


THEStS

This is to certify that the

dissertation entitled

DETECTION AND IMMUNOTOXICOLOGIC MECHANISMS
OF TRICHOTHECENE MYCOTOXINS

presented by

Yongjoo Chung

has been accepted towards fulfillment
of the requirements for

Doctoral degree in Food Science and Human
Nutrition and Institute for Envirommental Toxicology

NNy

Major professor

Date 7-26-02

MSU is an Affirmative Action/Equal Opportunity Institution 0-12T"




LIBRARY
Michigan State
University

PLACE IN RETURN BOX to remove this checkout from your record.
TO AVOID FINES return on or before date due.
MAY BE RECALLED with earlier due date if requested.

DATE DUE DATE DUE DATE DUE

VAU S 2209 Y

6/01 ¢:/CIRC/DateDue.p65-p.15



DETECTION AND IMMUNOTOXICOLOGIC MECHANISMS OF
TRICHOTHECENE MYCOTOXINS

By

Yongjoo Chung

A DISSERTATION

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

DOCTOR OF PHILOSOPHY
Department of Food Science and Human Nutrition
and

Institute for Environmental Toxicology

2002



ABSTRACT

DETECTION AND IMMUNOTOXICOLOGIC MECHANISMS OF
TRICHOTHECENE MYCOTOXINS

By
Yongjoo Chung

Antibodies for macrocyclic trichothecene, satratoxin G (SG), were produced upon
immunization of rabbits with SG bis-hemisuccinate conjugated to BSA. The antibodies
could detect free SG using a competitive direct-ELISA with a range of detection from 0.1 to
100 ng/ml. The observed antibody cross-reactivity may facilitate simultaneous detection of
other satratoxins and to a lesser extent, other macrocyclic trichothecenes. Methanol content
up to 20% in samples did not affect the immunoassay and this stability expands applicability
of the antibodies. The capacity of representative macrocyclic trichothecenes to alter TNF-o
and IL-6 production and viability was assessed in a murine macrophage model. Macrocyclic
trichothecenes can superinduce the proinflammatory cytokine, TNF-a, at low cytotoxic
concentrations, whereas these compounds are cytotoxic and reduce cytokine production at
higher concentrations. These immunomodulatory effects were observed at relatively low
(ng/ml) concentrations, suggesting that macrocyclic mycotoxins may pose a hazard to
humans exposed to Stachybotrys. In order to expand understanding of how trichothecenes
affect gene regulation, we have isolated vomitoxin (VT)- and SG-responsive genes,
macrophage inflammatory protein-2 (MIP-2) and complement 3a receptor (C3aR), from a
murine macrophage cell line using differential display-PCR. Both VT and SG up-regulated
expression of MIP-2, which is a chemokine responsible for chemotaxis of neutrophils to

inflammation site, whereas VT selectively up-regulated C3aR, which is a receptor involved



in activation by complement. VT up-regulated splenic MIP-2 mRNA and its protein in
serum in a mouse model. To investigate roles of mitogen-activated protein kinase (MAPK)
in cytokine superinduction by VT, the effects of VT on MAPK activation, as well as the
relationship of MAPKSs to VT-induced mRNA expression, TNF-a promoter activity, TNF-o
mRNA stability, and TNF-a protein production were assessed in RAW 264.7 murine
macrophage cells. The results indicate that VT may superinduce TNF-a expression by
increasing its transcripts and mRNA stability through activation of MAPK. Trichothecene-
induced activation of MAPK may play a critical role in superinduction of proinflammatory

cytokine, TNF-a, and succeeding pathologic events.
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INTRODUCTION

Trichothecene mycotoxins are a group of secondary metabolites produced by
Fusarium, Stachybotrys, and other molds growing on food or in the environment. Over 180
trichothecenes are identified and categorized into four groups (type A-D) based on the
functional groups attached to the trichothecene ring structure. From a public health
standpoint, type D (e.g. satratoxins, verrucarin A, and roridin A), type A (e.g. T-2 toxin and
diacetoxyscirpenol), and type B (e.g. vomitoxin [VT or deoxynivalenol] and nivalenol) are
of particular interest since these toxins are present in the environment and in food. These
mycotoxins bind eukaryotic ribosomes and inhibit protein synthesis. Exposures of farm
animals and humans to trichothecenes have been reported worldwide and have been related
to outbreaks of alimentary toxic aleukia, vomiting, gastroenteritis, leukocytosis, and
circulatory shock.

Satratoxins, a group of macrocyclic trichothecenes, are mainly produced by
Stachybotrys atra, which grows on cellulose materials in water-damaged buildings.
Satratoxins are 10 to 100 times more toxic than are other groups of trichothecenes in mouse
LD, studies, HeLa cell cytotoxicity tests, and rabbit reticulocyte protein synthesis inhibition
assays. These toxins have been etiologically associated with stachybotryotoxicosis in
animals in Central Europe. Clinical signs of this disease include leukopenia,
thrombocytopenia, hemorrhage, arthythmic heartbeat, and death. Outbreaks of Stachybotrys-
associated diseases in water-damaged homes have been reported (Etzel et al., 1998;
Johanning et al., 1996). Recently, the toxigenic S. atra was reported to be involved in

pulmonary hemorrhage and hemosiderosis in infants living in S. atra-contaminated homes



(Etzel et al., 1998).

Given the potential harmful effects of macrocyclic trichothecenes on human health,
it s important to monitor their presence in the environment. Current methods for detection
and quantitation of the toxins include thin-layer chromatography, high performance liquid
chromatography, and mass spectrometry, which require time-consuming extraction, sample
clean-up, and/or expensive instrumentation. Enzyme-linked immunosorbent assay (ELISA)
has been widely applied for the detection of mycotoxins because of its high specificity and
sensitivity. It is desirable and feasible to develop a specific ELISA for the satratoxins.

Leukocytes are particularly sensitive to trichothecenes. Depending on dose and
duration of exposure, these toxins can be immunostimulatory as well as immunosuppressive.
Trichothecene-induced immunostimulatory effects include increased cytokine production and
upregulation of immunoglobulin (Ig) production. Immunosuppressive effects of
trichothecenes include apoptosis and impairment of humoral immunity (Bondy and Pestka,
2000). To date, most work on the immunostimulatory effects of trichothecenes has focused
on the type A and type B groups. It is important to better understand effects of macrocyclic
trichothecenes on immune function for their potential effects on human health.

