocytosis 

of trypanosomes by macrophages has not been observed for T. carassii [12]. CRP has 

been shown to mediate phagocytosis of bacterial components such as Vibrio angullarum 

in tongue sole fish [114]. Phagocytosis of opsonized protozoan parasites such as 

Leishmania donovani [386] has been observed in mammals, however there is limited 

research in fish. In snapper, a pentraxin-like protein was able to opsonize and enhance 

phagocytosis of beads, however, this may be the result of passive adsorption instead of 

the active process of pattern recognition [122]. In this study, I observed no phagocytosis 

of T. carassii alone or with the addition of rgfCRP (Table 5.3). In addition, opsonisation 
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did not enhance phagocytosis of E.coli DH5α-GFP, suggesting there are differences in 

mammalian and fish CRP phagocytosis enhancement capabilities.  

It has been reported that affinity-purified native human CRP induced the 

production of pro-inflammatory cytokines by cultured human monocytes [108]. 

Recombinant human C-reactive protein produced in E. coli, induced significant up-

regulation of adhesion molecule expression in human endothelial cells, supporting the 

hypothesis that CRP may play a direct role in promoting the inflammatory component of 

atherosclerosis [402]. However, the induction of pro-inflammatory effects by CRP is 

controversial, since Verma and colleagues showed that human recombinant C-reactive 

protein attenuated nitric oxide production in endothelial cells and inhibited angiogenesis 

[403]. Furthermore, Bodman-Smith and colleagues [23], showed that affinity purified 

CRP from acute phase serum did not affect the production of pro-inflammatory cytokine 

production by U937 human macrophage-like cells, and did not alter Leishmania donovani 

survival in macrophages [386]. My findings indicate that recombinant goldfish CRP 

produced in E. coli did not induce pro-inflammatory functional responses in goldfish 

phagocytes, since the production of reactive oxygen and nitrogen intermediates in 

monocytes and macrophages, respectively was similar between CRP-treated and non-

treated cells (Fig 5.7 and 5.8). Lack of a significant NO responses may be due to several 

evasions mechanisms. T. carassii gp63 has been shown to reduce macrophage 

antimicrobial responses [312]. In addition, T. carassii CRT may be able to bind CRP and 

affect NO production [9]. T. carassii possess redundant moieties that interact with 

effector molecules and immune cells allowing it to establish [272]. 

It has been suggested that the conformation of CRP determines the inflammatory 

profile [111], and can be attributed to the controversial findings regarding CRP function. 

The dissociation of the native pentameric CRP (pCRP) can be mediated by cells in sites 

of inflammation resulting in the monomeric or modified isoform CRP (mCRP). pCRP 

binds phosphocoline and others effector molecules such as C1q [404] whereas the mCRP 

has pro-inflammatory effects by its ability to bind integrins on cells such as macrophages 

and neutrophils [405]. Both isoforms have been documented to interact with C1q, 
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activating the classical pathway of complement [399]. However, the functional aspects 

the properties of both CRP isoforms require further research.  

In T. carassii infections CRP may play a role in modulating complement, however 

unlike mammalian counterparts, rgfCRP does not activate antimicrobial effector 

responses in goldfish immune populations in response to T. carassii.
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Figure 5.1 Goldfish CRP full-length sequence showing ORF, untranslated regions 
(UTR) and various domains. At the 5’ and 3’ ends, the UTR is shown in upper case 
letters. The open reading frame (ORF) is in lower case letters, start and stop codons are 
double-underlined. The pentraxin domain is marked with grey. The signal peptide is 
underlined. 
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Figure 5.2 Protein alignment of goldfish CRP with other known fish sequences. 
Amino acid alignment of goldfish CRP, zebrafish CRP, Asian Seabass CRP, common 
carp PTX and grasscarp PTX. Fully conserved amino acids residues appearing in all 
sequences are indicated with a star (*), amino acids that have strong conservation are 
indicated with (:) and weak conservation is indicated with (.). 
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Figure 5.3 Phylogenetic analysis of goldfish CRP against CRP of other known 
isoforms in vertebrates. Amino acid sequences were aligned by using CLUSTAL-W 
program and an unrooted phylogenetic tree was constructed using the neighbor-joining 
method of the MEGA 5 software. The tree was bootstrapped 10,000 times. Nucleotide 
and residue sequences used here were obtained from GenBank database (accession no.): 
common carp CRP-like (AEU04519.1), grass carp PTX (ACM04449.1), zebrafish CRP 
(AGB69035.1), rainbow trout CRP-PTX related (NP_001118197.1), Asian sebass CRP 
(ADX06859.1), human CRP (ADX06859.1), mouse CRP (CAA31928.1), frog CRP 
(AAA49692.1) and chicken CRP (ABD16281.1). 
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Figure 5.4 Quantitative constitutive expression analyses of goldfish CRP expression 
in goldfish tissues and immune cell populations obtained from normal fish. Goldfish 
CRP expression in goldfish tissue and immune cell populations is relative to endogenous 
control gene, elongation factor 1 alpha (EF-1α). The mean Ct value for EF-1α was in the 
range of 21.54 - 21.8 and 19.34-19.76 for all immune cell populations and tissues, 
respectively. (A) Goldfish CRP tissue analysis. Analysis of the relative expression data 
are pooled from 5 individual, performed in triplicate, and normalized against muscle. (B) 
Goldfish CRP expression in non-stimulated goldfish immune cells. The cells examined 
were: monocytes, macrophages, peripheral blood leukocytes (PBL), neutrophils and 
splenocytes. Analysis of the relative expression data are pooled from 5 individual, 
performed in triplicate, and normalized against FACS-sorted macrophages for immune 
cell distribution. Statistical analysis was performed using one-way followed by Dunnett’s 
post hoc test. Different letters above each bar denote statistically different (P < 0.05), and 
the same letter indicates no statistical differences between groups.
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Figure 5.5 Quantitative expression analyses of goldfish CRP expression of goldfish 
infected with two doses of T.carassii and non-infected goldfish (A) Goldfish CRP 
kidney  (B) Goldfish CRP liver (C) Goldfish CRP spleen. Expression was relative to 
endogenous control gene, elongation factor 1 alpha (EF-1α) and normalized against those 
observed in non-infected control. Data are represented as mean ± SEM of 6 fish (P < 
0.05). Asterisks (*) denote statistical significance from non-infected control fish.
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Figure 5.6 Western blot analysis of recombinant goldfish CRP. (A) Analysis of 
recombinant rgfCRP Lane A: Un-cleaved rgfCRP visualized using mouse anti-histidine 
monoclonal antibody (1:5000) Lane B: Cleaved rgfCRP visualized using rabbit anti-
rgfCRP purified IgG polyclonal antibody (1:3000) raised against rgfCRP. (B) Analysis of 
CRP in sera from T. carassii infected goldfish visualized using rabbit anti-rgfCRP 
purified IgG polyclonal antibody (1:3000) raised against rgfCRP. (C) In vitro binding 
assessment of rgfCRP using DSS and various concentrations of CaCl2.
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Figure 5.7 Cleaved recombinant goldfish CRP (rgfCRP) does not induce the 
production of reactive oxygen and nitrogen intermediates in monocytes and 
macrophages exposed to T. carassii: (A) rgfCRP ability to enhance respiratory burst 
against T. carassii. The absorbance values of medium-treated controls (no PMA) were 
subtracted from treatment values to factor in background NBT reduction. Data are 
represented as mean ± SEM of relative reactive oxygen intermediate production by 
monocytes (n = 3). (B) rgfCRP ability to enhance nitrite production in goldfish 
macrophages against T. carassii. Nitric oxide production was determined using the Griess 
reaction and nitrite concentration was deduced using a nitrite standard curve. Data are 
represented as mean ± SEM nitrite production by macrophages from separate cultures 
established from three individual fish (n = 3). Statistical analysis was done using one-way 
ANOVA with a Tukey’s multiple comparison tests. Asterisk (*) denotes statistically 
different (P < 0.05) from medium control. 
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Figure 5.8 Un-cleaved recombinant goldfish CRP (rgfCRP) does not induce the 
production of reactive oxygen and nitrogen intermediates in monocytes and 
macrophages exposed to T. carassii: (A) rgfCRP ability to enhance respiratory burst 
against T. carassii. The absorbance values of medium-treated controls (no PMA) were 
subtracted from treatment values to factor in background NBT reduction. Data are 
represented as mean ± SEM of relative reactive oxygen intermediate production by 
monocytes (n = 3). (B) rgfCRP ability to enhance nitrite production in goldfish 
macrophages against T. carassii. Nitric oxide production was determined using the Griess 
reaction and nitrite concentration was deduced using a nitrite standard curve. Data are 
represented as mean ± SEM nitrite production by macrophages from separate cultures 
established from three individual fish (n = 3). Statistical analysis was done using one-way 
ANOVA with a Tukey’s multiple comparison tests. Asterisk (*) denotes statistically 
different (P < 0.05) from medium control. 
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Table 5.1 Parasitemia in goldfish infected with two doses of Trypanosoma carassii1 

