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Hemorrhagic bowel syndrome (HBS) is a devastating disorder affecting high
producing dairy cattle. As an important emerging disease (Animal and Plant Health
Inspection Service, 2003), HBS is now estimated to account for > 2% of the deaths of

dairy cattle (Kirkpatrick et al, 2001). However, little is known about the causative
agents or factors contributing to HBS.

In the first part of this study, I tested the hypothesis that HBS is associated with

an invasive mold: A. fumigatus. To test this hypothesis, I completed a series of
epidemiological studies. They included: an analysis of control and HBS samples
collected from local herds; a broader analysis of control and HBS samples collected

from across the US; and also a collaborative study with the Wisconsin Veterinary

Diagnosis Laboratory. For these studies, I developed a real-time quantitative

polymerase chain reaction (PCR) assay to determine the amount of A. fumigatus DNA

present in blood and tissues of HBS and healthy cows. We also adopted a multiplex

PCR assay to detect C. perfringens toxin genes in the same samples. From the first
study, it was determined that a positive association exists between HBS and A.

fumigatus, but not with C. Perfringens. In the second analysis using blood samples
collected from across the US, I found a high association of A. fumigatus DNA with

HBS (x2 = 27.6836, P < 0.00 1) but not with sudden death, downer cows, bloody
diarrhea and other diseases (x2 = 0.0442 - 2.42, P < 0.1198 - 0.8335). Tn the

collaborative experiment with the Wisconsin Veterinary Diagnostic Laboratory
(WVDL), we evaluated the associations between various gastrointestinal diseases
(including HBS) with GI pathogens (A. fumigatus, C. perfringens, Salmonella and

BVDV). A unique aspect of this study was the use of cows dying from other
gastrointestinal diseases as controls. Results indicated there is an association between A.

fumigatus and HBS (x2 = 12.15, P
HBS (x2 =0.532, P

0.001) but not between C. perfringens Type A and

0.466).

A. fumigatus has potential to infect immunocompromised individuals. Hence, I

proposed that HBS arises from a combination of A. fumigatus exposure and
immunocompromise. To test whether a combination of A. fumigatus exposure and
immunosuppression could induce HBS, we conducted one sheep study. I also tested the
ability of a commercial feed product to eliminate "HBS" and to regulate innate immune

function. In this study, We failed to develop an HBS model in sheep. However, I
discovered mechanisms-of-action

of a

commercially-available feed additive.

I

determined that dexamethasone injection provides a model for immunosuppression in

growing sheep. Specifically, daily injection of dexamthasone reduced concentration of
both L-selectin and IL-i J3. The feed additive restored the L-selectin and interleukin- 1f3

(IL-i 3) expression levels in immune-suppressed sheep. In order to further understand
the mechanisms by which the nutritional product stimulates innate immune function, I

used cDNA microarray analysis to examine gene expression in neutrophils of post-

partunent cows. More than 20 genes, including IL-4 receptor, IL-i 13 converting
enzyme, angiopoietin-2, epithelin-i and -2, nucleoporin, and wilms tumor 1, were

influenced (P<0.05) by addition of the feed product to the diets of dairy cattle.
Independent confirmation of altered expression of these genes used quantitative realtime RT-PCR (Q-RT-PCR). I found that the feed product up-regulated IL-4 receptor,
IL-1f3 converting enzyme, upstream stimulatory factor, nucleoporin and down-regulated

angiopoietin, hepatitis B virus-associated factor receptor and forkhead transcription

factor. Many of these gene products are involved in life-expectancy of neutrophils

through control of apoptosis. I propose that the feed product enhances neutrophil
function, in part, via increasing L-selectin and IL-i f3 expression and via inhibition of
apoptotic signaling. This should enhance circulation of neutrophils to effectively access
infection sites and kill pathogens.

In summary, I determined that HBS is significantly associated with A. fumigatus. I

also evaluated a commercial feed additive which is currently marketed to prevent HBS.

The additive was able to increase markers of innate immune function in both sheep and
dairy cattle and I propose that these mechanisms account for its efficacy.
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1. INTRODUCTION
Hemorrhagic Bowel Syndrome (HBS) is a sporadic, acute intestinal disease. It is

characterized by acute onset, rapid progression, and near 100% fatality within 24-4 8

hours. With the quickly rising incidence in the last five or six years, HBS is now
regarded as an important emerging disease in the dairy industry (Animal and Plant
Health Inspection Service [APHIS], 2003). It is now estimated to account for more than

2% of the deaths of dairy cattle and, on some farms, deaths from HBS can reach more

than 10% of the milking herdlannum. Several reports have indicated that Clostridium
perfringens Type A is associated with HBS. However, more evidence has accumulated
that C. perfringens may not be specifically associated with HBS. In the first part of this

study, I tested the hypothesis that HBS is associated with an invasive mold: A.
fumigatus.

In order to evaluate the relationship between cows which displayed HBS with
detection of A. fumigatus and C. perfringens, I undertook a series of studies. They
included: an analysis of samples collected from local herds; a broader analysis of blood

samples collected from across the US; and a collaborative study with the Wisconsin

Veterinary Diagnosis Laboratory. For theses studies,

I

developed a real-time

quantitative polymerase chain reaction (PCR) assay to determine the amount of A.
fumigatus DNA present in blood and tissues of HBS and healthy cows. I also adopted a

multiplex PCR assay to detect C. perfringens toxin genes in the same samples. In the
analysis of samples collected from local herds, samples of blood and tissues from cows
were collected from four states (IA, ID, OR and WA) and tested for the presence of A.
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fumigatus DNA and C. perfringens toxin DNA. All HBS cows tested positive for A.
fumigatus; however, only a small proportion of the HBS-positive cows tested positive
(in blood) for C. perfringens. In the analysis of samples collected from across the US, I
found a high association of A.fumigatus DNA with HBS (x2 = 27.6836, P < 0.001), but

not with sudden death (x2 = 0.3817, P
bloody diarrhea (x2

0.8093, P

abortion (x2 = 2.42, P

0.5367), downer

(2 = 0.0442, P

0.3683), watery diarrhea (x2

0.5 18, P

0.8335),

0.4717) and

0.1198). In a collaborative experiment with the Wisconsin

Veterinary Diagnosis Lab (WVDL), the results indicate there is an association between

A. fumigatus and HBS (x2 = 12.15, P
=0.532, P

0.001) but not with C. perfringens Type A (x2

0.466). Hence, we believe A. fumigatus, not C. perfringens, is an important

determinant of HBS.

A. furnigatus has potential to infect inmiunocompromised individuals. Hence, we

proposed that HBS arises from a combination of A. fumigatus exposure and
immunocompromise. To test whether a combination of A. fumigatus exposure and
immunosuppression could induce HBS, I conducted one sheep study where we tested

the ability of a commercial feed product (OmniGen-AF) to eliminate "HBS" (if it
occurred) and to regulate innate immune function. In this study, we mimicked potential
conditions

for

HBS

(immunosuppression

and

A.

fumigatus

challenge).

Immunosuppression followed the model developed at Michigan State University where

dexamethasone (DEX) was injected daily. We injected sheep with DEX daily and
observed a suppressed immune function level using two indexes of innate immunity
(neutrophil L-selectin and interleukin- 113 {IL- 1f]). When immunosuppressed sheep

were fed with A. fumigatus-contaminated feed, I found a hemorrhagic lesion in the

3

ruminal wall of one sheep which was A. fumigatus-positive. However, we failed to
develop an HBS model in the sheep model. In this study, results showed that the feed
additive restored innate immune function in immunosuppressed sheep. It showed DEX

caused a marked reduction in neutrophil L-selectin and completely eliminated
neutrophil IL-i f3. Addition of the feed additive to diets, whether in the presence or
absence of mold, increased L-selectin significantly (P < 0.05). IL-1 was increased but

not significantly (P < 0.10) when the feed additive was added to the regular diet;
however, the addition of feed additive to the diet caused a marked increase in IL-i f3 (P

< 0.05) when A. fumigatus was present. I also completed another sheep study to
examine efficacies of powered and peileted (165°F and 185°F) feed additive (OmniGen-

AF) on innate immune function in immunosuppressed sheep. In this study, I again

determined that supplement of immunosuppressed sheep with the feed additive
increased neutrophil L-selectin concentration. This effect was unaffected by pelleting at
165°F and 185°F.

In order to further understand the mechanisms by which the nutritional product
stimulates innate immune function, I used cDNA microarray analysis to examine gene

expression in neutrophils of post-parturient cows. Blood samples were taken from
control and feed additive-supplemented cows 12-15 hours after parturition. Neutrophils

wee purified from blood and RNA was then extracted. RNA was used to examine
relative patterns of gene expression using BOTL-5 microarrays. Results showed that
expression profiles for more than 20 genes (IL-4 receptor, IL-113 converting enzyme,
angiopoietin-2, epithelin 1 and 2, nucleoporin, and others) were influenced (P < 0.05)

by the nutritional product. Independent confirmation of altered expression of three of

4

these genes was completed using quantitative real-time RT-PCR (Q-RT-PCR). I
detected 2.04- and 3.25-fold changes (P < 0.05 and 0.01) in expression of IL-4 receptor
and IL-i f3 converting enzyme (ICE), respectively. Because many of these gene products

are associated with control of apoptosis in neutrophils, we proposed that these changes

extended the life span of neutrophils and enhanced the circulation of neutrophils to
effectively access infection sites and kill pathogens.

In summary, I determined that HBS is significantly associated with A. fumigatus.

I also evaluated a commercial feed additive which is currently marketed to prevent
HBS. The additive was able to increase markers of innate immune function in both
sheep and dairy cattle and I propose that these mechanisms account for its efficacy.

5

2. LITERATURE REVIEW
2.1 Hemorrhagic Bowel Syndrome in dairy cattle

Hemorrhagic bowel syndrome (HBS) is a devastating disorder affecting high
producing milking cows. HBS affects adult dairy cattle at all stages of lactation and in
all seasons, especially in cooler seasons (38.1% of cases occurred in the winter, 27.4%
in the fall, 23.8% in the summer and 10.8% in the spring) (Hanson, 2004). HBS is also

known as 'jejunal hemorrhage syndrome', 'acute hemorrhagic enteritis', 'dead gut' and

'bloody gut'. This disease is characterized by acute onset, rapid progression into large
blood clots in the intestine and near 100% fatality within 24-4 8 hours (Anderson, 1991).

Clinical signs include an acute decline in milk production from very high to nothing,
profound depression, decreased appetite, bloody feces or an absence of feces due to

intestinal blockage, distended bowel, abdominal pain, and death (Animal and Plant
Health Inspection Service [APHIS], 2003). At necropsy there is always a hemorrhagic

intestine with a section filled with bloody fluid or even a large blood clot. Blood
biochemical changes from HBS cases include high glucose, high magnesium, low
sodium, low potassium, and low chloride (APHIS, 2003). The National Animal Health
Monitoring System (NAHMS) reported that HBS was documented as early as 1966, but

there were few cases reported over the following 20 years. From 1996 to 2002, HBS
incidence has increased dramatically (Figure 1). HBS is now regarded as an important
emerging dairy disease (APHIS, 2003).

Kirkpatrick et al (2001) estimated that HBS may account for 2% of the deaths of

all dairy cattle but believes that the disease is widely under-diagnosed. Godden et al

6

(2001) have reported that the disease may be under-reported and, therefore, more
prevalent.

Figure 1. Number of HBS cases by year. Source: APHIS, 2003.
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2.2. What is the cause of HBS?

The exact cause of HBS has not been determined, but the accumulating
information indicates that it is due to a combination of factors and not just one agent.
Kirkpatrick et a! (2001) reported that the disease is a true syndrome: one which requires

two or more contributing factors to be present for the disease to appear. Godden et al

(2001), at the University of Miimesota, reported that HBS occurs predominantly in
cooler months and in multiparous cows primarily during the first 100 days-in-milk.
Others have proposed HBS risk factors include: increasing milk production, feeding a

high-energy total mixed ration (compared to a component diet), and a decrease in
dietary fiber (APHIS, 2003).

7

2.2.1 Proposed causes

Many potential causes of HBS have been investigated and discarded. While
infectious agents such as bovine viral diarrhea virus (BVDV) and Salmonella may cause

bloody diarrhea in affected cows, the symptoms, disease course, and necropsy findings

are dramatically different from HBS (Van Metre, 2003). Among the organisms
tentatively not thought to be primary causative agents are BVDV, Yersinia spp,
Lawsonia intracellularis, coronavirus, gastrointestinal parasites, Salmonella spp. and
intestinal foreign bodies (Dennison et al., 2002). Physical obstructions and deformities

including volvulus and intussusception are not associated with HBS. Furthermore,
analyses of diets, ages of cow, levels of milk production and a full spectrum of blood
chemistry and biochemical assays failed to reveal a consistent clinical correlate to HBS
(Dennison et al., 2002).

2.2.2. The role of Clostridium perfringens Type A
One of the most compelling theories concerning HBS is that cows become infected

by a pathogenic strain of Clostridium perfringens. C. perfringens is an anaerobic,
Gram-positive, spore-forming rod. Three studies (Godden et al., 2001; Kirkpatrick et

al., 2001; Dennison et al., 2002) have found a high degree of association between
Clostridium and HBS and have suggested that this pathogenic organism may play an

important role in the etiology of the disease. Evidence supporting a role for C.
perfringens in the disease is many-fold. First, Clostridium is ubiquitous and infection

results in gastrointestinal hemorrhage. Second, investigators from three universities
(Colorado State University, University of Minnesota and University of Iowa) have each
detected a strong significant association between HBS and C. perfringens.
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Despite these observations, additional evidence suggests that C. perfringens may

not be solely responsible for this disease. First, C. perfringens is ubiquitous and is
typically found in gastrointestinal samples from downer cows which do not exhibit
HBS. Second, some HBS cows do not harbor C. perfringens. Third, some farms with
feeds testing positive for C. perfringens do not have an HBS problem (Kirkpatrick et
al., 2001). Finally, immunization against C. perfringens does not always protect herds

against HBS (Wolfgang, 2003). Songer et a! (2000) at the University of Arizona has

cast some doubt on the Clostridium theory. In his study, the prevalence of the
Clostridium 13-toxin was examined in 336 bovine field isolates. Samples were taken

from animals with enteritis, enterotoxemia and sudden death. Of these, only 21.4%
tested positive for the clostridial f3-toxin. Inoculation of C. perfringens type A into the

abomasum and proximal jejunum of 12 non-lactating dairy cows also failed to induce
the syndrome (Ivany et al., 2001).
2.2.3. Is Aspergillusfumigatus involved?

Kirkpatrick et al (2001) found associations between increased milk production,
increased intake of soluble carbohydrates, and increased risk of HBS. According to the

conditions that dairy cattle face, such as high production of milk and intake of a high-

energy total mixed ration (TMR), we proposed HBS occuned in stressed or
immimocompromised cows that are fed feedstuffs contaminated by the common mold
(A. fumigatus). The underpinnings for this hypothesis were that: 1) a similar highly fatal

disease has been reported in humans (Chandler et al., 1987), 2) A. fumigatus is infective

and causes mycoses in ruminant animals (Jensen et al., 1990, 1991; Sarfati et al., 1996),

3) many of the predisposing factors for mycotic infection are present in commercial

9

dairy production systems (Sarfati et al., 1996), 4) moldy feed had been observed on
farms afflicted with HBS and 5) incidence of HBS is higher in cooler months (Hanson,
2004), a time when stored moldy feeds are typically fed to dairy cows.

A. fumigatus is one of the most ubiquitous of the airborne saprophytic fungi.
Humans and animals constantly inhale conidia of this fungus. Inhalation of conidia by

immunocompetent individuals rarely has any adverse effect because the conidia are
eliminated efficiently by innate immune mechanisms. Thus, A. fumigatus was

considered for years to be a weak pathogen. However, with the increase in the number

of immunosuppressed patients,

and

the

degree

of severity

of modem

immunosuppressive therapies, the situation has changed dramatically in recent years

(Cohen et al., 1993; Rogers et al., 1995; Ruchiemer et al., 1996). Over the past
ten years, A. fumigatus has become the most prevalent airborne fungal pathogen,
causing severe and usually fatal invasive infections in immunocompromised hosts in
developed countries (Bodey et al., 1992; Andriole et al., 1993; Beck-Sagué et al., 1993;
Denning, 1998; Groll et al., 2002).

2.2.3.1. Properties of A. fumigatus
A. fumigatus is an unusual thermotolerant fungus and grows well at temperatures
over 40°C (104°F). In fact, A. fumigatus can grow at a temperature range of 20 to 50°C
(68 - 122°F). This property is unique to A. fumigatus among the Aspergillus species. A.
fumigatus is commonly found in compost piles with temperatures higher than 40°C (104

°F) and in mild to warm soils. Colonies of A. fumigatus are blue-green to grey on the

surface and may be white- to tan-colored on the reverse side of the colony (Larone,

1995). However, color caimot be used to distinguish the species because other
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Aspergilli exhibit similar coloration. A. fumigatus does not product aflatoxins. Instead,

it produces several relatively unstudied toxins (fumigaclavine, fumigatin, fumagillin,

fumitremorgin, fumitoxin, gliotoxin, helvonic acid, monotrypacidin, sphingofungin,

tryptoquivaline and verruculogen). These toxins enhance the infective ability of A.
fumigatus. For example, gliotoxin inhibits ciliary beat frequency and thereby facilitates

pulmonary infection. Fumagillin is an anti-angiogenesis factor (i.e., inhibits formation
of new blood vessels in tissues which it invades), and thereby prevents assess of innate
immune cells (e.g., neutrophils) to an infected site. A. fumigatus is one of the few fungal

species with ability to digest its way through the intestinal epithelium and result in
systemic mycosis (Latgé, 1999).

2.2.3.2. Opportunistic infections of A. fumigatus

Approximately 20 species of Aspergilli cause opportunistic infections in man.
Among these, A.fumigatus is the most pathogenic because of its three virulence factors:

1) Production of iron (Fe) -sequestering siderophores, 2) secretion of complement- and

phagocytic-inhibitory lipids and 3) secretion of proteases and lipases (Rhodes et al.,
1990, 1992). A recently-described organism (Neosartoryafisheri) is very closely related

to A. fumigatus. Neosartorya species are also human pathogens. N fischeri had the
same amino acid sequences as A. fumigatus (Wang et al., 2000) and causes similar

opportunistic infections (Coriglione et al., 1990; Wang et al., 2000). Nonetheless,
N fiseheri also contain nucleotide sequences different from A. fumigatus. Therefore, it

may be distinguished from A. fumigatus by nucleic acid-based assays (Wang et al.,
2000).
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A. fumigatus infection rates (i.e., aspergillosis) in humans have increased 14-fold

in the past 12 years. In 1992, invasive aspergillosis (IA) was responsible for
approximately 30% of fungal infections in patients dying of cancer. It is estimated that

IA occurs in 10 to 25% of all leukemia patients, in whom the mortality rate is 80 to
90%, even when treated (Bodey et al., 1992; Denning et al., 1995, 1996; Groll et al.,

1996; Verweij et al., 1997). Invasive aspergillosis is now a major cause of death at
leukemia treatment centers and bone marrow transplantation (BMT) and solid-organ
transplantation units (Salonen et al., 1993; Patel et al., 1997). Invasive aspergillosis has
overtaken candidiasis as the most frequent fungal infection in the world. People at risk
include

transplant

recipients, patients

with

human

immunodeficiency

virus

(HIV)/acquired immune deficiency syndrome (AIDS), with chronic granulomatous
disease and with severe combined inmiunodeficiency.

In ruminant animals, A. fumigatus is the most common mold (Latgé, 1999). A.
fumigatus is a common feedborne mold which had the potential to infect mammals and

to cause bleeding disorders and death. Jensen's research group (1999) in Denmark has
reported that ruminants are also susceptible to A. fumigatus infection with the omasum

and small intestine providing the primary portals for infection. While most individuals

are immune to an A. fumigatus infection, immunosuppression and stress predispose
animals to an infection and systemic mycosis (Latgé, 1999).