The trichothecene VT causes a wide range of toxicological and immunological effects
inmice. Experimentally, high dose oral exposure to VT causes impairment to immune cells
whereas low dose can result in vomiting, diarrhea, and gastroenteritis. Dietary VT in mice
affects mitogen-induced proliferation of lymphocytes, host resistance, Ig production,
especially IgA, and cytokine expression. One of the most prominent effects of dietary VT

is dysregulation of IgA production, which is highly analogous to human IgA nephropathy.



Relevant effects of VT include increases in serum IgA, circulating IgA immune complexes,
kidney mesangial IgA, and hematuria as well as polyclonal activation of IgA secreting cells.
Overproduction of IgA by VT is mediated through alteration of cytokine production by
macrophages and helper T cells.

Cytokine superinduction by VT is well documented in vivo and in vitro. Acute, oral
exposure of mice to VT increased Thl cytokine, IL-2 and IFN-y mRNA expression, Th2
cytokines IL-4, -5, -6 and their mRNAs, and proinflammatory cytokines IL-6, IL-1p, and
tumor necrosis factor (TNF)-a. Superinduction of IL-2 and TNF-a and IL-6 expression by
VT were observed in a murine T-cell culture (EL-4 cell line) model and in RAW 264.7
macrophage cells, respectively. In order to expand understanding of how trichothecenes
affect gene regulation, murine RAW 264.7 macrophage cells were treated with VT or
satratoxin G (SG) and expressed genes were assessed by differential display PCR (DD-PCR).
The results indicate that both toxins up-regulated expression of macrophage inflammatory
protein-2 (MIP-2), which is a chemokine responsible for chemotaxis of neutrophils to
inflammation sites, whereas VT selectively up-regulated complement 3 a receptor (C3aR),
which is a receptor involved in activation through complement. Induction of these two genes
might contribute to trichothecene-induced immunotoxicity.

Mitogen-activated protein kinase (MAPK) cascades are major signaling systems in
which cells transduce extracellular stimuli into intracellular responses in leukocytes and other
cells. MAPKSs have been associated with a wide array of cellular responses including
cytokine production, cell growth, differentiation, and apoptosis. Three distinct MAPKs have

been characterized in the mammalian system; the extracellular signal-regulated kinase



(ERK1/2 or p42/p44), the c-Jun amino-terminal kinases (JNK1/2, also known as stress-
activated protein kinases, SAPK), and p38 MAPK. Activation of these MAPKs by stimuli
turns to signal-specific transcriptional and posttranscriptional activation, and determine the
cellular responses.

MAPKs may contribute to gene expression at a transcriptional level by
phosphorylating transcription factors and at post-transcriptional level by mediating
phosphorylation of RNA binding proteins. Activated transcription factors bind their binding
sites in DNA which they subsequently transcribe to mRNA. Phosphorylated RNA binding
protein may regulate binding affinity to its target site and result in stabilization of mRNA.

MAPKSs may be critical mediators of VT-induced cytokine production. VT is known
to superinduce TNF-a and IL-6 in RAW 264.7 cells and IL-2 in EL-4 cells. This
superinduction is found to be due to both increased transcription and increased mRNA
stability. The increased transcripts for TNF-a and IL-6 were also explained by an increase
of binding activity of NF-xB, AP-1 and NF-IL6 transcription factors to their promoter
regions. The increased TNF-a and IL-6 mRNA stability was explained by the observation
that LPS-induced TNF-a and IL-6 mRNAs were stabilized by VT in the presence of
transcription inhibitor, 5,6-dichloro-beta-D-ribofuranosyl-benzimidazole (DRB). Recently,
VT was reported to induce p38 kinase, ERK1/2, and JNK1/2. The involvement of MAPKs
in increased TNF-a mRNA expression by VT has yet to be explained.

The aforementioned issues were addressed in this dissertation, which is comprised
of five parts. Chapter I reviews the literature on trichothecenes, effect of trichothecenes on

immune modulation, proinflammatory mediators and trichothecenes, and MAPKs and their
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effect on cytokine mRNA regulation. Chapter II describes development of antibodies to
satratoxins and application to direct competitive enzyme-linked immunosorbent assay.
Chapter III describes modulation of lipopolysaccharide-induced proinflammatory cytokine
production by satratoxins and other macrocyclic trichothecenes in the murine macrophage.
Chapter IV describes up-regulation of macrophage inflammatory protein-2 and complement
3a receptor by the trichothecenes deoxynivalenol and satratoxin G. Chapter V describes
MAPK effects on TNF-a mRNA expression by deoxynivalenol. Chapter VI includes

summary and conclusion of these studies.



CHAPTER 1

LITERATURE REVIEW






A. Trichothecenes
A.l. Introduction

Trichothecenes are a group of mycotoxins, which are secondary metabolites produced
by various strains of fungi including Fusarium and Stachybotrys. Fungal infection,
colonization, and toxin production on grain crops can occur in the field, at harvest, and
during storage. Favorable environmental conditions such as high moisture and cool
temperature support mold colonization with subsequent trichothecene biosynthesis (Ishii,
1983). More than 180 trichothecenes have been identified and are categorized into four types
(A-D) depending on the functional groups attached to the trichothecene ring structure (Figure
1.1) (Grove, 1988; Grove, 1993; Grove, 1996). Deoxynivalenol (vomitoxin, VT) and
nivalenol (type B trichothecenes) and T-2 toxin and diacetoxyscirpenol (type A
trichothecenes), are among the most common contaminants in cereal grains (Agriculture,
1989). Satratoxins, the macrocyclic trichothecenes, are type D trichothecenes and are often
found in feeds or water-damaged structures (Bata et al., 1985; Harrach et al., 1983;
Johanning et al., 1996). Because these food-borne mycotoxins are resistant to processing
(Jackson and Bullerman, 1999; Scott ez al., 1984; Wolf-Hall et al., 1999), they are potential
contaminants of human and animal food supplies. Consequently, trichothecene-
contaminated grains have been a concern with food industries and animal feed manufacturers
due to their possible health risks (Biabani and Dowling, 1996).

Trichothecenes have been associated with acute toxicoses of farm animals and
humans (Bhat et al., 1989; Ueno, 1983a; Yagen and Joffe, 1976). With humans, exposure

to trichothecenes has led to outbreaks of alimentary toxic aleukia, vomiting, and
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gastroenteritis (Bhat et al., 1989; Li et al., 1999; Luo et al., 1990). Acute effects of VT in
animals are diarrhea, vomiting, leukocytosis, circulatory shock, and death while chronic
effects are feed refusal, reduced rate of weight gain, and immunotoxicity (Amold e al.,
1986; Bondy and Pestka, 2000; Forsyth ez al., 1977; Friend et al., 1982).

