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ABSTRACT

The most important phagocytic cell in the vertebrate body is the macrophage,
and cells functionally reminiscent of the vertebrate macrophage are present in
virtually all metazoan organisms, attesting to the importance of phagocytosis in host
defense in all multi-cellular organisms. Macrophages play a pivotal role in the
detection of pathogenic microorganisms and in the ensuing effector phases
responsible for elimination of infectious agents. Characterization of the native factors
that modulate macrophage functions in mammals has resulted in the identification of
wide variety of cytokines and chemokines. Exploring the functional roles of these
proteins, identification of their receptors, and detailed analysis of their effects on
macrophage functions has contributed significantly to our understanding of cellular
immune processes in higher vertebrates. Conversely, we know very little about the
native factors that modulate these mechanisms in lower vertebrates including fish. As
such, the majority of teleost ‘cytokine-like’ factors have been identified using
molecular cloning techniques with very few studies designed to understand the
functional roles of these molecules. The main objective of my thesis was to identify
the native factors that modulate goldfish macrophage activation using a combination
of molecular techniques and the more traditional biochemical approaches.

Major findings reported in this thesis are that: 1) primary macrophage-like
cultures could be established from carp and primary monocyte-like cultures could be
established from rainbow trout using protocols originally designed to cultivate
primary goldfish macrophages; 2) goldfish macrophage antimicrobial functions were

significantly inhibited by both endogenous and exogenous factors;
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3) one of the major goldfish macrophage activating factors, purified from mitogen-
stimulated goldfish kidney leukocyte supernatants, was transferrin cleavage products;
4) production of recombinant transferrin cleavage products indicated that transferrin
can activate both fish and mammalian macrophages, suggesting that thisis a
conserved mechanism of macrophage activation; and 5) goldfish macrophages
express Toll-like receptors (TLRs), which belong to a family of highly conserved
innate immune receptors. Taken together these findings provided the basis for the
development of a model of immune activation in fish mediated by a non-cytokine

host protein.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEDGEMENTS

kI would first like to take this opportunity to express my gratitude and
appreciation for the years of support and mentorship provided to me by my
supervisor, Dr. Miodrag Belosevic. Your enthusiasm for science is infectious and it
has been a great privilege to work with you over the years. Thank you.

To Dr. Norman Neumann, I owe you a special thanks for all of the time and
effort you have contributed to me over the years and for the many scientific
discussions we have shared. This endeavor would not have been the same without
your advice and I truly value your friendship. To my fellow graduate students and
friends; Dr. Diane Bienek, Dr. Daniel Barreda, Debbie Plouffe, Patrick Hanington,
and Krissy Scott, I valued the time spent with all of you and wish you all the best for
the future. I would also like to acknowledge the many outstanding individuals that I
have had the opportunity to collaborate with over the years; to Dr. Pamela
MacLauchlan, Dr. Fernando Galvez, Dr. Greg Goss, Dr. Steve Craik, Dr. Brad
Magor, Dr. Kathy Magor, and Kristofor Ellestad; I have learned something from you
all. To Cezary Kucharski thank you for the years of technical advice and to Dr. Al
Shostak, thanks for listening to my presentations and for your constructive advice
over the years.

To my parents, Alan and Janet Stafford, words cannot describe how much
your understanding and words of encouragement have helped me over the years. To
Sarah DeLorenzo, in good times and in bad, thank you for being by my side. I could

not have done this without you.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 would like to acknowledge the financial support provided by Natural
Sciences and Engineering Research Council of Canada (NSERC; PGSB Scholarship),
the Department of Biological Sciences (Teaching Assistantships and Walter H. Johns
Graduate Fellowship), Department of Fisheries and Oceans (NSERC supplementary
scholarship), and the Faculty of Graduate Studies (Andrew Stewart Memorial
Scholarship and University of Alberta Dissertation Fellowship).

Finally to the entire department of Biological Sciences, thanks for being such

a great place to work.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A B2

LE OF CONTENTS

CHAPTER 1 Introduction and Hierature review

1.1
1.2
1.3
14

1.5

1.6

1.7
1.8

2.1
22
23

24

Introduction
Objectives of thesis
Outline of thesis
Literature review
1.4.1 Overview
Recognition of infectious agents by macrophages
1.5.1 Lectins
1.5.2 Mannose binding protein (MBP)
1.5.3 Mannose receptor
1.54 Complement receptor (CR3)
1.5.5 Scavenger receptors
1.5.6 CDl4
1.5.7 Toll-like receptors (TLRs)
Antimicrobial mechanisms of macrophages
1.6.1 Nutrient deprivation mechanisms
1.6.1.1 Recruitment and mobilization of iron-binding
proteins
1.6.1.2 Natural-resistance-associated macrophage proteins
1.6.1.3 Tryptophan degradation
1.6.2 The respiratory burst
1.6.2.1 Higher vertebrates
1.6.2.2 Lower vertebrates
1.6.3 Nitric oxide production (NO)
1.6.3.1 Higher vertebrates
1.6.3.2 Lower vertebrates
Immunomodulatory roles of transferrin
Summary

Materials and methods

Fish

Fish serum

Fish cell culture

2.3.1 Culture medium

2.3.2 Isolation of fish kidney leukocytes

2.3.3 Generation of goldfish and carp primary

macrophage cultures
2.3.4 Generation of trout primary kidney monocyte cultures
Flow cytometric analysis of fish macrophage sub-populations

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

54

54
54
55
55
55

56
56
57



2.5 Mammalian cell lines 58
2.6 isolation and cultivation of bone marrow-derived murine

macrophages 58
2.7  Production of mitogen-stimulated goldfish kidney leukocyte
conditioned supematants 58
2.8  Biochemical characterization of a leukocyte-derived goldfish
macrophage deactivation factor (MDF) 60
2.8.1 Gel permeation fast performance liquid chromatography
(GP-FPLC) 60
2.8.2 Chromatofocusing (C-FPLC) 60

2.9  Functional characterization of a goldfish leukocyte-derived MDF 62
2.9.1 MDF-mediated inhibition of NO production in activated
goldfish macrophages 62
2.9.2 Effects of activation sequence, incubation temperature,
and MDF dose on NO production in goldfish macrophages 62
2.9.3 Effects of MDF on the viability of goldfish macrophages 63
2.10  Functional characterization of an exogenous goldfish MDF 64
2.10.1 Effect of potassium channel blocker treatments on the
production of NO and respiratory burst products in

goldfish macrophages 64
2.10.2 Effect of potassium channel blockers on goldfish

macrophage membrane potential (V) 65
2.10.3 Reversibility of altered goldfish macrophage V, by

removal of potassium channel blockers 66
2.10.4 Effects of potassium channel blocker treatment on the

viability of goldfish macrophages 67

2.10.5 Analysis of goldfish macophage iNOS mRNA
expression following treatment with potassium channel

antagonists 67

2.11 Biochemical characterization of a goldfish kidney leukocyte-

derived macrophage NO-inducing factor 67

2.11.1 GP-FPLC separation 67

2.11.2 C-FPLC separation 68

2.11.3 Mono-Q separation 69
2.12  Mass spectrometry analysis of an FPLC-purified goldfish

kidney leukocyte-derived NO-inducing factor 70
2.13  Generation of a goldfish macrophage anti-NO-inducing factor _

polyclonal antibody (8C2) 70
2.14  Purification of carp serum transferrin 71
2.15 Production of an anti-carp serum transferrin polyclonal

antibody (9AG7) : 71
2.16  Isolation of anti-transferrin polyclonal IgG from rabbit serum 72
2.17 Immunopurification of goldfish transferrin from crude

kidney leukocyte supernatants 73
2.18 Detection of tranferrin-cleaving enzyme activity in goldfish

kidney leukocyte supernatants and cellular lysates 74

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.19

2.20

2.21

2.22

2.23

Estimation of a potential proteolytic cleavage-site(s) required

for the ‘activation’ of transferrin

Experiments using commercially purchased transferrin

2.20.1 Protease-digestion and purification of bovine
holo-transferrin

2.20.2 FPLC purification of digested bovine holo-transferrin

2.20.3 Effect of the addition of bovine holo-transferrin precursor
to mitogen-stimulated goldfish leukocyte cultures

2.20.4 Effect of transferrin on NO production by goldfish
macrophages exposed to different pathogens or
pathogen products

Digestion of transferrin by elastase and induction of NO

production in macrophages

Goldfish gene expression analysis

2.22.1 Total RNA isolations

2.22.2 Generation of cDNA templates and PCR

2.22.3 Production of a subtracted goldfish macrophage cDNA
library using suppressive subtractive hybridization (SSH)

2.22.4 Identification of a goldfish macrophage TLR and
sequencing of full-length cDNA using 5°- and 3°-RACE

2.22.5 in silico analyses

2.22.6 Isotopic Northern blot analysis

2.22.6.1

Examination of goldfish macrophage
TLR mRNA expression

2.22.7 Non-isotopic Northern blot anlysis of iNOS mRNA
expression in goldfish macrophages exposed to potassium

channel blockers

2.22.7.1 Generation of PCR products for non-
isotopic probes

2.22.7.2 Non-isotopic labeling

22273 Non-isotopic detection

2.22.8 Southern blot analysis of a goldfish macrophage TLR
2.22.9 DNA sequencing

Expression of recombinant goldfish transferrin

2.23.1 Prokaryotic expression

2.23.1.1

2.23.1.2

22313

2.23.14
2.23.1.5

2.23.1.6
2.23.1.7

Generation of PCR product for cloning into
prokaryotic expression vector

Cloning and verification of the goldfish
prokaryotic expression constructs
Transformation and expression of
recombinant goldfish transferrin in E. coli
Pilot expression