2.3. Laboratory diagnosis of C. perfringens and A. fumigatus
2.3.1. C. perfringens diagnosis
Diagnosing a clostridial disease requires isolation of the pathogen and determining

which toxins are involved. Three traditional means included: 1) growing the organism
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in liquid culture, getting rid of the bacteria and looking for the toxins, 2) searching for

toxins in the gut of an animal already dead from the disease, and 3) neutralizing with
specific antibodies to see whether the toxic effect is from that particular strain. All of
these methods have drawbacks, including the tendency to yield false negatives by not
being sensitive enough and false positives from a lack of specificity. To find a practical

way to assay isolates of the disease, Augustynowicz et al (2000) developed a multiplex

polymerase chain reaction (PCR) assay that allows simultaneous detection of the four

major C. perfringens toxin genes plus the gene for enterotoxin. Toxin genotypes of C.
perfringens strains collected within a 45-year period were analysed by a multiplex PCR.
A set of primers designed for four different genes encoding the alpha, beta, epsilon, and

iota toxins was used in a single reaction with a sensitivity of gene detection of 200 fg

for DNA extracted from pure culture. Most of the strains (97%) conformed to the A

biotype, and the remaining to the C or B biotypes. For biotype determination, sero-

neutralization of lethality in mice was performed by intravenous injection. Toxin
phenotype and genotype profile were concordant in 94% of strains. Their results

indicated the suitability of multiplex PCR as a method supplementing classical

techniques and providing better insight into the prevalence of toxinogenic

C.

perfringens strains. This represents a major breakthrough, because individual tests were

previously needed for each toxin. It also eliminates the "silent gene" problem inherent

in the other assay techniques, where certain toxin genes went undetected. Because
vaccines are only effective if they target the exact toxin responsible for the illness in an

individual animal, this method helps to speed diagnosis of C. perfringens in disease
outbreaks and to assist the development of specific vaccines.
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2.3.2. A. fumigatus diagnosis

2.3.2.1. Nucleic acid-based diagnostic tests

Early diagnosis and initiation of antifungal therapy are essential to reduce high

associated rate of mortality (Zhao et al., 2001). Traditionally, the identification of
Aspergillus was based on morphological methods which required adequate growth for
evaluation of colony characteristics and microscopic features. The limitations of culture,

histological and serological techniques have led to the search for more sensitive,
nonculture-based methods. The majority of nucleic acid-based fungal detection and
identification systems are PCR-based. A standardized approach for the major

components of a PCR assay is as follows: 1) sample preparation, 2) selection of the
'target' region and subsequent primer design, 3) post-PCR detection methods to identify

the amplified product, 4) standardization of reproducible PCR conditions and format

(single step, multiplex or nested PCR system), and 5) precautions to minimize falsepositive and false-negative results. With the development of PCR techniques, molecular

approaches have been used for the detection of Aspergillus from environmental and

clinical samples (Reddy et al., 1993; Makimura et al., 1994; Montone et al., 1995;
Yamakamj et al., 1996; Buchhejdt et al., 2001, Erjavec et al., 2002). As an adaptation

of standard PCR, Bowman et al (2001) provided the first description of a method for
real-time PCR-based quantitation of A.fumigatus tissue burden in an animal model of

infection. Quantitative 'real time' PCR systems represent the most recent advance in
diagnostic mycology. This method has the potential to not only substantially increase
the sensitivity of PCR but also to provide the means to monitor response to therapy by

measuring fungal burden at any given point in time. Several advantages of real-time

14

quantitative PCR assay include: 1) it is a highly sensitive assay, 2) it is performed in a

closed-tube system and requires no post-PCR manipulation of the sample, thereby
increasing sample throughput, and 3) it supports the use of a normalization gene for
quantitative PCR or housekeeping genes for quantitative RT-PCR controls. Finally, real

time quantitative information of Aspergillus is strongly correlated to infection
progression (Cheung et al., 2001).

2.3.2.2. Target and primer selection
Targets for the genus level detection of Aspergillus have included the 18 S rRNA
gene, mitochondrial DNA, and the internal transcribed spacer (ITS) regions (Einsele et

al., 1997). The rDNA gene locus is frequently chosen as the PCR amplicon for both
speciation and quantitation of organisms (Reiss et al., 1998; Kawamura et al., 1999).

The ribosomal DNA (rDNA) gene is a tandem array of at least 50-100 copies in the
haploid genome of all fungi (Chen et al., 2002). It offers distinct advantages over other

molecular targets, such as increased sensitivity. rDNA comprises the small subunit
(SSU) rDNA (18S) gene, the 5.8S gene and the large subunit (LSU) rDNA (28S) gene.

Separating the 18S and 5. 8S, and the 5.8S and 28S subunits are the intergenic
transcribed spacer (ITS) regions, ITS 1 and ITS2, respectively. rDNA genes are highly
conserved but the ITS regions are highly variable between different fungi. Furthermore,

the SSU and LSU rDNA genes comprise highly conserved and variable regions. This

allows the design of universal primers, based on the conserved regions, which will

amplify a certain region of the rDNA gene cluster from a large number of fungal
species, as well as of species-specific primers/probes, based on the variable regions,
which can then be used to identify a single species.
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2.4. Host defense mechanisms against pathogens (e.g., A. fumigatus)
The immune system acts to protect the host from infectious agents that exist in
the environment (bacteria, viruses, fungi, parasites) and from other noxious insults. The

immune system is constantly active, acting to discriminate 'non-self from 'self. The
immune system can be divided into two distinct (yet interacting) systems: 1) the innate

immune system and 2) the adaptive or antibody-mediated immune system. Both
components involve various blood-borne factors (complement, antibodies, cytokines)

and cells. The innate immune system consists of several interesting components: 1)
physical and chemical barriers to pathogens provided by epithelium, gastric acid and

digestive enzymes; 2) cells which engulf and digest invading pathogens (e.g.,
neutrophils); 3) receptors on the surface of these cells which recognize and bind to
pathogens and 4) signaling molecules (e.g., chemokines, cytokines) which communicate
sites of infection and regulate expression of immune genes.

The role of phagocytic cells (innate system) in protection against A. fumigatus
has been well studied (Sturtevant et al., 1992; Roilides et al., 1998). Assay conditions

and cellular models vary significantly, and the results do not always agree, but in
general, both in vitro and in vivo studies demonstrate a major role for phagocytic cells in

protection against A. fumigatus. The lungs are a primary site of infection of Aspergillus

sp., and, because alveolar macrophages are the major resident cells of the lung alveoli,
they, along with neutrophils (which are actively recruited during inflammation and may

outnumber macrophages), are the major cells involved in the phagocytosis of
A. fumigatus (Schaffuer et al., 1982). Descriptions of the interaction of each host cell
with Aspergillus are presented below.
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2.4.1. Neutrophils
Polymorphonuclear neutrophil leukocytes (PMN) are among the most important
cells of the innate immune system. They are the first cell to arrive at a site of infection

(Hayashi et al., 2003). In dairy cows, there are approximately 200 billion PMN of
which about one-half are freely circulating in the blood (Burton and Erskine, 2003). The

remainder is held in reserve in bone marrow, the site of formation. Migration of PMN

into the mammary gland provides the first line of defense against invading mastitic
pathogens. Bacteria release potent toxins that activate white blood cells and epithelial

cells in the mammary gland to secrete cytokines that recruit PIV1N that function as
phagocytes at the site of infection (Muhlebach and Noah, 2002). While freshly migrated

PMN are active phagocytes, continued exposure of PMN to inhibitory factors in milk

such as fat globules and casein, leads to altered PMN morphology and reduced
phagocytosis. The life span of PM1N is limited by programmed cell death known as

apoptosis (Kobayashi et al., 2003). Macrophages quickly engulf and phagocytose
apoptotic PMN, thereby minimizing the release of PMN granular contents that are
damaging to tissue (Kobayashi et al., 2003). The PMN possess an array of cell surface
receptors that allow them to adhere and migrate through endothelium and to recognize

and phagocytose bacteria. One receptor found on phagocytes that is receiving
considerable attention in the control of infections by Gram-negative bacteria is CD 14.
Binding of lipopolysaccharide (LPS) to membrane bound CD 14 causes release of tumor

necrosis factor-alpha (TNF-ct). Binding of LPS to soluble CD14 shed from CD14bearing cells results in neutralization of LPS and rapid recruitment of PMN to the site of
infection.
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Neutrophils are also the most important first line of defense against
hyphae (Diamond

et al., 1978).

Aspergillus

Polymorphonuclear neutrophil leukocytes (PMN) were

thought to act exclusively on hyphae, as opposed to conidia, of A.fumigatus (Schaffner
et al., 1982).

However, several studies have shown that they are also able to ingest and

kill resting or swollen conidia not previously killed by macrophages (Fietta
Levitz

et al.,

1985, 1990;

Waldorf

et al.,

1985).

et al., 1984;

Nevertheless, neutrophils remain

responsible primarily for hyphal, not conidial, killing (Schaffher

et

al.,

1982).

Neutrophils adhere to the surface of the hyphae, since hyphae are too large to be
engulfed. It is known that even though complement and antibodies bind avidly to

hyphae, their presence is not required for the interaction between hyphae and
neutrophils (Sturtevant et

al., 1992).

Contact between neutrophils and hyphae triggers a

respiratory burst, secretion of reactive oxygen intermediates, and degranulation
(Schafther et

al., 1982;

Levitz

etal., 1985, 1990).

In contrast to the killing ofconidiaby

macrophages, hyphal damage by PMN is rapid, in that 50% of the hyphae are killed
after

2

hr incubation. Killing of hyphae required oxidants, but PMN oxidant release

could not mediate hyphal killing without concomitant fungal damage by granule
constituents (Schafther

et

al.,

1982).

Experiments with cells from patients with

immunologic disorders, chronic granulomatous disease (CGD) or myeloperoxidase
deficiencies (Rex

et al., 1990)

have shown that at least two oxidative pathways are

involved but the target biomolecules of oxidant-mediated damage (lipid peroxidation,

protein oxidation, or DNA degradation) are unknown. In addition to oxidative
mechanisms, non-oxidative killing mechanisms, such as the defensins, may be active
against hyphae and germinating conidia (Washburn et

al., 1987;

Levitz

et al., 1986).
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In all, three neutrophil 'killing' are known. These include: 1) an oxidative burst,
where the phagocyte expresses reactive oxygen species which destroy the phagocytosed
pathogen, and 2) fusion of the engulfed pathogen with a lysosome-like structure to form

a "phagosome". The phagosome is rich in digestive enzymes which mediate complete

digestion of pathogens. A recent study (Brinkmann et al., 2004) reported neutrophil
extracellular traps (NETs) consisting of DNA and proteases. The extracellular nets have

ability to engulf and kill bacteria. NETs appear to be a form of innate response that

binds microorganisms, prevents them from spreading, and ensures a high local
concentration of antimicrobial agents to degrade virulence factors and kill bacteria.

2.4.1.1. Neutrophil L-selectin
Neutrophils express an extracellular binding protein on their membranes termed
"L-selectin" (also termed CD62L). The role of L-selectin is to interact weakly with the
endothelial cell wall thereby allowing the neutrophil to "roll" along the wall of a blood

vessel and to "monitor" the cell wall for the presence of signals which indicate a local
infection (Figure 2). The presence of pathogens in peripheral tissues causes release of
local chemicals such as IL-8 which then signal a rolling neutrophil of an infection. In
response to these signals, L-selectin is shed from the surface of the neutrophil (Figure 2)

and other more adhesive molecules (e.g., Mac-1, MO-l) are expressed on its surface.

These molecules essentially "glue" the neutrophil within the blood vessel adjacent to
the site of infection. The activated neutrophil then migrates through the endothelial cell
wall toward the invading pathogen. During migration, chemical signals originating from

the site of infection (such as TNF-a and interferon-7) activate the neutrophil to become
a mature "killer cell". The mature neutrophil migrates toward the site of infection where
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it interacts with pathogen-associated microbial patterns (PAMPs) on the surface of
pathogens via several types of receptors. These receptors are expressed on the surface of

the neutrophil and include the following well-identified types: 1) CD18 and CD14, 2)
Toll-like receptors (TLRs), 3) C3b and C3bi (complement factors), and 4) Fc.

Figure 2. Movement of neutrophils through a blood vessel. L-selectin (CD62L) is
shown as circles on the surface of the neutrophil. These allow interaction of the
neutrophil with endothelium. Note shedding of L-selectin and migration of neutrophil
into peripheral tissue toward a site of infection (F). Source: Burton and Erskine, 2003.
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Immune functions of bovine neutrophils are known to be depressed around
parturition, but it has not been discerned at what level these alterations occur. Madsen et

al (2002) found blood neutrophils respond to the physiology of parturition by altering
the expression of L-selectin, which is needed for normal neutrophil functions. L-selectin

expression reaches its lowest point during the postpartum period (Weber et al., 2001).

This is the time of greatest dysfunction of bovine neutrophils and contributes to high
susceptibility to pathogens.
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2.4.1.2. Neutrophil interleukin-1 l.
Interleukin- 113 (IL-i f3) and other cytokines exhibit diverse effects that include
stimulating differentiation of cells of the immune system and attracting immune system

cells to sites of inflammation. Interleukin- 1 f3 regulates a variety of genes and gene
products including the gene encoding the COX-2 enzyme that results in the production

of bioactive prostaglandins (Smith et al., 2000). The massive influx of neutrophils into
infection sites is accompanied by simultaneous release of IL-i f3 (Jayarao et al., 1999).
Concentrations of IL-i f3 in infection secretions fluctuated considerably from 66 to 144

hours afler pathogen challenge and were significantly elevated (P < 0.01) compound to

pre-challenge values (Jayarao et al., 1999). Pathogens elicited local production of
cytokines, and peak concentrations of IL-i 13 and TNF-a were reached once clinical

signs had been established. Expression of adhesion molecules was also upregulated
(Poston et al., 1992; Zhan et al., 1993). Moulding et a! (1998) reported IL-113 enhanced

the cellular levels of Md- 1 that promote neutrophil survival. This provides a potential

mechanism whereby cytokine-regulated gene expression regulates the functional
lifespan of neutrophils.
IL-i f3 is synthesized as an inactive precursor that is converted to its active form by

proteolytic cleavage catalyzed by caspase-1 (IL-i 13 converting enzyme; ICE protease).

IL- 113 converting enzyme is produced as a 45-kDa pro-enzyme that lacks proteolytic
activity and is present in monocytic cells (Ayala et al., 1994). Upon cell stimulation pro-

enzymes aggregate and subsequently undergo autocatalytic activation that presumably
leads to a tetramer consisting of two 1 0-kDa and two 20-kDa polypeptide fragments of
ICE with the active site Cys-285 localized near to the C-terminus of the 20-kDa peptide
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chain (Wilson et

al.,

1994; Gu et

al.,

1995; Schonbeck et

al.,

1997). Active ICE prevails

in the plasma membrane where it cleaves pro-IL-i 1. It is complexed with other proteins
that are involved in the secretion of the activated cytokines (Singer et

al.,

1995).

2.4.2. Macrophages

Macrophages are ubiquitous cells that play central roles in the innate immune
response. A primary function of a macrophage is to clear foreign substances. They work

by digesting whatever they don't recognize as healthy tissue, including pathogens and
the organism's own dead cells (Chowdhury et

al.,

2002).

The recognition, binding, and ingestion of A.

fumigatus

conidia by alveolar

macrophages have been studied extensively. Lectin-like interactions are thought to be
primarily responsible for the adherence and ingestion of conidia (Kan et

al.,

1991). This

interaction would be expected because the alveolar environment of the resident
macrophage is probably free of opsonic

factors

such as complement

and

imniunoglobulin (Ig). The mannosyl-fucosyl receptor and two other receptors (inhibited

by glucan and chitooligosaccharides) have been suggested to mediate conidial binding
(Kan etal., 1988, 1991).

As a result of the attachment and ingestion of conidia, a typical phagocytic
response occurs (Robertson, 1989 et

al.,

Verweij

et al.,

1998). Killing of conidia starts

after a delay of several hours, with a surprisingly low killing rate of 90% in 24 h
(Schaffrier

et al.,

1982). These data correlate well with the slow elimination of conidia

from the lungs of mice following a respiratory challenge. Additionally, the ability of

macrophages to kill conidia depends on the anatomical source of the phagocyte:
alveolar and blood-derived macrophages from mice, rabbits, and humans prevent
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conidia from germinating, whereas resident peritoneal macrophages from the same
animals do not (Schafther et al., 1982). The anti-microbial system(s) responsible for

killing conidia has not been identified, but most data suggest that reactive oxygen
intermediates do not play a role in the killing of A. fumigatus conidia by macrophages

(Michaliszyn et al., 1995; Roilides et al., 1995, 1996; Taramelli et al., 1996). Instead,

several lines of evidence suggest that non-oxidative mechanisms are essential for the
killing of conidia: 1) conidia triggered a respiratory burst when they were ingested but

were killed hours later when oxidative killing systems were no longer operative, 2)
conidia were killed by rabbit alveolar macrophages under strictly anaerobic conditions,
3) human blood macrophages cultured in vitro for 10 days were still able to kill conidia
although they had lost their capacity to produce significant amounts of reactive oxygen
intermediates, and 4) monocytes from patients with CGD and from X-CGD mice, which

have a genetic defect in the phagocytic burst, killed conidia as well as control, normal

phagocytes did (Morgenstem et al., 1997). The fungicidal activity of alveolar
macrophages was unaltered in the presence of the competitive inhibitor N-monomethylL-arginine, suggesting that nitric oxid was not involved in the killing capacity of murine

and human macrophages. Cationic proteins and antifungal enzymes have potent anti-

fungal activity (Diamond et al., 1978). Macrophage proteolytic activity is induced
significantly by A. fumigatus antigens (Rodriguez et aL, 1997). Killing of phagocytosed
conidia was delayed until the conidium had swollen.

2.4.3. Platelets
Platelets, also called thrombocytes, are irregularly-shaped, colorless bodies that are

present in blood. Their sticky surface lets them, along with other substances, form clots
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to stop bleeding. Platelets play a vital role in hemostasis, the prevention of blood loss.

When the lining of a blood vessel is traumatized, platelets are stimulated to go to the
site of the injury where they form a plug that helps reduce blood loss (Krishnamurti et
al., 2002).

In humans, platelets play a role in protection against Aspergillus (Christin et al.,

1998). The importance of intravascular defenses against A.fumigatus is usually
underscored by the extensive hyphal invasion of blood vessels, leading to thrombosis
and hemorrhagic infarction. Platelets attach to cell walls of the invasive hyphal form of

A. fumigatus and become activated during attachment to hyphae. Optimal activation
requires opsonization of hyphae with fresh or heat-inactivated whole plasma. Several

anti-A spergillus functions, including direct cell wall damage and enhancement of

neutrophil-mediated fungicidal effects, have been associated with platelets. As a

possible consequence of the role of platelets, thrombocytopenia, which has been
associated with prolonged neutropenia during chemotherapy, may increase the risk for
these patients to become infected byA. fumigatus.

2.5. Immunosuppression in the ruminant
A. fumigatus is ubiquitous, but rarely causes serious disease in healthy individuals.

Immunoincompetence is the primary predisposing factor in Aspergillus infection
(invasive aspergillosis; McLoughlin et al., 1987; Schoenheyder et al., 1992; Muller et

al., 2002) in humans. Patients with AIDS, cancer and receiving organ transplant are
particularly susceptible

to

invasive

aspergillosis (McLoughlin et

al.,

1987;

Schoenheyder et al., 1992; Muller et al., 2002). For example, invasive aspergillosis
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occurs in 2.6 - 10.3% of all bone marrow transplant patients and has a mortality rate of
56 to 88.1% (Chen et al., 2002).

Mallard et al (1998) have reported that immunosuppression is common in dairy
cows and accounted for the high incidence of disease. Changes in both immune function

and non-specific host defense mechanisms have been reported in dairy cows at onset of
lactation (Kashiwazaki et al., 1985; Kehrli et al., 1989; Gilbert et al., 1993; Ishikawa et

al., 1998). Stressors in lactation may include a high energy diet (and potential acid
reflux), ketosis, milk fever, lameness, regular handling, post-partum stress, potential

poor feeding practices (Dobson and Smith et al., 2000), social isolation when sick
animals are placed in a "hospital pen" (Boissy and LeNeindre et al., 1997) and artificial
insemination (Nakao et al., 1994).

Some debate exists as to whether dairy cattle are "stressed" or not. There appears

to be no question that dairy cattle are "stressed" during transition and this is at a
maximum near time of parturition. However, it remains controversial whether lactating

cows are physiologically stressed or not. One school of thought contends that highproducing dairy cows have been selected to manufacture high levels of milk and, as a
result, are always close to metabolic disease. Hence, this school of thought believes that

lactating cows are "stressed". Others contend that high production, per Se, is indicative

of a lack of stress and of a healthy cow. In favor of the former belief, several studies
have reported that a variety of normal production practices cause "stress". A stressed,
immunocompromised dairy animal may be susceptible to mycotic infection.

Changes in both immune function and non-specific host defense mechanisms
have been reported in dairy cows during transition and at onset of lactation (Ishikawa et
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al., 1998; Kashiwazaki et al., 1985; Kehrli et al., 1989; Gilbert et al., 1993; Guidry et

al., 1976). Burton and co-workers at Michigan State University have identified one
important mechanism by which stress brings about a reduction in immune function.
Specifically, they have documented that glucocorticoids (i.e., cortisol) "spike" near
parturition (Figure 3) and reduce L-selectin expression in neutrophils (Figure 4). This
compromises one important aspect of an animal's first line-of-defense against pathogen

challenge. Specifically, a stressed, immunosuppressed animal has reduced ability to

monitor endothelial cell lining for sites of infection and to attack and sequester
pathogens. This may result in a "full-blown" infection (Figure 5).