 

Days Post-Infection Number of Trypanosomes/mL 
(log10) (Mean ± SEM) 

Low Dose High Dose 
3 4.91 ± 0.48 5.00 ± 0.24 
7 5.25 ± 0.43 5.92 ± 0.49 
14 6.16 ± 0.35 6.53 ± 0.25 
21 5.92 ± 0.25    6.81 ± 0.12 * 

1Fish (n=6) were inoculated with low (6.25 x 106) or high (1 x 107) doses of in vitro 
growth T. carassii. Blood samples were collected for individual fish at 3, 7, 14 and 21 
days post infection and the number of parasites enumerated. Results are displayed as 
mean of parasites per mL of blood ± SEM. Asterisks (*) denote statistical significance 
between two doses of trypanosome infection groups (P < 0.05).
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Table 5.2 Lysis of normal and trypsin treated Trypanosoma carassii by sera from 
infected and uninfected fish and addition of recombinant goldfish C-reactive 
protein.1 

 
Parasite 
Treatment 

 
Serum Type 

Number of trypanosomes per well (log10)  
(Mean ± SEM) 

PBS 0.5 µg/mL 5 µg/mL 
None Medium 4.99 ± 0.03 5.00 ± 0.02  4.98 ± 0.04  
 HI non-immune 4.92 ± 0.03 4.92 ± 0.04  4.90 ± 0.02 
 Non-immune 4.91 ± 0.02 4.90 ± 0.01     4.68 ± 0.01 * 
 Immune 4.90 ± 0.02    4.75 ± 0.07 *    4.48 ± 0.11 * 
Trypsin Medium 4.92 ± 0.03 4.92 ± 0.05 4.88 ± 0.04 
 HI non-immune 4.90 ± 0.02 4.87 ± 0.03 4.93 ± 0.04 
 Non-immune 0 * 0 * 0 * 
 Immune 0 * 0 * 0 * 
1Control and trypsin-treated cultured trypanosomes were exposed to serum from both 
infected and uninfected goldfish with either medium, 0.5 µg/mL or 5 µg/mL rgfCRP as 
described in methods for 1 hour at 20°C. HI denotes heat-inactivated. Immune serum 
refers to pooled serum collected from 6 individual fish 42 days post infection with T. 
carassii. Medium refers to trypanosome culture medium containing 10% heat-inactivated 
goldfish serum. Data are represented as mean number of parasites per well (log10) ± SEM, 
calculated from duplicate wells from three replicate experiments. Asterisk (*) denotes 
significant difference (P < 0.05) in Bonferroni-corrected pairwise comparisons between 
protein treatment for each serum type. 
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Table 5.3 Recombinant goldfish CRP does not act as an opsonin to enhance 
phagocytosis of T. carassii or E.coli in goldfish macrophages.1 

Sample Percent Phagocytosis (Mean ± SEM) 
Internalized Surface bound 

E.coli DH5α-GFP 17.43 ± 3.17 23.43 ± 4.29 
E.coli DH5α-GFP + 0.5µg/mL rgfCRP 17.47 ± 0.26 24.11 ± 0.63 
E.coli DH5α-GFP + 5µg/mL rgfCRP 17.27 ± 2.09 22.36 ± 1.61 
T. carassii-FITC 0 0 
T. carassii-FITC + 0.5µg/mL rgfCRP 0 0 
T. carassii-FITC+ 5µg/mL rgfCRP 0 0 
1E.coli DH5α-GFP or T.carassii-FITC were opsonized for 30 minutes with or without the 
addition of varying concentration of recombinant goldfish CRP. Samples were then 
incubated with goldfish macrophages (n=2) for 2 hours, after which cells were fixed and 
phagocytosis was analyzed using ImageStream flow cytometer.  
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CHAPTER 6 

MOLECULAR AND FUNCTIONAL CHARACTERIZATION OF GOLDFISH 
SERUM AMYLOID A (SAA)1 

6.0 Introduction 

Serum Amyloid A (SAA) is a major acute phase protein, whose serum levels can 

increase 1000-fold in humans during the acute phase response (APR) in response to 

various insults [125]. It is primarily synthesized in the liver and its production is 

regulated by cytokines such as interleukin-6 (IL-6), IL-1, and tumor necrosis factor-alpha 

(TNFα) [80].  

The SAA family is composed of acute phase and constitutive proteins. Acute phase 

SAA (A-SAA) is induced by inflammatory cues and constitutive SAA (C-SAA) is 

constitutively expressed [133]. C-SAA is present in humans and mice only, whereas A-

SAA has been documented in all vertebrates [125]. In humans, A-SAA is encoded by 2 

genes, and in mice 3 genes, respectively. In invertebrates such as echinoderms and lower 

vertebrates such as teleosts, there is a single identified SAA gene, suggesting that SAA 

multi-gene family only evolved in mammals [136,137]. The presence of SAA dates to 

echinoderms, and based on the high amino acid conservation throughout 500 million 

years of evolution, and lack of SAA-deficient animals, SAA is vital to survival [124,130]. 

Despite the importance of SAA for well being of organisms, its functions remains to be 

fully elucidated, particularly in lower vertebrates.  

In humans, SAA appears to have cytokine-like properties [138]. The addition of SAA 

induces production of cytokines [128,129], chemokines [139] and matrix 

metalloproteinases (MMPs) [140] in human monocytes. SAA has been demonstrated to 

act as a chemoattractant for phagocytes, T lymphocytes, and granulocytes (neutrophils) 

[141–143]. SAA has been shown to bind to a diverse group of receptors, including TLR2 

[127], TLR4 [144] formyl peptide receptor-like 1 (FPRL1) [145] and CD36 [146]. Given 

this, it is not surprising that the physiological effects of SAA are pleiotropic. For example, 

SAA acts as a priming agent of neutrophils [406], induces production of cytokines such 

1A version of this chapter is in review: Kovacevic, N., and Belosevic, M. 2015. Molecular and functional 
characterization of goldfish (Carassius auratus L.) Serum Amyloid A. Fish and Shellfish Immnunology (in 
review) 
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as TNFα, IL-1β in immune cells [128,129,365] and antimicrobial effector functions [145]. 

SAA has also been reported to have anti-inflammatory effects, such as inhibition of 

oxidative burst in neutrophils [407,408] and stimulation of production of anti-

inflammatory cytokines such as IL-10 [128,129].  

In fish SAA was first identified in salmonids [149]. Thereafter, it has been identified 

in several bony fish species including carp (Cyprinus caprio) [150], rainbow trout 

(Oncorhynchus mykiss) [136], zebrafish (Danio rerio) [151] Atlantic cod (Gadus morhua 

L.) [367] (Epinephelus coioides [409] Asian Seabass (Lates calcarifer) [152], and rock 

bream (Oplegnathus fasciatus) [410].  

Up-regulation of SAA has been observed in various fish species in response to 

numerous chemical stimuli and pathogens, re-enforcing a consensus that SAA may play 

an important role in immunomodulation. However, there is limited research exploring the 

functional role of SAA in fish. In this chapter, I report on studies whose aim was to clone, 

express and functionally characterize goldfish recombinant SAA. Goldfish SAA mRNA 

levels were measured in normal goldfish tissues, and in different immune cell populations. 

The gene expression of pro- and anti-inflammatory cytokines was examined in 

monocytes and macrophages stimulated with recombinant goldfish SAA (rgSAA). 

Additionally, I examined whether the rgSAA modulated antimicrobial responses in 

cultured goldfish monocytes and macrophages.  

 

6.1. Experimental Design 
 

6.1.1 Molecular cloning and expression of rgSAA 

Primers were designed based on the nucleotide sequences of the SAA genes of 

common carp (Accession No. AB016524.1), and zebrafish (Accession No. 

NM_001005599.1).  RACE PCR (Clonetech, USA) was performed to obtain a full open 

reading frame and untranslated 5’ and 3’ sequences. Sequences were obtained as 

described in Section 3.3. 
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6.1.2 Quantitative expression of SAA in non-infected, low T. carassii infected and high 

T. carassii infected goldfish during the acute infection 

Fish were anaesthetized with TMS and were injected intraperitoneally with 6.25 × 

106  or 1× 107   in vitro grown parasites suspended in 100 µL of TDL-15 medium, or 

sham injected with 100 µL of TDL-15 (control fish). Collection and enumeration of 

parasitemia was accomplished as previously described [281,355] and in Section 3.1.6. 

Number of parasites per mL was log transformed and presented as mean ± SEM parasites 

per mL of blood of (n=6) fish per experimental group. 

6.1.3 Quantitative expression of SAA in normal goldfish tissues and non-stimulated 

immune cell populations 

 Isolation of different immune populations was carried out as described in Chapter 

3. Preparation of cDNA from goldfish tissues and immune cell population and 

quantitative thermocycling conditions were previously described [382]. Briefly, total 

RNA was extracted using TRIzol and reverse transcribed into cDNA using Superscript III 

cDNA synthesis kit (Invitrogen) according to manufacturer’s directions. Expression of 

SAA was assessed relative to the endogenous control, elongation factor 1 alpha (EF-1α). 