Scale-up expression of recombinant
proteins produced in £. coli

Harvest and lysis of E. coli

Recovery of inclusion bodies using urea

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

76

76
77

78

79

79
80
80
81

82

83
84
85

85

86

86
86
87
88
88
89
89

89

89

90
91

91
92
93



2.23.1.8 Solubilization of inclusion bodies

22319 Renaturation of recombinant proteins
purified from inclusion bodies

2.23.1.10 Removal of LPS and induction of NO
production in macrophages by recombinant

goldfish transferrin lobes
2.23.2 EBukaryotic expression
2.23.2.1 Generation of PCR product for cloning into

insect expression vector
22322 Cloning and verification of the goldfish
transferrin eukaryotic expression construct
2.23.2.3 Transient expression in insect cells and
selection of stable cell lines
2.23.3 Purification of recombinant proteins
2.23.4 Detection of recombinant proteins by Western blot
2.24 SDS-PAGE electrophoresis and Western blot analysis
2.24.1 Colorimetric detection (NBT/BCIP)
2.24.2 ECL detection
2.25 Biological assays
2.25.1 Nitric oxide bioassay
2.25.2 Respiratory burst bioassays
2.25.2.1 NBT reduction
2.252.2 Dihydrorhodamine (DHR)
2.26 Statistical analysis

CHAPTER 3: In vitro cultivation of fish macrophages

3.1 Introduction
3.2 Results
3.2.1 Flow cytometric analysis of primary cultures derived
from different fish species
3.2.2 Analysis of in vitro-derived kidney macrophages
from carp
3.2.3 Cultivation of rainbow trout head kidney leukocytes and
the development of trout-primary kidney monocyte-like
cultures (T-PKM)
3.2.4 Identification of an R3-enriching factor in T-PKM-
derived CCM
3.2.5 Morphological and cytochemical characterization of
T-PKM cultures
3.2.6 Identification of functional (ROI-producing) sub-
populations in primary fish cultures
3.2.6.1 Goldfish IVDKM
3.2.6.2 T-PKM
3.2.7 Production of RNI by goldfish IVDKM and T-PKM
33 Discussion

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

93

94

94
95

95

96

97

98

99

100
101
101
102
102
102
102
103
104

107

107
110

110

111

112

113

113 -

114
114
115
115
116



CHAPTER 4: Inhibition of goldfish macrophage antimicrobial

functions by endogenous and exogenous factors 131

4.1  Introduction 131

42  Results 134
4.2.1 Generation of crude leukocyte supernatants by mitogen

stimulation and MLR 134

4.2.2 Induction of NO production and iNOS gene expression 135
4.2.3 Biochemical and functional characterization of an

endogenous leukocyte-derived goldfish MDF 135
4.2.3.1 Reproducibility of MDF activity 135
4.2.3.2 Dose-response 136

4.2.3.3 Exposure of goldfish macrophages to MDF prior
to activation significantly enhanced the NO-

inhibitory effect 136
4.2.3.4 Effect of incubation temperature on MDF activity 137
4.2.3.5 C-FPLC (Mono-P) purification of MDF 137
4.2.4 TFunctional characterization of exogenous factors with
goldfish macrophage deactivating activity 138
4.2.4.1 Potassium channel blockers inhibit production of
NO in a dose-dependent manner 138

4.2.4.2 Potassium channel blockers significantly inhibit

NO production by goldfish macrophages stimulated

with LPS and/or crude MAF 139
4.2.4.3 Time-course production of NO by stimulated

goldfish macrophages treated with potassium

channel blockers 139
4.2.4.4 Relative changes of goldfish macrophage

membrane potential (Vm) following treatments

with potassium channel blockers 140
4.2.4.5 Reversibility of plasma membrane depolarization

following removal of potassium channel blockers 141
4.2.4.6 Blocking potassium channels caused reduced

respiratory burst activity of goldfish macrophages 142
4.2.4.7 Alteration of goldfish macrophage iNOS mRNA

expression by treatment with potassium channel

blockers 143

4.3  Discussion 143

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5: Biochemical and functional characterization of a
macrophage activation factor that induces the nitric

oxide response in goldfish macrophages 175
5.1 introduction 175
5.2  Results 178

5.2.1 Detection of goldfish macrophage NO-inducing factor
activity in mitogen-stimulated goldfish kidney leukocyte
supernatants 178
5.2.2 Western blot analysis of crude and FPLC-separated
mitogen-stimulated goldfish kidney leukocyte supernatants 178
5.2.2.1 Time-course analysis of mitogen-stimulated
leukocyte supernatant production 179
5.2.2.2 Western blot detection of NO-inducing factor in
GP-FPLC separated mitogen-stimulated leukocyte
supernatants; correlation of ~33-37 kD proteins
with NO production 179
5.2.2.3 Western blot detection of NO-inducing factor in
ion-exchange separated mitogen-stimulated
leukocyte supematants; correlation of ~33-37 kD

proteins with NO production 181
5.2.3 Evidence that the ~33 kD, ~35 kD, and~37 kD putative
NO-inducing factors are tranferrin cleavage products 182
5.2.3.1 Mass Spectrometry analysis of putative goldfish
macrophage NO-inducing factor 182
5.2.3.2 Protease-digestion and FPLC purification of
bovine transferrin 183

5.2.3.3 Enhancement of the NO-inducing activities of
mitogen-stimulated goldfish kidney leukocyte
supernatants by the addition of bovine transferrin =~ 185
5.2.4 Evidence that fish transferrin is responsible for the NO-
inducing activity present in mitogen-stimualted goldfish
kidney leukocyte supernatants 186
5.2.4.1 NO-inducing activity of mitogen-stimulated
goldfish kidneyv leukocyte supernatants was
observed in the absence of bovine transferrin 186
5.2.4.2 Purification of fish transferrin and detection of
truncated forms of this protein in FPLC fractions
with NO-inducing factor activity 186
5.2.4.3 Detection of truncated forms of transferrin in
fractions exhibiting maximal NO-inducing activity 187
5.2.4.4 Detection of fish transferrin fragments in the active
fractions of FPLC-separated leukocyte supernatants
prepared with fish serum only 188

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.2.5 Immunopurification and mass-spectrometry analysis of
goldfish transferrin cleavage products that exhibit
NO-inducing factor activity
5.2.5.1 Immunopurification of transferrin from

goldfish serum
5.2.5.2 Immunopurification of NO-inducing factor from
mitogen-stimulated goldfish kidney leukocyte
supernatants
5.2.5.3 Mass-spectrometry analysis of 1mmun0punﬁed
goldfish macrophage NO-inducing factor
5.3  Discussion

CHAPTER 6: Biological characterization of recombinant goldfish
transferrin and its role in macrophage activation

6.1 Introduction
6.2  Results
6.2.1 Detection of tranferrin cleaving activity in mitogen-
stimulated goldfish kidney leukocyte supernatants and
lysed goldfish leukocytes
6.2.2 FElastase generated transferrin fragments that induced NO
production in goldfish macrophages
6.2.3 Goldfish transferrin mRNA expression
6.2.4 Prediction of goldfish transferrin cleavage site
6.2.5 Detection of goldfish transferrin open reading frame
and design of construct primers for recombinant
protein expression

6.2.6 Cloning of goldfish transferrin into pET100/D-TOPO® and

expression of recombinant proteins in E. coli

6.2.6.1 Cloning and verification of prokaryotic expression

constructs

6.2.6.2 Induction of recombinant protein expression and
purification of the recombinant proteins

6.2.6.3 Induction of NO production in goldfish
macrophages by recombinant goldfish transferrin
produced in E. coli

6.2.6.4 Induction of NO production in murine macrophages

by recombinant goldfish transferrin produced
in K. coli
6.2.7 Cloning of goldfish transferrin into pIB/V5-His-TOPO®
and expression of recombinant protein in insect cells
6.2.7.1 Cloning and verification of eukaryotic expression
constructs

6.2.7.2 Recombinant protein expression in insect cells and

purification of the recombinant proteins

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

188

188

189

190
191

219

219

221

221

222

223

224

226

227

227

228

229

232

233

233

234



6.2.7.3 Biological activity of recombinant goldfish

transferrin produced in insect cells 235
6.3  Discussion 237
CHAPTERT7: Identification of a teli-like receptor (TLR) gene that
is up-regulated in activated goldfish macrophages - 266
7.1 Introduction 266
7.2  Results 269
7.2.1 Analysis of goldfish TLR ¢cDNA and predicted polypeptide 269
7.2.2 Alignment and phylogenetic analysis 270
7.2.3 RT-PCR analysis of TLR mRNA expression 271
7.2.4 Examination of TLR mRNA expression by goldfish
macrophages using Northern blot analysis 271
7.2.5 Southern blot analysis of the goldfish TLR 273
7.3 Discussion 274
CHAPTER 8: General discussion 287
8.1 Overview of findings 287
8.2  Establishment of primary fish macrophage-like cultures 289
8.3  Biochemical and functional characterization of goldfish
macrophage deactivating factor 292
8.4  Macrophage activation by transferrin cleavage products 294
8.4.1 Mechansims for increasing transferrin concentrations
at inflammatory sites 295
8.4.2 Mechanism for the generation of transferrin cleavage
products 296
8.4.3 Transferrin-mediated macrophage activation: proposed
mechanism and potential receptor 298
8.5  Future research 303
CHAPTER 9: References - 309
C ICULUM VITAE

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 1.1:

Table 3.1:

Table 4.3:

Table 4.2:

Table 4.3:

Table 4.4:

Table 4.5:

Table 4.6:

Table 5.1:

Table 7.1:

LIST OF TABLES

List of PCR primers used throughout the thesis
Proportions of R1, R2, and R3-type cells in T-PKM cultures

Effect of mitogen stimulation and mixed lymphocyte reactions
on the production of MAF by goldfish kidney leukocyte

Nitric oxide inducing activity of GP-FPLC fractionated MAF

Effect of MDF on viability, total cell number, and
NO production of goldfish macrophages

Time-dependency of MDF-mediated inhibition of NO

Effect of potassium channel blockers on viability and total cell
Number

Effect of 4-AP on the respiratory burst response and Vim of
goldfish macrophages

Mass-spectrometry identification of the 33, 35, and 37 kD
putative NO-inducing factor purified from mitogen-stimulated
goldfish kidney leukocyte supernatants

Amino acid identity comparisons of goldfish macrophageTLR
domains the human TLR domains

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

%’?
1
(¢]

105

121

151

152

153

154

155

156

198

278



Figure 1.1:

Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 3.4:

Figure 3.5:

Figure 3.6:
Figure 3.7:
Figure 3.8:
Figure 3.9:

Figure 4.1:

Figure 4.2:

Figure 4.3:

Figure 4.4:

Figure 4.5:

Figure 4.6:

Sodium nitrite standard curve for the determination of
NO production using the Griess reaction

Flow cytometric analysis of in vifro-derived kidney
macrophage cultures from goldfish, carp and rainbow trout

Cultivation of carp kidney leukocytes and the generation of carp
IVDKM cultures

Production of NO by sorted sub-populations from carp IVDKM
cultures

Cultivation of rainbow trout head kidney leukocytes and the
generation of T-PKM cultures

Demonstration of an R3-enriching factor present in
trout-derived CCMs

Sorting and characterization of R3-type cells from T-PKM
DHR analysis of goldfish IVDKM cultures

DHR analysis of T-PKM cultures

NO production by goldfish IVDKM and T-PKM cultures

Identification of macrophage activating and deactivating
activities present in crude MAF preparations

Variability of NO production

RT-PCR analysis of iNOS and B-actin mRNA expression by
stimulated IVDKM

Time-course induction of NO production and iNOS gene
expression by stimulated IVDKM

Variability of NO inhibition by MDF

Dose-dependent inhibition of NO production by IVDKM treated
with MDF

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Page

106

122

123

124

125

126
127
128
129

130

157

158

159

160

161

162



Figure 4.7:

Figure 4.8:

Figure 4.9:

Figure 4.10:

Figure 4.11:

Figure 4.12:

Figure 4.13:

Figure 4.14:

Figure 4.15:

Figure 4.16:

Figure 4.17:

Figure 4.18:

Figure 5.1:

Figure 5.2:

Figure 5.3

Induction and subsequent MDF-mediated inhibition of NO
production by IVDKM infected with Leishmania major

Temperature-dependency of MDF activity

Recovery of MDF activity following microcentrifugal
concentration

C-FPLC purification of goldfish MDF

Comparison of MDF activity following GP-FPLC and
C-FPLC purification '

SDS-PAGE analysis of MDF-inducing fractions

Dose-response inhibition of NO production by potassium
channel blockers

The effect of potassium channel blocking on NO production by

macrophages activated with LPS and/or MAF

Time-course of NO production by goldfish macrophages in
the presence of potassium channel blockers

Modulation of goldfish macrophage Vm by treatment with
potassium channel blockers

Reversibility of Vm changes by removal of potassium
channel blockers

Changes in the expression of iNOS gene expression in the
presence of potassium channel blockers

FPLC purification of a goldfish macrophage NO-inducing

factor from mitogen-stimulated goldfish kidney leukocyte

supernatants and production of an anti-NO-inducing factor
polyclonal antibody

Time-course analysis of mitogen-stimulated goldfish kidney
leukocyte supernatants by Western blot and the NO bioassay

Concentration of mitogen-stimulated goldfish kidney
leukocyte supernatants and examination by Western blot and
the NO bioassay

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

163

164

165

166

167

168

169

170

171

172

173

174

199

260

201



Figure 54:

Figure 5.5:

Figure 5.6:

Figure 5.7:

Figure 5.8:

Figure 5.9:

Figure 5.10:

Figure 5.11:

Figure 5.12:

Figure 5.13:

Figure 5.14:

Figure 5.15:

Figure 5.16:

Figure 5.17:

GP-FPLC separation of mitogen-stimulated goldfish kidney
leukocyte supernatants

Ion-exchange chromatography of mitogen-stimulated goldfish
kidney leukocyte supernatants

Identification of peptide fragments from mass-spectrometry
analysis of FPLC purified goldfish macrophage
NO-inducing factor

Immunoreactivity of the anti-NO-inducing factor
antibody (8C2)

Protease-digestion and GP-FPLC separation of commercially-
available bovine transferrin

Ion-exchange chromatography of protease-digested transferrin
and NO-inducing activity of the cleaved products

Enhanced NO-inducing activity of mitogen-stimulated goldfish
kidney leukocyte supernatants by the addition of transferrin

NO-inducing activity of mitogen-stimulated goldfish kidney
leukocyte supernatants prepared in the presence of bovine
and/or carp serum

Purification of carp serum transferrin cleavage products
Immunoreactivity of anti-carp transferrin antibody (9AG7)

Western blot analysis using the anti-NO-inducing factor
(8C2) and the anti-carp serum transferrin (9AG7)
polyclonal antibodies

Detection of carp serum transferrin cleavage products in
GP-FPLC fractions exhibiting maximal NO-inducing
factor activity

C-FPLC separation and Western blot of mitogen-stimulated
goldfish kidney leukocyte supernatants prepared in the presence
of goldfish serum

Ion-exchange separation and Western blot of mitogen-stimulated
goldfish kidney leukocyte supernatants prepared in the presence
of goldfish serum

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

202

203

204

205

206

207

208

209

210

211

212

213

214

215



Figure 5.18:

Figure 5.19:

Figure 5.20:

Figure 6.1:

Figure 6.2:

Figure 6.3:

Figure 6.4:
Figure 6.5:
Figure 6.6:

Figure 6.7:

Figure 6.8:

Figure 6.9:

Figure 6.10:

Figure 6.11:

Figure 6.12:

Figure 6.13:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Immunopurification of goldfish transferrin using the
anti-carp serum transferrin polyclonal antibody (3AG7)

Immunopurification of goldfish transferrin from mitogen-
stimulated goldfish kidney leukocyte supernatants

Mass spectrometry (MALDI-TOF) analysis of immunopurified

goldfish transferrin

Detection of transferrin-cleaving activity in mitogen-
stimulated goldfish kidney leukocyte supematants

Detection of transferrin-cleaving activity in supernatants
from lysed goldfish cells

Generation of transferrin cleavage products and the
induction of NO production by elastase

Goldfish transferrin mRNA expression
Amino acid sequence of goldfish transferrin
Prediction of the goldfish transferrin cleavage site

Map of primers used for generating PCR products for
loning into the expression vectors

RT-PCR and cloning of goldfish transferrin into the
prokaryotic expression vector pET100/D-TOPO®

Detection of recombinant goldfish transferring produced
in E. coli by Western blot

Isolation of inclusion-bodies and solubilization of
recombinant goldfish transferrin

Purification of solubilized recombinant goldfish transferrin

Effect of imidazole on the production of NO in activated
goldfish macrophages

Induction of NO production in goldfish macrophages by
treatment with recombinant transferrin C- and N-lobes

216

217

218

244

245

246

247

248

249

250

251

252

253

254

255

256



Figure 6.14:

Figure 6.15:

Figure 6.16:

Figure 6.17:

Figure 6.18:

Figure 6.19:

Figure 6.20:

Figure 6.21:

Figure 6.22:

Figure 7.1:
Figure 7.2:
Figure 7.3:

Figure 7.4:

Figure 7.5:

Figure 7.6:

Induction of NO production in goldfish macrophages by
treatment with recombinant transferrin N-lobe following
application to a Detoxi-Gel" LPS-removal column
Induction of NO production in goldfish macrophages by
treatment with recombinant transferrin N-lobe following
application to a Detoxi-Gel” LPS-removal column

Effect of recombinant goldfish transferrin C-lobe on the
production of NO in P388D.1 murine macrophage-like cells

Effect of recombinant goldfish transferrin C-lobe on the
production of NO in bone marrow-derived murine macrophages

RT-PCR and cloning of goldfish transferrin into the
eukaryotic expression vector pIB/V5-HIS TOPO®

Expression of recombinant goldfish transferrin in the insect
cell-line Sf9

Purification of recombinant goldfish transferrin from the
supernatants of polyclonal cell-lines derived from Blasticidin-

selected S19 cells

Induction of NO production in goldfish macrophages by
clastase alone or in combination with endogenous proteins

Induction of NO production in murine macrophages by
elastase alone or in combination with endogenous proteins

5°-RACE and cloning of a goldfish macrophage TLR
3’-RACE and cloning of a goldfish macrophage TLR
Sequence of a goldfish macrophage TLR

Amino acid sequence alignments of the goldfish macrophage
TLR protein with fugu, human, and mouse TLR proteins

Generation of a phylogenetic tree of the TIR domains of
various TLR protein sequences

RT-PCR expression analysis of a goldfish macrophage TLR

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

257

258

259

260

261

262

263

264

265

279

280

281

282

283

284



Figure 7.7:

Figure 7.8:

Figure 8.1:

Figure 8.2:

Figure 8.3:

Northem blot analysis of goldfish macrophage gene expression
following stimulation

Southern blot analysis of a goldfish macrophage TLR

Addition of transferrin to goldfish macrophages exposed to
different pathogens significantly increased production of NO

Summary of the sources of transferrin and generation of
transferrin cleavage products during infections/inflammation

Co-purification of insect ferritin with the recombinant leucine-
rich repeat domain (tLRR) of a goldfish macrophage TLR

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

283

286

306

307

308



AMP:
AP:
4-AP:
BCIP:
BMDM:
B-ME:
bp:
CARB:
CCM:
C-FPLC:
ConA:
CR3:
CS:
DEAE:
DHR:
DMSO:
EST:
FBS:
FCS:
FPLC:
GMCL:
GM-CSK:

GP-FPLC:

GSH:
GSP:
GSSG:
HBSS:
HSP:

LPG:
LPS:

LRRE:
LTA:
MAK:
MALDI-TOF:

ILIST OF ABBREVIATIONS

ampicillin '
alkaline phosphatase
4-aminopyridine
5-bromo-4-chloro-3-indolyl phosphate, p-touluidine salt
bone marrow-derived macrophages
beta-mercaptoethanol

base pairs

carbenicillin

cell-conditioned medium

chromatofocusing-fast performance liquid chromatography

concanavalin A

complement receptor 3

carp serum

diethylaminoethyl
dihydrorhodamine

dimethyl sulfoxide

expressed sequence tag

fetal bovine serum

fetal calf serum :

fast performance liquid chromatography
goldfish macrophage cell line
granulocyte/macrophage colony stimulating factor
gel permeation fast performance liquid chromatography
reduced glutathione

gene specific primer

oxidized glutathione

Hanks balanced salt solution
heat-shock protein

interferon

interleukin

isopropyl B-D-thiogalactoside
inducible nitric oxide synthase

in vitro derived kidney macrophages
kilodaltons

limulus amebocyte lysate
Luria-Bertani

Lipophosphoglycan
lipopolysaccharide

leucine-rich repeats

lipoteichoic acid

macrophage activating factor(s)

matrix-associated laser desorption/ionization-time of flight

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



MBP: mannose-binding protein

M-CSF: macrophage colony stimulating factor
MDF: macrophage deactivating factor(s)