Figure 3. Cortisol levels in dairy cattle relative to day of parturition. Note that cortisol
peaks at day of parturition. Source: Weber et al., 2001.
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Figure 4. CD62L (L-selectin) expression in dairy cattle relative to day of parturition
Source: Weber etal., 2001.
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Figure 5. Neutrophils lacking expression of L-selectin (CD62L) in a stressed dairy cow
Source: Burton and Erskine, 2003.
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2.6. Feed additives which stimulate immune function
Analyses of A. fumigatus in common feeds indicate that all dairy cows are likely
exposed to A. fumigatus (Puntenney et al., 2003). Immunocompetent livestock should
effectively protect themselves against A. fumigatus, but immunosuppressed individuals,

as in humans, may be highly susceptible to this pathogen. New knowledge in
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mechanisms of immune function has created opportunities for scientists to design

nutritional products which have potential to regulate, possibly even augment, the
immune system. These products, if efficacious, could reduce reliance upon antibiotic

use. What is now possible is our ability to intelligently choose feed additives and
components and also to specifically assess mechanisms by which nutritional products
influence immune function.

2.6.1. Nutrients regulating immune function
Nutrient status is an important factor contributing to immune competence:

undernutrition impairs the immune system, suppressing immune functions that are

fundamental to host protection. Undernutrition leading to impairment of immune
function can be due to insufficient intake of energy and macronutrients and/or due to
deficiencies in specific micronutrients. Nutrients that have been demonstrated (in either

animal or human studies) to be required for the immune system to function efficiently

include essential amino acids, the essential fatty acid (linoleic acid), vitamin A, folic
acid, vitamin B6, vitamin B12, vitamin C, vitamin B, Zn, Cu, Fe and Se (Calder and
Kew, 2002). Practically all forms of immunity may be affected by deficiencies in one or

more of these nutrients. Animal and human studies have demonstrated that adding the

deficient nutrient back to the diet can restore immune function and resistance to
infection. Among the nutrients studied most in this regard are vitamin B and Zn.
Administration of vitamin B to premature infant enhanced neutrophil phagocytosis
(Baelmer et al., 1977; Chirico et al., 1983). In another study, young and old mice were
fed diets containing adequate (30 mg/kg diet) or high (500 mg/kg diet) levels of vitamin

B for 6 weeks and infected with influenza A virus. Young or old mice fed the high level
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of vitamin E had lower lung titres of virus than old mice fed the adequate vitamin B diet
(Hayek et al., 1997). The high level of vitamin E increased production of IL-2 and TFN-

y by spleen lymphocytes from influenza-infected old mice (Han et al., 1998). These
observations suggest that increasing vitamin E intake above habitual levels enhances
immune function and improves resistance and that vitamin B supplementation might be
particularly beneficial in the elderly. Studies in man also suggest a relationship between
vitamin B supply and immune function (Han et al., 1998).

Deficiency in some nutrients (e.g. Zn) is associated with a wide range of immune

impairments (Fraker et al., 1993; Wellinghausen et al., 1997; Shankar and Prasad.,
1998). Zinc deficiency has a marked impact on bone marrow, decreasing the number of

nucleated cells and the number and proportion of cells which are lymphoid precursors

(Fraker et al., 1993; Fraker and King, 1998). Experimental Zn deficiency results in
decreased thymulin activity, decreased natural killer cell activity, a lowered CD4:CD8

ratio, and decreased lymphocyte proliferation, IL-2 production and delayed-type
hypersensitivity (DTH) response. Zinc administration (2 mg/kg body weight daily) to
malnourished children decreased the incidence of diarrhea by more than 50%, decreased

the incidence of respiratory and skin infections, and resulted in a three-fold increase in
growth compared with children given low-dose Zn (3.5 mg daily; Castillo-Duran et al.,
1987). Deficiencies in vitamin E and Se reduce levels of u-tocopherol in membranes of

fast turnover tissue, such as liver, as well as decreased amounts of the soluble Sedependent glutathione peroxidase (Burgess et al., 1996). Reffett et al. (1988) reported

selenium deficiency in animals may reduce their metabolic and immunological
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responses to stress. Beck et al. (2003) determined the deficiency in Se altered the host

immune response to infection.

In dairy animals, less is known about nutritional support of the immune system;
however, it is well-known that antioxidants (selenium and vitamin E) play strong roles.

High levels of vitamin E supplementation (up to 4000 lU/day) increased neutrophil
vitamin E concentrations and reduced incidence of clinical mastitis from 25% to 2.6%

in dairy cattle (Weiss and Wyatt, 2003). Other nutrients implicated in maintenance of

the immune system in dairy cattle include chromium, cobalt, copper and vitamin A.
Copper deficiency reduced humoral immunity (i.e., antibody production) but did not

adversely affect cell-mediated immunity (Armstrong et al., 2004). Cobalt deficiency

reduced resistance to parasites and vitamin A deficiency reduces immunity partly
though its role as an antioxidant. These observations, coupled with data emerging from
non-ruminant literature, imply that dairy producers, veterinarians and nutritionists need
to be fully aware of the potential for diet to support the immune system.

2.6.2. Mechanisms by which microorganism stimulate the immune system
An interesting research article was published recently in Infection and Immunity.

Wang et al (2001) reported that monocytes, when they are stimulated with hyphae
originating from A. fumigatus, release cytokines including tumor necrosis factor-a
(TNF-a), interleukin- 1 (IL-i f3) and interleukin-6. Each of these plays important roles in
establishing an inflammatory response and activation of the immune system.

Yeast is a common and historically-useful animal feed supplement that contains

significant quantities of polysaccharides which are now known to boost the immune
response. Yeast supplements themselves have been shown to enhance the performance
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of poultry (Bradley et al., 1994) and ruminant animals (Jordan and Johnston, 1990).
More recently, yeast cell walls were reported to enhance the cellular innate immune

response (Ortufio et al., 2002). Yeast cell walls contain approximately 30% each of
glucan and mannan (Aguilar-Uscanga and Francois, 2003).

Spring (2000) reported a decrease in Samonella typhimurium concentration in
pathogen-challenged chicks receiving mannanoligosaccharide (MOS; yeast cell wall) in

the diet compared with unsupplemented chicks. The mechanism of dietary supplements
of certain glucan and mannan in stimulating immune function was studied (Artursson et
al., 1989; Taylor et al., 2002). J3-glucan receptors on the surface of leukocytes,

monocyte/macrophages and neutrophils were found. These play a significant role in the
non-opsonic recognition of soluble and particulate beta-glucans. For example, f3-GR is a
principal 13-glucan receptor on primary microphage and plays a fundamental role in the

immunomodulatory effects of f3-glucans and the host response to fungal pathogens
(Brown et al., 2003). Mannose receptor is involved in induction of interleukin (IL)-1 f3,
IL-6, IL-12, interferon (IFN)-7, and GM-CSF in macrophages, granulocytes, and natural

killer cells (Fraser et al., 1998, Davis et al., 2002). It activates cells release cytokines
that initiate a cascade of immunity-related functions.

Recognized pathogen-associated molecular patterns (PAMPs) that trigger innate
immune responses include bacterial lipopolysaccharide (LPS), lipoproteins and flagellin,

in addition to fungal cell wall-derived carbohydrates and proteins. Stimulation of
receptors by PAMPs initiates a signaling cascade that involves a number of adaptor
proteins, such as MyD88 and receptor-associated kinase (IRAK). This signaling cascade

leads to the activation of the transcription factor NF-kB which induces the secretion of
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cytokines (e.g., IL-2, TNF-a) that direct the adaptive (i.e., antibody-mediated) immune

response (Caamaflo and Hunter, 2002). NF-kappaB transcription factors play an
important role in the regulation of immune response (Figure 5). The activation of NFkappaB is thought to be part of a stress response as it is activated by a variety of stimuli
that include growth factors, cytokines, lymphokines, UV light, pharmacological agents,

and other stresses (Schutze et al., 1995; Delfino and Walker, 1999; Zhang and Ghosh,
2000). The various stimuli that activate NF-kappaB cause phosphorylation of IkappaB,

which is followed by its ubiquitination and subsequent degradation by the proteasome

(Kuno et al., 1994). 1kB proteins are phosphorylated by an IkappaB kinase complex.
This phosphorylation results in the exposure of the nuclear localization signals (NLS)

on the NF-kappaB subunits and the subsequent translocation of the molecule to the
nucleus. In the nucleus, NF-kappaB binds with a consensus sequence (5'-

GGGACTTTCC-3') of various genes, activating their transcription.

Toll-like receptor, IL-i and TNF have similar downstream affects through NFkappaB, including immunoregulation, proinflammatory, and hematopoietic activities
(Kuno et al., 1994). Lipopolysaccharide (LPS) activates NF-kappaB through the Toll-

Like receptors, and induces the transcription of various interleukins (e.g. IL-i) and

cytokines (e.g., TNF) as an immune response against the pathogens (Zhang et al.,
2000).

32

Figure 6. NF-kB signaling pathway. Source: The Biotech Journal, 2001
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In the course of analyses of the potential role that A. fumigatus plays in
incidence of HBS, we also gained access to a commercially-available feed additive

(OmniGen-AF) which is sold nationally as a HBS preventative. The product was
designed by Steve Puntenney, a dairy nutritionist in the Pacific Northwest. Design was
based on ability of known molecular patterns to augment innate immunity. In this study,

we completed several studies, to elucidate potential mechanisms by which this product
affects immunity.
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3. MATERIALS AND METHODS
3.1. Development of a diagnostic test for A.fumigatus and testing HBS cows
In order to evaluate the relationship between cows which displayed HBS with A.

fumigatus and C. perfringens, we undertook a series of three studies. They included: an

analysis of samples collected from local herds; a broader analysis of blood samples
collected from across the US; and a collaborative study with the Wisconsin Veterinary
Diagnosis Laboratory.

3.1.1. Sample collection.

3.1.1.1. Study #1: Samples collected from local herds

In a preliminary study, we evaluated the relationship between HBS and

A.

fumigatus by collecting a series of samples from local resources. These include eight
confirmed HBS cows and 17 control animals. The eight HBS cases were obtained as
follows:

Two from Dr. Bruce Anderson (University of Idaho)
Two from Dr. Mark Rasmussen (National Animal Disease Center, Ames, IA)
Four from Steve Puntenney, a dairy consultant in the Pacific-Northwest (PNW).

Because this was an exploratory, preliminary study, we received a mixture of
sample types and analyzed each for A. fumigatus DNA and C. perfringens toxin DNA.
Sample types included blood, various tissues, intestinal contents and feed.

Seventeen control animals included: 13 samples (all blood) from healthy
asymptomatic cows in the PNW, two blood samples from cows which had aborted and

two which had died suddenly from non-GI-related problems. Control samples were
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collected by Steve Puntenny at the OSU dairy and at dairies across the PNW. A list
of all control samples we received is included in Table 1.

Table 1. Seventeen control samples with identification.
ID
S0001
S0002
S0005
S0006
456T
1046

606N
1099N
S0007
S0020
S0021
S0023
S 0024

S0025
S 0026

S0027
S0028

Diagnosis
Non-HBS dead cow
Non-HBS dead cow
aborted
aborted
Healthy cow
Healthy cow
Healthy cow
Healthy cow
Healthy cow
Healthy cow
Healthy cow
Healthy cow
Healthy cow
Healthy cow
Healthy cow
Healthy cow
Healthy cow

We also collected three cases of idiopathic enteric hemorrhage in ruminant
animals. Samples were obtained from Oregon State University Veterinary School.
These included a dairy cow and a gazelle with extensive abomasal hemorrhage and a
dairy cow with cecal and colonic hemorrhage.

In all cases, samples were recovered quickly after death of HBS cows and shipped

frozen or on ice to our laboratory. Control blood samples were placed on ice and
transported to our lab.

3.1.1.2. Study #2: A national survey on the levels of A. fumigatus DNA present in
blood of HBS and non-HBS cows
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Sampling kits was prepared and shipped upon request to veterinarians,
nutritionists and dairy producers. The kits contained citric acid vacutainers, instructions,

data sheet, sampling vials, shipping materials and 100% ethanol for preservation of
blood samples during transit. From April 2003 to September 2004, we received 273

blood samples. Of these, 38 samples were identified as HBS, 61 samples were
randomly-chosen controls, 18 were cases of sudden death, 57 were cases of watery
diarrhea, 20 were cases of bloody diarrhea and 68 were cases of abortion and 11 were
cases of downer cows.

Statistical analysis. The relationship between A. fumigatus DNA in HBS and
other cases (downer cows, sudden death, watery diarrhea, bloody diarrhea or abortion)

were assessed using a Pearson's chi-square (x2) test (Ramsey and Schafer, 2002) to
determine if differences (P < 0.05) existed between control and HBS, control and other
cases with S-Plus (2002, Lucent Technologies, INC., Murray Hill, NJ).

3.1.1.3. Study #3: Samples from Wisconsin Veterinary Diagnostic Laboratory
A "blinded" HBS study was conducted in cooperation with Dr. Don Sockett at the

Wisconsin Veterinary Diagnostic Laboratory (WVDL). Beginning in the summer of
2003, the W\TDL began shipping tissue samples from HBS cows and from cows which
had died from other enteric diseases to our laboratory for analysis of A. fumigatus DNA

Until April 2004, we received 25 tissue samples with a case number designation only

(i.e. we didn't know whether samples were from HBS or non-HBS cows). At the
WVDL, the samples were also tested for the presence of other enteric pathogens (C.
perfringens Type A, Salmonella and bovine viral diarrhea virus [BVDV]). Following all

36

analyses, we reported results to the WVDL where results were compiled and
statistical analyses (x2 test) were performed.

3.1.1.4. Feed sample collection
Although A. fumigatus is reported as a "ubiquitous mold", data on its prevalence in

ruminant feeds had not been collected. Samples of 50 feeds from 20 Oregon dairies in
eight counties were collected during the Fall of 2002 and Winter of 2003. The dairies

were distributed throughout the central Willamette Valley, North to the Portland area

and West to the Tillamook area. Samples included beet pulp, corn, corn/barley mix,
distillers dried grains, soybean meal, wheat mill run and whole cottonseed. Samples
were dried at 50°C and then ground through a 1.0 mm Wiley mill and mixed. The mill

was carefully cleaned between samples. Feeds were collected by a graduate student
(Kathryn Higgs) interested in feed mineral levels and so were not collected with bias for
moldy regions. These feed samples were used as a resource to support this study.

3.1.1.5. Standard A. fumigatus genomic DNA

Standard A. fumigatus genomic DNA was ordered from the BCCM/IHEM
Culture Collection in Brussels, Belgium. DNA from the following strains: TEEM 5111

(human bronchial secretions from patient with aspergillosis, lung transplant in Italy,
Milano) and THEM 5112 (human surgical wound, from patient with aspergillosis liver
transplant in Italy, Milano).

3.1.2. Genomic DNA extraction for PCR analyses
DNA was extracted from blood, GI contents, tissues and feeds using the Qiagen
QIAmp DNA mini kit (QIAGEN Inc., Valencia, CA). Manufacturer's instructions were

followed for DNA extraction. The "tissue method" was used for all extractions
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including blood. With this method, 25 mg of tissue or feed or 25 p1 of whole blood or

GI contents were processed. DNA was eluted from the Qiagen column with 200 p1
water and then frozen until analysis. Percent recovery of DNA via the Qiagen method,
using salmon testis DNA as a standard, was 80%. For further purification of tissue and

feed samples, BD CHROMA SPIN Column (BD Bioscience, Palo Alto, CA) were

routinely used to purify DNA from smaller contaminants such as salts, solvents,
nucleotides, enzymes, proteins, polysaccharides and metabolites which could inhibit the

polymerase chain reaction. According to manufacturer's instructions, we purified
samples using BD columns as follows:

Invert spin column several times to resuspend its gel matrix completely;

Place the end of the spin column into a 2 ml micro-centrifuge tube, then centrifuge at

700xg for 5 mm using a swinging bucket centrifuge. After centrifugation, the column
matrix will appear semi-dry;

Add 100 p1 of sample to the center of the gel bed's flat surface, then place it into

another 2 ml micro-centrifuge tube and centrifuge at 700xg for 5 mm. The purified
sample is in the micro-centrifuge tube.

3.1.3. PCR-based assay for A. fumigatus

This assay was based on the sequences of the fungal ribosomal genes. Three
ribosomal genes (1 8S, 5.8 S and 28S, respectively) border two variable internallytranscribed spacer (ITS) domains (designated as ITS-i and ITS-2 in Figure 7).

Figure 7. Ribosomal DNA gene cluster in fungi. Source: Chen et al., 2002.
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The sequences within the ribosomal genes are highly conserved. However,
sequences within the ITS-i and -2 regions are not conserved and allowed design of
primers which specifically bound to A. fumigatus genomic DNA in a thermocycler. The
PCR for A. fumigatus DNA detection was performed as described by Jaeger et al (2000)

and Ferrer et al (2001). Extracted DNA was amplified using an Ericomp Powerblock II

thermocycler (San Diego, CA). The primers and PCR conditions used are specified
below.

3.1.3.1. One-step PCR: The specific primers used for A. fumigatus amplification were

Asp-Fum-F1 5'-GGC CCT TTG GGT CCA AC-3', and Asp-Fum-R1, 5'-AAG TTG
GGT GTC GGC TG-3' (Figure 8), which generated a PCR product of 490bp. The 25-pd

PCR mixture contained 5 tl of DNA template, 3 il of 25 mM MgC12, 2.5 p.1 of PCR
buffer without MgC12, 200 p.M each deoxynucleotide triphosphate (dNTP), 10 pmol of

each primer, and 1 U of Taq DNA polymerase (Promega, Madison, WI). Reactions
involved 1 cycle at 95°C for 5 mm, followed by 45 cycles with a denaturation step at
95°C for 30 s, an annealing step at 58°C for 45 sec, and an extension step at 72°C for
1 mm, followed by 1 cycle at 72°C for 10 mm.

Figure 8. The primers for one-step PCR were designed using the ITS 1 and ITS2 region,
which are highly variable areas.

39

Asp-Ft-F1
-

Asp-Fum-R1

3.1.3.2. Two-step nested PCR.
A two-step nested PCR was used to confirm the amplicon from step one. First step

of nested PCR is the first round amplification. Jaeger et a! (2000) reported pan-fungal
primers complementary to 1 8S rRNA sequences (Figure 9). The universal primers used

for fungal amplification were PF-F1 5'-AGGGATGTATTTATTAGATAAAAAAT
CAA-3', and PF-Rl, 5'-CGCAGTAGTTAGTCTTCAGTAAATC-3', which yielded a
743 bp PCR product. The 50-iil PCR mixture contained 10 tl of DNA template, 6 .il of

25 mM MgC12, 5 jil of PCR buffer without MgCJ2, 200 tM each deoxynucleotide
triphosphate, 25 pmol of each primer, and 1 U of Taq DNA polymerase (Promega,
Madison, WI). Reactions involved 1 cycle at 95°C for 5 mm, followed by 35 cycles
with a denaturation step at 95°C for 30 s, an annealing step at 55°C for 1 mm, and an
extension step at 72°C for 1 mm, followed by 1 cycle at 72°C for 6 mins.

After the first-round or primary PCR, we used an additional internal primer set for

the subsequent second-round or nested PCR to increase the sensitivity. For the second
amplification, the primers used were A. fumigatus-specific primers (Jaeger et al., 2000):

Asfufor, 5'-CCAATGCCCTTCGGGGCTCCT-3' and Asfurev, 5'-CCTGGTTCCCCCC
ACAG-3' (Figure 9), which produced a 520-hp PCR product. Nested PCR amplification
mixtures contained 1 t1 of first-round product in 50 tl of PCR reaction mixture (6 jt1 of

25 mM MgC12, 5 .tl of PCR buffer without MgCl2, 200 jtM each deoxynucleoside

triphosphate, 25 pmol of each primer, and 1 U of Taq DNA polymerase (Promega,
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Madison, WI). Reactions involved 1 cycle at 95°C for 5 mm, followed by 30 cycles

with a denaturation step at 95°C for 30 s, an annealing step at 55°C for 30 s, and an
extension step at 72°C for 30 s, followed by 1 cycle at 72°C for 6 mm.

Figure 9. The primers for two-step nested PCR are design on the 1 8S rRNA sequences.
Asft4for
-p.

Asftrev
402

D11t12-

4PF-F1

PF-R1

3.1.4. Verification of PCR product
3.1.4.1. Restriction enzyme analysis

After a PCR run was completed, it was customary to electrophorese 12 p1 of
product on an agarose gel, then the correct-sized PCR product was excised from the
agarose gel and DNA was extracted from gel using a GENECLEAN III kit (BIO101,

Carlsbad, CA). The method of extracting DNA from agarose gel was according to
manufacturer's instructions as follows:
Weight the gel containing DNA and transfer it into a microcentrifuge tube;
Add 3 p1 of Nal per mg of gel slice and melt at 55°C for 5 mins;

Add 2 p1 of GLASSMILK suspension, transfer suspension to a SPIN Filter and let
the DNA bind to the GLASSMILK for 5 mills, centrifuge at 14000 rpm for 15 seconds;

Add 500 p1 of New Wash solution to the spin filter, spin for 30 seconds at 14000
rpm, and repeat this wash;

Add 4 p1 H20, gently resuspend the white pellet by gently vortexing. Place into a
catch tube, then centrifuge at 14000 rpm for 30 seconds. The DNA in solution is ready
to use.