Tissue and immune cell populations were obtained from individual goldfish (n=5), and 

used in quantitative PCR analysis using 7500 Fast Software (Applied Biosystems). The 

RQ values were normalized against the lowest expression observed in tissue (muscle) and 

immune cell population (macrophage). 

 

6.1.4 Generation of recombinant goldfish SAA (rgSAA) using prokaryotic expression  

The production and generation of recombinant goldfish SAA was carried out as 

described in Section 3.4.2 and 3.4.3. Briefly, the PCR fragment encoding the mature, 

signal sequence cleaved goldfish SAA was amplified using primers that allowed cloning 

into pET SUMO expression vector (Invitrogen). Correct in-frame insert was transformed 

into BL21 (DE3) One Shot E. coli cells (Invitrogen), scaled up and induced according to 

a pilot study. Purification was carried out using MagneHis Ni-particles (Promega) and a 
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PolyATtrack System 1000 magnet (Promega) under denaturing conditions. The 

endotoxin was removed from the recombinant protein using Pierce High Capacity 

Endotoxin Columns (Thermo Scientific) according to manufacturer’s directions. 

Recombinant protein was analyzed using the Limulus amebocyte lysate kit (Thermo 

Scientific) and found to be endotoxin free. Protein concentration was determined using a 

Micro BCA Protein Assay Kit (Thermo Scientific). 

6.1.5 Assessment of rgSAA to act as a chemotactic factor in goldfish immune 
populations 

Chemotactic activity was assessed as previously described [60]. Immune cells from 

four individual fish cultures (kidney-derived neutrophils, monocytes and mature 

macrophages) were washed twice in NMGFL-15 medium and adjusted to a final 

concentration of 1 x 106 cells/mL. The chemotaxis assay was performed using blind well 

leucite chemotaxis chambers (Nucleoprobe Corp.) using a 5 µm pore size polycarbonate 

membrane filters (Neuroprobe) to separate the top and bottom chambers. 100 µL of the 

rgSAA (0.1, 1, and 10 µg/mL) and 100 µL of NMGFL-15 were added to the bottom well 

of the chemotaxis chambers. To the top chamber, 100 µL of cell suspension was added 

plus 100 µL of medium. Negative controls consisted of medium alone and the positive 

control was 20 ng/mL fMLP (N-formyl-methionyl-leucyl-phenylalanine). The 

chemokinesis control consisted of equal amounts of the treatment in both the upper and 

lower chambers. The incubation was 1 hour for neutrophils and 4 hours for PKMs, after 

which the cell suspension was aspirated from the top well, and the filter removed. Filters 

were fixed in methanol, rinsed and stained with Gill’s Solution 3 (Sigma) to visualize 

cells. Chemotactic activity was assessed by counting the total number of cells in 20 

random fields of view under oil immersion (100X). 

6.1.6 Assessment of the ability of recombinant SAA to induce mRNA levels of genes 
encoding cytokines in monocytes and macrophages 

Monocytes and macrophages were obtained from individual fish (n=4) as 

described above and seeded into individual wells of a 24-well plate at a density of 1 x 106 

cells per well in a final volume of 500 µL CMGFL-15. Cells were treated with PBS, 0.5 

or 5 µg/mL rgSAA for 1, 3, 6, and 12 hours. Total RNA was isolated from cells at 

indicated times using TRIzol Reagant (Invitrogen) and reverse transcribed into cDNA as 
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described previously. Changes in the gene expression of pro-inflammatory and anti-

inflammatory cytokines were examined (Table 3.7). Expression was relative to EF-1α 

and RQ values were normalized against respective untreated controls. 

6.1.7 Assessment of the effects of rgSAA on respiratory burst of monocytes 

 Respiratory burst assay was performed as previously described [383]. Briefly, 

monocytes from individual fish (n=5) were seeded into 96-well plates at a density of 

3×105 cells/well and incubated in culture medium alone (control) or pre-treated with one 

of the following for 3 hours: rgSAA (0.01, 0.1, 1, and 10 µg/mL), with subsequent 

addition of heat-killed (HK) A. salmonicida, and incubated for 18 hours at 20°C after 

which NBT (2 mg/mL, Sigma) and PMA (final triggering concentration 100 ng/mL; 

Sigma) in PBS were added to the cultures and incubated at room temperature for 30 

minutes. Production of ROI was determined as described in Section 3.6.1. 

6.1.8 Assessment of the effects of rgSAA on nitric oxide production of macrophages 

 Nitric oxide (NO) assay was performed as previously described [383]. Briefly, 

mature macrophages from individual fish (n=6) were seeded in wells of 96-well plates at 

a density 3×105 cells/well. These were then incubated in culture medium alone (control) 

or treated with one of the following: rgSAA (0.05, 0.1, 0.5, 1, 5 and 10 µg/mL) with or 

without HK-A. salmonicida, and incubated at 20°C for 72 h. Nitrite production was 

determined as described in Section 3.6.2. 

6.1.9 Assessment of the effects of rgSAA on phagocytosis of neutrophils and 
macrophages 

Mature macrophages or kidney-derived neutrophils (n=3) were either: pre-treated 

with varying concentrations or rgSAA (0.01, 0.1, 1, and 10 µg/mL) and E.coli DH5α-

GFP subsequently added or E.coli DH5α-GFP was opsonized with varying 

concentrations of rgSAA (0.01, 0.1, 1, and 10 µg/mL) or a PBS control for 30 minutes, 

after which it was added to immune cells. Incubation, collection and analysis of data are 

described in Section 3.6.4.3. 
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6.1.10 Assessment of direct antibacterial function of rgSAA 

A growth curve of E.coli DH5α-GFP was generated correlating to A600 in 

conjunction with the number of colony forming units (CFUs) after plating bacterial serial 

dilutions. 1 x 106 bacteria were washed 3X in PBS and various concentrations of rgSAA 

(0.01, 0.1, 1, and 10 µg/mL) were added and incubated for 2 hours at 37°C. Bacteria with 

PBS served as a control to determine 100% viability. To ascertain the results were not 

due to preparation procedures, rgfCRP subject to the same purification procedures was 

used as a control [382]. After incubation, serial dilutions were spread on LB-Ampicillin 

to achieve suitable amount of bacteria for counting. The experiment was performed 5 

times (n=5) with duplicate plates for each treatment.  

 

6.2 Results 

6.2.1 Goldfish SAA is similar to SAA of other teleosts 

The complete open reading frames (ORFs) and the untranslated regions (UTR) of the 

goldfish SAA cDNA transcripts was obtained. Goldfish SAA is 660 base pairs long, with 

an ORF encoding a 123 amino acid protein with a predicted size of ~13 kDa (Fig. 6.1). 

The nucleotide sequences of goldfish SAA (Accession No. KT598223) has been 

submitted to the Genbank.  

Protein alignment of goldfish SAA with other known vertebrae sequences indicated 

that goldfish SAA amino acid sequence was highly conserved among teleosts (Fig. 6.2). 

The sequence contained all basic elements characteristic of SAA superfamily. This 

included the SAA family signature A-R-G-N-Y-[ED]-A-x-[QKR]-R-G-x-G-G-x-W-A, a 

‘GPGG’ calcium binding domain and ‘RGN’ fibronectin-like binding domain. All SAA 

protein sequences contained a signal peptide, in addition to a serum amyloid domain in 

similar position. Furthermore, goldfish SAA displayed high intrinsic folding indicative of 

its reactivity, which was similar to all SAA sequences examined (Table 6.2). 

To assess the phylogenic characteristics of SAA, an unrooted phylogenic tree was 

constructed using goldfish SAA and known SAAs from other fish and higher vertebrates. 

Goldfish SAA was more closely related to SAAs of other cyprinifome species, and 
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branched separately from perciformes SAAs (Fig. 6.3). All fish SAAs branched 

separately from mammalian SAAs (Fig. 6.3). 

6.2.2 SAA gene expression in goldfish infected with low and high dose of T. carassii 

The course of infection was monitored by measuring parasitemia (number of 

parasites/mL of blood) (Table 5.1). Parasitemia was highest at 14 dpi for the low dose T. 

carassii group, with a mean log burden of 6.16 ± 0.35 trypanosomes/mL, after which 

parasite load began to decline. In contrast, in the high dose T. carassii group, parasite 

numbers continued to increase, reaching a peak at 21 dpi (6.81 ± 0.12 parasites/mL) 

(Table 5.1). 

The mRNA levels of SAA were significantly up-regulated in the kidney in 

response to T. carassii infection, however, the mRNA levels in the high dose groups were 

significantly different from those of low dose groups on 7, 14 and 21 dpi (Fig. 6.4A). In 

the liver, expression of SAA mRNA levels of low and high T. carassii infected goldfish 

were significantly different from control counterparts, however there were no differences 

in SAA mRNA levels between low and high dose groups (Fig. 6.4B). Similar to the 

mRNA levels in the liver, SAA mRNA levels in both low and high dose groups were 

significantly up-regulated in infected compared to sham-injected non-infected control 

fish, the exception being the high dose group on 14 dpi (Fig. 6.4C).  