In addition to health concemns, contamination of grains by trichothecenes has been
a major economic concem. A VT outbreak occurred across many Mid-Western states
including Michigan in 1996 (Biabani and Dowling, 1996). Kellogg's, one of the biggest
cereal producing companies in the world refused to purchase wheat from producers in the
state of Michigan due to the possible human health risks from VT. Since 1996, American
barley has become less competitive, partly due to contamination with VT (Service, 2000).
Grains contaminated with VT also has reduced value as animal feed due to feed refusal and
reduced weight gain in the animals (Biabani and Dowling, 1996; Kalish, 1995). A current
FDA guideline in U.S. is 1 ppm for bran, flour, and germ intended for human consumption
while 5 and 10 ppm are the levels for feed ingredients intended for swine diet and cattle diet,

respectively (Trucksess, 1995).

A.2. Vomitoxin (Deoxynivalenol)

VT is one of the major trichothecenes produced by Fusarium graminearum and F.
culmarum, which is common contaminant of several grains including corn, wheat, and barley
(Perkowski, 1998; Trigo-Stockli et al., 1998; Wetter et al., 1999; Yoshizawa and Jin, 1995).
Wheat and barley from the U.S. Midwest were widely contaminated with VT following the

heavy rain and cool weather of 1993-1996 (Trigo-Stockli et al., 1998; Trucksess et al.,
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1995). A recent report indicates that 71% of the 237 commercially available cereal-based
foods including infant foods were positive for VT (Schollenberger et al., 1999).

VT induces a wide range of toxicological and immunological effects. A high and
acute dose (2100 mg/kg) of VT causes necrosis of the gastrointestinal tract, bone marrow,
and lymphoid tissues as well as lesions in heart and kidney (Forsell ez al., 1987). Subchronic
dietary exposure to VT impairs the functions of the intestinal tracks in mice (Hunder et al.,
1991). VT induces anorexia at low doses and emesis at higher acute doses in animals
(Forsyth et al., 1977; Pestka et al., 1987; Prelusky and Trenholm, 1993). Dietary VT affects
mitogen-induced proliferation of lymphocytes, host resistance, immunoglobulin (Ig)
production, especially IgA production, and cytokine expression (Rotter et al., 1996).

The capacity of VT to alter immune function has been extensively studied (Bondy
and Pestka, 2000). Depending on dose and frequency of exposure, VT can be both
immunosuppressive and immunostimulatory. Immunosuppression by VT is manifested by
rapid onset of leukocyte apoptosis (Islam et al., 2002; Pestka et al., 1994; Yang et al., 2000;
Zhou et al., 2000; Zhou et al., 1999). On the other hand, low doses of VT exposure enhance
expression of various cytokines in vitro and in vivo (Azcona-Olivera et al., 1995a; Li et al.,
1997; Wong et al., 1998; Yan et al., 1997, 1998b; Zhou et al., 1997). These VT-induced
immunomodulatory effects are further related to activation of mitogen-activated protein

kinases (MAPKs) (Moon and Pestka, 2002; Yang et al., 2000).

A.3. Macrocyclic Trichothecenes

Macrocyclic trichothecenes are characterized by a cyclic diester or triester ring which
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connects C-4 to C-15 of the trichothecene structure (Figure 1.1). These trichothecenes are
10 to 100 times more toxic than Type A and Type B trichothecenes in mouse LD, studies,
HeLacell cytotoxicity tests, and rabbit reticulocyte protein synthesis inhibition assays (Ueno,
1983b). Several potentially important macrocyclic trichothecenes are produced by
Stachybotrys atra (also known as S. chartarum ). This mold grows on cellulose substrates
with a high moisture content such as wet hay and straw (Bata et al., 1985; Harrach et al.,
1981). Macrocyclic trichothecenes have been etiologically associated with
stachybotryotoxicosis in horse and sheep in Central Europe (Bata et al., 1985; Harrach et al.,
1983; Harrach et al., 1981; Hintikka, 1978). Clinical signs of this disease include
leukopenia, thrombocytopenia, hemorrhage, arrhythmic heartbeat, and death (Forgacs, 1972).

Humans can also be exposed to Stachybotrys and macrocyclic trichothecenes via the
environment. Outbreaks of Stachybotrys-associated diseases in water-damaged structures
have been reported (Etzel ez al., 1998; Johanning et al., 1996). The characteristics of the
diseases include recurrent cough, irritation of the eyes and skin, mucous membrane disorder,
headache, and fatigue. Recently, a toxigenic strain of S. atra was reported to be involved in
pulmonary hemorrhage and hemosiderosis in infants living in S. atra-contaminated homes
(Etzel et al., 1998). Furthermore, this fungus was isolated from the lungs of a child with
pulmonary hemorrhage (Elidemir ez al., 1999). This was the first report of the organism in
human tissue, supporting the concept that Stachybotrys is involved in the lung disease. The
involvement of macrocyclic trichothecenes, however, was not determined.

The ability of macrocyclic trichothecenes to modulate immune effect has partially

been characterized. For example, macrocyclic trichothecenes have been shown to
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superinduce IL-2 production in EL-4 thymoma cells as well as induce and impair
blastogenesis of lymphocytes in the presence of mitogen (Hughes et al., 1990; Pestka and
Forsell, 1988). These toxins have been observed to induce apoptosis through activation of
MAPK in Jurkat T cells or RAW 264.7 murine macrophage cells (Shifrin and Anderson,
1999; Yang et al., 2000). Spores from S. atra induce production of proinflammatory
cytokines, TNF-a and IL-6, in RAW 264.7 cells (Ruotsalainen et al., 1998). However, the

capacity of macrocyclic trichothecenes to induce those cytokines has not been studied.

A.4 Detection of macrocyclic trichothecenes

Given the potential harmful effects of macrocyclic trichothecenes on human health,
it is important to monitor their presence in the environment. Current methods for detection
and quantitation of the toxins include thin-layer chromatography, high performance liquid
chromatography, and mass spectrometry (Krishnamurthy ez al., 1989; Stack and Eppley,
1980; Tuomi et al., 1998). The methods used for macrocyclic trichothecenes, however,
necessitate time-consuming extraction, sample clean-up and/or expensive instrumentation
(Hinkley and Jarvis, 2000). A protein translation assay employing luciferase mRNA was
developed for the purpose of detection of trichothecenes in the spores of toxigenic fungi
(Yike et al., 1999). This assay is sensitive due to the effect of protein synthesis inhibition by
all trichothecenes present in spores and this method can not distinguish the effects of a single
trichothecene from other trichothecenes or other chemicals in a sample. A further limitation
of this assay is its expense and requirement for special training and equipment.