41

The DNA was measured spectrophotometrically at 260nm and 280nm
absorbance. Its concentration was calculated based on 260nm absorbance (1 A260 Unit =

50ig/m1 double strand DNA), and quality is based on the 260nm!280nm absorbance
ratio (ratio of 1.8 to 1.9 indicates pure DNA). PCR products were digested by restriction

enzyme Xho I (Invitrogen, Carlsbad, CA) and fragments were examined by agarose gel
electrophoresis.

3.1.4.2. DNA sequencing

Sequence analysis is the most reliable technique for the identification of fungal
species following PCR. The OSU Center for Gene Research performed the sequencing

reaction. We supplied them with a mixture that contained 12.0 pmoles of primer, and
5Ong of template, in a final volume of 12 jtL in water. Sequencing was completed using
an ABI 3730 capillary sequence machine (Amersham Biosciences, Piscataway, NJ)

3.1.5 Quantitative PCR analysis of A.fumigatus DNA.
Even though we developed a one-step PCR assay and a nested PCR assay, we still

could not quantify spore numbers of A. fumigauts in the samples. To quantify A.
fumigatus genomic DNA concentration, a "real-time" Sybr Green quantitative PCR
assay (Bio-rad, My1QTM Single-color Real-Time PCR detection system) was developed.

The assay was based on the sequences of the fungal ribosomal genes. The primers were
designed based on the A. fumigatus-specific sequence in the ITS2 highly variable area

after comparison with nucleotide sequences of A.fumigatus, A.flavus, A. nidulans,
A. niger, A. terreus, and A. ustus (Figure 10). Because we designed the real-time PCR

primers from A. fumigatus-specific regions, the assay also recognized A. fumigatus
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specifically. The primer set did not generate a product from A. flavus, A. niger and
other templates.

Figure 10. Nucleotide sequence alignment of A.flavus, A.fumigatus, A. nidulans,
A. niger, A. terreus, and A. ustus. The alignment consists of the 3' end of the 18S
ribosomal DNA (rDNA) gene (which contains the ITS 1 primer site), the complete ITS

1 region, the complete ITS 2 region, and the 5' end of the 28S rDNA gene (which
contains the ITS 4 primer site). The highly-conserved 5.8S rDNA gene sequence has
been omitted. Source: Henry et al., 2000.
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A forward primer (Sybr-ITS-F: 5'-AACCTCCCACCCGTGTCTATC-3') and a
reverse primer (Sybr-ITS-R: 5'-GCGGCCGTCGAAACG-3') were synthesized in the
OSU Center for Gene Research and diluted in water. A 1 tl sample of template DNA
was combined with 2.5 .tl SybrGreen buffer, 3 p1 MgCl2 (25 mM), 2 p1 of dNTPs (2.5
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mM each), 0.125 j.tl of Ampli Taq (5U/pJ), 0.25 tl of AmpErase (1 U/j.tl), 1.5 p1 of

each primer (50 and 300 nM for the forward and reverse primers, respectively) and
13.13 ti of water (final volume was 25 p1). Concentration of 150 nM and 600 nM of

forward and reverse primers were established in earlier studies, these concentrations
minimized, but did not eliminate, primer dimmer A Master Mix, which contained all
components of the reaction mixture except template DNA, was prepared to minimize
variability across samples. A MyiQTM Single color Real-Time PCR detection system
was used to amplify A. fumigatus ITS-i DNA. The thermocycling program consisted of

45 cycles of a denaturing temperature of 95°C and an annealing and extension
temperature of 6 0°C.

In the MyiQ real time PCR detection system, we used protocol: 3Step+Melt.tmo

(Melt.tmo is melt curve analysis of real-time PCR, which show non-specific amplicon
or primer dimer formation except specific product). An initial DNA denaturation step at

95°C for 3 mm was followed by 45 cycles of denaturation at 95 °C for 30 s, primer

annealing at 60°C for 30 s, 83°C for 15s. As a modification from the protocol,
fluorescence detection occurred after each cycle at 83°C during the ramp from extension

temperature to denaturation. Then 95°C for 1 mm, 55°C for 1 mm, and with a final melt
step. Met step consists of 80 cycles (increase temperature after cycle 2 by 0.5°C/cycle),
followed by measurement of the fluorescent signal at greater frequency.

The A. fumigatus-specific product was 62 bp long. The Sybr Green-based method

for quantitative assessment of A. fumigatus DNA displayed sensitivity from 10
femtomoles (in a 25 p.1 blood sample) to 10 ng of A. fumigatus genomic DNA template.

Using standard A. fumigatus lOOpg, lOpg, lpg, iOOfg, lOfg in 25 p.1 volume reaction,
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we obtained a PCR amplification graph (Figure 12). Standard curves conducted from

assay-to-assay were very similar. Melt curve analysis of the product generated via PCR

indicated that the A. fumigatus product had a melt temperature of 84 ± 2°C. Higher
temperature melt products (i.e., > 86°C) were not detected. A lower temperature melt

product was frequently detected, especially when very low concentrations of A.
fumigatus DNA template were present. The melt temperature of this product was 79°C

and was found to be "primer-dimer" (Figure 11). Its contribution to Sybr Green
fluorescence was eliminated by collecting data on A. fumigatus product formation at
>83°C. The ABI7700 and Bio-Rad MyIQ permit collection of Sybr Green fluorescence
data at any temperature within the thermocycling profile (i.e., between 60 and 95°C).
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Figure 11. Melt curve graph of real-time PCR for lOOpg, lOpg, lpg, lOOfg and lOfg
A. fumigatus standard DNA templates. When template concentration increases from
lOfg to lOOpg, there is less primer-dimer.
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Figure 12. PCR Amp/Cycle Graph for lOOpg, lOpg, lpg, lOOfg and lOfg A. fumigatus
standard DNA templates. Higher concentration of template achieved threshold cycle
earlier than lower concentration template.
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Because primer-dimer contaminated the total signal, we collected the fluorescence
signal only above 83°C. Data analysis included the CT value for standard DNA and we
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then used this to derive a formula from which we calculated the concentration of
samples using Microsoft Excel. Here is an example. We obtained PCR Quantification
Spreadsheet Data for SYBR-490 as follows:

Well
H02
H03
H04
H05
H06
H07

A. fumjgatus standard DNA

Ct

lOOpg

28.50
31.43

lOpg

lpg

35.61
38.08
43.50

lOOfg

lOfg

negative control

N/A

We performed logio-transformation on a series of concentration: lOOpg, lOpg,
lpg, lOOfg, lOfg into 2, 1, 0, -1, -2. With their CT values, we obtained the following

graph and linear prediction equation (Figure 13). The R2 for this example is 0.9953.
This standard curve derivation procedure was repeated every time samples were
analyzed.

Figure 13. Standard CT-versus-concentration plots were constructed using five dilutions
of A. fumigatus DNA. A standard curve of CT values for lOOpg, lOpg, lpg, lOOfg and
lOfg of A. fumigatus DNA template was developed. In the equation, y axis is logiotransformed concentration, x axis is the CT value. R2 was always> 0.95.
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In the equation where y=-0.223x+8. 1677, x indicates CT value in real-time PCR,

and y indicates the value of log10-transformed A. fumigatus concentration. We
calculated the y value using the CT value in real-time PCR, then back-transformed to
obtain A. fumigatus DNA concentration (pg).

A survey of the literature reviewed, we found we were the first to develop
quantitative diagnostic methods for A. fumigatus. In February 2003, the OSU Office of
Technology Transfer submitted a patent on this method. The patent was "published" in
August 2004.

3.1.6. Calculation the concentration of A. fumigatus
In the real-time PCR, we used two methods to calculate the concentration of A.
fumigatus: absolute and relative quantification.

3.1.6.1. Absolute quantification

A standard curve of genomic template DNA (Source: Dr. Francoise Symoens,
Scientific Institute of Public Health, Brussels, Belgium) was conducted in all assays. A.

fumigatus "genomic units" were calculated based on an A. fumigatus genome size of 27
Mb. An example is as follows,

In 1 il blood sample, we may detect lpg of A. fumigatus DNA. We used 200 jtl

H20 to recover the DNA sample during the DNA extraction and used 1 tl of this
solution in the PCR. We know that lpg of A. fumigatus weights 1 012g, as its genome

size is 2.7xlO bases. One base pair has a MW = 330x2 g/mol, and Imol

6.02 x1023

molecules. We then calculated the concentration for 1 pg of A. fumigatus in tl blood as
equivalent to 1350 spores/mI.
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Following calculation of the concentration (pg) from standard A. fumigatus DNA

curve, we were able to calculate the concentration (spores/ml or nculei/g) for A.
fumigatus in a blood or feed sample.

3.1.6.2 Relative quantification

According to the method of Livak and Schmittgen (2001),

we used the 2°

method to analyze the relative changes in gene expression from real-time quantitative
PCR experiments, Where AL\CT= (CT,

Target - CT, Actin)Time x (CT, Target

CT, Actin)Tjme 0.

This method monitors relative gene expression between control and treatment based on

differences in the PCR amplified target reaching a fixed threshold cycle (CT) number.
For this analysis, the CT for control was the calibrator used to determine relative gene

expression changes on treatment for each f-actin-normalization test gene. Statistical
analysis of these data was performed by comparing control to treatment using a twoside t-test with pooled standard errors on a log ratio scale and specific standard errors

were estimated using independent analyses of variance (ANOVA) with S-PLUS
software (Ramsey and Schafer, 2002).

3.1.7. Grocott's methenamine silver (GMS) stain.
GMS is considered an essential stain and is indicated whenever a fungal disease is

suspected. In collaboration with the Wisconsin Veterinary Diagnostic Lab, we tested
samples from calves which had died from extensive abomasal bleeding for the presence

of A. fumigatus DNA in abomasal samples. Our lab completed A. fumigatus DNA
analysis and WVDL completed staining as follows:

1) Take sections to water, oxidize in 5% chromic acid for 1 hour, then wash in running
tap water for 10 minutes,
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2) Treat with sodium bisuiphite for 1 minute to remove any residual chromic acid,
wash in tap water then distilled water;

Place section in the working silver solution at 60°C in a water bath, rinse in distilled
water, then tone in 0.1% gold chloride for 5 minutes, then rinse in distilled water;

Remove unreduced silver by treating with 2% sodium thiosulphate for 1-2 minutes,

wash thoroughly, then counterstain with Light green, dehydrate clear and mount in
D.P.X (synthetic polystyrene based mountant).

3.2. Clostridial toxin genotyping.
A multiplex PCR-based assay was adapted for simultaneous assay of five of the
major clostridial toxin genes (a, f3, c, i and enterotoxin; Table 2).

Table 2. Clostridial strains and their toxin genes. Source: Kirkpatrick et al., 2001.

Strain

Toxin(s)

TypeA

a

TypeB

aj3,c

TypeC

a,13

TypeD

a,c

TypeB

a,i

Methods were identical to those outlined by Meer and Songer (1997). Primers for

this analysis were specific for the a-toxin, a-toxin, E-toxin, i-toxin and enterotoxin
genes. Forward and reverse primers used for the analysis were the same as those listed

by Meer and Songer except for a-toxin. In discussions with the authors, it was
determined that an error in publication had occurred and that correct sequences for the
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a-toxin forward and reverse primers were 5'-GCTAATGTTACTGCCGTTGAC-3'
and, 5'-CTCTGATACATCGTGTAA&.3', respectively. The primers were combined in

a single mixture. The reaction mixture consisted of 7.5 d of template DNA, 2.5 j.tl
buffer (Promega, Madison, WI), 2 pA of dNTPs (final concentration was 200 tM for
each dNTP), 2.5 pA MgC12, 10 jti of forward and reverse primer mix, and 0.5 jtl Taq
polymerase (Promega, Madison, WI). Cycling conditions were 35 cycles with a 60 °C
annealing temperature, 72°C extension temperature and 95 °C denaturing temperature.
Thermocycling was carried-out in an Ericomp Powerbiock II thermocycler (San Diego,
CA). PCR products for the a, J3, c, i. and endotoxin genes were 324, 196, 233, 446 and
655 bp, respectively (Table 3). Products from PCR were resolved on a 2.5% agarose gel

using molecular weight markers (Step Ladder, Sigma Chemical Co., St. Louis, MO)

with resolution to 50 bp. Because PCR is not quantitative, only qualitative judgments
were made concerning clostridial toxin gene abundance.

Table 3. Sequences of multiplex polymerase chain reaction primers for clostridial toxin
gene

Gene Sequence (5'-3')

Product Location on Primer
size
gene (coding concentration
region)
(bp)
(pM)

cpa

Forward: CTAATGTTACTGCCGTTGAC
Reverse: CTCTGATACATCGTGTAAG

324

1438-1457
1762-1743

0.5

cpb

Forward:GCGAATATGCTGAATCATCTA 196
Reverse: CAGGAACATTAGTATATCTTC

2569-2548
1067-1046

0.36

etx

Forward: GCGGTGATATCCATCTATTC 655
Reverse: CCACTTACTTGTCCT ACTAAC

227-246
882-862

0.46

iA

Forward: ACTACTCTCAGACAAGACAG 446
Reverse: CTTTCCTTCTATTACTATACG

638-619
721-701

0.52

cpe

Forward: GGAGATGGTTGGA TATTAGG 233
Reverse: GGACCAGCAGTTGT AGATA

439-458
672-650

0.34
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3.3. Effect of dexamethasone, A. fumigatus challenge and a feed additive on
immune function
A. fumigatus has potential to infect immunocompromised individuals. Hence, we

proposed that HBS arises from a combination of A. fumigatus exposure and
immunocompromise. To test whether a combination of A. fumigatus exposure and
immunosuppression could induce HBS, we conducted the following studies. In sheep

study #1, we tested whether a combination of immunosuppression and exposure to A.

fumigatus could induce HBS. We also tested ability of a commercial feed product
(OmniGen-AF) to eliminate "HBS" (if it occurred) and to regulate innate immune
function. In sheep study #2, we tested again the ability of this commercial feed product,
in

powdered

and

pelleted

form,

to

regulate

innate

immune

function

in

immunosuppressed sheep.

3.3.1. Sheep study #1
In January 2003, sixty growing sheep were assigned to one of five treatments (n

12 sheep/treatment): 1- control, 2- immunosurppressed plus daily injection of Azium

(i.e., dexamethasone), 3- immunosurppressed with daily administration of the feed
additive (OmniGen-AF), 4- immunosuppressed and challenged with A. fumigatus, and
5- immunosurppressed, pathogen-challenged and provided the feed additive. Five males

and seven females were allocated to each treatment. Immunosuppression was induced
by twice daily injections of Azium (0.1 mg/kg BW, twice/day) to mimals in Treatments
2, 3, 4 and 5. Azium was injected subcutaneously in the neck region. This is a model of

extreme stress which was reported by Dr. Jeanne Burton at Michigan State University

(Weber et al., 2001). Azium was injected on four days of every week (Days 1-4)
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followed by a 3-day period of no injection. The reason for this was to possibly avoid

down-regulation of glucocorticoid receptor. Azium injections result in gradual and
chronic down-regulation of CD62L on the surface of blood neutrophils (Weber et al.,

2001). This type of CD62L down-regulation causes pronounced neutrophilia and

increased susceptibility to infections (Burton and Erskine, 2003). Innate immune
functions of cattle are greatly depressed after injection of Azium (Weber et al., 2001).

The feed additive was fed to animals in Treatments 3 and 5 at 0.5% of estimated

feed intake/day. Pathogen challenge was provided to Treatments 4 and 5 by daily
administration of highly-molded pelleted wheat mill run (1 lb/head/daily; high content

of A. fumigatus). This sample of wheat mill run had been obtained from a dairy in
Washington State with high incidence of HBS and abortions. In lieu of moldy feed,
Treatments 1, 2 and 3 were provided additional wheat bran (1 lb/ head/day). All animals
were fed alfalfa hay free choice and provided 0.75 lbs of ground corn!headlday. Sources

of ground corn and wheat bran were baked at 95°C for 24 hours prior to feeding to

reduce the likelihood of introducing viable extraneous pathogen to animals on
treatments 1, 2 and 4.

Sheep were maintained on the treatments for 28 days during which time jugular

blood samples were taken on days 21 and 28 using citric acid as an anti-coagulent.
Blood samples were immediately placed on ice and transported to the laboratory where

neutrophils were isolated by Percoll for Western blotting. Details of Percoll gradient
purification are given in section 3.4.1. Also during this time, we recorded body weights

weekly and incidence of diarrhea and behavioral characteristics. On Day 28 of the

study, two sheep from treatment 4 (immunosuppressed and challenged with A.

53

fumigatus) were euthanized in the OSU Veterinary college and the GI tracts
examined meticulously for evidence of lesions and hemorrhage sites. A pathologist (Dr.
Rob Bildfell) from the OSU College of Veterinary Medicine conducted in the necropsy.

Blood and tissue samples were assayed for A. fumigatus DNA using SybrGreen realtime PCR.

Statistical analysis. Effects of five treatments on body weight, IL-i expression
1

and L-selectin expression were assessed using ANOVA (Ramsey and Schafer, 2002) to
determine if difference (P < 0.05) existed among the five treatments with S-Plus (2002,

Lucent Technologies, INC., Murray Hill, NJ). Concentrations of L-selectin and IL-i f3
were expressed in arbitrary densitometer units.

3.3.2. Sheep study #2
In April 2004, thirty-six growing sheep were assigned to one of four treatments (n

= 9 sheep/treatment): 1- immunosuppressed with daily injection of Azium, 2-

immunosuppressed plus daily administration of the powered feed additive,

3-

immunosuppressed with daily administration of 165°F pelleted feed additive, and 4immunosuppressed with daily administration of the 185°F pelleted feed additive. All
treatments were exposed to heavily-molded grass silage free choice. They provided a
source of pathogen challenge similar to that provided in the preceding experiment. Five
males

and four females were allocated to

each treatment.

The model of

immunosuppression was daily sub-cutaneous injection of 0.1 mg/kg BW of Azium,
twice per day for 28 days. A. fumigatus challenge was spoiled grass silage from the

OSU dairy which was fed at a rate of 1 lb/head/day for Treatments 1-4. The same
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additive in pelleted form (165°F and 185°F) was provided to Treatments 3 and 4,
respectively.

After 28 days, jugular blood samples were taken from all treatments (control and

OmniGen-fed) using citric acid as an anti-coagulant. Neutrophuls were purified from

samples and L-selectin concentration in neutrophils was determined as outlined
elsewhere in thesis. Blood samples from Treatment 1 and 2 were also transported to the

OSUCVM for blood cell counting. Total WBCs (white blood cells), neutrophils,
lymphocytes, monocytes, basophils and eosinophils were counted by a Baker 9000
Hematology analyzer.

Statistical analysis. Effects of four treatments on L-selectin were assessed using

ANOVA (Ramsey and Schafer, 2002) to determine if differences (P < 0.05) existed
among the four treatments using S-Plus (2002, Lucent Technologies, INC., Murray Hill,

NJ). We also performed standard two-side t-tests using S-Plus to determine if
differences (P < 0.05) existed between Treatments 1 and 2 for concentrations of WBCs,
neutrophils, lymphocytes, monocyte and eosinophils and basophils.

3.4. SDS-PAGE and Western blotting
3.4.1. Blood Neutrophil purification

Methods for isolation of neutrophils were provided by Dr. Jeanne Burton at
Michigan State University. For studies in dairy cattle, blood was collected from the

jugular vein into 50 ml tubes containing 5 ml of acid citrate dextrose (ACD) anticoagulant. For sheep studies, blood was collected via the jugular into ACD. Tubes were

centrifuged at l000xg for 20 mm at 4°C in a swinging bucket to separate plasma and

buffy coats from the red cell pack. Plasma, buffy coat, and two-thirds of the red cell
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pack from each tube were aspirated aseptically and discarded. Remaining red cell
packs were mixed with 20 ml of ice-cold PBS. Samples were divided into 5 tubes (50
ml Falcon, BD), and 30 ml of ice-cold PBS were added and under-layered with 10 ml of

1.084 g/ml Percoll (Sigma Chemical Company, St. Louis, MO), then centrifuged at

400xg for 40 mm

at 22°C. After centrifugation, the erythrocytes and neutrophils

pelleted at the bottom of the tube and the mononuclear cells remained at the
sample/medium interface (band). Supernatant, mononuclear cell layer and Percoll were

aspirated aseptically. Erythrocytes were lysed using 12 ml ice-cold hypotonic lysing
solution (10.56 mlvi Na2HPO4, 2.67 mM NaH2PO2, pH 7.3) for 90 s. Isotonicity was

restored by adding 6 ml ice-cold hypertonic restoring solution (10.56 mM Na2HPO4,
2.67 mM NaH2PO2, 0.43 M NaC1, pH 7.3). Remaining leukocytes were pelleted by
centrifugation at 800xg for 5 mm at 4°C. These granulocytes were washed with 12 ml
PBS, then centrifuged 800xg for 5 mm at 4°C.