 

6.2.3 SAA mRNA levels in the kidney and spleen, but not liver are related to parasitemia 

 SAA mRNA levels were found to be positively correlated with parasite load in 

the kidney (r=0.4513, p=0.0019) and the spleen (r=0.3747, p=0.0317) (Fig. 6.4 D,F). No 

statistically significant correlation between parasite load and SAA mRNA levels were 

observed in the liver (Fig. 6.4E). 

6.2.4 Analysis of SAA expression in normal goldfish tissues and immune cell 
populations 

Assessment of SAA in normal goldfish tissues was performed using muscle as a 

reference. Constitutive SAA mRNA levels were highest in kidney, spleen, and intestine, 

with lower expression levels observed in gill, heart, and liver (Fig. 6.5A). 
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The expression of goldfish SAA was assessed in different immune populations 

obtained from goldfish (Fig. 6.5B). The immune populations examined included 

monocytes, mature macrophages, splenocytes, kidney-derived neutrophils and peripheral 

blood leukocytes. Similar constitutive expression of SAA was observed in all immune 

cell populations with the exception of neutrophils, which displayed the highest mRNA 

levels of SAA (Fig. 6.5B). 

6.2.5 Prokaryotic expression of recombinant goldfish SAA 

With the aim to functionally characterize goldfish SAA, I expressed rgSAA in E. 

coli and purified it using a MagneHis protein purification system. A single band with the 

molecular weight of 26.5 kDA including the size of a ~13 kDA histidine tag was 

indicated by Western blot using anti-His antibody (Fig. 6.6). 

6.2.6 Recombinant goldfish SAA induced chemotaxis of kidney-derived neutrophils 
and mature macrophages but not monocytes 

Recombinant SAA did not induced chemotaxis in monocytes (Fig. 6.7A). In 

contrast, rgSAA induced a significant, concentration-dependent, chemotactic response in 

mature macrophages and kidney-derived neutrophils (Fig. 6.7B-C), with chemotaxis 

observed after addition of 1 and 10 µg/mL of rgSAA.  

6.2.7 Recombinant SAA induces a differential expression profile of pro-inflammatory 
and anti-inflammatory cytokines in monocytes and macrophages 

Previous studies have shown human recombinant SAA induces differential effects 

on monocyte and macrophages [128,129]. I examined whether rgSAA also induced 

different effects in goldfish monocytes and macrophages. The expression of pro-

inflammatory and anti-inflammatory cytokines was determined in cultured primary 

monocytes (Fig. 6.8) and mature macrophages (Fig. 6.9) at 1, 3, 6 and 12 hours after 

addition of rgSAA. 

 Treatment with 0.5 and 5 µg/mL of rgSAA induced both pro-inflammatory and 

anti-inflammatory cytokine expression in monocytes in comparison to non-stimulated 

controls. Anti-inflammatory cytokine IL-10 mRNA levels significantly increased as well 

as pro-inflammatory cytokines TNFα1, TNFα2 at 3 hours post stimulation (Fig 6.8).  
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The addition of rgSAA to mature macrophage cultures, up-regulated the mRNA 

levels of IL-1β1, SAA, and IL-12p40 (Fig. 6.9). There were no changes in the expression 

of IL-12p35, IL-1β2 and inflammasome NLRP3 (Fig. 6.9). 

In macrophages stimulated with 5 µg/mL rgSAA, there was a significant up-

regulation of SAA mRNA levels as early as 3 hours post stimulation, and these elevated 

mRNA levels remained for 12 hours post stimulation, which was the end of the 

observation period (Fig. 6.9). In addition, up-regulation of IL-1β1 was observed as early 

as 1 hours post stimulation, but no changes were observed in IL-1β2 expression at any 

time point after treatment with rgSAA (Fig. 6.9). 

6.2.8 Recombinant goldfish SAA modulation of monocyte and macrophage 
antimicrobial functions 

 To examine whether rgSAA influenced the ability of monocytes to produce 

reactive oxygen intermediates (ROI), the cell cultures were pre-treated with varying 

concentrations of rgSAA, before the monocytes were stimulated with heat-killed (HK) A. 

salmonicida and their ability produce ROI (= respiratory burst response) measured. As 

shown in Figure 6.10, treatment of monocytes with rgSAA did not induce respiratory 

burst response of monocytes.  

To assess the ability of SAA to modulate antimicrobial responses of mature 

macrophages, nitrite production was measured after macrophages were activated with 

HK-A. salmonicida. When varying concentrations of rgSAA were added to non-activated 

macrophages, nitrite production was not induced, indicating that rgSAA alone does not 

induce this functional response of macrophages (Fig. 6.11). However, when rgSAA was 

added to macrophage cultures after macrophages were activated with HK-A. salmonicida, 

a concentration dependent effect was observed, where treatment with increasing amount 

of rgSAA suppressed the NO response of macrophages (Fig. 6.11). Statistical analysis 

revealed that both 5 and 10 µg/mL rgSAA treatments were statistically significant from 

the positive control (A. salmonicida only treatment) (Fig. 6.11). 
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6.2.9 Recombinant goldfish SAA does not act as an opsonin to enhance phagocytosis of 
E. coli in neutrophils and macrophages  

Human recombinant SAA has been shown to enhance phagocytosis [411], 

therefore I examined whether goldfish SAA exhibited similar properties. Surprisingly, the 

opsonization of E. coli with varying concentrations of rgSAA resulted in an apparent 

reduction in phagocytosis in both macrophages and neutrophils (Table 6.3). However, if 

cells are pre-treated with rgSAA with subsequent addition of E. coli, no significant 

changes in phagocytosis were observed (Table 6.4). 

6.2.10 Assessment of antibacterial properties of SAA 

Due to the confounding findings of rgSAA on phagocytosis, I wanted to assess 

whether rgSAA was acting on the bacteria alone, since pre-treatment did not change the 

phagocytic capacity of the cells. The addition of increasing concentrations of rgSAA 

caused a significant reduction in the number of viable bacteria, with highest reduction 

(30%) observed when 10 µg/mL rgSAA was added to bacterial cultures (Fig. 6.12A-B). 

Bacterial viability was correlated to rgSAA concentrations (r=-0.6789, p=0.001). In these 

experiments, recombinant goldfish C-reactive protein (rgfCRP) served as a control, and 

as shown in Figure 6.12A-B, rgfCRP did not affect bacterial viability. 

 
6.3 Discussion 

In human and veterinary medicine, SAA has become very sensitive marker of 

inflammation and/or infection status. For example, in horses SAA is used to diagnose and 

track prognosis of viral infections [4]. The diagnostic value of SAA in humans has been 

more extensively researched. It is used as a survival index in various oncological 

disorders [412] as well as a marker in inflammatory diseases, infection and graft rejection 

[413]. 

SAA has been implicated in numerous biological functions, however, there is 

contradicting evidence on the different functions of SAA. Preparations of SAA from 

humans are heterogeneous, and isoforms which are lipid bound are difficult to purify 

[414]. Consequently, commercially available recombinant SAA preparations have 

primarily been used in different studies. Recombinant human SAA (rhSAA) is a chimeric 
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of SAA1 and SAA2 containing an Asn61 and Arg72, whereas rhSAA1 is similar to SAA1, 

and contains an Asp61 and His72. The differences in biological activity have been 

attributed to these to amino acid modifications. For example, rhSAA has been implicated 

in inflammasome activation [148] and translocation of HMGB1 [415], whereas rhSAA1 

is less biologically active and does not induce translocation of HMGB1 [415]. 

Furthermore, isoforms of SAA vary in their preference of receptors, indicating variants 

may have differences in modulating immune responses and inflammation [147]. 

Interestingly, goldfish SAA shares both Asp61 with rhSAA1 and Arg72 with rhSAA.  

As an evolutionarily conserved protein, goldfish SAA possesses characteristics of 

the SAA superfamily including a signal peptide, SAA family signature, calcium binding 

domain, fibronectin-like binding domain and predicted helices domains, in relatively 

similar positions. The high structural conservation and similarity between goldfish SAA 

and mammalian and other lower vertebrate SAAs, suggested that this could also be 

functionally highly conserved protein. 

 SAA constitutive expression is widely distributed in human tissues, but 

predominantly located in the epithelium, where it has been suggested to play a role in 

maintaining homeostatic tissue functions, and also participating in host defense responses 

[416]. Similar to mammals, goldfish SAA was expressed ubiquitously in all tissues 

examined with highest expression in the kidney, spleen and intestine. The production of 

SAA by hepatocytes in the liver occurs during an insult or inflammation, similar to what 

was observed in our previous studies of T. carassii infections [382]. Unlike normal 

goldfish tissues, estuary cod had highest expression of SAA in liver, gill and muscle 

[409], and rock bream displayed highest expression in normal liver tissues [410]. The 

differences in the expression of SAA in the liver between cod and rock bream and 

goldfish may be due to the fact that cod and rock bream are perciformes, and are distantly 

related to goldfish that are cypriniformes (Fig. 6.3). 