MGF: macrophage growth factor(s)

MLR: mixed lymphocyte reaction

MR: mannose receptor

MW: molecular weight

MWCQO: molecular weight cut-off

NBT: nitro blue tetrazolium

NiNTA: nickel-nitrilotriacetic acid

NO: nitric oxide

NRAMP: natural resistance associated macrophage protein
0.D.: optical density

PAMPs: pathogen associated molecular patterns
PBS: phosphate buffered saline

PCR: polymerase chain reaction

PEG: polyethylene glycol

pl: isoelectric point

PMA: phorbol myristate acetate

PMB: polymixin B

PMSF: phenyl methyl sulforyl fluoride

PRR: pattern recognition receptor

RACE: rapid amplification of cDNA ends

RFU: relative fluorescence units

RNI: reactive nitrogen intermediates

ROI: reactive oxygen intermediates

RT-PCR: reverse transcriptase polymerase chain reaction
SDS-PAGE: sodium dodecy! sulfate polyacrylamide gel electrophoresis
SE: salt elution

SP-A: lung surfactant protein-A

SSH: suppressive subtractive hybridization

SR: scavenger receptor

TEA: tetracthyl ammonium chloride

TGFB: transforming growth factor beta

TIR: Toll/Interleukin-1 response (TIR) domain
TLR: Toll-like receptor

TNFo: tumor necrosis factor alpha

T-PKM trout primary kidney monocytes

TOPO: topoisomerase

Vat plasma membrane potential

8C2: polyclonal anti-nitric oxide-inducing factor antibody
9AGT: polyclonal anti-carp transferrin antibody

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW'

i.1 Introduction

One of the fundamental roles of the immune system is to recognize self from
non-self; discriminating the finite structure of foreign molecules from the diverse
array of molecular patterns and complexities intrinsic to the host. Non-self
recognition mechanisms appear to be an inherent prerequisite for the survival of any
living organism, and are present even within the simplest life forms, the mycoplasms,
which contain enzymes that have evolved to recognize and degrade invasive foreign
genetic material (i.e., bacteriophages) [1]. Many diverse eukaryotic non-self
recognition mechanisms have evolved to discriminate foreign proteins, carbohydrates,
lipids, and invasive nucleic acids (viruses and virions). These non-self recognition
systems are intricately coupled to host defensive mechanisms, such as phagocytosis,
which mediate the destruction and eventual elimination of invasive pathogenic
MiCroorganisms.

Phagocytosis is the primordial defense mechanism of all metazoan organisms.
In fact, it has even been suggested that phagocytosis represents a rudimentary innate
defense mechanism in the most primitive eukaryotic kingdom, the Protozoa [2].
Haeckel first described phagocytosis in 1862, using blood cells from the gastropod
Tethys spp. [3], but its importance as a defense mechanism was not realized until
1882, by Elie Metchnikoff [3]. Metchnikoff’s classic experiments involved impaling

a starfish larva with a rose thorn. He noticed that amoeba-like cells invaded the

! A version of this chapter has been published: Neumann e al., 2001. Dev. Comp. Immunol., 25: 807-
825; and Stafford et al., Crit. Rev. Microbiol., 28: 187-248.
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damaged tissues, and surrounded the thomn; an apparent attempt by the starfish larva
to defend itself against this foreign object. Metchnikoff was cognizant of the
similarities between this primitive cellular defense mechanism in invertebrates and
the inflammatory processes observed in higher vertebrates. This simple observation
provided the theoretical foundation for elucidating the mechanisms that initiate innate
cell-mediated immunity in vertebrates and in characterizing the roles that phagocytic
cells play in host defense against infectious disease.

The most important phagocytic cell in the vertebrate body is the macrophage,
and cells functionally reminiscent of the vertebrate macrophage are present in
virtually all metazoan organisms, attesting to the importance of phagocytosis in host
defense in all multi-cellular organisms. Macrophages play a pivotal role in the
detection of pathogenic microorganisms and in the ensuing effector phases in
eliminating the infectious agent. Pathogen-associated molecular patterns (PAMPs) on
the surface of pathogenic microorganisms are recognized by pattern recognition
receptors (PRR) on macrophages, facilitating the phagocytic process and initiating
subsequent killing mechanisms [4-6].

The ubiquitous distribution of macrophages within the vertebrate body
ensures the continuous surveillance of host tissues for foreign invaders. In many
cases, it is the macrophage (or lineage-related cells such as dendritic celis) that
provides the first line of cell-mediated host defense against pathogens. Foreign
microorganisms are rapidly phagocytosed by macrophages, and are destroyed by
lysosomal enzymes released into the phagosome, or by toxic reactive intermediates

formed by activated macrophages. In addition, macrophages possess a number of
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nutrient deprivation mechanisms that are employed to starve phagocytosed pathogens
of essential micro-nutrients. The fundamental roles of macrophages in host defense
are to recognize foreign invaders, limit the initial dissemination and/or growth of

infectious organisms, and to modulate ensuing immunological reactions.

1.2  Objectives of the Thesis

Characterization of the native factors that modulate macrophage functions in
mammals has resulted in the identification of a wide variety of cytokines and
chemokines. Exploring the functional roles of these proteins, identification of their
receptors, and detailed analysis of their effects on macrophage functions has
contributed significantly to our understanding of cellular immune processes in higher
vertebrates. Conversely, we know relatively little about the native factors that
modulate these mechanisms in lower vertebrates including fish. As such, the majority
of teleost ‘cytokine-like’ factors have been identified using molecular cloning
techniques with very few studies designed to understand the functional roles of these
molecules. The main objective of my thesis was to identify the native factors that
modulate goldfish macrophage activation using both biochemical and molecular

approaches. The specific aims of my research were:

a) to adapt the cultivation procedures originally used to isolate in vitro-
derived primary goldfish kidney macrophages for the isolation of
functional primary kidney-derived macrophége— and monocyte-like cells
from two other economically important fish species (i.e. carp and rainbow

trout).
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b) to biochemically and functionally characterize both endogenous
(leukocyte-derived) and exogenous (pharmological blockers of potassium
channels) factors that exhibited macrophage deactivation activities.

c) to characterize a nitric oxide-inducing factor(s) purified from mitogen-
stimulated goldfish kidney leukocyte supernatants.

d) to clone and express transferrin and test the ability of the recombinant
protein to induce nifric oxide response in macrophages.

e) to develop a model of macrophage activation mediated by transferrin
cleavage products and highly conserved innate immune receptors (i.e.
Toll-like receptors) and to discuss the potential conservation of this

mechanism.

1.3 Outline of thesis

In the first chapter, [ review the current literature in regards to macrophage-
mediated innate host defence mechanism in mammals and fish. This chapter focuses
on how macrophages detect foreign invaders and the subsequent induction of
antimicrobial mechanisms required for preventing the dissemination of pathogens by
reviewing both the mammalian and teleost literature. Chapter 2 contains a detaﬂed
description of the Materials and Methods used throughout the thesis. Chapter 3
describes results of in vitro cultivation techniques used to obtain primary macrophage
cultures from different fish species. Specifically, in this chapter, I demonstrate that
the original cultivation procedures used to isolated goldfish in vitro-derived kidney

macrophages can be used to isolate functional monocyte-like cells from rainbow trout
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and functional monocyte-and macrophage-like cells from carp. In Chapter 4, I present
the results of studies designed to characterize both endogenous and exogenous factors
that exhibited potent macrophage deactivation activities. The fifth chapter
demonstrates that a major goldfish macrophage nitric oxide-inducing factor found in
mitogen-stimulated goldfish kidney leukocyte supernatants is transferrin cleavage
products. Furthermore, both mammalian (i.e. bovine) and fish (i.e. carp and goldfish)
transferrins appear to be capable of inducing this response. Chapter 6 focuses on the
cloning and expression of recombinant goldfish transferrin using both prokaryotic and
eukaryotic expression systems. Results in this chapter demonstrate that recombinant
goldfish transferrin N- and C-lobes, expressed in . coli, significantly induced nitric
oxide production in goldfish and murine macrophages. The cloning and gene
expression analysis of one of the first discovered teleost Toll-like receptors is the
focus of Chapter 7. Finally, in Chaper 8, I present a model of macrophage activation
in teleost, mediated by cleaved transferrin products. In this chapter I suggest that this
is a highly conserved and perhaps primitive mechanism for the induction of innate

immune responses in both vertebrates and invertebrates.

1.4 Literature Review

1.4.1 Overview

The roles that macrophages play in mediating innate host defense in mammals
and teleost is reviewed. I first describe how macrophages recognize and bind foreign
agents using a repetoire of innate immune receptors known as pattern recognition

receptors (PRR). This is then followed by a description of the induction of
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antimicrobial responses required for the elimination of pathogens. Specifically, I
review the mechanisms used by macrophages to restrict the growth of pathogens,
which include deprivation of essential nutrients (i.e. sequestration of available iron
and degredation of tryptophan), and the induction of the respiratory burst and nitric
oxide production pathways as inducible antimicrobial responses in macrophages.
Since much of the information collected to date was derived from comparative studies
relating teleost macrophage function to the well characterized mammalian
macrophages, it is imperative to first highlight these mechanisms that have been
described in higher vertebrates (i.e. mammals) and then focus on reviewing the

literature that described host defense mechanisms of fish.