3.4.2. Identification of neutrophil purity

For identification of neutrophil purity, we used flow cytometric analysis. The
Percoll-isolated neurtrophils were divided into four treatments: one that received only

PBS as background control, one that received anti-neutrophil Gi monoclonal antibody
(VMRD, Pullman, WA), one that received anti-leukocyte CD45 monoclonal antibody

(VMRD, Pullman, WA) and one that received only second antibody with fluorescein
iso-thiocyanate (FITC). Briefly, Fc receptors were blocked using 5% donkey serum

(Jackson JmmunoResearch Laboratories, Inc., West Grove, PA), after which 1 d
(1tgIp.l) monoclonal antibody IgGi or CD45 was added. Cells were incubated for 10

mm, after which 1 ml cold PAB (1% BSA, 0.1% NaN3, pH 7.2) was added. Samples
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were centrifuged at 600xg for 5 mm at 4°C. Using the same centrifugation step, all

cells were washed with PAB twice, blocked with 5% donkey serum again, then
combined with 4tl (1:500 in PAB) of FITC-conjugated anti-Mouse IgG (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA) The mixture was incubated for
20 mm in the dark, washed cells twice, then suspended in 1 ml PAB for flow cytometric

analysis. Because neutrophils or leukocytes were labeled with FITC, as cells pass one
by one through the measuring region (where the laser light intersects the sheath), each

cell carrying a label produces a short flash of fluorescence, the intensity of which is
directly proportional to the number of "copies" of the labeled constituent present in that

cell. These flashes of fluorescence are then collected by a series of optics chosen to

harness the type of fluorescence produced by the label and to focus it on a sensitive
detector. The detector, called a photo-multiplier tube (PMT), transforms flashes of light

into electric pulses, which are recorded by electronic converters and transferred to a

computer for assimilation and interpretation. Therefore a cell carrying one or more
copies of the constituent of interest is recorded as "positive" while one that does not
have any copy of this constituent is identified as "negative", which was used to identify
the population of neutrophils and leukocytes (Givan, 2001).

3.4.3. Protein extraction
In this study, we used two methods to extract neutrophil protein: the TCA method
and the TRIZOL method. Details are given below.

3.4.3.1 TCA (Trichioroacetic acid) method for protein extraction

This method was used to separate only protein from cells without isolation of
RNA and DNA. According to the method of Wang (1996), we digested the cells by 300
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tl SDS lysis buffer (2% SDS,
EGTA) for

15 mm

at

24°C,

20

mM Tris,

150

mM NaC1,

5

mM EDTA,

5

mM

then added 100 tl 100% trichioroacetic acid (TCA) and

mixed the samples. We then removed the white DNA pellet from the tube using
Eppendorf tips for each sample and put the samples in a

4°C

fridge for

mm, then

5

centrifuged the samples at 1000 Xg for lh at 4°C. The protein precipitates appeared as
pellets along the side of the tube. We carefully aspirated the supematants and added 1.0

ml of 2.5% TCA (wlv), squirting it down the side of the tube to force the pellet to the

bottom. The samples were centrifuged at l000xg for

at 4°C after which we

5 mm

aspirated the supernatant and added 30 .tl of 3M Tris base. The pellet was dissolved
immediately. The samples stood at room temperature (RT) for

frozen at

-20°C

20

mm and were then

for Western blotting. The resulting supematant was assayed for total

protein concentration using a Bio-Rad Protein Assay (Bio-Rad, Hercules, CA).

3.4.3.2 TRIZOL method for protein extraction
Using this method, we isolated protein and RNA from cells. According to the
manufacturer's instructions (Invitrogen, Carlsbad, CA), we first lysed cells in TRIZOL
reagent by repetitive pipetting. The homogenized samples were incubated for

5

minutes

for 15 to 30°C to permit complete dissociation of nucleoprotein complexes. We then
added

0.2

ml of chloroform per 1 ml of TRIZOL reagent. The sample tubes were

capped securely. The tubes were shaken vigorously by hand for
at

for

15

15

s and then incubated

to 30°C for 2 to 3 mm. The samples were centrifuged at no more than

15 mm

12,000xg

at 2 to 8°C. Following centrifugation, the mixture separated into a lower red,

phenol-chloroform phase, an interphase, and a colorless upper aqueous phase. RNA
remains exclusively in the aqueous phase. We transferred the aqueous phase to a clean
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tube for RNA precipitation, removed the remaining aqueous phase overlying the

interphase, and precipitated the DNA from the interphase and organic phase with
ethanol. We then added 0.3 ml of 100% ethanol per 1 ml of TRIZOL reagent for the
initial homogenization and mixed samples by inversion. Proteins were precipitated from

the phenol-ethanol supernatant (approximate volume 0.8 ml per 1 ml of TRIZOL
reagent) with isopropyl alcohol and we then added 1.5 ml of isopropanol per imi of

TRIZOL reagent. Samples were stored for 10 mm at 15 to 30°C and the protein
precipitated at 12,000 xg for 10 mm at 2 to 8°C.

The supernatant was removed and then we washed the protein pellet three times in

a solution containing 0.3 M guanidine hydrochloride in 95% ethanol. We added 2 ml of

wash solution per 1 ml of TRIZOL reagent. During each wash cycle, the protein pellet

was stored in the wash solution for 20 minutes at 15 to 30°C and centrifuged at 7,500
xg for 5 minutes at 2 to 8°C. After the final wash, we vortexed the protein pellet in 2 ml

of 100% ethanol and stored it in ethanol for 20 minutes at 15 to 30°C then centrifuged

at 7,500 xg for 5 minutes at 2 to 8°C. The protein pellet was dried for 5-10 mm, then
dissolved in 1% SDS by pipetting. Complete dissolution of the protein pellet required
incubating the sample at 50°C. We sedimented any insoluble material by centrifugation

at 10,000 xg for 10 minutes at 2 to 8°C, and transferred the supernatant to a clean tube.
The sample was then ready for use in Western blotting or stored at 20°C for future use.

3.4.4. SDS-PAGE

Ten percent sodium dodecyl suiphate-polyacrylamide gel electrophoresis (SDSPAGE) was performed in a Mini-protean II Electrophoresis Cell (Biorad, Hercules, CA)
using the discontinuous buffer system described by Laemmli (1970). Separating gel was
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prepared with 2.5 ml Tris (1.5 M, pH 8.8), 3.34 ml of acrylamide (2.7% bis), 4 ml

ddH2O, 100tl of 10% SDS, 50p1 of 10% ammonium persulfate (APS) and 5

Jtl

TEMED. When pouring separating gels, the acrylamide solution was overlaid gently

with water and allowed to stand at least 30 mm to ensure complete polymerization.
Before use, the remainder of the gel mold was filled with the stacking gel solution (1 ml
of 0.5 M Tris, pH 6.8, 0.67 ml of acrylamide, 2.25 ml ddH2O, 40 i1 of 10% SDS, 40 tl
10% of APS and 2 p1 TEMED), which was allowed to polymerize for at least 1 h. The

gel was then set in the electrophoresis chamber with electrode buffer (15.6 mM Tris,
120 mJ\4 glycine, 10% SDS, pH 8.3) in both upper and lower reservoirs. The solubilized

protein was diluted to a concentration of 2.5 mg/mi in loading buffer (62.5 miVi Tris, pH

6.8, 2% SDS, 10% glycerol, 5% j3-mercapto-ethanol, 0.001% bromophenol blue), and
denatured at 100°C for 2 mm. The sample was then loaded onto the gel, which was then
subjected to electrophoresis at a constant voltage (1 50V) until the tracking dye reached
the bottom one-third of the gel. After electrophoresis was completed, the gel was either

washed with water and then stained with Biosafe

Coomassie stain (Biorad, Hercule,

CA) or transferred by electroblotter apparatus.
3.4.5.

Western blotting
Electrophoresised protein was transfered (25mM Tris, l92niM glycine, 20%

methanol, 4°C) onto a PVDF (Biorad, Hercules, CA) membrane at 1 OOV for 2h or
overnight at 30 V. The membrane was then blocked with 5% skim milk in TTBS (20
mM Tris-Ci, pH 7.6, 137 niM NaC1, 0.1% (v/v) Tween-20) for 30 mm. After 5 washes

with TTBS, the membrane then was incubated with primary antibody [anti-L-selectin
antibody (1:5000) or anti-IL-143 (1:5000) (VMRD, Pullman, WA; in 5% milk/TTBS)J
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for at least 1 hour. The membrane was then washed with TTBS five times and

incubated with anti-mouse antibody conjugated with horseradish peroxidase (HRP)
(1:10000, Biorad, Hercules, CA) for 1 hour. After five TTBS washes, the signal was
detected using a chemiluminesecence method by Intmu-Star HRP substrate (BioRad,

Hercules, CA). Signal was detected by exposure to Biomax film (Eastman Kodak,
Rochester, NY).

We used a VersaDoc-1000 Imaging System (BioRad, Hercules, CA) to measure

each band density on the film. The density of each band indicated the protein
concentration in the treatments.

3.6. eDNA microarray experiment
Microarray technology includes total RNA extraction, labeling, hybridization, and
data analysis. Details of these steps are outlined below.

3.6.1. Animals

In this trial, eight Jersey cows from the OSU Dairy were assigned to two
treatments: 1- control and 2- with feed additive (OmniGen-AF). Cows in Treatment 1
were feed with a TMR (Total Mixed Ration, Table 4). In Treatment 2, feed additive was
administered to cows at 0.5% of feed intake/day for one month until paturition.
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Table 4. OSU calving cow feed and ration (Nov-Dec, 2003, DM Basis). Source:
Patrick French. DM: dry matter

Ingredient

% of DM

Corn Silage

Nov
33.9

Dec
34.0

Oat Hay

14.2

14.2

Alfalfa Hay

14.3

14.3

Barley/Corn

17.2

17.2

SBM/Distillers

3.1

3.1

Molasses

4.3

4.3

Distillers

6.1

6.0

Mineral/Vitamin

6.8

6.8

Blood samples (400 ml) were taken from cows at 12 hours post-calving.
Neutrophils were prepared from samples as described in 3.4.1. BOTL-5 microarrays
were supplied by Dr. Jeanne Burton (Michigan State University). Arrays included three
spots for each of 1,056 leukocyte genes. Control genes spotted within and across the 48patch microarrays (9 x 9 series of spots pet patch) included 96 spots of synthetic lambda

Q cDNA (external control), 144 spots of GAPDH, 75 spots of f3-actin, and 75 spots of
RPL- 19 (internal controls).

3.6.2. Neutrophil total RNA extraction

Neutrophils were purified using Percoll gradient centrifugation (Weber et al.,
2001). We lysed the cells using TRIZOL, then transferred the aqueous phase to clean

tubes as outlined in 3.4.2.2. We precipitated the RNA from the aqueous phase by
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mixing with isopropyl alcohol. For this we used 0.5 ml of isopropyl alcohol per 1 ml

of TRIZOL reagent used. Samples were incubated at 15 to 30°C for 10 mm and
centrifuged at no more than 12,000 xg for 10 mm at 2 to 8°C. The RNA precipitate,
often invisible before centrifugation, forms a gel-like pellet on the side and bottom of

the tube. We removed the supernatant and washed the RNA pellet once with 75%
ethanol, adding at least 1 ml of 75% ethanol per 1 ml of TRIZOL reagent. The sample
was mixed by vortexing and centrifuged at no more than 7,500 xg for 5 mm at 2 to 8°C.
At the end of the procedure, we briefly dried the RNA pellet (air-dry or vacuum-dry for

5-10 mm) At this step, it is important not to let the RNA pellet dry completely as this

will greatly decrease its solubility. We dissolved RNA in RNase-free water, and
incubated for 10 mm at 55 to 60°C.

3.6.3. RNA quality and concentration
The biggest key to successful GeneChip microarray experiments is preparation of
high quality RNA. Various methods, spectrophotometers and gel electrophoresis, have

traditionally been used to analyze RNA quality. Agilent has introduced an instrument,
an Agilent 2100 Bioanalyzer, which provides more sensitive qualitative analysis from
less RNA than traditional methods. The Agilent 2100 Bioanalyzer provides a platform

that uses a fluorescent assay involving electrophoretic separation to evaluate RNA
samples qualitatively. The Bioanalyzer measures the amount of fluorescence as the
RNA sample is pulsed through a microchannel over time. Its software creates a graph
called an electropherogram, which diagrams fluorescence over time. Smaller molecules

are pulsed through the separation channel quicker than larger ones and will therefore
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appear on the left side of the electropherogram. For each sample the software creates
a gel image to accompany the graph.

High quality RNA electropherograms show several characteristics. First, there are

clear 28S and 18S peaks. Secondly, there should be low noise between the peaks and
minimal low molecular weight contamination. Among our samples, only those with
rRNA ratios (28S/l 8S)> 1.0, were used in cDNA microarray experiments.

3.6.4. cDNA synthesis and hybridization
For cDNA synthesis, 10 tg of sample RNA were converted to cDNA (42°C for

60 mm) using the Atlas glass fluorescent labeling kit (Clontech, Palo Alto, CA).
Included in this reaction was 1.25 ng of lambda Q synthetic mRNA, which served as a

cDNA synthesis and dye labeling control. Dye couplings and labeled cDNA
purifications were performed according to the manufacturer's instructions. The cDNAs

were incubated at 70°C for 5 mm just prior to array hybridization using a GeneTAC
Hybridization Station (Genomic Solutions, Ann Arbor, MI). Arrays were incubated 2
mm

at 75°C prior to probe addition. Following probe addition at 75°C, hybridization

conditions included 3 h at 65°C, followed by 3 h at 55°C, and finally 12 h at 50°C. This

was immediately followed by two medium-stringency washes at 50°C, two highstringency washes at 42°C, and two washes with post-wash buffer at 42°C (wash
buffers and post-wash buffer were from Genomic Solutions; Ann Arbor, MI). Finally,
arrays were removed, rinsed in 2x saline sodium citrate (SSC) buffer, and centrifuged in

open 50-ml conical tubes (500 g for 3 mm at room temperature) for drying. Array
scanning was done using a GeneTAC LS IV (Genomic Solutions) and accompanying

software (version 3.01). Spot analyses were performed using GeneTAC integrator
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microarray analysis software, version 3.3.0 (Genomic Solutions). Total intensity

values for each dye channel were stored as comma-separated value data files and

exported into Excel spreadsheets for subsequent loading into SAS for data
normalization and analysis.

3.6.5. Statistical analysis of microarray data
Potential dye intensity biases in the microarray data sets were visualized using M

vs. A scatter plots constructed for each array, where log intensity ratios M
log(Cy3/Cy5) - logCy3 - logCy5 were plotted against mean log intensities A = (logCy3

+ logCy5)12 for each array spot, as described by Yang et a] (2002). Array-specific data

normalization was then performed considering a robust local regression technique
(Cleveland et al., 1991) using the LOESS (also known as "LOWESS," for "locallyweighted regression and smoothing scatter plots") procedure of SAS. The efficiency of
LOWESS normalization was assessed by monitoring M-A plots for data from each array

before and after LOWESS normalization. The normalized data were then backtransformed prior to further statistical analyses using the following formulas: logCy3* =

A + M/2 md logCy5 * =A - M/2, where 1 OgCy3 *and logCy5 * are the normalized log

intensities. Here, M represents each of the normalized M values with M being the
LOWESS-predicted value for each spot. LOWESS-adjusted log intensities were then
analyzed statistically using a mixed model approach consisting of two steps (Wolfinger
et al., 2001). The first step involved array-specific spatial variability normalization, and

the second step involved gene-specific analyses to test the effect of treatment on
expression profiles for individual genes.
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3.6.6. Confirmation of altered mRNA abundance profiles using quantitative
real-time RT-PCR.
Confirmation of altered expression for several genes in the predominant ontology

cluster that were identified as differentially-expressed in our preliminary microarray
screening experiment was pursued through the use of quantitative real-time RT-PCR

(Q-RT-PCR) in a MyiQTM Single-color real-time PCR detection system (Bio-Rad,

Hercules, CA). The three genes selected for real-time PCR validation were chosen

based upon the importance of these genes in neutrophils or other immune cells.
Individual RNAs from Percoll-purified blood neutrophils were digested by DNAase
(Invitrogen, Carlsbad, CA) to remove any contaminating DNA, DNase I treatment of
RNA samples was set up with 20 pJ reaction volume: 1 p1 DNase (150 u), 15 jil RNA
and 4 p1 H20. Mixture was incubated at 37°C for 15 minutes, then converted into first-

strand cDNA by combining 2 tg of the RNA with 4j.il 5xiScrip Reaction Mix which
includes Oligo (dT) and random hexamer primer. 1 p1 iScript Reverse Transcriptase
(Bio-Rad, Hercules, CA) and sterile water in a 20-pd volume that was incubated for 5
mm

at 25°C followed by 30 mm

at 42°C, then 5 mm

at 85°C.

Q-RT-PCR was

performed using the SYBR Green PCR Core Reagents (Perkin Elmer Applied
Biosystems, Warrington, UK) and three gene-specific primer pairs designed using
Beacon Design (Premier Biosoft International, Palo Alto, CA), as outlined in Table 5.
Primers for 13-actin were also synthesized, and this gene was included in all Q-RT-PCR

analyses for the purpose of data normalization. The relative change for each gene
expression from real-time quantitative PCR experiments was calculated as 3.1.6.2 in
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this section. For this analysis, the CT for control was the calibrator used to determine
relative gene expression changes on treatment for each f3-actin-normalization test gene.

Statistical analysis. The effects of two treatments on each j3-actin-normalization

gene expression (Livak and Schmittgen, 2001) were assessed using two-side t-test
(Ramsey and Schafer, 2002) to determine if differences (P < 0.05) existed with S-Plus
(2002, Lucent Technologies, INC., Murray Hill, NJ).

Table 5. Real-time PCR primers for genes: IL-4- receptor, IL-i- 3-converting enzyme,
angiopoietin and f3-actin.

Gene
IL-4- receptor

Sequence (5'-3')
Forward: CCAAGCTCCTGCCCTG1TFA
Reverse: CCATTrCTAGCAGCCTTAGAGAAGTC

IL-i- J3-converting Forward: CAGTCATCCGAGAACCTGGAA
enzyme
Reverse: TGGAGTTGAGGAACAGAAAGCA

Angiopoietin

Forward: TGGGATTTGGTAACCCTTCA
Reverse: GTAAGCCTCATTCCCTTCCC

J3-actin

Forward: CGCCATGGATGATGATATTGC

Reverse :AAGCCGQCCTFGCACAT
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4. RESULTS
4.1. Detection of A.fumigatus DNA in biological samples
The goals of first studies were to evaluate the relationships between cows which

displayed HBS with detection of A. fumigatus and C. perfringens. We evaluated this
association in a series of three studies.

4.1.1. Analysis of samples collected from local herds
4.1.1.1. Two-step pan-fungal PCR Assay
Samples from an HBS cow, which was recovered from Yelm, WA, were used in
the assay to test for the presence of A. fumigatus DNA (Figure 14 and 15). We also had

access to a sample of gazelle abomasal hemorrhage. Although abomasal hemorrhage

was not the focus of this study, this sample was included to determine whether fungi
could be detected in hemorrhagic abomasal wall.

Results from first-round pan-fungal amplification of samples are shown in Figure
14. Appearance of a 743 bp band represents detection of fungal DNA in the sample. All

samples submitted, including blood, feed, mesenteric lymph node, gut wall and gazelle
abomasal wall (Lanes 2-8, Figure 14) tested "positive" for fungi.
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Figure 14. First-round amplification in two-step PCR assay. Lane M is a ladder
marker, lanes 1-7 are samples from the Yelm BBS cow blood, feed, mesenteric lymph

node, gut wall, and gazelle hemorrhagic abomasum, AF51 11 (lpg/tl), AF51 11
(lng/pJ). Lane 8 is a negative control (ddH2O). The target band is 743 bp.
M

1

23 45 678

743bp

Pinuer

According to the positive control (lpg/jil and lng/j.tl AF5 111) in lanes 6, 7 and
samples in lane 1 and 4 (Figure 14), we detected about 200fg4tl A. fumigatus ITS-DNA
samples in the first PCR.

The second-round amplification (confirmatory) used nested primers (Asfufor and
Asfurev) and 1 jtl first-round PCR product from Figure 14 as template (Figure 15). The

nested primer set was designed as A. fumigatus-specific to yield 520 bp product. In
addition to the 520bp PCR product, some non-specific bands, larger than the band of
interest, were also detected. These corresponded in size to products carried-over from

the panfungal PCR and also to semi-nested PCR products. Therefore, they were
disregarded. In the nested PCR, the density of 520 bp band was similar.
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Figure 15. Second-round (confirmatory) amplification in the two-step PCR assay.
Nested PCR was completed using 1 .tl of the first-round PCR product from lanes 1 to 8
(Figure 14) as template. M is a MW ladder. The target band is 520bp.
1

2 345 678

52Qbp

M

óQQbp

4.1.1.2. One-step A. fumigaius-specific PCR assay

Compared with two-step PCR, one-step PCR is simpler. In the one-step PCR
assay, we used A. fumigatus-specific primers (Asu-Fum-Fi and Ri) which were based
on the A. fumigatus ribosomal genes ITS-i and -2 highly variable regions. PCR yielded

a specific band of 490bp in lanes 1 to 7 (Figure 16). According to the positive control
(lpglpi and lngljfl AF51 11) in the lane 6 and 7, sensitivity was near 200fg.