 Among goldfish immune populations, SAA mRNA levels were highest in 

neutrophils, and lowest in macrophages. There is limited information on expression of 

SAA in immune cell populations of fish. In rainbow trout cell lines, SAA was up-

regulated 456 fold in an epithelial cell lines (RTL) and 533 fold in a macrophage cell line 
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(RTS11), after stimulation with the oomycete, Saprolegnia parasitica [417]. Similarly, 

SAA had also been detected in rainbow trout macrophages challenged with LPS [418]. 

The lowest constitutive expression of SAA was observed in goldfish macrophages, 

compared to other immune cell populations. Significantly increased mRNA levels of 

SAA were observed in activated goldfish primary macrophages. Interestingly, extra-

hepatic production of SAA has been documented in primary cell cultures and non-hepatic 

cell lines, which may account for very high SAA mRNA levels in studies using in vitro 

activation regimens in cultures of primary fish cells or fish cell lines [419]. 

Transcription of SAA has previously been correlated to pathogen load (A. 

salmonicida) in rainbow trout [149]. In addition, our group has previously shown T. 

carassii induced persistent up-regulation of SAA mRNA expression in the kidney, liver 

and spleen [382]. The results of this study demonstrate that parasitemia and SAA mRNA 

levels were positively correlated in the kidney and the spleen but not in the liver. The 

presence of the flagellate parasites in specific organs has been associated with successful 

elimination of the parasites from the host. For example, in Trypanosoma cruzi infected 

mice, elimination of parasites from the liver was related to the presence of low number of 

parasites in this tissue [420]. Since T. carassii has been shown to aggregate in internal 

organs such as kidney and spleen, it is perhaps not surprising to observe a positive 

correlation between parasite load and SAA mRNA levels [288].  

 IL-1β1 mRNA levels significantly increased in the liver and spleen of goldfish 

infected with T. carassii [303]. IL-1β has been implicated in the development of a Th17 

response during the course of infection of carp with T. carassii [124]. SAA was also 

shown to stimulate the production of IL-23, another cytokine involved the Th17 response 

[124]. In a mouse model, SAA has also been suggested to contribute to Th17 allergic 

asthma [421]. These results suggest that high SAA mRNA levels seen during the course 

of T. carassii infection [382] may contribute to a Th17-like response resulting in a strong 

adaptive immune response that eventually results in elimination of the parasite from the 

host. 

Recombinant human SAA has been documented to have pleotropic effects in vitro, 

inducing the production of both pro-inflammatory and anti-inflammatory cytokines [129]. 
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In goldfish monocytes, similar to mammals, the expressions of pro-inflammatory 

cytokines TNFα1, and TNFα2, and anti-inflammatory cytokine IL-10 were significantly 

up-regulated at 3 hours post treatment. Human monocytes stimulated with rhSAA 

exhibited a similar pattern of TNFα and IL-10 gene expression [128]. The researchers 

[128] suggested that after induction of pro-inflammatory cytokines, SAA accumulation 

leads to an induction of IL-10, which in turn regulated the return to homeostasis.  

 Previous studies have shown recombinant human SAA can induce cell migration 

in human monocytes, polymorphonuclear cells (PMN) [141], and mast cells [422]. In 

addition, subcutaneous injection of mice with rhSAA was reported to induce neutrophilia 

[142]. To functionally characterize goldfish SAA, I assessed whether rgSAA can induce 

chemotaxis in goldfish immune populations. Chemotaxis was observed at 1 and 10 

µg/mL rgSAA for both neutrophils and macrophages. Contrary to studies using mammals 

[141], rgSAA was not chemotactic for monocytes at any of the concentrations tested. It 

should be noted that a recent report demonstrated that chemotaxis of monocytes was 

induced indirectly, through SAA stimulation of chemokine production [423].  

Macrophages activated with 5 µg/mL of rgSAA exhibited increased mRNA levels 

of SAA at 3, 6, and 12 hours post treatment. Secretion of SAA by macrophages has been 

previously documented [419], suggesting that SAA may participate in local inflammation. 

In human macrophages, rhSAA has been implicated in activation of the NLRP3 

inflammasome and found to induce the release of mature IL-1β [144,148]. In this study, 

goldfish IL-1β1 gene expression was up-regulated as early as 1 hour post treatment with 

rgSAA, however, no changes in the expression of the gene encoding the goldfish NLRP3 

was observed.  

 It has been reported that SAA can mediate the antimicrobial response of mouse 

macrophages (nitric oxide response) by binding surface toll-like receptor 4 (TLR4) [144]. 

In a study assessing Acinetobacter baumanii infections, exogenous administration of 

rhSAA lead to an attenuated local inflammatory response and increased susceptibility of 

mice to infection [424]. The rhSAA induced M2 phenotype in macrophages, suggesting 

SAA may be involved in resolution of inflammation [425]. Since T. carassii does not 

induce robust responses in macrophages and monocytes, I examined whether rgSAA had 
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the capacity to modulate the response of monocytes to heat-killed (HK) A. salmonicida. 

The results indicated that treatment of monocytes in vitro with rgSAA did not affect their 

ROI production. In contrast, treatment with rgSAA down-regulated nitric oxide response 

of macrophages activated by HK- A. salmonicida, suggesting that SAA has the capacity 

to dampen select antimicrobial response of phagocytes.  

The rhSAA has been shown to bind Gram-negative bacteria such as E.coli via the 

outer membrane protein A (OmpaA) [426], and act as an opsonin to enhance 

phagocytosis of bacteria by mammalian neutrophils and macrophages [411]. In contrast, 

the phagocytosis of rgSAA-opsonized E. coli by goldfish macrophages and neutrophils of 

decreased significantly (Table 6.3), and when the phagocytes were pre-treated with 

rgSAA their phagocytic capacity was similar to non-treated cells (Table 6.4). I reasoned 

that the apparent differences in the phagocytic response in the presence of recombinant 

SAA may be masked by the direct bacteriolytic effects of rgSAA It is well established 

that amyloid peptides cause cellular toxicity in different diseases such as Alzheimer’s 

(neurons) and type II diabetes (β-pancreatic cells) because they have similar properties to 

antimicrobial peptides (AMPs) [427]. The rhSAA was shown to have the capacity to 

form channels in lipid bilayers, and this property may also contribute to its bacteriolytic 

effect [428]. Moreover, SAA has been compared to the AMP, human cathelicidin LL-37 

[429], whose heparin-binding motifs contribute to its antimicrobial properties [430]. For 

example, intestinal SAA reduced bacterial growth in mouse colitis, suggesting a role in 

intestinal immune homeostasis [431]. SAA was also shown to inhibit formation of 

biofilms in urinary tract infections in a mouse model [432]. Like the mammalian 

counterparts, goldfish SAA contains glycosaminoglycan (GAGs) on its C-terminus, 

defined by basic amino acid clusters present in heparin/heparan sulfate (HS) binding 

domains. Therefore, I examined whether rgSAA had antibacterial capabilities. The results 

showed that the addition of increasing concentrations of rgSAA to bacterial cultures 

caused a significant (30%) reduction of E. coli CFUs, suggesting that bacteriolytic effect 

of SAA may be highly conserved through evolution.  

 Although SAA was shown to be significantly up-regulated in goldfish in 

responses to infection, suggesting a role in host defense, the assessment of rgSAA effects 
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on pro- and anti- inflammatory cytokine gene expression in immune cells suggests that 

the central role of SAA may be immunomodulatory playing a significant role in 

maintenance of homeostasis. This does not preclude a direct role for SAA in host defense, 

given that the molecule participates in the regulation of antimicrobial responses of 