Enzyme-linked immunosorbent assays (ELISA) have been widely applied to
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detection of mycotoxins because of their high specificity and sensitivity (Abouzied e al.,
1993; Azcona-Olivera et al., 1992; Monti et al., 1999; Thirumala-Devi et al., 2000; Yuan
et al., 1999). Although the development of ELISA for a variety of food-borne non-
macrocyclic trichothecenes has been accomplished (Abouzied et al., 1993; Barna-Vetro er
al., 1994; Lee et al., 1989; Park and Chu, 1996; Yuan et al., 1999), relatively little effort to
date has been placed on the environmentally important macrocyclic trichothecenes. In one
exception, an ELISA for the macrocyclic trichothecene, roridin A, was developed using
rabbit polyclonal antibodies (Martlbauer et al., 1988). The antibodies were highly specific
for roridin A and showed low cross-reactivity against satratoxin H (15%) and SG (6.5%),
which are two of the major toxins in Stachybotrys spores(Jarvis et al., 1998). Therefore, it

was desirable and feasible to develop a specific ELISA for the satratoxins.

B. Effect of trichothecenes on immune modulation
B.1 Introduction

VT and other trichothecenes act in a number of cellular systems as protein synthesis
inhibitors by binding to eukaryotic ribosomes (Feinberg and MacLaughlin, 1989; Liao et al.,
1976; Middlebrook and Leatherman, 1989; Ueno et al., 1968). VT targets actively dividing
cells in immune organs and intestinal mucosa (Azcona-Olivera et al., 1995a; Yan et al.,
1998a; Zhou et al., 2000) and consequently modulates immune function. One of the most
prominent effects of dietary VT in a mouse model is dysregulation of IgA production, which
is highly analogous to human IgA nephropathy (D'Amico, 1987; Dong et al., 1991;

Emancipator and Lamm, 1989).
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B.2 IgA Nephropathy

IgA nephropathy is recognized worldwide as the most common form of
glomerulonephritis (D'Amico, 1987; Emancipator and Lamm, 1989). It is characterized by
the predominant deposition of IgA immune complexes (IgA-IC) in the glomerular
mesangium. Common features in IgAN patients are an increased circulating IgA-IC and
raised serum IgA concentration (Czerkinsky et al., 1986; Lesavre et al., 1982). Cytokines
produced by infiltrating monocyte/macrophages, resident glomerular cells, and neutrophils
are suspected as mediators for inflammatory damage in human glomerulonepbhritis including

IgAN (Kincaid-Smith et al., 1989; Lai et al., 1994b; Yoshioka et al., 1993).

B.3 Role of cytokines in IgA Nephropathy

Cytokines are key mediators of proliferation and differentiation in lymphoid cells (de
Vries et al., 1993, Esser and Radbruch, 1990). They are also involved in immunoglobulin
class-switching to different isotypes (Lebman and Edmiston, 1999). Changes in cytokine
profile may influence the increased IgA production observed in IgAN. An increase of
circulating “type 1" T helper (Th1) and “type 2" T helper (Th2) lymphocytes subset has been
observed in IgAN patients (Lai e? al., 1994a). Cytokines IL-4, IL-5 and IL-6 produced by
Th2 cells are of particular importance in differentiation of B cells to IgA production
(McGhee et al., 1990; McGhee et al., 1989; Murray et al., 1990). Other cytokines such as
IL-2 and IFN-y, which are produced by Th1 cells, can stimulate other cytokine secretion and
activate macrophage cells, respectively. Transforming growth factor-p (TGF-B) produced

by Th1 cells can induce IgA class switch recombination (Defrance et al., 1992). IL-2, -4, and
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IFN-y levels were higher in mitogen-stimulated peripheral blood mononuclear cells (PBMC)
from IgAN patients compared with controls (Lai et al., 1994b; Lai et al., 1991; Schena et al.,
1989). TGF-P expression was increased in CD4" cells in IgAN patients (Lai et al., 1994c).

Overall, different cytokine profiles are found in IgAN patients compared to healthy controls.

B.4 VT-induced IgA Nephropathy

VT can induce IgAN in a mouse model in which alteration of cytokine production
may influence induction of the disease. The level of serum IgA increased while IgG and IgM
levels decreased when dietary VT was fed to mice (Forsell ez al., 1986). Chronic dietary
exposure of mice to VT resulted in an elevation of serum IgA and led to IgA nephropathy
(Bondy and Pestka, 1991; Dong and Pestka, 1993; Pestka et al., 1989). Accumulation of
mesangial IgA and increased IgA immune complex in serum were observed in VT-fed mice
(Dong et al., 1991). Dysregulation of IgA production is suspected to result from an
alteration of cytokine profile caused by VT.

VT modulates T helper cytokine profile as well as proinflammatory cytokine profile
in vivo and in vitro. Acute, oral exposure of mice to VT increased Thl cytokine, IL-2 and
IFN-y mRNA expression, Th2 cytokines, IL-4, -5, -6, and their mRNAs (Azcona-Olivera et
al., 1995b; Ouyang et al., 1996), and proinflammatory cytokines, IL-6, IL-1f, and tumor
necrosis factor (TNF)-a (Azcona-Olivera et al., 1995a). With in vitro studies,
superinduction of IL-2 mRNA and its protein by VT was observed in a murine T-cell culture
(EL-4 cell line) model (Li et al., 1997). TNF-a and IL-6 mRNA and their proteins were

superinduced in RAW 264.7 macrophage cells when VT and lipopolysaccharide (LPS) were
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cotreated (Wong et al., 1998). The changes in these cytokine profile are generally suspected
for upregulation of IgA production, leading to IgAN (Dong et al., 1994; Warner et al., 1994,
Yan et al., 1997). From a study with IL-6-“knockout” mice, IL-6 was shown to be an
essential cytokine in VT-induced IgA dysregulation (Pestka and Zhou, 2000). However,
from a study with TNF-a receptor “knockout” mice, TNF-a was not involved in VT-

mediated dysregulation of IgA production (Pestka and Zhou, 2002).