70

Figure 16. One-step A. fumigatus-specific PCR. PCR with 1 j.ti of the lane 1-7
genomic DNA from Yelm HBS cow blood, feed, mesenteric lymph node, gut wall,
gazelle abomasum, AF5 111 (positive control, lpg4tl) and AF5 111 (1ngItl). Lane 8 is a

negative control (ddH2O). M is a MW ladder.

A. fumigatus- specific bands are

indicated at 490bp.
1

2

3

4

5

6

7

8

490 bp

4.1.1.3. Confirmation of PCR product as A. fumigalus
Confirmation of this 490 bp PCR product shown in Figure 16 included: digestion
by restriction endonuclease enzyme and sequencing. We analyzed the PCR sequence to

identify restriction enzyme digestion sites using Webcutter 2.0. We found only one
A7oI cleavage site in this region.
The XhoI cleavage site is 5'- C}TCGA G 3'

3'GAGCTC-5'
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In this specific 490 bp PCR product, the primers and enzyme sites are shown below:
Forward Primer

ggccttcgga ctggctcagg ggagttggca acgactcccc agagccggaa agttggtcaa acccggtcat
ttagaggaag taaaagtcgt aacaaggtt tccgtaggtg aacctgcgga aggatcatta ccgagtgagg
gccctctggg tccaacctcc cacccgtgtc tatcgtacct tgttgcttcg gcgggcccgc cgtttcgacg
gccgccgggg aggccttgcg cccccgggcc cgcgcccgcc gaagacccca acatgaacgc tgttctgaaa
gtatgcagtc tgagttgatt atcgtaatca gttaaaactt tcaacaacgg atctcttggt tccggcatcg atgaagaacg
cagcgaaatg cgataagtaa tgtgaattgc agaattcagt gaatcatcga gtctttgaac gcacattgcg ccccctggta
ttccgggggg catgcctgtc cgagcgtcat tgctgccctc aagcacggct tgtgtgttgg gcccccgtcc

Iho I
ccctctcccg ggggacgggc ccgaaaggca gcggcggcac cgcgtccggt cctcgagcgt atggggcttt
Reverse Primer

gtcacctgct ctgtaggccc ggccggcgcc agccgacacc caactttatt tttctaaggt tgacctcgga
tcaggtaggg atacccgctg aacttaagca tatcaataag cggaggaaaa gaaaccaaca gggattgcct.

After digesting the PCR product with Xho I, 490 bp PCR products were cleaved
into two fragments: 428 and 62 bp as shown in Figure 17.
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Figure 17. Confirmation of PCR products. Lanes 2 and 4 are the A. fumigatusspecific PCR products with 490 bp from the Yelm HBS blood and Yelm feed using A.
fumigatus-specific primers (Asu-Fum-Fi and Ri). Lanes 1 and 3 contain two
fragments: 428 and 62 bp (490 bp PCR product in lane 2 and 4 digested byxho I). M is
a MW ladder.
1

2

3

4

lSOObp

JObp

428bp

62p

4Obp

lOcThp

Sequencing of the Yelm HBS cow and Yelm feed PCR product was completed by
OSU-CGRB. After obtaining the PCR product sequences (Figure 18), BLAST searches
indicated these DNA sequences were identical to A.fumigatus ITS 18s and 5.8s rDNA
regions (E Value= 0.0, National Center for Biotechnology information).
We concluded the Yelm HBS cow was positive for A. fumigatus after feeding with
A. fumigatus-positive feed.
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4.1.1.4. Detection of A.fumigatus DNA in GI tract, tissues and blood of
ruminants using real-time quantitative PCR assay
While we successfully identified A. fumigatus DNA in the samples using regular
and nested PCR, we were unable to derive information about the levels of A. fumigatus

present. Fungal burden is an A. fumigatus important concept in mycoses and, as result,
we wanted information on A. fumigatus concentration. For this purpose, we developed a
quantitative PCR-based assay and re-evaluated samples from seven HBS cows and from

17 control cows. The "control" cows consisted of 13 healthy asymptomatic cows, two

which had recently aborted and two which had died suddenly from non-GI-related
problems. Control samples were collected from local dairies in the Pacific Northwest.
The HBS cows originated from Idaho (n=2), Iowa (n=2) and Washington (n=3). Details
on all HBS cows are included in the Methods section 3.1.1.1.

Using real-time PCR technique, we detected A. fumigatus DNA in all HBS
samples. The samples included HBS cow blood, feed, GI wall, GI content, mesenteric
lymphoid node and cotyledon. Table 6 outlines concentrations of A. fumigatus DNA in
seven cases of confirmed HBS.
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Table 6. Detection of A. fumigatus DNA in samples of blood, tissues and feed
recovered from seven cases of HBS. A. fumigatus levels were determined and reported

as "---" (no detectable A. fumigatus DNA) and + to +++++ (low level to very high
level). These correspond to A. fumigatus loads ranging from 0.2 - 1, 1 - 5, 5 - 20, 20 100 and >100 X i0 A. fumigatus genomic units per g of tissue, per ml of blood or per
ml of GI contents (+, ++, +++, ++++, and ++++, respectively). Spaces which are blank
in Table 7 indicate that the sample was not provided to us.

Diagnosis Feed GI
Case

GI

Mesenteric

wall

contents lymph node

Blood Cotyledon

identification
IA #1

HBS

++

+++

+++++

IA #2

HBS

+++

+++++ ---

+++

ID#1

HBS

+++

+

---

+++

ID #2

HBS

+++

+++

+

++++

WA#1

HBS

+++

WA #2

HBS

++ +++++ +++++ ++

WA #3

HBS

++++

++
++

+++++

Bloody GI contents were obtained from five HBS cows and all tested positive for

A. fumigatus. Portions of the GI lining associated with the clot were also tested and

found to harbor high concentrations of A. fumigatus (five of five cows tested).
Mesenteric lymph nodes were recovered from five HBS cows and, of these, three tested
positive. Perforation of the GI barrier (invasive aspergillosis) was evaluated by assaying
blood and tissue concentrations. Six of six blood samples from HBS cows contained A.
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fumigatus. Hematogenous spread was indicated in two cows by detection of A.
fumigatus in cotyledon (1 of 1 case: WA #2; Table 5).

We also tested three cases of idiopathic enteric hemorrhage in ruminant animals

for the presence A. fumigatus DNA. Samples were obtained from Oregon State
University Veterinary School (Table 7). These included a dairy cow and a gazelle with

extensive abomasal hemorrhage and a dairy cow with cecal and colonic hemorrhage.
All were processed for necropsy at the OSUCVM. Both cases of abomasal hemorrhage
tested positive for A. fumigatus. For the two cases of abomasal hemorrhage, positive test

results were recorded in all tissues which were examined (abomasal contents, abomasal

wall and liver). In the gazelle, only the abomasal wall was tested. The dairy cow with
lower GI hemorrhage (colon and cecum) tested negative in all tissues examined (bowel
contents and wall).
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Table 7. Analysis of A. fumigatus DNA in samples recovered from cases of abomasal
and cecal/colonic hemorrhage. A. fumigatus levels were determined and reported as "--(no detectable A. fumigatus DNA) and + to +++++ (low level to very high level).
These correspond to A.fumigatus loads ranging from 0.2-1, 1-5, 5-20 and 20-100 x 106
A. fumigatus genomic units per g of tissue or per ml of GI contents (+, ++, +++ and
++++, respectively). Spaces which are blank in Table 2 indicate that the sample was not
provided to us.

Case
identification

Diagnosis

GI wall

GI
contents

Liver

OR #1

Abomasal
hemorrhage

++++

+++

+++

OR #2
Gazelle

Abomasal
hemorrhage

++

OR #3

Cecal/colonic
hemorrhage

Sybr Green quantitative PCR was also applied to seventeen control (no enteric
hemorrhage) dairy cattle. Of these, 14 tested negative for A. fumigatus. The remaining
cows (n=3: #1046, S0005, S0006) contained very low levels of A. fumigatus DNA, near

the detection limit of our assay (i.e., < 0.02x106 A. fumigatus genomic units/ml of
blood). These levels were 1/20t to 1150,000th of the levels detected in blood of HBS

cows. Two of the samples (S000l, S0002), which tested negative for A. fumigatus,
came from cows which had died suddenly of unknown causes at two different dairies.
Both had exhibited rumen stasis but did not have HBS.
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4.1.2. A national survey of HBS
From April 2003 to September 2004, we received and analyzed 273 blood samples

for A. fumigatus concentration. Of these, 38 samples were identified as "HBS", 61
samples were randomly-chosen controls, 11 were cases of downer cows, 18 were cases
of sudden death, 57 were cases of watery diarrhea, 20 were cases of bloody diarrhea and
68 were cases of abortion. We completed A. fumigatus diagnosis. Data showed blood A.

fumigatus DNA concentration in HBS cows is much higher than in control cows as
shown in Figure 19. The relationship of A. fumigatus DNA to HBS and other cases was
assessed. We found a high association of A. fumigatus DNA with HBS (x2 = 27.6836, P

< 0.001), but not with sudden death (x2 = 0.3817, P
0.0442, P

0.8335), bloody diarrhea (x2 = 0.8093, P

0.5367), downer cows (x2
0.3683), watery diarrhea (x2 =

0.518, P 0.4717) and abortion (x2 = 2.42, P 0.1198).

Figure 19. Blood A. fumigatus DNA concentration in HBS and other cases.
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4.1.3. Collaboration with Wisconsin Vet Diagnostic Lab

Beginning in the summer of 2003, the Wisconsin Veterinary Diagnostic
Laboratory (WVDL) began sending tissue samples from HBS and non-HBS cases to

our laboratory for real-time PCR testing. All samples were sent "blind" to our
laboratory. The WVDL did a full diagnostic work-up for HBS and control cases that
included histopathology, aerobic and anaerobic bacteriologic culture, and genotyping of

C. perfringens Type A isolates plus virus isolation for bovine viral diarrhea virus
(BVDV). The data from the study are summarized below (Table 8).

Table 8. Detection of C. perfringens, Salmonella, BVDV and A. fumigatus in HBS
cows and in cows dying from other GI diseases

Cause of Death

Number
of samples

Number of
C. perfringens
Type A positive

Number of
Salmonella
positive

of BVDV
positive

Number of
A. fumigatus
positive

16

14

1

0

13

9

6

4

0

0

Number

BBS

Other
Gastrointestinal
Tract Diseases

Results indicate there is a significant association between A. fumigatus and HBS

(x2 = 12.15, P

0.001) but not for C. perfringens (x2 =0.532, P

0.466). However,

association of an infectious agent with a particular disease does not prove causation.

The WVDL also used Grocott's Methenamine silver (GMS) stain to detect the
presence of A. fumigatus in PCR positive tissue samples as shown in Figures 20.
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Figures 20. Detection of A. fumigatus hyphae in abomasum of a calf from which we
also detected A. fumigatus DNA. Staining was with methenamine/silver and light green.

The structure of A. fumigatus is characterized by having hyphae with clearlyrecognizable septae. The hyphae are of uniform size (2-4tm wide) and dichotomouslybranched. Representative hyphal elements are indicated by arrows.

4

4.2. HBS and Clostridium perfringens
In this study, the possibility that Clostridium perfringens is involved in etiology
of HBS was also examined. We used multiplex PCR to simultaneously assay five major

clostridial toxin genes (a, f3, c, i and enterotoxin). The same set of samples which had
been evaluated for A. fumigatus DNA was also tested for clostridial toxin DNA.

An agarose gel in which the clostridial a- and c-toxin genes were detected is
showed in Figure 21.

81

Figure 21. Agarose gel electrophoresis of PCR products generated from a multiplex
PCR reaction for five Clostrdium toxin genes. Lane 1 corresponds to molecular weight
markers which range in size from 3000 bp to 50 bp. Positions of the 500, 250 and 100
bp positions are indicated. Lanes 2-8 correspond to extracted DNA samples from seven
HBS cows. Lane 6 indicates presence of the 233 bp c-toxin and 324 bp a-toxin genes in
GI contents from Iowa HBS sample #2. Detection of a-toxin in Idaho sample #1 GI
contents is shown in Lane 8. Other lanes represent samples in which no clostridial toxin
genes were detected.

alpha
epsilon

Genotype analysis of five clostridial toxins indicated no association between HBS

and toxin genes (Table 9). Detection of clostridial toxin genes was completed for
samples of blood, tissues and feed recovered from seven cases of HBS (from IA, ID and

WA). In these HBS cases, genes encoding toxins a and c were detected in three of
seven analyses. Toxin genes J3 and enterotoxin were not detected in any samples. The a

and c toxin genes were detected in blood (one of three analyses), jejunal or abomasal
clot (two of four analyses) and GI wall (one of five analyses).
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Table 9. Analysis of clostridial toxin genes in HBS cows with multiplex PCR.
Samples were analyzed for clostridial toxin genes by multiplex PCR. Cells lacking any
data were not analyzed. "---" indicates non-detectable clostridial toxin genes. "A" and
"E" indicate strong a and c toxin gene signals, respectively. "a", "b" and "e" indicate
weak detection of a, 13, and c toxin genes, respectively. Blank cells were not analyzed
(usually because they were not submitted for analysis).
Case/Location ID Diagnosis GI contents GI wall

Mesenteric

Blood

lymph node

IA#1

HBS

IA#2

HBS

A,E

ID#1

HBS

A

JD#2

HBS

---

WA#1

HBS

WA#2

HBS

WA#3

HBS

---

-----

a,e

-----

---

We also analyzed the three cases of idiopathic enteric hemorrhage in ruminant

animals and 17 cases of non-HBS dairy cattle for C. perfringens toxin DNA. In the

three enteric hemorrhage cases, only one c toxin gene was detected in the GI wall
sample. In non-HBS cows, the f3-toxin gene was detected in blood of three of 17
animals (Table 10). Of interest, two of the three negative control cows which harbored
the fl-toxin gene had aborted. Analysis of five clostridial toxins indicated no correlation
between HBS and clostridial toxin genes.
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Table 10. Analysis of clostridial toxin genes with multiplex PCR. Samples were
analyzed for clostridial toxin genes by multiplex PCR. Cells lacking any data were not
analyzed. "---" indicates non-detectable clostridial toxin genes. "E" indicates strong e
toxin gene signals. "a", "b" and "e" indicate weak detection of a, J3, and c toxin genes,
respectively. Blank cells were not submitted for analysis.

Case ID
OR #1

OR #2 Gazelle
OR #3
S0001

S0002

S0005
S0006
456T
1046
606N
1 099N
S 0007
S 0020

S0021
S0023
S 0024

S0025
S0026
S0027
S0028

Diagnosis

GI contents

GI wall

Abomasal
hemorrhage
Abomasal
hemorrhage
Cecal/colonic
hemorrhage
Non-HBS dead
cow #1 (OR)
Non-HBS dead
cow #2 (OR)
aborted
aborted
Healthy cow
Healthy cow
Healthy cow
Healthy cow
Healthy cow
Healthy cow
Healthy cow
Healthy cow
Healthy cow
Healthy cow
Healthy cow
Healthy cow
Healthy cow

---

B

Blood

b
b

b

4.3. Feeds vary widely in their A. fumigatus contents
Our studies showed the HBS is highly associated with A. fumigatus. The presumed

source of A. fumigatus infection in HBS cows is feed. The concentrations of A.
fumigatus DNA in feed samples were determined by Sybr-Green quantitative PCR.

Results are shown in Table 11. Corn and corn/barley mixtures were uniformly
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contaminated with A. fumigatus (100% infection rate). However, the range of
infection proved to be quite large (675 to 79650 spores/g DM). Only one of six soybean

samples tested was A. fumigatus-positive and its infection level was low (945 spores/g
DM). Whole cottonseed and distillers dried grains had infection rates of 30% and 40%,
respectively, and similar levels of infection (15363 and 11516 spores/g DM). Only one
of five wheat mill run samples contained A. fumigatus. Two samples of spoiled silages
contained very high levels of A. fumigatus (>1 millon spores/g). The data indicate three

points. First, A. fumigatus is ubiquitous in dairy feeds. Second, considering that dairy
rations are assembled from a variety of commodities, all cows will likely be exposed to

A. fumigatus. Third, depending upon feed quality and management, exposure to A.
fumigatus could vary widely across dairies.

Table 11. Feeds tested for A. fumigatus DNA. SBM: soybean meal, WCS: whole
cottonseed, DDG: distillers dried grains, WMR: wheat mill run

Fccd

A. fumigatus
positive

% of sample
positive

Mean
Range (spores/g)
(spores/g)

Corn

5

5

100

11286

675-35775

Corn barley

5

5

100

33156

945-79650

SBM

6

1

16

158

0-945

Beetpulp

9

6

67

28966

0-118125

WCS

10

3

30

DDG

10

4

40

11516

0-75625

WMR

5

1

20

6480

0-32400

Spoiled
Silage

2

2

100

1300000

1250000-1350000

15363

0-121500
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4.4. Sheep Studies #1 and #2
To test whether a combination of A. fumigatus exposure and immunosuppression
could induce HBS, we conducted Sheep Study #1 in 2003. Tn this study, we also tested

ability of a commercial nutritional product (OmniGen-AF), which can effectively
prevent HBS (personal communication, Land O'Lake, 2004), to regulate innate immune
function.

Daily administration of dexamethasone (DEX) to the sheep reduced body weight

gain (Figure 22). Note that animals on Treatments 2-5 all gained less weight than
animals on Treatment 1 (control).

Figure 22. Weight (kg) of sheep during the four-week trial. Control sheep (Treatment
1:
) are indicated by the top line. Treatment 4 (dexamethasone with moldy feed) is
indicated as the lower-most. Treatments 2, 3 and 4 overlapped throughout the study.
Dexamethasone injection reduced (P < 0.05) weight gains in Treatments 2-4 compared
to Treatment 1. No statistically-significant differences (P < 0.10) among Treatments 2-5
were detected.
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Injection of DEX caused marked immunosuppression. Note that DEX reduced

both L-selectjn concentrations and interleukin- 113 concentrations (Treatment 2 versus
Treatment 1, control, Figures 23 and 24). When the feed additive was added to the diets

of animals receiving daily injections of DEX, L-selectin concentrations were increased
(P < 0.05) following both 21 days and 28 days of feeding. However, neutrophil IL-113
concentrations were unaffected. Addition of mold-laden feed to Treatments 2 and 4 had
no effect (P < 0.10) on either L-selectin or IL-1f3; however, addition of the combination

of both the mold and feed additive increased both indexes of immune function (P <
0.05, Figures 23, 24 and 25). In fact, the combination of both mold and feed additive
was required to counter the reduction in IL-113 caused by daily administration of DEX.

Figure 23. L-selectin concentrations in sheep exposed to the five experimental
treatments on Day 21. The size of the L-selectin signal was near 40 kDa. Treatment
numbers are indicated to left of Western blot. Six animals we used for each treatment
due to limitations in size of the blotting apparatus.
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Figure 24. A) Neutrophil L-selectin concentrations in sheep exposed to the five
experimental treatments on Day 28. The size of the L-selectin signal was near 40 kDa.
Treatment numbers are indicated to left of Western blot. B) This panel shows scanning
densitometry of the Western blot. Numbers on the x-axis correspond to Treatment.
Numbers on the y- axis correspond to L-selectin concentration in arbitrary densitometry
units. Values are means of six animals following 28 days of treatment. Six animals we
used for each treatment due to limitations in size of the blotting apparatus.
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Figure 25. A) Neutrophil IL-1f3 concentrations in sheep exposed to the five
experimental treatments on day 28. The size of the IL-113 signal was near 30 kDa.
Treatment numbers are indicated to left of Western blot. B) This panel shows scamiing

densitometry of Western blot. Numbers on the x-axis correspond to Treatment.
Numbers on the y-axis correspond to L-selectin concentration in arbitrary densitometry
units. Values are means of six animals following 28 days of treatment. Six animals we
used for each treatment due to limitations in size of the blotting apparatus.
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None of the sheep developed HBS-like symptoms during the 28-day duration

of the study. However, in the

4th

week of the study, three sheep in Treatment 4

demonstrated pyrexia and listlessness. Two of these animals were euthanized with the

expectation that intestinal hemorrhage might be detected. Neither animal had
gastrointestinal hemorrhage; however, one had a lesion in the ventral rumen in the
center of a larger acidotic lesion which was judged to be approximately two weeks old.

By testing of the affected fungal lesion (Figure 26) and associated mesenteric lymph
node (Figure 27), we determined that both contained A. fumigatus DNA and surmised
that the acidotic lesion had created a portal for fungal infection. Liver from this animal
also tested positive for A. fumigatus suggesting a ruminal site of dissemination.

Figure 26. Lesion in the ruminal wall in a sheep from Treatment 4. Lesions are
indicated by white arrows.
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Figure 27. Bleeding in mesenteric lymph node in a sheep from Treatment 4.

In a second sheep study, we tested ability of the feed product to augment
neutrophil L-selectin in immunosuppressed sheep in a manner similar to the previous
experiment. Here, we injected sheep daily with Azium (i.e. dexamethasone) for a period

of 28 days and administered feed additive (OmniGen-AF) in meal and pelleted forms.