phagocytes and has a significant bactericidal effect in vitro. 
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Figure 6.1 Goldfish SAA full-length cDNA showing ORF, untranslated regions 
(UTR) and various domains. At the 5’ and 3’ ends, the UTR is shown in upper case 
letters. The open reading frame (ORF) is in lower case letters, start and stop codons are 
double underlined. The SAA protein domain is marked with dark grey. The signal 
peptide is underlined. 
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Figure 6.2 Protein alignment of goldfish SAA with other known SAA sequences. 
Black shaded sequence indicates residues that are fully conserved, gray shaded sequences 
indicate conserved amino acids substitutions, light gray indicate sequence with semi-
conserved amino acid substitutions and dashes indicate gaps.  GenBank accession 
numbers are as follows: Common carp (BAA36700.1), Estuary cod (AFQ00088.1), Asian 
seabass (ADE05545.1), sea cucumber (AAG24633.1), rainbow trout (CAM12348.1), 
zebrafish (NP_001005599.1), monkey (EHH23058.1), human 1 (AAA64799.1), human 2 
(AAH20795.1), rabbit (CAA34451.1), mouse (AAA40085.), and hamster (AAA37098.1) 
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Figure 6.3 Phylogenetic analysis of goldfish SAA against SAA of other known 
isoforms in vertebrates. Amino acid sequences were aligned by using CLUSTAL- 
Omega program and an unrooted phylogenetic tree was constructed using the neighbor-
joining method of the MEGA 5 software. The tree was bootstrapped 10,000 times. 
GenBank accession numbers are as follows: Common carp (BAA36700.1), Estuary cod 
(AFQ00088.1), Asian seabass (ADE05545.1), sea cucumber (AAG24633.1), rainbow 
trout (CAM12348.1), zebrafish (NP_001005599.1), monkey (EHH23058.1), human 1 
(AAA64799.1), human 2 (AAH20795.1), rabbit (CAA34451.1), mouse 1 (AAH87933.1), 
mouse 2 (AAB37250.1), mouse 3 (AAH55885.1), clam (AJF23095.1), oyster 
(AHY23235.1), spider (AGR53514.1), black legged tick (EEC20416.1), and cayenne tick 
(JAC23922.1). 
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Figure 6.4 Quantitative expression analyses and correlation of goldfish SAA 
expression in goldfish infected with two doses of T. carassii and non-infected 
goldfish (A/D) kidney  (B/E) liver (C/F) spleen levels. Expression was relative to 
endogenous control gene, elongation factor 1 alpha (EF-1α) and normalized against those 
observed in non-infected control. Data are represented as mean ± SEM of 6 fish (P < 
0.05). Asterisks (*) denote statistical significance from non-infected control fish. 
Statistical analysis was performed using two-way ANOVA followed by Dunnett’s post 
hoc test. Asterisks (*) denote statistical significance from non-infected control fish, and 
plus sign (+) indicates statistical significance between treatment groups (P <0.05). 



 

	  

104 

 

Figure 6.5 Quantitative constitutive expression analyses of goldfish SAA expression 
in goldfish tissues and immune cell populations obtained from normal fish. Goldfish 
SAA expression in goldfish tissue and immune cell populations is relative to endogenous 
control gene, elongation factor 1 alpha (EF-1α). The mean Ct value for EF-1α was in the 
range of 21.54 - 21.8 and 19.34-19.76 for all immune cell populations and tissues, 
respectively. (A) Goldfish SAA tissue analysis. Analysis of the relative expression data 
are pooled from 5 individual, performed in triplicate, and normalized against muscle. (B) 
Goldfish SAA expression in non-stimulated goldfish immune cell populations. The cells 
examined were: monocytes, macrophages, peripheral blood leukocytes (PBL), kidney-
derived neutrophils and splenocytes. Analysis of the relative expression data are pooled 
from 5 individual, performed in triplicate, and normalized against FACS-sorted 
macrophages. Statistical analysis was performed using one-way ANOVA followed by 
Tukey’s post hoc test. Different letters above each bar denote statistically different 
(P < 0.05), and the same letter indicates no statistical differences between groups. 
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Figure 6.6 Western blot analysis of recombinant goldfish SAA. Recombinant goldfish 
SAA was expressed in a prokaryotic system and purified as described. rgSAA is 
recognized by mouse anti-histidine monoclonal antibody (1:5000) and visualized using 
chromogenic ECL development kit. 



 

	  

106 

 

Figure 6.7 Chemotactic activity of goldfish immune cell populations induced by 
recombinant goldfish SAA. Chemotaxis was measured by counting 20 random fields of 
view under oil immersion (100X). Chemotactic activity was determined as the mean ± 
SEM number for (A) monocytes (B) mature macrophages and (C) kidney-derived 
neutrophils from 4 individual fish. Statistical analysis was performed using a one-way 
ANOVA followed by a Dunnet’s post hoc test. Asterisks (*) denote significant 
differences compared to medium control (P < 0.05).
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Figure 6.8 Quantitative expression analysis of goldfish pro-inflammatory and anti-
inflammatory cytokines in SAA-treated monocytes. Monocytes were treated with 0.5 
µg/mL, 5 µg/mL rgSAA or PBS control for 1, 3, 6 and 12 hours. The expression of 
goldfish cytokines was examined relative to endogenous control gene, elongation factor 1 
alpha (EF-1α). The expression data was normalized against those observed for each gene 
for each time point. The relative expression for each cytokine was presented as the mean 
± SEM of 4 separate cultures established from individual fish (n=4). Asterisk (*) 
indicates statistical significance (P < 0.05) from PBS-treatment control, and plus sign (+) 
indicates statistical significance between treatment groups. 
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Figure 6.9 Quantitative expression analysis of select goldfish cytokines in SAA-
treated macrophages. Macrophages were treated with 0.5 µg/mL or 5 µg/mL rgSAA or 
PBS control for 1, 3, 6 and 12 hours. The expression of goldfish cytokines was examined 
relative to endogenous control gene, elongation factor 1 alpha (EF-1α). The expression 
data was normalized against those observed for each gene for each time point. The 
relative expression for each cytokine was presented as the mean ± SEM of 4 separate 
cultures established from individual fish (n=4). Asterisk (*) indicates statistical 
significance (P < 0.05) from PBS-treatment control, and plus sign (+) indicates statistical 
significance between treatment groups. 
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Figure 6.10 Recombinant goldfish SAA does not affect the production of reactive 
oxygen intermediates in monocytes activated by HK-A. salmonicida. Monocyte 
cultures were pre-treated with varying concentrations of rgSAA or medium for 3 hours 
and activated using heat-killed A. salmonicida. ROI assays were incubated for 18 hours at 
20°C. Production of reactive oxygen species was determined using the NBT reduction 
assay. The absorbance values of medium-treated controls (no PMA) were subtracted from 
treatment values to factor in background NBT. Data are presented as mean ± SEM of 
ROI from 5 individual fish (n=5). Statistical analysis was performed using a one-way 
ANOVA and a Tukey’s post hoc test. Asterisks (*) denote significant differences 
compared to negative control (PMA only) (P < 0.05).  
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Figure 6.11 Recombinant goldfish SAA suppressed nitrite production in 
macrophages activated with HK-A. salmonicida. NO production by goldfish mature 
macrophages was determined using the Griess reaction where production of nitrite was 
determined using a nitrite standard curve. The mean ± SEM nitrite production was 
determined from culture established from six individual fish (n=6). Statistical analysis 
was performed using a one-way ANOVA and a Tukey’s post hoc test. Asterisks (*) 
denote significant differences compared to medium control and plus sign (+) denotes 
statistical difference from positive control (P < 0.05). 
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Figure 6.12 rgSAA affected viability of E.coli-DH5α. (A) Number of viable bacteria 
after addition of different amounts of rgSAA. (B) Percent reduction in viable bacteria in 
cultures. Bacterial viability was determined by enumerating colony forming units (CFU). 
Each point represents the average of 5 independent experiments (n=5) performed in 
duplicate. The percent reduction of viable bacteria was calculated by normalizing each 
rgSAA treated group against that of PBS treated E.coli-DH5α.
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Table 6.1 Percentage identity and similarity between goldfish SAA with other 
known SAA species. 

Species % Identity % Similarity 
Common carp 92.74 97.58 
Zebrafish 76.61 84.67 
Rainbow Trout 70.96 81.45 
Estuary cod 63.7 75.8 
Asian seabass 58.06 72.58 
Sea cucumber 66.93 73.38 
Human 1 28.62 71.77 
Human 2 28.62 71.77 
Monkey 55.64 70.16 
Rabbit 62.9 73.38 
Mouse 55.64 66.12 

 

 

 

 

Table 6.2 Fold index summary of goldfish SAA with other known SAA species 

 Number of 
disordered 
regions 

Longest 
disordered 
regions 

Number of 
disordered 
residues 

Disordered 
residues as a 
percentage 

Goldfish 1 91 91 73.98 
Common carp 1 92 92 74.79 
Zebrafish 2 44 88 72.72 
Rainbow Trout 1 90 90 74.38 
Sea Cucumber 1 90 90 73.77 
Monkey 1 82 82 67.21 
Mouse 1 82 82 67.21 
Rabbit 2 52 60 49.18 
Human1 3 52 78 63.93 
Human 2 3 52 79 64.75 
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Table 6.3 Recombinant goldfish SAA does not act as an opsonin to enhance 
phagocytosis of E.coli in goldfish neutrophils or macrophages1 

 
Sample 

Percentage Phagocytosis (Mean ± SEM) 
Neutrophils  Macrophages  

E.coli DH5α-GFP 20.94 ± 1.69 29.35 ± 9.00 
E.coli DH5α-GFP + 0.01µg/mL rgSAA  10.36 ± 0.68* 11.93 ± 0.83 
E.coli DH5α-GFP + 0.1µg/mL rgSAA   6.07 ± 0.44* 12.55 ± 0.15 
E.coli DH5α-GFP + 1µg/mL rgSAA   9.06 ± 0.81* 12.30 ± 3.03 
E.coli DH5α-GFP + 10 µg/mL rgSAA   8.42 ± 1.67* 12.78 ± 1.62 
1E.coli DH5α-GFP opsonized for 30 minutes with varying concentration of recombinant 
goldfish SAA. Samples were then incubated with goldfish neutrophils (n=3) for 30 
minutes or with macrophages (n=2) for 1 hour, after which cells were fixed and 
phagocytosis was analyzed using Cell Lab Quanta SC flow cytometer. Statistical analysis 
was performed using a one-way ANOVA and a Dunnett’s post hoc test. Asterisks (*) 
denote significant differences compared to PBS control (P < 0.05). 