C. Proinflammatory mediators and trichothecenes
C.1 Introduction

Inflammatory mediators can be categorized into four groups: cytokines, chemokines,
plasma enzyme mediators including complement, and lipid inflammatory mediators. The
major proinflammatory cytokines are TNF-a, IL-6, and IL-1. These cytokines generally
function in increasing fever, synthesis of acute phase protein by liver, increased vascular
permeability, and activation of B- and T-cells. Chemokines such as IL-8 and macrophage
inflammatory protein-2 (MIP-2), are small polypeptides that attract other leukocytes and
regulate the expression of adhesion molecules in leukocyte membranes. Plasma enzyme
mediators include the kinin system, clotting system, fibrinolytic system, and complement
system. Binding of complement split products to receptors on cell membranes induces
various immune responses. Lipid inflammatory mediators are prostaglandins, leukotrienes,
and platelet-activating factors, which function in increased vascular permeability, neutrophil

chemotaxis, and platelet aggregation (Kuby, 1997).
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C.2 Effect of VT on production of proinflammatory cytokines

Proinflammatory cytokines such as TNF-a and IL-6 are mainly produced by
macrophage upon stimulation. TNF-a is known to mediate biological responses such as cell
death, cytokine and chemokine induction, antiviral activity, and sepsis (Beutler and van
Huffel, 1994; Sedgwick et al., 2000; Smith ez al., 1990; Van Damme et al., 1987). Exposure
to VT increases TNF-a mRNA and protein level in vivo and in vitro (Azcona-Olivera et al.,
1995a; Wong et al., 1998). IL-6 is involved in the inflammatory response by increasing
fever, synthesis of acute-phase proteins by liver, increased vascular permeability, and T- and
B-cell activation(Kuby, 1997). In addition, IL-6 promotes B cell differentiation to IgA
secreting cells in the Peyer’s patch (Beagley ez al., 1991; Beagley and Elson, 1992). Acute,
oral exposure to VT increases IL-6 production as well as IgA production and the elevation

of IL-6 is mediated mainly by macrophage cells (Yan et al., 1998b).

C.3 Macrophage inflammatory protein-2

MIPs are chemokines, a member of structurally related proteins that can induce
migration of a specific subset of leucocytes. Three MIPs (MIP-1a, MIP-1b and MIP-2), that
are structurally and functionally similar, have been identified (Sherry et al., 1988; Wolpe et
al., 1988; Wolpe et al., 1989). MIPs are produced in response to various stimuli such as
LPS, proinflammatory cytokines, and oxidative stress in a wide range of cells including
alveolar macrophages, mast cells, peritoneal macrophages, epithelial cells, and fibroblasts

(Burd et al., 1989; Driscoll et al., 1993; Kopydlowski ez al., 1999; Shi e al., 1999). MIP-1a

and MIP-1PB possess proinflammatory properties and can activate both neutrophils and
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mononuclear cells (Driscoll, 1994). MIP-2 is a potent neutrophil chemoattractant and
epithelial cell mitogen and it is involved in acute pulmonary inflammation (Driscoll et al.,
1995; Huang et al., 1992; Schmal et al., 1996, Yoshidome et al., 1999).

Several in vivo studies demonstrate that MIP-2 is involved in tissue injury and
inflammation. Expression of MIP-2 mRNA and accumulation of neutrophils in lung tissue
were associated with development of lung edema during hepatic ischemia/reperfusion in
mice (Yoshidome et al., 1999). In that study, passive immunization against MIP-2 with
neutralizing antibody reduced lung edema indicating that MIP-2 is involved in tissue injury.
The role of MIP-2 in LPS-induced lung injury in rats was studied demonstrating that LPS
instillation into rat lung up-regulates MIP-2 mRNA in a time dependent manner and MIP-2
is responsible for neutrophil accumulation in lungs (Schmal et al., 1996). These studies
demonstrate that increased MIP-2 expression followed by neutrophil accumulation results
in tissue damage and inflammation.

MIP-2 has been considered a functional analog of human IL-8 (Sherry et al., 1992).
IL-8 mediated neutrophil recruitment to the site of inflammation can occur in patients with
adult respiratory stress syndrome, idiopathic pulmonary fibrosis, rheumatoid arthritis, and
hepatic ischemia-reperfusion injury (Colletti et al., 1995; Donnelly et al., 1994; Koch et al.,
1994; Lynch et al., 1992). A significant increase of IL-8 in sera of IgAN patients was
detected compared to healthy controls. The free IL-8 autoantibodies of the IgA were more
frequently detected in IgAN patients (Lai et al.,, 1996). Recently, VT induced IL-8

production in human macrophage cells (Sugita-Konishi and Pestka, 2001).
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C.4 Complement 3a Receptor
Complement 3a receptor (C3aR) is a seven-transmembrane receptor that is
functionally coupled to G proteins (Roglic et al., 1996). C3aR is distributed in both myeloid
cells (monocytes/macrophage, neutrophils and eosinophils) and nonmyeloid cells (mast cells,
glial cells, astrocytes, and smooth muscle cells) throughout various tissues including lung,
heart, kidney, liver, testis, and brain (Davoust ez al., 1999; Gasque et al., 1998; Legler et al.,
1996; Martin et al., 1997; Sayah et al., 1999). C3aR is activated on binding C3a ligand,
which is one of the anaphylatoxins produced by proteolytic cleavage during complement
activation (Hugli, 1990). C3a ligand stimulates numerous biological responses including
lysosomal enzyme secretion from neutrophils, histamine release from mast cells, smooth
muscle contraction, and modulation of the humoral and cellular immune responses (Glovsky
et al., 1979; Morgan, 1986; Sayah et al., 1999; Showell et al., 1982; Stimler et al., 1983).
C3a can modulate the immune response by stimulating or suppressing cytokine
production. The effects of C3a on IL-6 gene expression and protein production were studied
in the presence of LPS in human PBMC (Fischer et al., 1999). In this study, both IL-6
mRNA and protein were increased with a co-treatment of C3a and LPS by PBMC while IL-6
was not enhanced with C3a alone. Pretreatment of PBMCs with pertussis toxin inhibited the
production of IL-6. In another study with human astrocytomas, stimulation by C3a enhanced
IL-6 mRNA level and protein level while IL-1B, TNF-a and TGF-p mRNA expression
remained unchanged (Sayah e al., 1999). IL-6 mRNA expression was blocked by treatment
of pertussis toxin or C3aR antibody, which indicates that the IL-6 response was specific to

stimulation of C3a in astrocytomas. Regulation of B cell functions by C3a was studied by
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measuring IgG, TNF-a, and IL-6 production in Staphylococcus aureus Cowan strain I
(SAC)/IL-2-activated B cells (Fischer and Hugli, 1997). Incubation with C3a in SAC/IL-2-
activated B cells suppressed polyclonal immune response, IL-6, and TNF-a production.

Taken together, C3a has immunomodulatory effects upon binding C3aR in various cell types.