All sheep were exposed to a moldy grass silage as outlined in the Methods section of

this thesis. Animals injected daily with dexthamasone exhibited very low levels of
neutrophil L-selectin (Figure 28); however, animals fed OmniGen-AF whether fed as a
meal (Treatment 2) or fed in a pellet (Treatments 3 and 4) had markedly elevated levels

of neutrophil L-selectin (P < 0.05). Again, these data suggest the ability of the feed
additive to counter dexamethasone-dependent immunosuppression.
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Figure 28. A) Neutrophil L-selectin concentrations in sheep exposed to the four
experimental treatments on Day. The size of the L-selectin signal was near 40 kDa.
Treatment numbers are indicated to left of the Western blot. B) This panel shows
scanning densitometry of the Western blot. Numbers on the x-axis correspond to
Treatment. Numbers on the y-axis correspond to L-selectin concentration in arbitrary
densitometry units. Values are means of seven animals following 28 days of treatment.
Lanes 1-3 are wethers and lanes 4-7 are ewe lambs.
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Blood samples were taken from animals in Treatments 1 and 2 (control versus

Feed additive-fed) and taken to the OSU Veterinary Hospital for cell counting. Total

white blood cells (WBCs), neutrophils, lymphocytes, monocytes, eosinophils and
basophils were counted in a cell counter (Figure 29). The feed additive significantly
increased total WBCs (P < 0.05), lymphocytes (P < 0.05) and basophils (P < 0.01), but

no significant differences in neutrophils (P < 0.10), monocytes (P < 0.10) and
eosinophils (P < 0.50) between control (immunosuppressed) and immunosuppressed
animals supplemented with feed additive were detected.

Figure 29. WBC, neutrophil, lymphocyte, eosinophil, monocyte and basophil
concentrations in blood of control (immunosuppressed) and immunosuppressed animals
supplemented with feed additive.
A. Numbers on the y-axis correspond to average concentration (cells/tl). There were

significant differences in concentration of WBCs (P < 0.05), and lymphycytes (P <
0.05), no significant difference in concentration of neutrophils (P < 0.10) between
control (immunosuppressed) and immunosuppressed animals supplemented with feed
additive.
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B. Numbers on the y-axis correspond to average concentration (cells/tl). There are
significant difference in concentration of basophils (P < 0.01), no significant differences
in concentrations of monocytes (P < 0.10) and eosinophils (P < 0.50) between control
(immunosuppressed) and immunosuppressed animals supplemented with feed additive.
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4.5 cDNA microarray experiment
In order to understand the mechanisms by which the nutritional product stimulates
the innate immune response in dairy cattle, we use microarray analysis to examine gene

expression in neutrophils of peri-parturient cows. Parturition in this experiment

provided a natural "stress". In this trial, eight Jersey cows were assigned to two
treatments: 1- control and 2- feed additive. Blood samples were taken from cows at 12
hours post-calving.
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4.5.1. Neutrophil Purity
After neutrophils were purified using Percoll gradient centrifugation, neutrophil

purity is determined by Gi immunostaining and flow cytometric analyis. The neutrophil
purity was always more than 90%. Figure 30 is one example.

Figure 30. Flow cytometric analysis of Percoll-isolated neutrophils showed that we

achieved >90% purity of this cell population with minor contamination from
mononuclear cells. This example showed that Percoll isolation of neutrophils yielded
94% neutrophil purity (B), with minor contamination from mononuclear cells (5.4%, F)
and others (0.6%).
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4.5.2. RNA quality
Total RNA was isolated from blood neutrophils and the quality of RNA was based

upon spectrophotometric and gel electrophoretic analyses. We established that
260nm1280nm ratios always exceeded 1.85. Gel electrophoretic analysis of samples
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used in the study is shown in Figures 31A and B. From the RNA Ratio 28S118S of
these eight RNA samples, we used only six of them (i.e., where 28S/18S> 1.0).

Figure 31. The quality of RNA was checked using an Agilent Bioanalyzer. Control
samples from Ci to C3 and feed additive-treated samples from Ti to T3 are shown. A:
gel electrophoresis. B. 28S and 1 8S peaks and low noise between the peaks in samples
used for microarray, RNA ratios of 28S118S were always >1.0.
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4.5.3. LOWESS normalization of the microarray data.
Representative M-A plots for fluorescence intensities of all spot data from Array 3

are shown before (Figure 32A) and after (Figure 32B) LOWESS normalization, which
effectively adjusted spot intensities for the small Cy5 dye bias that was present at lower

average intensities. The LOWESS-nonnalization data from each array were backtransformed and subjected to GeneSpring and statistical analyses to visualize and test
the effect of feed additive on gene expression.

Figure 32. LOWESS normalization. A: pre-normalization M-A plot for Array no.3,
which was hybridized with neutrophil RNA from control (Cy3-labeled) and feed
additive-fed (Cy5) cows.
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B. Post-LOWESS normalization M-A plot for the same array shown in A. After
LOWESS normalization effectively removed some Cy5 dye bias that was apparent for
low-intensity spots in the BOTL-5 microarray data sets.
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4.5.4 GeneSpring analysis of neutrophil gene expression profiles.

Genes which were differently-expressed in neutrophils as a result of adding
OmniGen-AF to the diet of peri-parturient cows are shown in Table 12. Expression of

each of these genes was significantly (P < 0.05) altered. Tn addition to them, an
additional 44 genes were altered at 10% level of significance.
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Table 12. 20 genes detected in blood neturophils by cDNA microarray analysis as
putatively altered (P < 0.05) in expression by feed additive. Target genes for
quantitative PCR in bold.

Gene name
Angiopoietin
Fibroblast Growth Factor acidic (FGF-acidic)
Interleukin 4 receptor (IL-4R-ci)
Epidermal growth factor receptor
Wilms tumor 1
Upstream stimulatory factor (USF)
Hepatitis B virus associated factor (XAP4)
Epithelin
Apolipoprotein
K1AA0963
Forkhead transcription factor, FKHRL1
Thymopoietin (TMPO)

Interleukin-1D converting enzyme (ICE, caspase-1)
Granulin (GRN)
Nucleoporin
RING finger
Growth factor receptor
Fanconi anemia, complementation group A
Nonmuscie myosin heavy chain (NMHC)
Calmodulin-stimulated Cyclic Nucleotide Phosphodiesterase (PDE1 C)

4.5.5 Quantitative real-time RT-PCR (Q-RT-PCR) confirms expression changes
From the list provided in Table 12, we evaluated three genes for further analysis

and confirmation by quantitative PCR. These included angiopoietin, IL-4-receptor and
IL-13 converting enzyme (ICE or Caspase-8). j3-actin analysis was also completed as a

reference. Interleukin 4 receptor (IL-4-R) and ICE expression were both significantly
elevated by feeding of OmniGen-AF to peri-parturient dairy cattle. We were unable to

verify changes in angiopoietin because its PCR product had the same melting
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temperature an interfering primer-dimer contaminant.

3-actin expression, as

expected, was unaffected (P < 0.50) by the feed additive.

Table 12. Quantitative real-time RT-PCR examination of three genes potentially altered
in expression by the feed additive. Using the
method to analyze relative changes,
IL-4-receptor had 2.04-fold change (increase) in animals treated with feed additive, and
there was a 3.25-fold change (increase) in IL-i f3 converting enzyme (ICE! caspase-1).

Gene

IL-4- Receptor
IL-i- f3-converting
enzyme

Angiopoietin

Tm (°C) of
PCR product

(P value)

80

<0.05

80.5

<0.01

Fold change
Increase 2.04
Increase 3.25
Can't differentiate
primer dimer and
PCR product

80

None

3-actin
83

= 0.56
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5. DISCUSSION
5.1. Association of HBS with A.fumigatus and C. perfringens

HBS is a devastating disease in high producing dairy cattle. There has been a

significant increase in the number of initial HBS cases in the recent past six years
(APHIS, 2003). The cause(s) of HBS is unknown but the acute nature of the disease and

the pathological lesions observed strongly suggest that toxins (bacterial and/or fungal)

are involved in the disease process. Initial reports (Godden et al., 2001; Kirkpatrick et

al., 2001) speculated that C. perfringens Type A was associated with HBS and more
recently A. fumigatus has been implicated as well (Forsberg, 2003).

Evidence supporting a role for C. perfringens in HBS is compelling.

C.

perfringens is a ubiquitous pathogen and is well-known for its ability to cause enteric

hemorrhage (Kirkpatrick et al., 2001). C. perfringens Type A was detected in most
HBS cows and, among producers, there has been considerable discussion regarding the
role of C. perfringens in the disease. However, Clostridium is also detected in non-HBS

cows and on dairies with no incidence of HBS (Kirkpatrick et al., 2001) Immunization

does not always lower incidence of HBS. These observations suggest that other
etiologic agents may be associated with HBS.

Evidence supporting a hypothesis that HBS is caused by A. fumigatus is also
compelling. First, moldy feeds have been observed on dairies with HBS (Puntenney,
personal communication). Second, A. fumigatus is capable of infecting the ruminant GI

tract and to cause hemorrhage (Jensen et al., 1989; Jensen et al., 1992; Sarfati et al.,
1996). Predisposing factors for mycotic infections in ruminants include: 1) feeding of
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moldy feed, 2) immunocompromizing diseases, 3) acidosis, 4) anti-microbial therapy,
5) reflux of abomasal contents, 6) metabolic disturbances, 7) post-partum stress, 8) viral

erosive diseases such as infectious bovine rhinotracheitis (IBR), 9) anti-inflammatory
treatment, and 10) abortion (Sarfati et al., 1996). Primary portals of mycotic infection in

ruminants include the abomasum and Peyer's patches. Sarfati et al (1996) reported that
4.7% of a random sample of slaughter cattle displayed GI mycoses. Third, over the past
10 years, A. fumigatus has become the most prevalent airborne fungal human pathogen,

causing severe and usually fatal invasive infections in immunocompromised hosts in

developed countries (Andriole et al., 1993; Dixon et al., 1996; Groll et al., 1996;
Denning, 1998; Man et al., 2002). Perhaps A. fumigatus infection is also increasing in

livestock. Fourth, A. fumigatus is a virulent pathogen in immunosuppressed human
patients (McLoughlin et al., 1987; Schoenheyder et al., 1992; Chen et al., 2002; Muller
et al., 2002), a condition which may be analogous to a high producing dairy cow. Dairy
cattle are stressed and potentially immunosuppressed (Kashiwazaki et al., 1985; Kehrli

et al., 1989; Gilbert et al., 1993; Boissy et al., 1997; Mallard et al., 1998; Ishikawa,
1998; Dobson et al., 2000). Stressors in lactation include: 1) a high energy diet (and

potential acid reflux), 2) ketosis, 3) milk fever, 4) lameness, 5) regular handling, 6)
post-partum stress, 7) potential poor feeding practices, 8) social isolation when sick
animals

are

placed

in

a

"hospital

pen"

and

9)

artificial

insemination.

Immunosuppression in lactating dairy cows often underlies the morbidity associated

with lactation. Fifth, stored feed has potential to mold. Incidence of HBS tends to
increase in cooler weather (Sarfati et al., 1996 Godden et al., 2001) a time when stored
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feed is fed to livestock. Finally, Kirkpatrick et al. (2001) have suggested that HBS is a

multi-factorial disease. Clostridium could not fully account for incidence and no one
had investigated roles that A. fumigatus might play.

5.1.1. Diagnostic methods for fungal infection

5.1.1.1. Traditional methods

Conventional diagnostic tools such as culture, histological and serological
techniques are available for detection of invasive aspergillosis (Walsh et al., 1991;

Denning, 1994; Guiot et al., 1994). Ascioglu et al (2002) reported a diagnosis of
"proven" invasive aspergillosis can be established by culture from a sterile tissue biopsy

specimen or by needle aspiration, or by microscopic detection of branching septate
hyphae in such samples with histopathological evidence of associated tissue damage.

These methods have low specificity, poor sensitivity and reliability (Skladny et al.,
1999; Weigle et al., 2002). In fungal infections, even when positive, results usually take

longer than a week because these organisms are difficult to identify and/or are slowgrowing. Early diagnosis and rapid intervention are critical elements for an effective
treatment of mycosis. This has led to the development of culture-independent diagnostic
tests.

5.1.1.2. Molecular techniques
PCR has been shown to be a highly-sensitive diagnostic tool for the detection of
infectious fungi in diverse specimens. Our aim was to establish a new, highly-sensitive,

and -specific PCR assay for the rapid detection of pathogenic A. fumigatus in blood,

tissue and feed samples. This would result in a test with increased sensitivity and
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increased predictive value. In this study, we developed two-step (nested; pan-fungal),
one-step (A. fumigatus-speciflc), and, possibly, quantitative (A. fumigatus-specific) PCR

assays. In the two-step PCR, after the first-round PCR, we used an internal primer set
for the subsequent second-round to increase sensitivity. Nested PCR assays improved
the detection sensitivity. In the first description of such a two-step PCR fpr the detection
of Aspergillus spp. in serum samples of patients, Yamakami et al. (1996) reported that a

PCR with two sets of 1 8S rRNA primers had considerably improved sensitivity
compared to that of a PCR assay with a single set of primers. Nested PCR sensitivity

can detect as little as to 8Ofg of a DNA sample (Spiess et al., 2003). However, after
nested PCR, one can not estimate original template concentration.

We also established a one-step PCR assay in which A. fumigatus-specific primers
were chosen between ribosomal 18S, 5.8S and 28S genes in ITS1 and ITS2 areas. After

45 cycles of PCR, we were able to detect as little as 200 fg of DNA sample. The
species-specific product of the assay was confirmed with the use of restriction enzyme
digestion of the PCR products and sequencing. Compared with nested PCR, this method
allowed approximate calculation of concentration of DNA samples.

The development of real-time quantitative method PCR allowed us to detect the

concentration of A. fumigatus DNA samples with high sensitivity. Our assay was
designed to be specific for A. fumigatus, which is the most common Aspergillus species

causing invasive disease. All other fungal strains, including the pathogenic Aspergillus
species A. flavus and A. niger, did not yield a positive signal with the assay. This system

could potentially provide reliable results within 6.5 h of receiving a sample (including
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DNA extraction steps). Results obtained demonstrate the successful use of real-time
PCR in this setting and suggest that this technique is more sensitive than regular PCR

(as low as 1 Ofg). Furthermore, this system overcomes problems in regular PCR for
quantifying the DNA sample. Following successful development of this technique, the
office of Technology Transfer at OSU sponsored a patent application based on the work
titled "Diagnosis of Fungal Infections". The patent was submitted in February 2003 and
"published" in August 2004.

5.1.1.3. Application of methods to HBS study
In

all PCR methods, an important consideration

is the

avoidance of

contamination. A single PCR amplification may generate 1012 identical amplicons
which, in turn, may serve as template in subsequent reactions. Contamination may occur

by airborne spore inoculation, and the presence of fungal spores in PCR materials. For
this reason, PCR products were handled in a separate room in which PCR mixtures were

set up. In addition, separate pipettes were used for setting-up PCRs. In this study, none

of the negative control reagents had results that were positive for A. fumigatus DNA.
This implies that environmental contamination was negligible. Another possible cause
of contamination is carry-over of PCR products. PCR amplicons may serve as targets for

further reactions. To avoid the carry-over of amplicons in real-time quantitative PCR,
we treated PCR samples with uracil-DNA-glycosylase (Applied Biosystem, Warrington,

UK). This has been proven elsewhere to inactivate amplicons from PCR products
(Gobet, 1997).
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Another consideration is the avoidance of false negative results. In our study,
after we used the QIAamp DNA mini kit to extract DNA, we removed potential Taq

polymerase inhibitors such as protein, salts and enzymes (especially in the feed and
tissue samples) with BD CHROMA gel filtration SPIN Columns to purify DNA from

these Taq polymerase inhibitors. We found this is a necessary step for these sample
types as the Qiagen method often yields a product which contained Taq polymerase
inhibitors.

Concentrations of A. fumigatus DNA in samples were determined using a real-

time quantitative PCR assay. A. fumigatus DNA samples from blood, feed and tissue

were detected in our study. The sensitivity of real-time PCR was higher than that of

conventional PCR. We were able to accurately quantitate 13.5 spores/ml of A.
fumigatus using this PCR method.

There are five major C. perfringens toxin genes (a, 13, c, i and endotoxin). For

detection of C. perfringens, we used a multiplex PCR assay for the simultaneous
detection and identification of the five major C. perfringens toxin genes (a,

13,

c, i and

endotoxin) (Meer and Songer, 1997). The method is based on a primer cocktail
consisting of five pairs of oligonucleotide primers, each being specific for one of the

major C. perfringens toxin genes. It provides a marked improvement in the PCR
diagnostics of C. perfringens, because the previously-described methods required more

than one step for the complete detection and identification of several C. perfringens
types. The total time required by the multiplex PCR assay, including DNA extraction,
was 6 hours. Multiplex PCR can achieve a sensitivity of 200 fg (Lindstrom et al., 2001).
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The sensitivity of the assay enables the detection of low numbers of spores present in
natural samples.
After conduct of this study, a PCR method for detection of the clostridial f32-toxin

was reported. There have been some discussions that HBS could be associated with
pathogenic strains of C. perfringens. However, we unable to complete analysis of f32-

toxin presence in our samples and this needs to be recognized as a limitation of our
analysis.

5.1.2. Studies on the HBS with A.fumigatus and C. perfringens
Three studies were completed in order to assess the association of HBS with A.

fumigatus and C. perfringens. The first was a preliminary study aimed at a quick
evaluation of the hypothesis that A. fumigatus might be associated with HBS. In this
study, samples of blood and tissues from control and HBS cows were collected in the
Pacific Northwest, Iowa and Idaho and tested for the presence of A. fumigatus DNA and

for C. perfringens toxin DNA. In the second study, we examined the association
between A. fumigatus and incidence of a number of diseases and problems associated
with dairy production within a sample set which was sent to us from across the nation
for routine A. fumigatus DNA analysis. In the third study, carried-out in collaboration
with the Wisconsin Veterinary Diagnostic Laboratory, we examined association of A.

fumigatus, C. perfringens, Salmonella, and BVDV in a data set which included
confirmed HBS cows and cows which had died from other gastrointestinal diseases
(i.e., control). Each data set indicated that a significant association existed between HBS
and A. fumigatus.
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In the first data set we detected a high degree of association of A. fumigatus with
HBS. All cows which had been confirmed as having died from HBS tested positive for

A. fumigatus. Of the 17 control cows (non-HBS) used in this study, only two tested
positive for A. fumigatus and the levels of A. fumigatus detected in these cows were
very low compared to levels detected in the HBS cows. We also detected the f3-toxin
gene in non-HBS control cows. C. perfringens may be divided into five phenotypes (A,
B, C, D and E). These phenotypes have potential to produce a, a+13+E, a+13, a+c and a+t

exotoxins, respectively (Kirkpatrick et al., 2001). This suggests the presence of C.
perfringens Type D or, possibly, Types A and D in our HBS cows. Of interest, the Type

D species appears to be responsible for enterotoxemia (over-eating disease) in feedlot
cattle and calves (Finnie, 2003).

The limitation of this data set is that the control cow samples were chosen from
primarily healthy cows submitted from other farms. A better control would have been
samples from cows which had died from other gastrointestinal diseases. This limitation
was addressed in the third study which we carried-out in collaboration with WVDL.
In our second study we received 273 blood samples from dairies across the nation

requesting A. fumigatus DNA analysis. When symptoms or cause of death were noted
on submission forms, the samples were added to a data set which allowed us to examine

the association between these conditions/diseases and A. fumigatus. As outlined in the
methods section, we received samples from cows which were asymptomatic (control) or

which had HBS, diarrhea, bloody diarrhea or had aborted (among many other
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problems). Within this data set, we determined that A. fumigatus is significantly
associated with HBS.

The limitation of this data set was the variable skill-level of individuals who
submitted samples. Samples were received from a variety of veterinarians, nutritionists
and producers who use different case definitions for HBS. We can not be certain that all

samples designed as "HBS" were true HBS cases or whether this diagnosis was based
on necropsy or aggressive clinical observations.

The most compelling data set which we developed was conducted in association
with WVDL. In this study, veterinarians at WVDL collected samples from cows which
had died from either HBS or from other GI diseases. Samples at WVDL were tested for

Salmonella, BVDV and Clostridium perfringens Type A. Samples were then sent

"blind" to our laboratory at Oregon State University for A. fumigatus DNA
quantification. Following our analysis, we forwarded results to WVDL where they were
tallied and the complete data set generated and analyzed statistically. The data indicated
that a significant association existed between C. perfringens Type A and all GI diseases

including HBS. However, A. fumigatus was significantly associated only with HBS.
These observations indicate that C. perfringens is an opportunistic infection associated
with all GI diseases in cattle whereas A. fumigatus is specifically associated with HBS.

While these data do not prove that A. fumigatus causes HBS, they do indicate that A.

fumigatus is more specifically associated with HBS than C. perfringens Type A.
To date, these are the only observations linking HBS with A. fumigatus. The strength of
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our study is that it is the only study which has included cows dying from other GI
diseases as a control.