1.5  Recognition of infectious agents by macrophages

How macrophages sense a foreign molecule within the context of a
molecularly complex host environment is extraordinary. The possible number of
foreign molecular configurations on a diverse assemblage of pathogenic
microorganisms is immense. For most metazoan organisms the evolution of cellular
mechanisms for recognition of all possible foreign molecule conformations is limited,
in most cases, by the size of the genome. Although veriebrates have evolved adaptive
immune responses to recognize large numbers of foreign molecules (i.e. T-cell .
receptors and antibodies), these same mechanisms appear to be absent from
invertebrates, and as such, greater than 99% of all multi-cellular life forms rely on
non-self innate immune mechanism to recognize foreign molecules. The extensive

diversity of foreign molecular structures, accompanied by limited genome sizes,
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necessitated the evolution of non-self discriminatory mechanisms that recognized
unique molecular configurations on classes of microorganisms. These unigue foreign
molecular configurations are also known as pathogen-associated molecular patterns
(PAMPs) [5-6]. PAMPs all have the common features of being unique to a group of
pathogens, are essential for survival, and are relatively invariant in their basic
structure. Specific examples of PAMPs include lipopolysaccharide (LPS; gram
negative bacteria), lipoarbinomannan (mycobacteria), lipoteichoic acids (LTA; grarr;
positive bacteria), mannans (yeast), and double stranded RNA (viruses).

PAMPs are recognized by pattern recognition receptors (PRRs) found on the
surface of immune cells including macrophages [6-7]. These innate immune receptors
are a germ-line encoded group of receptors with a genetically pre-determined
specificity that are highly conserved among different organisms. Pattern recognition
receptors have distinctive ligand-binding properties for specific classes of PAMPs,
but are less discriminatory towards the subtle differences in fine molecular structure
within that class of PAMPs. For example, CD14, a PRR for bacterial LPS, can bind
to LPS from a diverse range of microorganisms, even though the fine structure of
LPS can vary among different bacterial species [8]. In addtion, both Toll and Toll-
like receptors (TLRs) are believed to not only bind foreign material, but are also
capable of binding endogenous proteins (i.e. recognition of cleaved Spatzle by
Drosophila Toll and recognition of fibrinogen and fibronectin by TLR-4) [9-111.

Examples of some of the major proteins involved in microbial pattern
recognition include mannose-binding proteins, mannose receplor, scavenger receptor,

CD14, and TLRs. Functionally, PRRs can be divided into three classes; 1) secreted
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PRRs, which usually function as opsonins or activators of complement, 2) endocytic
PRRs, which function in pathogen binding and phagocytosis, and 3) signaling PRRs
that activate gene transcriptional mechanisms that lead to cellular activation. This
portion of the review focuses on these PRR, which are found on the surface of

macrophages and I will discuss their roles in pathogen recognitién/binding.

1.5.1 Lectins

Lectins play an important role in the recognition of pathogens and serve
multiple functions in the immune system, including cell adhesion, recruitment,
differentiation and activation [12-13]. Many of the lectins involved in the recognition
and neutralization of pathogens are members of the C-type or calcium-dependent
animal lectin families [14]. Within this family are two major groups of PRRs that are
important components of the innate immune response; the collectins and the mannose
receptor. Collectins are large soluble proteins that mediate pathogen neutralization
through the complement pathway and include pulmonary surfactant proteins (SP-A
and SP-D) and the serum mannose binding protein (MBP) [13]. These molecules
have a collagen tail and a carboxy-terminal lectin domain. The collagen tailis a
ligand for the collectin receptor, which is found on a variety of mammalian cells
including monocytes, endothelial cells and fibroblasts. The lectin domain recognizes
carbohydrate (CHO) moieties on the surface of viruses, bacteria, fungi, and protozoa.
The other member of the C-type lectin family is the mannose receptor and is found on

antigen presenting cells (i.e. macrophages and dendritic cells) [15]. This celi-surface
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protein directly binds CHO moieties found on the surface of pathogens, leading to
phagocytosis of microorganisms [16-17].

The recognition of CHO moieties by members of the C-type lectin
superfamily is mediated by structurally related calcium-dependent CHO-recognition
domains (C-type CRDs) [13]. These domains recognize the equatorial orientation of
the C, and C, hydroxyl groups in hexoses, N-acetylglucosamine, glucose, fucose and
mannose [14]. These carbohydrate structures are common components of cell
membrane and cell wall structures in a variety of pathogens, and include molecules
like LPS, L"TFA, and mannans. In addition, the specific arrangement of CRDs on the
host cell surface favor the spatial orientation of the CHO moieties that decorate the
cell walls of microorganisms, providing they span the correct distance between the
CRDs (ligands have to span the distance of 45 angstroms) [14, 18]. These conditions
mediate high affinity binding of ligand to the receptor. The configuration of the
hydroxyl groups in the sugars that decorate mammalian glycoproteins (i.e. galactose
and sialic acid), and the repetitive CHO nature of many microbial PAMPs, are not
accommodated by the CRD of C-type lectins. Thus, the broad selectivity of the
monosaccharide-binding site, combined with the geometry of multiple CRDs in the

intact lectins, allows these PRRs to mediate discrimination between self and non-self.

1.5.2 Mannose Binding Protein (MBP)
MBP is an acute phase serum protein synthesized by the liver that acts as both
opsonin and activator of the complement cascade [19-20]. MBP has a relatively non-

selective pattern of recognition, having the capacity to bind to the surface of a variety
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of infectious agents including viruses, gram positive and gram-negative bacteria,
yeasts, and protozoan parasites [15]. In the case of protozoan pathogens, MBP
specifically recognizes glucans, lipophosphoglycans and glycoinositolphospholipids
that are composed of mannose, glucose, fucose or N—acetylglucosamiﬁe as terminal
hexoses [21-22]. MBP is very efficient in recognizing microbial surfaces with a high
content of repetitive mannose and/or N-acetylglucosamine residues, such as those
found on Candida albicans, Escherichia coli, Salmonella typhimurium, Neisseria
gonorrhoeae, Leishmania spp., and the human immunodeficiency virus (HIV) [15,
23-24]. Binding of CHO structures on the surface of these microorganisms often
results in direct killing of the pathogens via activation of the complement pathway
and subsequent formation of the lytic membrane attack complex (MAC). MBP can
substitute for Clq in the activation of both classical and alternative complement
cascades [19-20]. This protein is usually associated with small enzymes known as
MBP-associated serine proteases (MASPs) [25-26]. Engagement of ligands by MBP
results in the activation of the MASPs, which in turn activate the C3 convertase of the
complement cascade that can also lead to opsonization of the pathogen by various
complement components. Opsonization promotes phagocytosis of the pathogen by
macrophages [23]. In addition, MBP can directly promote macrophage phagocytosis.
Patients with deficiencies of MBP often suffer from recurrent bacterial and fungal
infections, implicating the importance of this lectin in innate immunity, particularily

during the early stages of microbial infection [27-30].
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1.5.3 Mannese Receptor

The mannose receptor is a 175 kDa type 1 membrane glycoprotein that is
expressed in high levels on tissue macrophages [31-32] . The receptor contains five
domains; 1) an amino-terminal, extracellular cysteine-rich region, 2) a fibronectin
type-1I repeat-containing domain, 3) eight tandem lectin-like CHO domains, 4) a
transmembrane domain, and 5) an intracellular carboxy-terminal tail [16, 33-34]. Like
MBP, the mannose receptor binds sugars such as L-fucose, D-mannose, D-N-
acetylglucosamine and D-galactose that are not common in terminal positions on
mammalian oligosaccharides, but are frequently found on the surfaces of
microorganisms [35] [36]. The mannose receptor can mediate the internalization of
both soluble and particulate antigens (by endocytosis and phagocytosis, respectively)
and is a prototypical PRR capable of binding a wide range of ligands found on the
surface of pathogenic organisms [31]. Mannose receptors can recognize a number of
pulmonary pathogens and has been implicated in the uptake of Candida albicans,
Escherichia coli, Pseudomonas aeruginosa, Pneumocystis carinii, and
Mpycobacterium tuberculosis [17, 37-42]. This receptor also recognizes the protozoan
parasites Trypanosoma cruzi, Plasmodium yoeli, Leishmania donovani, and
Leishmania mexicana [43-45].

The tissue distribution of this receptor suggests a primary role for the
clearance of soluble and particulate antigens. Phagocytosis mediated by the MR can
induce cytocidal mechanisms and proinflammatory cytokine production {37, 46-47].
Functionally, ligation of the receptor results in release of lysosomal enzymes [48],

and production of reactive oxygen intermediates (ROI) [17, 49], arachidonic acid
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metabolites [50], and cytokines {51-53]. Up-regulation of the Fc receptor and
alterations in intracellular calcium fluxes and tyrosine kinase activation have also
been implicated following ligation of the mannose receptor {51, 54-56]. The
downstream effects of mannose receptor ligation are variant and are likely dependent
on the differentiation or activation stage of the macrophage, the type of ligand, and

cooperative actions of the mannose receptor with other macrophage lectins.

1.5.4 Complement Receptor (CR3)

The complement system is a proteolytic cascade that is activated either
directly or indirectly by non-self recognition (i.e. microorganisms) and plays a major
role in mammalian innate immunity [57]. There are three generalized pathways
leading to activation of the complement cascade. The classical pathway requires
antibody and the first complement components. The alternative pathway is directly
activated by microorganisms and the lectin pathway requires MBP and associated
MASPs (described above) [21, 25-26]. Activation of complement by microorganisms
can have three major biological effects: 1) fixation of the terminal complement
components resulting in complement-mediated lysis through the formation of a
membrane attack complex (MAC); 2) fixation of the third complement component
(C3) leading to opsonization and phagocytosis by macrophages; and 3) elaboration of
the complement anaphylotoxins C3a and C5a leading to recruitment of immune cells
and initiation of an inflammatory reaction.

Macrophages contain complement receptors on their surface that aid in the

receptor-mediated phagocytosis of opsonized microorganisms [58]. The CR3 belongs
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to the CD18 family of integrins, which includes p150, 95, LFA-1 and CR3 [59-61].
Macrophage CR3 expresses two distinct binding sites; 1) a peptide binding site which
binds such proteins as the complement component C3bi [62], and 2) a LPS-binding
site that has also been shown to directly bind iipophosphoglycan (LPG) present on the
surface of protozoan parasites like Leishmania spp [63-65]. Many pathogens are
recognized by CR3 and this receptor has been implicated in the internalization of
many different pathogens‘ including, the yeast stage of Histoplasma capsulatum
which uses the CR3/LFA-1/p150, 95 family of adhesion molecules to enter human
macrophages using an opsonin-independent mechanism [66]. Legionella pneumophila
uses CR1 and CR3 following opsonization with C3b and C3bi, respectively [67].
Mycobacterium leprae and both the promastigote and amastigote stages of
Leishmania spp require C3 opsonization for uptake by CR3 [68]. Some pathogens
such as Leishmania spp can even exploit the fixation of complement onto their
surfaces in order to increase their uptake into host macrophages through the CR3

receptor [69].