D. MAPK and their effect on mRNA regulation of cytokines
D.1 Introduction

MAPK cascades are major signaling systems in which cells transduce extracellular
stimuli into intracellular responses. The essential cascades in MAPK pathways consist of
three protein kinases (Figure 1.2). The stimulated MAPK kinase kinase (MAPKKK or
MEKK), which is the most upstream of the MAPK cascades, phosphorylates and activates
the MAPK kinase (MAPKK or MEK). The activated MAPKK, in turn, phosphorylates
closely conserved threonine and tyrosine residues in MAP kinase (MAPK). These highly
sequenced phosphorylation events turn the extracellular stimuli to signal-specific
transcriptional and posttranscriptional activation, and determine the cellular responses
(Tibbles and Woodgett, 1999).

Three distinct, but partially “cross-talking”, MAPKs have been characterized in the
mammalian system; the extracellular signal-regulated kinase (ERKs or p42/p44), the c-Jun
amino-terminal kinase (JNKSs, also known as stress-activated protein kinases, SAPK), and
p38 MAPK. The ERK pathway is stimulated at the cellular membrane by either a mitogen
or growth factor. ERK causes cell proliferation, differentiation, and mitosis. JNK and p38

cascades are activated by multiple environmental insults such as LPS, heat stress, UV
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radiation, and osmotic stress. Activation of JNK and/or p38 mediates cellular processes such
as apoptosis, immune activation, inflammation and adaptation to stress (Tibbles and

Woodgett, 1999).

D.2 Transcriptional control

MAPKSs contribute to gene expression at a transcriptional level by phosphorylating
transcription factors. Activation of p38 leads to phosphorylation of activating transcription
factor-2 (ATF-2). The phosphorylated ATF-2 functions as a transcriptional activator via
binding to the cAMP-response element (CRE) (Brinkman e al., 1999). Activated JNK1/2
can also phosphorylate c-Jun and ATF-2 (Hazzalin et al., 1996). Phosphorylated c-Jun binds
to the activating protein-1 (AP-1) binding site resulting in transcriptional activation.
Activation of ERK1/2 can phosphorylate Elk-1, which is a c-fos regulatory transcription
factor (Babu et al., 2000). In addition, all three MAPK pathways are involved in activation
of nuclear factor-kB (NF-kB) by phosphorylating IkBa (Lee ef al., 1997; Schwenger et al.,
1998; Zhao and Lee, 1999). CRE, AP-1, and NF-kB cis-acting sites are known to play key

roles in proinflammatory cytokine gene expression, including TNF-a.

D.3 Post-transcriptional control

MAPKs also contribute to gene expression at a posttranscriptional level.
Stabilization of cytokine mRNAs can be achieved by different signaling events in all three
MAPK pathways. For example, IL-6, IL-8, and TNF-a mRNAs are stabilized by activation

of the p38 kinase pathway by stimuli such as lipopolysaccharide (LPS) and IL-1 (Brook et
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al., 2000; Miyazawa et al., 1998; Winzen et al., 1999). The JNK pathway also participates
in stabilization of IL-2 and IL-3 mRNAs by stimulation of ionomycin (Chen et al., 1998;
Ming et al., 1998). The ERK pathway is responsible for granulocyte-macrophage colony-
stimulating factor (GM-CSF) and IL-8 mRNA stabilization induced by TNF-a (Esnault and
Malter, 2002; Jijon et al., 2002).

The mechanisms by which MAPK contributes to cytokine mRNA stabilization are
not clearly understood. However, phosphorylation of RNA binding proteins by MAPK
might be one of the important factors in regulating RNA stability (Sirenko et al., 1997). AU
rich element (ARE) in 3'-untranslated region (UTR) of mRNA is found in many short-lived
cytokine and proto-oncogene mRNAs and determines stabilization of their transcripts (Chen
and Shyu, 1995; Gillis and Malter, 1991; Sachs, 1993; Winstall et al., 1995). Several distinct
proteins such as AUF1 (Sirenko et al., 1997), HuR (Myer et al., 1997), and tristetraproline
(TTP) (Lai et al., 1999), are known to bind to AREs and regulate mRNA turnover.

Depending on types of protein and state of phosphorylation, binding of these proteins
on ARE contributes to either stabilization or destabilization of mMRNA. For example, AUF1
selectively recognizes ARE and facilitates mRNA degradation (DeMaria and Brewer, 1996;
Pende et al., 1996; Sirenko et al., 1997). Adhesion-dependent stabilization of IL-1f
transcripts in monocytes was abolished when SK&F 86002, p38 kinase inhibitor, was treated
(Sirenko et al., 1997), which indicates that phosphorylation events are necessary for AUF1
to bind to ARE of the transcripts. HuR, a member of the ELAV-like protein family, is
important in translocation and protection of ARE-containing RNA (Fan and Steitz, 1998).

It is a TNF ARE binding protein which stabilizes mRNA containing TNF-a mRNA (Dean
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etal.,2001). In the study of Dean et al (2001), HuR-mediated stabilization was found to be
independent on activation of p38 kinase. TTP is a zinc finger RNA binding protein that is
responsible for destabilization of TNF-a mRNA (Lai et al., 1999). Unphosphorylated form
of TTP has high binding activity to ARE RNA probe and facilitates mRNA degradation
while phosphorylated TTP has low binding activity and consequently increases mRNA
stability (Carballo et al., 2001). This protein is inducible by LPS in macrophages and
phosphorylated by MAPK-activated protein kinase-2 (MAPKAPK2 or MK-2) through

activated p38 kinase (Mahtani et al., 2001).

D.4 Superinduction and involvement of MAPKs

Contribution of MAPKs to gene expression at the transcriptional and
posttranscriptional levels may be associated with the superinduction of cytokines by VT
because both cytokine gene transcription and mRNA halflife are increased by VT in cell line
models (Li et al., 1997, Wong et al., 2001; Wong et al., 1998). Superinduction is defined
as the capacity of protein synthesis inhibitors such as VT to prolong stimulation of transiently
induced cytokine genes in response to stimulants such as growth factors, cytokines,
hormones, and interferons (Mahadevan and Edwards, 1991). Superinduction is observed
with an increase of specific transcripts and /or their mRNA stabilization.