 

 

Table 6.4 Priming with recombinant goldfish SAA does not enhance phagocytosis of 
E. coli DH5α-GFP by kidney-derived neutrophils or mature macrophages1 

 
Sample 

Percentage Phagocytosis (Mean ± SEM) 
Neutrophils  Macrophages  

E.coli DH5α-GFP 57.1 ± 2.41 36.6 ± 4.09 
E.coli DH5α-GFP + 0.01µg/mL rgSAA 47.6 ± 0.96 29.3 ± 13.14 
E.coli DH5α-GFP + 0.1µg/mL rgSAA 53.0 ± 4.48 33.8 ± 5.14 
E.coli DH5α-GFP + 1µg/mL rgSAA 59.6 ± 2.00 37.1 ± 10.36 
E.coli DH5α-GFP + 10 µg/mL rgSAA 57.4 ± 2.27 37.3 ± 6.3 
1Kidney-derived neutrophils (n=3) or mature macrophages (n=3) were primed with 
varying concentrations of rgSAA. E.coli DH5α-GFP was added to cells and incubated for 
an additional 1 hour for neutrophils or 2 hours for macrophages. Cells were fixed and 
phagocytosis was analyzed using Cell Lab Quanta SC flow cytometer. Statistical analysis 
was performed using a one-way ANOVA and a Dunnett’s post hoc test. Asterisks (*) 
denote significant differences compared to PBS control (P < 0.05). 
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CHAPTER 7 

GENERAL DISCUSSION 

7.0 Introduction 

 The main objective of my thesis was to (1) examine the change in genes encoding 

acute phase proteins in goldfish infected with T. carassii during the acute and chronic 

phases of infection and (2) based on the expression analysis, select prominent acute phase 

proteins for further molecular and functional characterization. Under normal conditions, 

T. carassii is not pathogenic, suggesting fish are able to control the progression of 

infection, and eventually eliminate the parasites [12]. However, in aquaculture setting, 

where fish are in high-density conditions where metabolites accumulate and water quality 

declines, the prevalence of infection is higher resulting in increased morbidity and 

morality. My thesis research enhanced our understanding of how fish modulate innate 

immune events during the course of a parasitic infection. The results of my thesis 

research represent the first comprehensive analysis of the acute phase response during the 

course of parasitic infections of bony fish, and also first comprehensive analysis of two 

major acute phase proteins, C-reactive protein (CRP) and Serum Amyloid A (SAA). 

 

7.1 Overview and discussion of findings 

 In this thesis, I reported on the tissue expression of genes that encode acute phase 

proteins (APPs) during the course of infection of goldfish with T. carassii. Given the 

documented variability in APP gene expression induced by different inflammatory 

stimuli, it was important to assess the expression of a number of APPs [3]. During an 

inflammatory insult, the concentrations and kinetics of APPs are related to severity of 

damage and the time course of inflammatory events [433]. Although APPs are typically 

associated with an acute response, they are not a feature of only acute infections. When a 

specific stimulus persists, a sustained chronic acute phase response have been described 

[351]. Since the course of infection with T. carassii in goldfish can last weeks, before the 

parasite is eliminated from the blood, I decided to assess the acute phase response (APR) 

during both acute and chronic phases of the infection.  
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 During the acute course of T. carassii infection, I observed significant changes of 

genes encoding APPs in the liver. This was not unexpected since the liver is the main site 

of APP synthesis, although extra-hepatic synthesis of APP has also been documented for 

select APPs [89]. The observed up-regulation of iron regulatory proteins suggests that the 

host may be using an ‘iron withholding strategy’ to limit iron availability and prevent 

pathogen proliferation. Cp is necessary for the oxidation of ferrous iron to ferric iron, 

such that Tf bound to ferric iron can be transported to target cells or organs [158]. 

Increased Tf levels can generate environments with low iron availability [158,161], 

which may influence T. carassii growth and development [327]. 

During the chronic phase of infection, the mRNA levels of genes encoding APPs 

in the liver were similar between infected and non-infected goldfish, suggesting that 

APPs do not play a major role during the elimination phase of the infection. It is well 

established that anti-parasite antibodies are responsible for clearance of T. carassii and 

for resistance of fish to re-infection [277,281,283]. Antibody titres in goldfish [283] and 

salmonids peak 2-3 weeks after infection, however this response can take longer at lower 

temperatures [434]. The decline in mRNA levels of genes that encode APPs, compared to 

the mRNA levels of APPs during the acute phase of the infection, coincide with the rise 

of anti-parasite antibody levels [281,283], suggesting that APR in the liver is down-

regulated once the host mounts an effective adaptive immune response. 

 In contrast to my observations in the liver, I observed a down-regulation of iron 

regulatory proteins in the kidney and the spleen during the acute course of T. carassii 

infection. Induction of APPs in the liver may play a role in immunomodulation, however 

changes in APPs in other tissues such as the spleen and kidney may be related to 

homeostatic functions. Enhanced phagocytosis of erythrocytes has been documented in 

other trypanosome infections [333], and may be a strategy used by the parasites to 

balance iron availability, since iron withholding may be employed by the host. Down-

regulation of Cp, Tf and Hx were observed during the acute phase of infection in the 

kidney and spleen suggesting a shift from iron storage to iron availability. Contrary to the 

acute infection, in the chronic phase of infection, these iron regulatory proteins were 
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significantly up-regulated, suggesting an overcompensation effect may be occurring to 

balance iron levels. 

 The initial expression analysis of APPs indicated that both SAA and CRP were 

highly expressed during T. carassii infection. Consequently, I choose to further 

characterize these two APPs at the molecular and functional levels. In Chapter 5, I 

describe studies whose main aim was the characterization of CRP.  

CRP is a systematic marker of inflammation in mammals, and has also been 

shown to be an important mediator of inflammation [110]. For a protein that has been 

studied extensively for 85 years, much remains to be elucidated regarding its role in 

inflammatory conditions. In contrast to results of some early studies using mammals 

[97,110], I report that recombinant goldfish CRP does not have pro-inflammatory 

properties such as activation of antimicrobial effector functions in goldfish monocytes 

and macrophages. It should be noted that recent studies using mammals reported that the 

initial results attributing pro-inflammatory properties to CRP may actually be due to 

either lipopolysaccharide and/or sodium azide contamination, commonly found in 

commercial preparations [435,436]. To avoid artifacts caused by commercial 

preparations, in vivo animals models have been widely used despite the numerous caveats 

associated with certain models. For example, transgenic mice overexpressing human CRP 

are commonly used to study cardiovascular disease. However, human CRP is a foreign 

protein in mice, and is controlled by testosterone, restricting meaningful analysis of data 

[437].  

Furthermore, recombinant gfCRP was not able to act as an opsonin to enhance 

phagocytosis of T. carassii by macrophages. It is well established that T. carassii 

possesses surface molecules that are used by the parasite to evade host immune responses 

[9,312]. For example, T. carassii gp63 abrogated fish macrophage antimicrobial 

responses [312], and T. carassii calreticulin (CRT) has been shown to bind C1q 

preventing downstream effector functions [9]. Recent work on human CRP has 

elucidated differences in inflammatory profiles of different conformations of CRP. The 

native pentameric CRP (pCRP), which was once believed to be the important in 

inflammation, has been recently replaced with the monomeric or modified CRP (mCRP). 



 

	  

117 

Both mCRP and pCRP can bind C1q to activate classical complement pathway [399]. 

However mCRP expresses neoantigens distinct from the pCRP, causing it to selectively 

bind immune complexes, and thus be much more efficient in activation of the classical 

complement pathway [438]. In human medicine, there are techniques to distinguish 

between different isoforms of CRP, which are lacking for fish [439]. Therefore, whether 

recombinant goldfish CRP is one subunit of pCRP or is present as mCRP in goldfish is 

uncertain and requires future investigation once the techniques become readily available. 

Interestingly, my results showed that the recombinant goldfish CRP enhanced 

complement-mediated lysis of T. carassii in vitro, as indicated by small but significant 

reductions of viable parasites in cultures. Given that T. carassii persisted and proliferated 

in the host despite elevated CRP, suggests that this APP may not play a central role in 

preventing establishment of the parasite during the acute phase of the infection.  

The results of molecular and functional characterization of goldfish SAA have 

been presented in Chapter 6 of this thesis.  Since early 1970’s, SAA has been extensively 

studied in various disease states such as cardiovascular diseases and oncological states in 

humans. Similar to CRP, differences in functional effects of commercial preparations of 

recombinant SAA have been reported in the literature [440]. Differences in amino acid 

modifications of recombinant proteins have been shown to contribute to its biological 

activity [147]. Moreover, the immunomodulatory effects attributed to SAA appear to 

differ systemically and at inflammatory sites. For example, SAA is up-regulated 

systemically in response to infection, yet it has been shown to attenuate local 

inflammatory responses [424]. 