1.5.5 Scavanger Receptors (SRs)

Scavanger receptors are a unique type of receptor that bind to both host- and
pathogen-derived ligands, using pattern-recognition that does not induce macrophage
activation [70-71]. These receptors were originally identified by their ability to bind
modified low-density lipoproteins (LDLs), such as oxidized LDL (OxLLDL) and
acetylated LDL {AcLDL), and initially studied for their role in angiogenesis and

LDL-cholesterol accumulation by macrophages in atherosclerotic lesions [72-73].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



14

Other studies demonstrated that SRs also participate in evolutionarily conserved
immune-related processes such as recognition and internalization of pathogens [73-
771, cellular adhesion [73, 78-79], recognition of and engulfment of apoptotic cells
[80], clearance of bacterial products from the circulation (i.e. LPS and LTA) [76-77],
and wound healing [81-82]. Wounding exposes molecular structures and patterns on
damaged cells or tissues that are not found on normal celis [74-83]. The types of
pattern recognition used for identifying infectious microbes may also mediate wound
recognition and monocyte adhesion through SRs.

Two classes, SR-AI and SR-AII, were the first macrophage SRs to be
identified and were generated from alternative splicing of mRNA transcribed from
the same gene |73, 85-86]. SR-A is found on monocytes, B-lymphocytes, capillary
endothelial cells, platelets, and adipocytes. Both classes exhibit nearly identical
ligand-binding properties, specifically binding an array of polyionic ligands with high
affinity [73, 76-77]. SR-A recognizes polyionic molecules via its collagen-like
domains, and recognition may be determined by the spatial characteristics of the
repeaﬁng charged units found on host-derived, synthetic, and microbial origin. For
example SR-A binds to apoptotic thymocytes [80], dextran sulphate [73], and intact
gram positive bacteria and LTA found on various microorganisms, including

- Streptococcus pyogenes, Streptococcus agalactiae, Staphylococcus aureus,
Enterococcu hirae, and Listeria monocytogenes [76-77]. A role for SRs f{).l' the
protection of mice from gram negative sepsis has also been reported [76]. While SRs
can bind and internalize many different ligands, they do not appear to play arole in

the activation of immune cells [70]. Therefore, SRs may participate in host defense
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by clearing foreign products such as LTA, LPS, or intact bacteria from tissues and the
circulatory system during bacterial sepsis.

A third class of SRs, termed MARCO or SR-BI, has been identified and
shown to bind both AcLDL and baciéria [87-88]. Class B SRs are composed of
members of the CD36 family [89] and include SR-BI, the lysosomal protein Limp II
[90], and Drosophila emp (epithelial membrane protein) [91]. This class of SRs binds
a variety of ligands that must contain negatively-charged moieties in order to be
recognized [92]. SR-BIs (i.e. MARCO), are primarily lipid-binding proteins that are
expressed by cells and tissues involved in host defense and/or lipid metabolism [93]
[94-95]. LPS associated with high-density lipoproteins and anionic environmental
particulates appear to bind to SR-BI. Therefore, this class of SRc may facilitate LPS-
clearance by the liver and the removal of particulates by alveolar macrophages in the

fung [96].

15.6 CDi4

The recognition of bacterial endotoxin (i.e. LPS) is an important function of
the innate immune system, and failure to contain bacterial infections can result in
septic shock as a result of the release of LPS from bacteria as they grow, multiply, or
die (i.e. after antibiotic treatment). Therefore, eukaryotes have developed sensitive
immunological surveillance mechanisms that can detect minute amounts of bacterial
LPS [97-100]. The PRR responsible for recognition of this bacterial PAMP is CD14
(reviewed in [101]). CD14 is a 356 amino acid leucine-rich glycoprotein [102] that is

expressed both in the plasma as soluble CD14 (sCD14)and as a
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glycosylphosphatidylinositol (GPI)-anchored protein on leukocytes (mCD14) [1031.
A serum LPS-binding protein (LBP) also plays a role in LPS recognition and is often
the first to bind to LPS. This LBP acts as a plasma lipid transfer protein that moves
LPS monomers from bacterial membranes to a binding site of CD14 [104-105]. In
combination with the serum LBP, CD14 allows effector cells (i.e. macrophages) to be
triggered by sub-picomolar concentrations of LPS and both CD14 and LBP recognize
the biologically active moiety of LPS (i.e. lipid A) [98]. Transfection of mCD14
cDNA into cell types that normally lack this surface receptor confers sensitivity to
LPS [106-108]. Conversely, LPS-hyporesponsiveness is exhibit by macrophages
defective in CD14 expression [109], confirming that the expression of mCD14
confers LPS responsiveness [97].

Two forms of the soluble LPS receptor (CD14) are constitutively generated; a
55 kDa form is liberated by escape from GPlI-anchoring, and a 49 kDa form that is
derived from the cell membrane by proteolytic cleavage with a serine protease [103].
sCD14 mediates the binding of LPS to endothelial cells that do not contain a surface
LPS receptor (mCD14) [110-112]. This has been shown to potentiate LPS-
responsiveness in endothelial cells resulting in the expression of adhesion molecules
[110-112], and cytokines [112]. Alternatively, trimeric complex of LPS-sCD14-LBP
can bind to nonmyloid cells without inducing cellular activation. Since this complex
is internalized, this has been interpreted as an L.PS-scavenging mechanism possibly
for the removal of large amounts of endotoxin at infection sites [113]. Binding of

LPS-sCD14 or LPS-LBP complexes to mCD14-positive cells followed by
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internalization can also be dissociated from signaling and may serve as another
mechanism for LPS clearance [7].

Activation of macrophages following recognition of bacterial LPS leads to the
production of tumor necrosis factor-alpha (TNFa) [97] and other pro-inflammatory
cytokines including IL-1, IL-6, IL-8, and tissue factor [114-115]. The uncontrolled
release of these cytokines results in many of the symptoms associated with septic
shock including systemic activation of macrophages, increased vascular permeability,
edema, and multi-organ failure. In polymorphonuclear (PMN) cells, mCD14
participates in the integrin-dependent adhesion to fibrinogen, complement-
independent phagocytosis of gram-negative bacteria and phagocytosis of apoptotic
cells [7].

Interestingly, the GPI-anchored mCD14 is unable to transduce a signal in
response to ligation of LPS and requires an accessory signal in order to initiate a
response (i.¢. increased gene transcription). The mCD14 found on macrophages is co-
expressed and forms a complex with another receptor known as the Toll-like
receptor-4 (TLR4). The association of mCD14 with TLR4 has recently provided
investigators with a link between LPS-binding and the transcriptional responses of

macrophages to this bacterial PAMP.

1.5.7 Toll-like receptors (T'LRs)

TLRs have received considerable attention as innate PRRs that are important
not only in the recognition of PAMPs but are important in the initiation and
transduction of the intracellular signals that induce innate immune mechanisms in

macrophages [6]. The Toll receptor was originally identified as a key mediator of
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development in Drosophila [116], and only later was it found to also initiate innate
antifungal responses in the fly [9]. Toll-receptors are characterized by an N-terminal
extracellular domain containing several leucine-rich repeats (LRRs), and an
intracellular C-terminal Toll/Interleukin-1 receptor (TIR) domain, named for its
homology to the signaling domain of the IL-1 receptor. The TIR domain interacts
with a heterotrimeric complex of death-domain containing adapter proteins [117],
ultimately leading to the activation of the transcription factor NF-xf} or its
homologues, Dif or Relish, in Drosophila.

Several TLRs have been identified in mammals and represent a unique class
of PRR, with each TLR recognizing different PAMPS or combinations thereof
(reviewed by [118]). Activation of TLRs by microbial ligands activates intracellular
signaling events that lead to activation of NF-x[3 and the MAPK cascades (c-Jun N-
terminal kinase, p38, and ERK) [119-127]. The resultant effect induces innate
immune mechanisms such as the production of ROI and RNI, chemokine/cytokine
secretion, and cellular differentiation, many of which are regulated by the NF-xf
pathway [6].

The ligand specificities of different TLRs are extremely diverse {118]. For
example, TLR-4 has been identified as the signal transduction component for
bacterial LPS in humans [128-130]. TLR-4 associates with CD14 and a secreted
linker protein known as MD2, to form the functional signal transduction receptor for
LPS [131-135]. MD-2 also associates with TLR-2 to mediate signaling in response to
lipopolypeptides from Gram-positive bacteria [136-138]. TLR-2 recognizes many

different microbial components such as the glycosylphosphatidylinositol (GPI)
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anchors of parasitic protozoa (Plasmodium falciparum and Trypanosoma cruzi) [139-
141}, peptidoglycan from Gram-positive bacteria, lipoproteins and lipopeptides,
lipoarabinomannan from Mycobacierium tuberculosis, and the yeast cell wall
component zymosan [142]. Bacterial flagellin, is believed to be the ligand for TLR-5,
and has been shown to induce a potent NO response in cultured epithelial cells via
degradation of the inhibitory complex of NF-xf3 (IxP) that regulates NF-xf} activity
[136, 143-144]. Bacterial CpG DNA acts as the ligand for TLR-9 and has also been
shown to induce NO production in macrophages [145]. Double stranded RNA is the
ligand for TLR-3 [146] and imidazoquinolines (i.e. anti viral compounds) and
guanine nucleoside analogs are recognized by TLR-7 [147-148]. The wide variety of
ligands recognized by different TLRs and subsequent intracellular signaling pathways
initiated in response to these ligands may also involve the formation of homodimers
and even heterodimers after different TLRs interact with their ligands. For example,
TLR-2 appears to recognize the largest variety of ligands, which is apparently due to
the heterodimerization needed for TLR-2 mediated responses [142].