The causes of superinduction due to protein synthesis inhibitors are unknown, but
there are several theories to explain it. For example, c-Fos is a transcription factor that
activates expression of other genes. A labile molecule on the c-fos gene in an inactivated

state may be depleted by protein synthesis inhibitors, causing superinduction (Morello et al.,
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1990; Subramaniam et al., 1989). Alternatively, protein synthesis inhibitors such as
anisomycin can act as second-messenger agonists on intracellular kinases leading to
activation of signal transduction cascades (Cano et al., 1994; Mahadevan and Edwards,
1991). Activated kinases are strongly involved in signaling to c-fos and c-jun (Cano et al.,
1994). Further, superinduction can be modulated by controlling the repressive system that
mediates degradation of mRNA (Roger ef al., 1998). AREs are widely accepted as mRNA
unstability determinants (Chen and Shyu, 1995; Gillis and Malter, 1991). Specific binding
proteins to ARE bind to various early response gene mRNAs and regulate degradation of
those mRNAs (Nakamaki et al., 1995; Sirenko et al., 1997; Zhang et al., 1993). Protein
synthesis inhibitors may contribute to repress mRNA degradation in two ways. First, protein
synthesis inhibitors may deplete the specific 3'-UTR binding proteins leading to increased
mRNA half life and superinduction. Second, activation of MAPK by protein synthesis
inhibitors may lead to phosphorylation of RNA binding protein, resulting in low binding
activity to ARE and consequently increase mRNA half life (Carballo ef al., 2001; Mahtani
etal.,,2001). VT may contribute to activation of MAPK following phosphorylation of RNA
binding protein, especially, TTP and lead to increased mRNA half life and superinduction
of TNF-a and IL-6.

VT can superinduce TNF-a and IL-6 in RAW 264.7 cells and IL-2 in EL-4 cells as
indicated by both mRNA and protein levels (Li et al., 1997; Wong et al., 1998). This
superinduction is due to both increased corresponding transcripts and increased mRNA
stability (Li et al., 1997; Wong et al., 2001). The increased transcripts for TNF-a and IL-6

were explained by an increase of binding activity of NF-kB, AP-1 and NF-IL6 transcription
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factors to their promoter regions (Wong et al., 2002). The increased TNF-a and IL-6 mRNA
stability was explained that LPS-induced TNF-a and IL-6 mRNAs were stabilized by VT in
the presence of transcription inhibitor, DRB (Wong et al., 2001). The increased binding
activity of those transcription factors and increased mRNA stability of TNF-a and IL-6 imply
activation of MAPKs (Brook et al., 2000; De Cesaris et al., 1998; Diaz and Lopez-Berestein,
2000; Liu et al., 2000; Miyazawa et al., 1998; Swantek et al., 1997). Recently, VT was
reported to induce p38 kinase, ERK1/2, and JNK1/2 (Moon and Pestka, 2002; Yang et al.,
2000). The involvement of MAPKs in increased mRNA expression during superinduction

of TNF-a has yet to be explained.

E. Rationale for this research

VT and SG, protein synthesis inhibitors, are often found in foods and in the
environment, respectively. They have immunemodulatory effects in vivo and in vitro.
Furthermore, VT has been suspected as an etiological factor in human IgAN based on a
mouse experimental model. From experiments of dietary exposure to VT, proinflammatory
cyfokines, especially IL-6 and TNF-a, are found to be important to the progression of IgAN.
The ability of SG or other macrocyclic trichothecenes to induce cytokine expression has been
incompletely studied. Study on cytokine production by macrocyclic trichothecenes in RAW
264.7 macrophage cells will provide information about how the toxins can modulate immune
function. Recently, from differential display experiments, two genes, MIP-2 and C3aR, were
found to be up-regulated by VT and/or SG in RAW 264.7 cells. Expression of these gene

products might play an important role in the progression of IgAN since autoimmune
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complexes against IL-8 (a functional analog of MIP-2 in human) is higher in mesangium in
IgAN patients than healthy controls. Kinetic studies on the expression of MIP-2 will provide
information about their possible involvement in the autoimmune disease. Finally, the
induction of proinflammatory cytokines by VT in RAW 264.7 cells is due both to increased
transcription and to increased mRNA half life. Study of MAPK involvement in mRNA
expression will provide information about the mechanism by which mRNA expression is
increased by VT. Overall, these studies will contribute to understanding how trichothecenes
can modulate immune function. In the long run, results of these studies will be used to

reduce health risks due to exposure to trichothecenes.
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CHAPTERI11

DEVELOPMENT OF ANTIBODIES TO SATRATOXINS AND APPLICATION

TO DIRECT COMPETITIVE ENZYME-LINKED IMMUNOSORBENT ASSAY'

' This work has been submitted for publication in a similar form with authors Chung,
Y.J., Jarvis, B.B., Tak, H., and Pestka, J.J. in Mycopathologia.
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ABSTRACT

Although macrocyclic trichothecenes produced by Stachybotrys chartarum have
been associated with numerous outbreaks of indoor illness, no simple method exists for the
detection of these toxins in environmental samples. The goal of this study was to develop an
enzyme-linked immunosorbent assay (ELISA) to the major S. chartarum macrocyclic
trichothecene mycotoxin, satratoxin G (SG). SG was derivatized to its hemisuccinate and
coupled to bovine serum albumin for use as an immunogen to produce antibodies in rabbits.
A direct competitive ELISA employing SG antibodies and SG-hemisuccinate coupled to
horseradish peroxidase (HRP-SG) was used to detect between 0.1 to 100 ng/ml of SG. The
concentrations of SG, satratoxin H, isosatratoxin F, roridin A, and verrucarin A causing 50%
inhibition of HRP-SG conjugate binding were 1.3, 5.4, 3.2, 25.1, and 52.5 ng/ml,
respectively, indicating that the antibodies were most specific for SG and closely related
satratoxins. Sensitivity was largely unaffected by methanol content up to 20% in assay
diluents. The ELISA was applicable to detection of satratoxins in S. chartarum spore extracts
and cultures. SG antibodies should be useful for identifying toxigenic S. chartarum isolates
as well as the rapid detection of satratoxins in environmental samples from buildings

contaminated with this fungus.