In silico analysis of goldfish SAA indicated that it was highly conserved, and that 

it shared distinctive signature motifs of the SAA superfamily. Given the highly conserved 

nature of SAA, I postulated that goldfish SAA would have similar functional properties 

to its mammalian counterpart. SAA was ubiquitously expressed in all normal goldfish 

tissues, and its constitutive expression was highest in neutrophils and lowest in 

macrophages. However, when macrophages were stimulated with rgSAA, the mRNA 

levels of the gene encoding SAA was significantly elevated, suggesting that during the 

inflammatory response, SAA may play an immunomodulatory role.  
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To determine whether there was a relationship between SAA mRNA levels and T. 

carassii load in goldfish, I determined parasitemia in fish in parallel to measuring SAA 

mRNA levels during the course of the infection. Goldfish SAA mRNA levels were 

positively correlated to parasitemia in the kidney and spleen, but not the liver. It has been 

reported that T. carassii aggregates in the kidney and spleen of goldfish [288], which may 

explain why SAA mRNA levels in these tissues were related to parasitemia. 

Similar to mammalian counterparts, rgSAA displayed chemotactic activity for 

goldfish macrophages and neutrophils however did not induce monocyte chemotaxis. 

Previous research has shown recombinant human SAA to be chemotactic for a variety of 

immune populations, however recent research has shown that monocyte chemotactic 

activity is mediated by the induction of chemokines by rhSAA rather than rhSAA per se 

[423].  

 To assess the effects rgSAA on goldfish macrophages and monocyte 

antimicrobial functions, I used HK-A. salmonicidia to activate the cells, since research in 

our laboratory has shown that exposure T. carassii does not activate goldfish phagocytes 

[257]. Recombinant goldfish SAA did not induce reactive oxygen intermediate 

production, however, it did induce an up-regulation of pro-inflammatory (TNFα1 and 

TNFα2) and anti-inflammatory (IL-10) cytokines. In contrast to results of studies using 

mammals, where recombinant SAA was reported to induce production of nitric oxide 

[144], goldfish recombinant SAA suppressed the nitric oxide response of macrophages 

activated with HK-A. salmonicida. Together, these results suggest goldfish SAA may 

play an immunomodulatory role for maintenance of homeostasis, since its effects are 

both pro- and anti-inflammatory.  

Interestingly, amyloid peptides (such as SAA), have similar properties to 

antimicrobial peptides (AMPs), and SAA has been compared to the human AMP, 

cathelicidin LL-37 [427,429]. To determine whether this is a conserved feature of SAA, I 

examined whether rgSAA directly affected bacterial viability. The results indicated that 

incubation of E. coli with rgSAA reduced E. coli CFUs in a dose-dependent manner. 
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The opsonization of Gram-negative bacteria with recombinant human SAA has 

been shown to enhance phagocytosis [411]. In contrast, opsonization of E. coli with 

recombinant goldfish SAA did not enhance phagocytosis of the bacteria by either 

macrophages or neutrophils. Since rgSAA affects the viability of bacteria directly (as 

discussed above), this may have influenced the phagocytosis assay readout, and hence no 

significant changes in the uptake of opsonized bacteria was observed following treatment 

of goldfish phagocytes with rgSAA. It has been reported that differences in specific 

receptor engagement with SAA, may contribute to diverse antimicrobial effector 

functions [127,140,144,411,441]. For example, human recombinant SAA has been shown 

to bind several receptors (e.g. TLR2, P2X7) and engagement of different receptors may 

induce different functional outcomes, which could affect phagocytosis. For example, 

recognition of SAA by P2X7 receptor causes inhibition of neutrophil apoptosis, and 

binding of TLR2 induces activation of NLRP3 inflammasome in phagocytes [148,421]. 

Similar modulation of macrophage phagocytosis may occur during uptake of rgSAA 

opsonized bacteria. Unfortunately, the lack of specific reagents did not allow me to fully 

examine the interaction between SAA, infectious agents and goldfish phagocytes.  

 

7.2 Future directions 

 There are limited tests for assessing and diagnosing piscine welfare. Assessment 

of morphological features such as observations of external characteristics or behavioural 

changes have been used as indications of health [442]. However, fish infected with 

pathogens appear normal, therefore these approaches are limited in sensitivity and 

precision. The obvious use of APP and the ensuing APR would be for clinical or 

subclinical diagnosis. Although CRP is the prototypical determinant of inflammation, the 

levels of CRP can be inhibited by IFN, such as in certain viral infections or autoimmune 

diseases [443]. Additionally, baseline levels of CRP are dependent on polymorphisms of 

the gene [102]. SAA levels have been documented to increase more so then CRP, 

therefore SAA may be a more appropriate marker of inflammatory states [444]. 

Measurement of gene expression does not necessarily coincide with protein expression, 

and would require euthanasia of fish. Moreover, the gene expression of SAA in organs 



 

	  

120 

may be influenced by pathogen load in specific tissues, as I have shown in my studies. 

Based on the above, I think that development of an antigen-capture ELISA (enzyme-

linked immunosorbent assay) to measure SAA levels within serum of fish would be 

invaluable for the assessment of health of fish exposed to various stressors (biotic and 

abiotic). In order to develop the ELISA for the measurement both polyclonal and 

monoclonal anti-rgSAA need to be developed and tested for specificity. In addition, 

properly controlled experiments need to be conducted, to determine the diagnostic SAA 

levels following exposure of fish to specific biotic and abiotic stressors. In veterinary 

medicine, SAA levels are currently being used to differentiate between healthy cattle and 

those harboring infections or other inflammatory disease conditions [445]. 

The goldfish APPs identified and characterized in this study can also be used to 

monitor water quality and safety of drinking water and reuse water. For example, CRP 

was shown to be elevated in fish exposed to water containing non lethal doses of 

cadmium and mercury [116]. Furthermore, trout exposed to environmental chemicals that 

induce cytochrome P450, also induced the production of CRP [446]. The battery of APPs 

identified in this study can be employed in a similar manner, enhancing our 

understanding of the immunotoxicity induced by chemical pollutants present in water, 

such that we can better protect aquatic and public health. 

One of the most sustainable methods to prevent pathogen-associated morbidity is 

gene selection for disease resistance. In certain instances, APPs levels have been found to 

be different between susceptible and resistance organisms. For example, mice displaying 

higher levels of haptoglobin were more resistance to T. brucei infections [447]. Future 

work on developing APPs as markers for disease resistance in aquaculture setting would 

undoubtedly enhance the productivity of this agricultural sector. The approaches used 

would include selective breeding and selection of resistant fish populations, using SAA 

levels as indicators of the resistance, rather than challenges with specific pathogens.  This 

would significantly decrease the cost as well as decrease the evaluation time during 

breeding/selection process. 

At present, one of the prominent areas of immunological investigation is the 

interaction between innate and adaptive immune responses. Not surprisingly, the research 
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in this area is significantly more advanced in mammals compared to teleosts [98,448–

453]. As demonstrated in this thesis, acute phase proteins are important “bridge” 

molecules between innate and adaptive immunity. For example, CRP functions as a first 

line of defense by binding various pathogens, engaging with numerous receptors and 

promoting clearance of debris [98]. The ability of CRP to activate the complement 

system places it at the interface between innate and adaptive immunity, since the 

complement system orients adaptive immune responses as illustrated by interaction with 

TLRs [454], and regulation of B [455] and T cell immunity [456]. Similarly, it has been 

suggested that SAA aids in the development of adaptive immunity [457,458] as 

demonstrated by its immunmodulatory properties to activate the inflammasome [421] and 

stimulate production of cytokines such as TNF and IL-10 [128,129] which can provide an 

effector pathway to regulate adaptive immunity [459]. B and T-lymphocytes are the main 

components of the adaptive immune system [460], therefore development of tools to 

distinctively distinguish between lymphocyte subsets and techniques to measure 

lymphocyte effector functions such as immunological-based assays or microarrays/Q-

PCR to asses gene expression of genes related to B and T-lymphocytes (i.e. surface 

markers) would be required to functionally determine the role of APPs at the interface 

between innate and adaptive immunity.  

7.3 Conclusion 

 In conclusion, the work presented in this thesis shows, for the first time that T. 

carassii induces expression of an acute phase response during both the acute and chronic 

phases of infection, and that they play a role in this host-parasite interaction. Two major 

APPs (CRP and SAA) were cloned, expressed and recombinant proteins functionally 

characterized. I believe that my research has contributed significantly to our 

understanding of an important aspect of innate immunity of bony fish, the acute phase 

response during a pathogenic infection. My research has also identified potential 

molecules that may be used for monitoring the health status of fish exposed to different 

biotic and abiotic stressors. 
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