In addition to the recognition of foreign material, there is increasing evidence
that TLRs can also recognize endogenous proteins, which leads to the induction of
immune responses. In Drosophilia, an extracellular serine protease cascade is
initiated in response to fungal and Gram-negative bacterial infections [149]. This
cascade is responsible for cleaving a host protein, Spatzle, which is believed to
function as the extracellular ligand of the Drosophila Toll receptor [9]. In mammals,
it is becoming increasingly apparent that TLRs have an important role in the

recognition of endogenous proteins, such as necrotic cells, and extracellular
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breakdown products (reviewed by [150, 151]). A variety of endogenous ligands have
since been implicated as potential activators of TLRs and include fibrinogen [10],
fibronectin [ 11], surfactant protein-A [152], heat-shock proteins [153-154],
hyaluronan [155], and heparan sulfate [156]. Interestingly, the activation of
mammalian TLRs by endogenous ligands may also require initiation of a serine
protease cascade [157].

Until recently there was no conlusive evidence that TLRs existed in fish, as
there were no published reports on the identification of an expressed teleost TLR |
homologue. Others have suggested that teleost TLRs may be present and important
for the generation of immune responses in fish. For example, several EST projects
have identified sequence fragments with significant similarity to regions of
mammalian TLRs (Zebrafish: GenBanks accessions BM185313, BG304206,
BF158452; Japanese flounder AB076709, AU091257; Rainbow trout: AF281346);
however, none of these sequences contain both the TIR and LRR domains, which are
hallmarks of the TLR family. The recently released F. ruburipes genome database
[158], and analysis for fish homogues of the TLR family revealed that the Toll family
is shared by fish and humans. The predicted Fugu TLR-2, -3, -5, -7, -8, and -9
corresponded structurally to the respective mammalian TLRs and one Fugu TLR
showed equal amino acid similarities to human TLR-1, -6, and —-10 [159].
Interestingly, two of the Fugu genes were found to be unigue to fish and were named
TLR-21 and —22. The pufferfish genome provides evidence of several peséible TLR
genes, and we have recently verified that at least one of these receptors is expressed

on goldfish macrophages [160]. This goldfish TLR does not have distinguishable

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

sequence homology with any single mammalian TLR that has been described but
contains both a LRR and a TIR domain. Further studies are required to elucidate the

specific functional characteristics of this goldfish macrophage TLR.

1.6  Antimicrobial mechanisms of macrophages

Macrophages function as both modulators and effectors of immunity.
However, the primary and mostvfundamental role of macrophages in host defense is
to limit the initial dissemination and/or growth of infectious organisms.
Consequently, non-self recognition mechanisms are intricately linked to the process
of phagocytosis, and are critical in the induction of macrophage-mediated immune
mechanisms.

Macrophages possess a repertoire of potent pre-formed antimicrobial
molecules stored within their granules and lysosomes. These organelles contain a
salvo of degradative enzymes and antimicrobial peptides that are released into the
phagolysosome upon ingestion of a foreign organism. In most cases, degradative
enzymes such as proteases, nucleases, phosphatases, esterases, lipases, and highly
basic antimicrobial peptides actively destroy the phagocytosed organism [161-166].

Although lysosomal-mediated degradation is a relatively efficient barrier to
infection and colonization by potential microorganisms, several pathogens parasitize
macrophages, utilizing them as a host cell for growth, replication, and/or maintenance
of their life cycles. These include protozoan parasites such as Toxoplasma gondii,
Trypanosoma cruzi, and Leishmania spp. This immunological paradox is difficult to

comprehend: why would some parasites ‘choose’ to live within the very cells destined
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to destroy them? This paradox is easier to rationalize if viewed from the parasite’s
perspective. Since macrophages are often the first cells encountered by infectious
organisms, their ultimate survival depends on their ability to prevent or circumvent
Iysosomal destruction by macrophages. Thus, many infections in vertebrates, and the
diseases they cause, are a direct result of the adaptations of these infectious agents to
survive within macrophages and to evade conventional phagocytosis-related
destruction.

However, macrophages may be subsequently triggered to actively destroy persistent
phagocyiosed microorganisms. Recognition of microbial molecules in conjunction with
cytokine stimulation results in the induction of an array of macrophage cytotoxic effector
mechanisms. This cytokine-dependent set of reactions are collectively known as
"macrophage activation", the process of which transforms a normally quiescent macrophage
into an efficient kilier cell, capable of producing a number of highly toxic molecules and
inducing deprivational mechanisms that starve microbial pathogens of essential nutrients.
Induction of macrophage activation is a highly regulated process, preventing unnecessary
tissue destruction by activated macrophages at the site of inflammation.

This portion of the review provides a brief overview of the microbicidal
strategies employed by activated macrophages to limit growth and/or replication of
parasitic protozoans. Recent findings indicate that many of these macrophage
antimicrobial mechanisms, and their regulation by cytokines, are not exclusive to
higher vertebrates (i.e. mammals) but also exist in lower vertebrates such as fish. The

following section highlights structurally and functionally the role of these
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macrophage-mediated killing mechanisms in host defense against infectious agents in

mamimals and fish.

1.6.1 Nautritent deprivation mechanisms
1.6.1.1 Recruitment and mobilization of iron-binding proteins

Commonly associated with infection and/or neoplasia is a condition known as
anemia of infection and chronic disorder [167-168]. This condition was originally
thought to be a pathological state induced by infection, but is now known to be 2
physiological response to infection, the desired effect of which is to decrease
circulating iron, preventing or limiting the access of this critical metabolic element to
pathogens [169-170]. Experimental evidence supporting the concept of induced iron
deprivation as an antimicrobial mechanism has been summarized by Weinberg [169]:
1) hosts mobilize iron-binding proteins at sites of infection; 2) hosts recruit iron
withholding mechanisms in response to microbial infection; 3) increased iron
withholding, decreases incidence and intensity of infection; and 4) pathogenic
microorganisms attempt to acquire iron from host tissues and fluids.

Iron sequestered in macrophages represents a significant portion of the total
metabolically available iron content in mammals [171]. Iron transported systemically
by serum transferrin, enters cells through CD71 receptor-mediated endocytosis, and
dissociates from its receptor within the acidified endolysosome, and is subsequently
transported inside the cell via a transporter system [172]. Internalized iron
accumulates in labile iron pools and is compounded to low molecular weight proteins

[171]. This intracellular pool acts as a readily available source of iron for metabolic
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processes or use by pathogens [171-173]. Excess iron in the cell is transferred to
ferritin for storage [171]. Ferritin is one of many iron-containing proteins that are
susceptible to inhibition by NO, which may represent a way of limiting the
availability of intracellular iron to a developing pathogen [174]. Expression of
ferritin is downregulated in activated macrophages, possibly through the effects of
nitric oxide on iron response factors. These iron response factors are NO sensitive
enzymes whose function is to regulate the status of iron in the cell {175-178].

Lactoferrin, another iron-binding protein found within the granules of
neutrophils, has extremely high affinity for iron at low pH [179]. Lactoferrin
participates in killing of pathogens by: 1) binding iron at localized sites of infection
[173]; and 2) catalyzing the formation of hydroxyl radicals from superoxide anion
produced by the respiratory burst [180]. When released by neutrophils, lactoferrin is
scavanged by activated macrophages, augmenting their antimicrobial response [173].

Transferrin is a serum protein primarily involved in the transport of iron
throughout the body and contributes to the deprivation of this essential element.
When activated with cytokines, murine macrophages increase production of
transferrin [181]. Transferrin produced by activated macrophages binds to
intracellular iron, which limits the availability of intracellular iron for certain
intracellular organisms [173]. Furthermore, activated macrophages have decreased
numbers of transferrin receptors on their surface, limifing the influx of extracellular
iron [182-185]. Interestingly, blood monocytes do not possess transferrin receptors on
their surface, but acquire these receptors upon maturation or in response o

inflammatory signals [184-186].
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Infectious organisms require iron for growth and survival, and their growth, in
most cases, 1s enhanced when excess iron is available [168]. However, excess iron
can be detrimental to some pathogens, especially if they are susceptible to hydroxyl
radicals, formed by superoxide anion and hydrogen peroxide in the presence of iron
containing enzymes [49,187].

Iron metabolism and immune activation of macrophages are intimately linked
to other antimicrobial mechanisms such as NO production and tryptophan
degradation (see below). Treatment of murine macrophage with iron (Fe’*) reduces

~ activity of iNOS and chelation of iron, by addition of desferrioxamine, increases
activity of iNOS [176, 188] and induces increased tryptophan degradation in human
macrophages [170, 189]. Treatment of murine macrophages with IFNy and LPS
activates iron regulatory proteins (IRP), through NO-induced activation of IRP,
subsequently leading to translational repression of ferritin synthesis and iron storage
304 [174]. Conversely, cytokines such IL-4 and IL-13 inhibit the actions of IFNy and
LPS on ferritin synthesis, mediating increased production of ferritin and expression of
transferrin receptor expression, thereby promoting the uptake and utilization of

intracellular iron [178].

1.6.1.2 Natural-resistance-associated macrophage proteins (NRAMP)

NRAMPs are members of the solute carrier family of proteins, and act as divalent
metal/proton co- transporter proteins [190]. These proteins are highly conserved
across an extremely diverse range of taxa, and homologues of this protein have been

characterized in mammals, birds, fish, insects, yeast and bacteria [190-191]. In
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mamimals, NRAMP was originally characterized as the protein product of a genetic
resistance marker called the I5y/Lsh/Bcg locus, a genetic locus controlling innate
macrophage-mediated immunity to a variety of unrelated microorganisms, including
species of the genus Salmonella, Mycobacterium and Leishmania [192-196].

Two forms of NRAMP exist in mammals, NRAMP-1 and NRAMP-2, and
share approximately 63% amino acid sequence homology [197]. NRAMP-11is 110
kD integral membrane phosphoglycoprotein, primarily expressed in macrophages and
granulocytes [198]. A single nucleotide substitution in Gly'® to Asp'® is responsible
for a dichotomy in mouse strain susceptibility to intracellular pathogens such as
Leishmania major, with genes bearing these mutations leading to a rapid degradation
of the protein and lack of expression 6f NRAMP-1 in macrophages from susceptible
strains of mice [198-200]. NRAMP-1 appears to be exclusively expressed in the
lysosomal membrane of phagocytic cells [201], and message expression of the
NRAMP-1 gene is induced in response to IFNy and LPS [202].