INTRODUCTION
Macrocyclic trichothecenes are a group of mycotoxins produced by Stachybotrys
chartarum (S. atra ) and other fungi (Bata et al., 1985; Harrach et al., 1981; Jarvis et al.,

1988; Jarvis and Wang, 1999; Namikoshi et al., 2001) that have potential human health
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implications. These trichothecenes are 10 to 100 times more toxic than non-macrocyclic
trichothecenes in mouse LD, studies, HeLa cell cytotoxicity tests, and rabbit reticulocyte
protein synthesis inhibition assays (Ueno, 1983). Stachybotrys grows well on cellulose
substrates that have a high moisture content such as wet hay and straw and this fungus’s
metabolites contribute etiologically to stachybotryotoxicosis in horse and sheep in Central
Europe (Bata et al., 1985; Habermehl et al., 1985; Harrach et al., 1983; Harrach et al., 1981,
Hintikka, 1978). Outbreaks of Stachybotrys-associated human disease have been
epidemiologically associated with water-damaged buildings (Dearborn, 1997; Etzel et al.,
1998; Johanning et al., 1996). Pulmonary hemorrhage and hemosiderosis in infants have
been associated with toxigenic S. chartarum contaminated homes (Etzel et al., 1998) and
notably, S. chartarum strains isolated from these homes produce several macrocyclic
trichothecenes including satratoxin G (SG), satratoxin H (SH), isosatratoxin F (iSF), roridin
L-2, and trichoverrol B (Jarvis et al., 1998). Recently, spores of this fungus were isolated
from the lungs of a child with pulmonary hemorrhage (Elidemir ez al., 1999). Although this
was the first report of the organism in human tissue, the specific involvement of macrocyclic
trichothecenes in the disease was not determined.

Given the potential harmful effects of macrocyclic trichothecenes on human health,
it is important to monitor their presence in the environment. Current methods for detection
and quantitation of the toxins include thin-layer chromatography, high performance liquid
chromatography, and mass spectrometry (Krishnamurthy et al., 1989; Stack and Eppley,
1980; Tuomi et al., 1998). These methods used for macrocyclic trichothecenes, however,

necessitate time-consuming extraction, sample clean-up, and/or expensive instrumentation.
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A protein translation assay employing luciferase mRNA has been developed to detect
trichothecenes in the spores of toxigenic fungi (Yike et al, 1999). This assay is quite
sensitive as all trichothecenes in spores inhibit protein synthesis, but this method is not
specific for any single trichothecene, and may give false positives in response to other
metabolites in a sample. A further limitation of this assay is its expense and requirement for
special training and equipment.

Enzyme-linked immunosorbent assay (ELISA) has been widely applied for the
detection of mycotoxins because of its high specificity and sensitivity (Abouzied et al., 1993;
Azcona-Oliveraet al., 1992; Thirumala-Devi et al., 2000). ELISAs have been developed for
avariety of food-borne non-macrocyclic trichothecenes (Abouzied ez al., 1993; Barna-Vetro
et al., 1994; Park and Chu, 1996), however, relatively little effort to date has been placed
on the environmentally important macrocyclic trichothecenes. In one exception, an ELISA
for the macrocyclic trichothecene, roridin A, was developed using rabbit polyclonal
antibodies (Martlbauer ez al., 1988). The antibodies were highly specific for roridin A but
showed low cross-reactivity against SH (15%) and SG (6.5%), which are two of the major
toxins in Stachybotrys spores. Therefore, it was desirable and seemed feasible to develop
a specific ELISA for the satratoxins. The purpose of this study was (i) to device a chemical
strategy for linking SG to the protein carrier bovine serum albumin (BSA), (ii) to produce
specific antibodies against the BSA-SG in rabbits, and (iii) to apply these antibodies to the
development of a competitive direct enzyme-linked immunosorbent assay (CD-ELISA) for
SG as well as other satratoxins. The results suggested that high titer SG antisera could be

produced and applied to a CD-ELISA for the rapid detection of SG and other satratoxins.
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MATERIALS AND METHODS

Materials and Chemicals. Bovine serum albumin (BSA, fatty acid free grade), 1,3-
dicyclohexylcarbodiimide (DCCD), N-hydroxysuccinimide, N,N-dimethylformamide
(DMF), complete and incomplete Freund's adjuvants, Tween-20, deoxynivalenol (DON),
roridin A (RA), verrucarin A (VA), and verrucarol were purchased from Sigma Chemical Co.
(St. Louis, MO). Horseradish peroxidase (HRP, InmunoPure® grade) was obtained from
Pierce (Rockford, IL). SG, satratoxin H (SH), and isosatratoxin F (iSF) (Figure 2.1) were
prepared from cultures as described by Jarvis ef al. (Jarvis et al., 1995).

Synthesis of the bis-hemisuccinate of satratoxin G. A solution of 4.0 mg (7.3
mmol) of SG, 3.7 mg (36.5 mmol) of succinic anhydride, and 1 mg of N,N-
dimethylaminopyridine (DMAP) in 5 mL of chloroform (that had first been passed through
a short column of alumina) was refluxed for 1.5 hr. The reaction mixture was cooled, diluted
with 5 mL of dichloromethane, and the solution washed successively with 10 mL of 5%(v/v)
HCl and 5%(w/v) NaHCO3 to yield, after removal of organic solvent, S mg of an amorphous
solid that resulted in a single spot on thin layer chromatography (TLC, 1:9 dichloromethane-
ethyl acetate) analysis. The product was analyzed by NMR at the University of Maryland.
Department of Chemistry and Biochemistry.

Preparation of satratoxin G conjugates. SG hemisuccinate was coupled to BSA
and HRP. Briefly, 1 mg of SG hemisuccinate was dissolved in 50 ul of DMF and was
activated with 1.14 mg of N-hydroxysuccinimide and 4.08 mg of DCCD in 100 pl of dry
DMF for 18 h at room temperature. The reaction mixture (150 pl) was added dropwise to

5 mg of BSA or 5 mg of HRP dissolved in 1.0 ml of NaHCO; (130 mM) and slowly stirred
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for 2 h at room temperature. The conjugates were dialyzed against 4 liters of phosphate
buffered (pH 7.2, 10 mM) saline (PBS) at 4°C with four changes for 3 days. BSA-SG
conjugate was stored frozen at - 20°C. HRP-SG conjugate was diluted in an equal volume
of glycerol and stored at - 20°C.

Rabbit immunization. Three rabbits (Harlan, 6 weeks, female) were injected
intradermally with BSA-SG conjugate (375 pg) in 1 ml of PBS-Freund's complete adjuvant
(1:1) at 20 to 30 sites on a shaved back area. A booster consisting of BSA-SG conjugate
(250 pg) in 1 ml of PBS-Freund's incomplete adjuvant (1:1) was injected subcutaneously at
week 18. Blood samples were drawn via marginal ear vein at intervals. Sera were obtained
after overnight incubation of blood at 4°C and centrifugation at 3,000 x g for 30 min. For
long term storage, immunoglobulins were purified by 50% saturation with ammonium
sulfate, lyophilized and stored at - 20°C.

Antibody titration by direct ELISA. Wells of polystyrene microtiter plates
(Immulon 4 Removawells, Dynex Technologies Inc. Chantilly, VA) were coated with 100
ul of serially diluted serum in PBS (pH 7.2, 10 mM) overnight in a forced air d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>