NRAMP-1 is localized to late endosome/lysosomal intracellular
compartments in macrophages and is recruited to the phagosome during its
maturation to a phagolysosome [203]. It is generally believed that NRAMP-1 acts as
an efflux pump, removing divalent cations from the lumen of the phagolysosome and
transporting it into the cytoplasm [190, 204-206]. The co-transport activity of
NRAMP-1 also leads to increased H' concentrations in the phagolysosome, aiding in
the acidification process of the intra-phagolysosomal milieu and subsequently leading

to activation of a number of lysosomal degradative enzymes [200].
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Message expression for NRAMP-2 is regulated by alternative RNA splicing
mechanisms that produce two different transcripts, one that contains an iron response
element (isoform I) and another that does not (isoform IT) [207]. NRAMP-2 is
localized predominantly to the plasma membrane, and mediates iron uptake from
acidified endosomes formed during transferrin receptor-mediated endocystosis [201].
Iron transported by NRAMP-2 subsequently associates with the cytoplasmic labile
iron pool [208]. Other divalent cations transported by NRAMP-2 include, Zn*", Cd*,
Mn?", Cu®, and Co®™ [190].

Treatment of macrophages with bacterial LPS induces a seven-fold increase in
message expression for NRAMP-2 [209]. The sensitivity in expression of NRAMP-2
to stimulation with non-self molecules suggests a role of NRAMP-2 in host defense,
even though NRAMP-2 has a ubiquitous tissue distribution [197]. Its potential role in
macrophage-mediated innate immunity may be most influential during the initial
stages of phagocytosis, in which divalent cations can be extruded from the
phagosome prior to fusion of the phagosome with endosomes/lysosomes containing
NRAMP-1.

The deprivation of iron and other divalent cations from the phagolysosome
may induce cascading effects on pathogen survival. Divalent cations are co-factors
for many enzymatic reactions, including those enzymes involved in oxidative
phosphorylation, mitochondrial respiration, and DNA replication. Furthermore, many
detoxifying enzymes produced by pathogens, such as superoxide dismutase, are
dependent on divalent cations for functionality [190]. Limiting the availability of

divalent cations may not only prevent growth and replication but also increase
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susceptibility of pathogens to the reactive intermediates generated by macrophages
[1901.

In fish, unlike mammals, it appears that the NRAMP2 gene is duplicated. In
rainbow trout, two NRAMP proteins have been identified (designated as o and B) and
both cluster with the mammalian NRAMP2. The expression of NRAMPY in rainbow
trout was limited to the head kidney and ovary while expression of NRAMPJ was
ubiquitous [210]. In puffer fish, two NRAMP2 proteins have also been found, one of
them localizing to the late endosomes/lysosomes, consistent with a divergence
towards an NRAMP1-like molecule [211]. Three NRAMP transcripts have been
identified in catfish due to alternative splicing in the 3° UTR and alternative
polyadenylation resulting in a single functional protein. Injection of catfish with LPS
increased transcription of NRAMP2 in the kidney, spleen, and a
monocyte/macrophage cell line {212-213]. In carp, NRAMP2 expression has also

been observed and was found to be modulated by infections with 7. borreli [214].

1.6.1.3 Tryptophan Degradation

Tryptophan is an essential amino acid, and is the least available amino acid for
metabolism [215]. Plants and select microorganisms synthesise tryptophan de novo.
Indoleamine 2,3-dioxygenase (IDO) is an inducible protein found in virtually all
tissues of the body, and is involved in the catabolism of tryptophan [216]. This
enzyme is a 42 kD protein that uses superoxide anion to oxidize the pyrrole ring of
tryptophan in association with dihydroflavin mononucleotide and tetrahydrobiopterin

as cofactors [217-218].
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IDO induction in macrophages deprives intracellular pathogens of available
tryptophan. Tryptophan degradation as an antimicrobial response was first suggested
by Pfefferkormn [219], who demostrated that 7. gondii required tryptophan for
intracellular growth and survival in human fibroblasts. This inhibition of parasite
ngth was reversed by the addition of exogenous tryptophan to infected fibroblast
cultures. The effect was not a result of decreased uptake of tryptophan, but due an
enhanced degradation rate. Subsequent work by Byrne et al., [220], also
demonstrated the importance of tryptophan degradation in inhibiting the growth of
Chlamydia psittaci in epithelial cells. The importance of tryptophan degradation in
regulating the growth of these parasites and bacterial pathogens in macrophages has
since been demonstrated [221-227]. In addition, metabolic products of tryptophan
degradation, such as hydroxyanthranilic acid, have been shown to be toxic to
microbes [216].

Indoleamine 2,3-dioxygenase is an interferon inducible protein {216], and
cytokine-activated human macrophages have several fold higher IDO activity than do
monocytes {221]. IFNy is the most potent stimulator of IDO activity and tryptophan
degradation [221, 228-230], and in some cases can induce an almost complete
depletion of intracellular tryptophan stores [227]. Induction of IDO by IFNY can be
augmented by co-stimulating macrophages with TNFa [231]. IFNo and IFNJ are
also inducers of IDO and tryptophan degradation, albeit to a much lesser extent than
IFNY[190, 229-231]. The addition of LPS to human monocytes stimulated with
IFNo and IFN, enhances tryptophan degradation, comparable to that induced by

IFNYy only [222, 230] suggesting that this antimicrobial response is also intimately
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linked to non-self recognition. The mechanism by which LPS enhances IFNJ
degradation of tryptophan may involve an autocrine production of TNFo by
macrophages. Treatment of monocytes with TNFo alone induces only minor
amounts of IDO activity, whereas co-stimulation with IFNo and IFNJ causes
enhanced tryptophan degradation [230].

Metabolic products of tryptophan degradation can induce other antimicrobial
functions of activated macrophages. Picolinic acid, a metabolite of tryptophan
degradation, augments NO responses in IFNy-treated murine macrophages, and
synergizes with IFNYy for induction of macrophage tumoricidal activity [232-235].
Picolinic acid exhibits its NO-inducing effects through a hypoxia-responsive element
located 5” to the INOS gene [236]. Picolinic acid also induces a rapid increase in
production of the inflammatory chemokines MIP-1¢ and -B (macrophage
inflammatory protein [237]) by macrophages; proteins involved in the recruitment of

T cells to the site of inflammation [238-239].

1.6.2 The respiratory burst
1.6.2.1 Higher vertebrates

Phagocytosis is often accompanied by a dramatic increase in the consumption of
oxygen by phagocytic cells. This burst in oxygen consumption is not solely required
for the increased metabolic demands necessary for phagocytosis, since metabolic
inhibitors such as cyanide do not significantly affect oxygen consumption by
phagocytes [240]. A correlation between this oxidative burst and the formation of

reactive oxygen intermediates has been clearly demonstrated [240-241].
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The respiratory burst is a potent antimicrobial response of phagocytic cells such
as macrophages and neutrophils [242-243]. The multi-component enzyme responsible
for elicitation of the respiratory burst is known as the respiratory burst oxidase or the
NADPH oxidase. This enzyme complex assembles itself on the inner surface of the
plasma membrane upon appropriate stimulation {244].

The functional respiratory burst oxidase is comprised of at least 5 protein
subunits. One constituent is a membrane cytochrome made up of two protein
subunits, a glycoprotein of 91 kD (gp91phox), and a non-glycosylated protein of 22
kD (p22phox) [245-247]). Three cytosolic-derived proteins; a 40kD protein, a 47 kD
phosphoprotein, and a 67 kD protein [248-251] form the rest of the functional
oxidase. The cytosolic proteins exist as a complex in the cytosol [252-253], and after
appropriate stimulation, translocate to the cytochrome component on the plasma
membrane [254-257]. Translocation of cytosolic components to the cell membrane is
mediated through the phosphorylation of multiple tyrosine and serine residues on
p47phox and p67phox, due to the phosphorylation activities of a variety of kinases.
As many as nine serine residues may be phosphorylated on p47phox, with enzyme
translocation and activity dependent upon the phosphorylation of serine 303 and 304
[258]. The phosphorylation of cytosolic components mediates attachment to potential
cytoskeletal elements, thus facilitating and directing translocation of the cytosolic
components to the cell membrane [250, 259-260]. Upon attachment to membrane
components, other kinases may phosphorylate distinct sites on the cytoplasmic-
denived proteins {258, 261]. Kinases that are known to activate the respiratory burst

oxidase include various protein kinase C isoforms [262-267], protein kinase A {265,
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268-2691, and mitogen activated protein kinases [265, 268]. Pharmacological
inhibitors of specific MAPKSs implicate both extracellular signal-related kinases
(ERK-1 and -2) and p38 as important modulators of the respiratory burst [264, 270-
272]. Cytosolic p47phox is directly phosphorylated by p38, ERK, and casein kinase
11 [264, 273]. However, casein kinase II phosphorylation of p47phox appears to
mediate deactivation of the oxidase [273], demonstrating that phosphorylation can
both activate and deactivate respiratory burst activity.

G-proteins are also involved in the regulation of respiratory burst function. Both
Racl and Rac2 appear to be important in formation of the functional oxidase [274-
280]. However, Rac-dependent activation of the respiratory burst is trigger-specific,
since neutrophils isolated from Rac-2 deficient mice have normal respiratory burst
activity when triggered with zymosan but display little or no respiratory burst activity
when triggered with fMLP or PMA [281]. Rac proteins associate with an inhibitor G-
protein known as Rho GDP-dissociation inhibitor, which prevents Rac from
translocating to the membrane surface in resting cells [274, 282-283]. Another G-
protein involved in regulation of oxidase activity is RaplA, which associates with
cytochrome components in the cell membrane and appears to function as a membrane
targeting protein for the cytochrome [268].

NADPH is the substrate for the respiratory burst oxidase and binds to the
cytosolic protein p67phox [284-287]. NADPH acts as a source of reducing potential
for converting molecular oxygen to superoxide anion [286-289]. Production of
supgroxide anion {G,) results in the spontaneous or enzyme catalyzed production of a

barrage of reactive oxygen products including hydrogen peroxide (H,0;), hydroxyl
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