5.1.3. Development of an HBS model in sheep
Based on our discovery that A. fumigatus is significantly-associated with HBS, we

attempted to develop a model for HBS. We chose to work with sheep because of the

lower cost of this species. Our hypothesis was that HBS occurs in cows which are
immunosuppressed and which are exposed to large quantities of A. fumigatus in their

feed. While immunosuppression in cows may result from a variety of factors, we
utilized a dexamethasone model for immunosuppression in ruminants which had been
developed at Michigan State University (Weber et al., 2001). Tn this model, high doses

of dexamethasone were injected twice daily into sheep. Our source of A. fumigatus in

this study was a large sample of moldy wheat mill run which we recovered from a
4500-cow dairy in Chehalis WA. This farm had just purchased this feed and had just
experienced six cases of HBS and 70 abortions in the previous two weeks. The cause
was attributed to this poor source of feed. To further increase the likelihood of inducing

HBS in the sheep model, we also fed the sheep a high-energy "dairy-type" diet (rich in
corn and alfalfa).

Despite attempts to re-create HBS, we were unsuccessful. Hence, we cannot be

certain that HBS is truly caused by (although it is associated with) A. fumigatus.
Reasons for our inability to re-create HBS in a sheep model could be attributed to one
(or more) of the following:
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HBS is not caused by a combination of A. fumigatus and immunosuppression (i.e.,
our hypothesis is incorrect)
Sheep are a different species and, therefore, may not be susceptible to HBS-like
symptoms (in fact, a similar disease has not been reported in sheep although production
systems differ markedly)

HBS is a sporadic disease which typically affects only a small percentage of animals

in a herd. Incidence is very low and it is possible (maybe even likely) that the small
number of animals used in this study was not sufficient to permit detection.

Addressing limitations 2 and 3 (above) would be very difficult. The costs
associated with using a large number of dairy cows to effectively apply Koch's
postulate are prohibitive. Hence, we are largely left with indirect, epidemiological
approaches to assess the cause of this disease.

5.1.4. Remaining questions concerning HBS
What remains uncertain is why some cows develop HBS while other cows, which
consume the same feed and are exposed to the same environment, do not. For example,

we obtained six HBS samples from a very large (4500 cows) Washington dairy
consortium in one week. The characteristics which distinguished these six cows from
the remaining 4494 asymptomatic animals are unclear. Perhaps some combination of
predisposing factors (Kirkpatrick et al., 2001) (e.g., moldy feed, immunosuppression,
acidosis, genetics etc.) become aligned in afflicted cows and thereby support

pathogenicity of A. fumigatus.

5.1.5. Summary
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This study demonstrates that HBS is associated with A. fumigatus. The source of A.

fumigatus is in feed and we propose that the GI tract is the site of infection. A.
fumigatus DNA concentrations in blood of HBS cows are extremely high and could

possibly be used in diagnosis. In human studies, A. fumigatus is recognized for its
invasive properties and pathogenicity in immunocompromised patients. It may have
similar potential in ruminants. These data indicated a strong association between HBS
and A. fumigatus. However, they do not prove a causal relationship.

A limitation is that >100,000 fungal species are known. There are at least 185
known Aspergillus species. Only a very small proportion of the ITS domains of fungi
have been published. Hence, our detection of A. fumigatus could include unrecognized

(non-sequenced) fungal species. Another issue with HBS is that many cows consume
infected feed yet only a small percentage of these cows develop HBS. We do not know
what the other predisposing factor(s) may be. However, we propose that stress-induced
immunoincompetence may play a role in the etiology of HBS.

5.2. How could A. fumigatus cause or contribute to HBS?
McClellan et al (1985) reported a severe bleeding disorder developed in eight renal

transplant patients because of invasive aspergillosis. This disorder is characterized as
severe upper and lower gastrointestinal tract hemorrhage, mucosal bleeding and unusual

coagulopathy. They thought the coagulopathy was probably caused by proteolytic
enzymes elaborated by Aspergillus spp. Singh et a! (1993) found invasive aspergillosis
caused consumption coagulopathy in three (5%) of 55 liver transplant patients.
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Aspergillus hyphae typically invade blood vessels, causing local thrombosis with
consequent distal hemorrhagic infarction (Christin et al., 1998). A. fumigatus can invade

the lung through the alveoli or the tracheobronchial tree (Chang et al., 1998). Jensen et
al (1989) reported A. fumigatus infected the terminal gastric compartments, particularly

the omasum. The GI tract is also a major target for A. fumigatus (Soubani et al., 2002).
A. fumigatus hyphae disseminate in the GI tract and secrete toxins, lipases and proteases

(Rhodes et al., 1990). Some A. fumigatus toxins, such as gliotoxin, can suppress the
immune response of the host by inhibiting complement factors. Lipases and proteases
are involved in fungal penetration of the host barriers by catalyzing the hydrolysis of the

major structural proteins and lipids of the basement membrane of the GI tract. A typical

infection site of A. fumigatus in the GI tract leaves a visible lesion which veterinary
pathologists can easily identify as a fungal lesion.

Mammals have well-developed defensive mechanisms which prevent mycoses.
Complement activation recruits monocytes and neutrophils to the infected site. Killing

by these cells is poor until the conidia swell and germinate into hyphae. Then, these
cells, as well as activated macrophages, can attach and damage the fungus. However,

for immunocompromised individuals, especially the markedly neutropenic patient,
(Christin et al., 1998), growth of hyphae into and extension along blood vessels leads to
hemorrhagic infarction and necrosis.

5.3. Nutrition and immunity
Prevention is the key to reducing the numbers of cows affected with HBS. In the
dairy industry, the critical control strategies for prevention are to increase forage and
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forage neutral detergent fiber (NDF), while at the same time decreasing grain intake
(Clell, 2003). This does tend to reduce milk production slightly, but there has been a

positive trade-off for some affected dairies. Clell (2003) found the guidelines most
commonly recommended currently are for a minimum of 40% forage in the ration and
for at least 20 to 22% of the NDF to come from forage. If the forage NDF drops below

20%, the problem seems to re-appear. Prevention will come primarily through
management of the ration.

New knowledge of how nutrients affect immune function provides us with more

opportunities to reduce incidence of HBS. Some nutrients, such as essential amino
acids, essential fatty acid (e.g. linoleic acid), vitamin A, folic acid, vitamin B6, vitamin

B12, vitamin C, vitamin B, Zn, Cu, Fe and Se, are required for effective immune
function (Calder and Kew, 2002).

The immune system can be considered a genuine target for nutrient products.
Wang et al (2001) reported hyphal fragments can induce the production of CD14 and
Toll-like receptors (TLRs) and interleukin- 1

1

(IL-i 13) in monocytes. Each of these

plays important roles in establishing an inflammatory response and in activation of the

immune system. Toll-like receptor and CD-14 form a membrane receptor complex
which is typically stimulated by microbial lipopolysaccahrides (LPS) in the cell walls of

pathogens. This article provides several new insights into how nutritional products
might effectively boost the innate immune system by binding receptors on immune cells

and thereby mimicking a pathogen challenge. In a portion of our research, I obtained a

feed additive (OmniGen-AF), a nutritional product, which was designed around this
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concept. The feed additive is marketed nationally and internationally to nearly 1million cows. OmniGen Research provided us with the additive for testing and funding
for this research.

In first sheep experiment, I studied effects of immunosuppression combined with

intake of a ubiquitous mold to study efficacy of a feed product which can effectively
prevent HBS. Dexamethasone is commonly used as an anti-inflammatory agent. At high
doses it causes significant immunosuppression (Burton and Erskine, 2002). A.

fumigatus is a ubiquitous mold which is usually benign (Latgé et al., 1999). However,
immunosuppression renders individuals susceptible to an A. fumigatus infection (Chen

et al., 2002). Hence, I expected that the combination of immunosuppression and
exposure to A. Jümigatus-infected feed would provide animals with a significant
immune/pathogen challenge and thereby allow me to test efficacy of the feed product
on immune function and health.

Two indexes of neutrophil function were evaluated in this study: L-selectin
(CD62L) and IL-113. L-selectin gene expression in neutrophils is commonly referred to

as "constitutive" because circulating neutrophils require a constant supply of this
adhesion molecule for continuous trafficking into peripheral tissues. Under normal
circumstances, marginating blood neutrophils and neutrophils that become activated for

migration into infected tissues rapidly shed surface L-selectin that is ligated to the

vascular endothelium. This type of L-selectin down-regulation associates with
pronounced neutrophilia and increased susceptibility to infections (Weber et al., 2001).
Interleukin 1 f (IL-i 13) stimulates differentiation of cells of the immune system and
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attracts immune system cells to sites of inflammation. Tamura et al. (2002) found that
the increase of IL-i also enhanced neutrophil cytotoxic functions.
1

Administration of dexamethasone caused marked immunosuppression. Evidence of

this is that dexamethasone injection caused a marked reduction (P < 0.05) in neutrophil

L-selectin concentration and completely abolished (P < 0.05) neutrophil IL-i I. These

observations indicate clearly that the Burton model (Weber et al., 2001), which was
developed as a model of "extreme stress" in dairy cattle, provides an adequate model

for immunosuppression in sheep. Further work in this area may be directed toward
titration of an optimal dose for immuno suppression in sheep.

Addition of the feed additive to the diet restored normal levels of L-selectin (P <

0.05) but had no effect (P < 0.10) on neutrophil IL-113 concentration. These data
indicate potential for the feed additive to restore ability of neutrophils to monitor the
endothelial cell lining for sites of infection but also indicate that IL-i f3 function remains

repressed, even in the presence of the feed additive. Animals were challenged with a
contaminated feed product (moldy wheat mill run). I tested this feed using quantitative
PCR and determined that it was contaminated with A. fumigatus (> 1 million spores/g).

Addition of the feed additive to dexamethasone-treated sheep increased (P < 0.05) Lselectin concentration. Of interest, feed-borne pathogen potentiated actions of the feed
additive on IL-i f3. Specifically, the additive caused a 2- to 3-fold increase (P < 0.05) in

IL-i concentration when fed with a heavily-molded feed sample.
1

To date, I have assessed effects of the feed additive on two indexes of innate
immune function: L-selectin and IL-113. Both indexes were up-regulated. Augmentation
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of L-selectin was independent of feedborne pathogen whereas effects of the additive on
IL-i 13

were pathogen-dependent. These observations imply that the signaling

mechanisms underlying changes in L-selectin and IL-i f3 differ in at least one respect. L-

selectin is expressed as a house-keeping gene in neutrophils (Burton and Erskine, 2003)
and is down-regulated in glucocorticoid-mediated stress whereas IL-I 13 is an inducible,

regulated gene (Moraska et al., 2002). Up-regulation of neutrophil L-selectin implies
potential for increased ability of neutrophils to fulfill their roles in searching for sites of
infection by pathogens. We have not studied this possibility. Increased expression of IL-

113 implies increased ability of neutrophils to signal other aspects of the innate and
adaptive immune systems and to enhance the inflammatory response. We have not yet
developed approaches to test this hypothesis.

In the second sheep study, I re-evaluated the ability of the feed additive to

augment an index of neutrophil function in immunosuppressed sheep. We also
evaluated

effects

of pelleting

on

product

efficacy.

Again,

sheep

were

immunosuppressed for 28 days, this time with twice daily injection of dexamethasone.

This dosage differed from that used in the first study (i.e., in the first study,
dexamethasone was injected for four days followed by a three-day break). In this study,

the OmniGen-AF again increased concentrations of L-selectin in neutrophils from
immunosuppressed sheep. Effects on L-selectin were detected whether the product was
provided in a meal form or in a pellet. These data verified the results from the first study
and again demonstrated how a nutritional approach may affect immune function.
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In order to fully understand the mechanisms by which the feed product is able to

augment immune function (and possibly prevent development of HBS), I tested the
effects of the product on neutrophil gene expression profiles in periparturient cows.
Periparturient cows were used because parturition provides a natural stress with well-

documented cortisol release and impaired neutrophil function (Crouch et al., 1995;
Madsen et al., 2004).

During cow parturition, circulating neutrophils are exposed to a rapidly changing

steroid environment (Diez-Fraile et al., 2003). The onset of parturition is under fetal
control, with hypothalamic

corticotrophin releasing factor (CRF)

stimulating

adrenocorticotropic hormone (ACTH) which, in turn, raises fetal glucocorticoids
(primarily cortisol in mammals) concentrations. The abrupt elevation in blood

glucocorticoids is required for fetal expulsion and initiation of lactation. However,
glucocorticoids can repress neutrophil expression, especially L-selectin and CD 18
expression, which help neutrophils to contact and migrate rapidly through blood vessels

in defense against infections in underlying tissues (Burton and Erskine, 2003). When
innate immune defenses are slowed and weakened, dairy cattle become susceptible to
pathogen attack after parturition.

Samples of neutrophils were collected 12-15 hours following parturition from
control and treated cows and RNA was isolated from each sample. This period of time

following parturition represents a time when glucocorticoids "peak" and represents a
time of immunosuppression (Weber et al., 2001).
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The key to successful microarray experiments is starting with high quality mRNA.

Various methods, spectrophotometers and gel electrophoresis, have traditionally been
used to analyze RNA quality. However, recently Agilent has introduced an instrument,

the Bioanalyzer, which provides more sensitive qualitative analysis of RNA than the

traditional methods. The Agilent 2100 Bioanalyzer provides a platform that uses a

fluorescent assay involving electrophoretic separation to evaluate RNA samples
qualitatively. I prepared RNA and then evaluated the product with this machine. My
samples had clear 28S and 18S ribosomal peaks, contained low noise between the peaks
and had minimal low molecular weight contaminants.

In the data analysis, I used log2-transformed data that were then LOWESS
(locally-weighted regression and smoothing scatter plots) normalized. Following
identification of genes which were differentially expressed, we performed quantitative

RT-PCR on three candidate genes to verify differential regulation. The microarray

experiment detected more than 20 genes which were differentially regulated.
These 20 genes with their known function are shown in Table 14.
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Table 14. Functions of genes differentially regulated by feeding OmniGen-AF

Gene

Angiopoietin

Fibroblast Growth
Factor acidic (FGFacidic)

Interleukin 4
receptor (IL-4R-a)

Epidermal growth
factor receptor
Wilms tumor 1

Upstream
stimulatory factor
(USF)
Hepatitis B virus
associated factor
(XAP4)

Epithelini and 2

Apolipoprotein

K1AA0963

Known function (s)
1) angiogenic outgrowth,
vessel remodeling, and
maturation
2) receptor tyrosine kinase
antagonists
stimulates the proliferation of a
wide variety of cells including
mesenchymal,
neuroectodermal and
endothelial cells.
interaction of IL-4, which is a
key regulator of the immune
system

Reference (s)
Maisonpierre et
al.,1997
Valenzuela et al.,
1999

Horton etal., 1989
Sasaki et al., 1999

Lin et al., 1995
Friedrich et al.,
1999

Suzuki et al., 2000
regulates cell growth in
Chen et al., 2004
response to binding of its
ligands such as EGF and
transforming growth factor
a transcriptional regulator ( e.g. Cook et al., 1996
for growth factors)
Han et al., 2004
a positive trans-acting factor,
Howcroft et al.,
determines Class I molecules
1999
of the major histocompatibility
complex (MHC)
represses NF-kappaB-mediated Huang et al., 2004
gene activation
modulate growth of epithelial
cells
mediates the transport and
uptake of cholesterol and lipid
by way of its high affinity
interaction with different
cellular receptors, including
the low-density lipoprotein
(LDL) receptor.
unknown

Shoyab et al., 1990
Au et al., 1999
Wilson etal., 1991
Chan etal., 2002
Batista etal., 2004

Gure et al., 2000

or

.
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Forkhead
transcription factor,

induces apoptosis

Brunet et al., 1999
Zheng et al., 2000

regulation of nuclear
architecture and cell cycle
control
protease responsible for the
processing of pro-IL-i 3
forms stable complexes in vivo
and in vitro with cyclin Ti and
Tat. Cyclin Ti, together with
the kinase CDK9, is a
component of the transcription
elongation factor P-TEFb
which binds the human
immunodeficiency virus type 1
(HIV- 1) transactivator Tat.
an essential component of
multiple RNA export pathways
RiNG finger proteins have
been found to associate with
target specific proteins for
proteasome-dependent
degradation. e.x. E3 ubiquitinprotein ligase activity is
intrinsic to the RiNG domain.
plays roles in cell
differentiation and
development by stimulating
cell growth
forms a nuclear complex and
keeps stable nuclear function

Harris etal., 1995
Weber etal., 1999

FKHRL 1

Th
(TMPO)
Interleukin- 1 f3

converting enzyme

Granulin (GRN)

Nucleoporin

RiNG finger protein

Growth factor
receptor

Fanconi anemia,
complementation
group A
Nonmuscie myosin
heavy chain
(NMHC)
Calmodulinstimulated Cyclic
Nucleotide
Phosphodiesterase

.

Schotte
Hoque

et al.,

et al.,

2004

2003

Powers et al., 1997
Braun et al., 2002
Freemont, 1993
Fang et al., 2000

Wells, 1999

Hang etal., 1993
Yamashita et al.,
1998

translocated actin filaments

Kumaresan et al.,
2000
Golomb et al., 2004

cAMP hydrolytic activity

Rybalkin et
1997

al.,
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I

evaluated three genes which were differentially expressed according to

microarray analysis: interleukin- 1 13-converting enzyme (ICE), interleukin-4 receptor

(IL-4R) and angiopoietin. These genes were chosen based upon their documented
importance in neutrophils. We also evaluated expression of f3-actin as reference. For
each of these, I developed quantitative RT-PCR methods for quantification of mRNAs
encoding each of these gene products.

Quantitative RT-PCR confinned differential regulation of ICE (3.25-fold
increase). These observations complement our earlier observations from the first sheep
study where I determined that the feed product increased to concentration of neutrophil
IL-113 (by Western blotting). These data imply the basis for the increase in IL-113 is via

increased expression of ICE, the rate-limiting enzyme in IL-i f3 synthesis (Singer et al.,
1995). Interleukin- 1 J3 converting enzyme (ICE) is the specific protease responsible for

the processing of IL-i 13, because IL-i f3 is a secretary cytokine lacking a signal peptide,

which does not follow the classical endoplasmic reticulum to Golgi pathway of
secretion. It is post-translationally processed by ICE and subsequently released from
activated neutrophils (Watson et al., 1998).

From our Q-RT-PCR assay, I also found IL-4-R expression increased 2.04-fold.
IL-4-R is an approximately 140 kDa trans-membrane protein containing an extracellular

domain, a trans-membrane domain, and a large cytoplasmic domain (Galizzi et al.,
1990; Izuhara and Harada, 1993). IL-4 is a key regulator of the immune system and is a

central mediator of type I allergy (Paul, 1991, Bischoff et al., 1999). It exerts its
function on various target cells by activating the bipartite IL-4-R, which consists of the
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IL-4R a subunit and the common y receptor chain (y ). The latter is also a constituent of

the receptor systems for IL-2, IL-7, IL-9 and IL-15 (Lin et al., 1995; Suzuki et al.,
2000). The interaction of IL-4 with the IL-4R, in the course of heterodimerization, is a

crucial event for the onset of IL-4 driven cellular reactions and has therefore been
extensively studied, also with the aim of potential pharmacological intervention. With

the work presented here, further studies on adaptive immunity can give us some new
ideas about feed additive in adaptive immune function, which could be more significant.

From data presented in Table 14, I assembled a tentative global view of how the
nutritional supplement affected neutrophil function. Neutrophils normally survive for a

short time in the circulation (6-12 h) before undergoing apoptosis and clearance from

the blood by the body's phagocytic cell network (Moulding et al., 1998). In order to
enhance neturophil function in protecting against pathogens, one important way is to
extend neutrophil life span. LPS has been shown to inhibit neutrophil apoptosis and to
prolong their functional life span (Watson et al., 1997; Moulding et al 1998). Moulding

et a! (1998) provided a potential mechanism whereby cytokine-regulated gene
expression regulates the functional lifespan of neutrophils, cellular levels of Mci-i
decline as neutrophils undergo apoptosis and are enhanced by agents (e.g. GM-CSF, IL-

1 f3, sodium butyrate, and lipopolysaccharide) that promote neutrophil survival. In our
study, the Q-RT-PCR assays confirmed that the feed additive (OmniGen-AF) increased

ICE expression (3.25-fold, P < 0.01). ICE-dependent cleavage of pro-IL-113 results in

delayed expression of the constitutive cell death program (Watson et al., 1998).
Neutrophils constitutively undergo apoptosis and express relatively high levels of the
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proapoptotic protein Bax (Lagasse, 1994). Mci-i, as an antiapoptosis agent, protects
mitochondrial memembranes from attack by Bax and Bak (Fanning et a!, 2002). Mci-i

protein would be expressed in neutrophils, and up-regulated by IL-13 or GM-CSF.
Hence, IL-i I extends neutrophil life span by acting in an autocrine manner to inhibit
neutrophil programmed cell death.

The apoptotic delay can be blocked by inhibiting tyrosine kinases or NF-kappa B

activation and by inhibiting protein synthesis (Watson et al., 1998). In my study, we
detected significant difference (,) in expression levels of angiopoietin, which mediates
gene activation as tyrosine kinase antagonists. We also detected a significant difference

() in expression levels of hepatitis B virus-associated factor (XAP4) receptor, which
represses NF-kappaB-mediated gene activation. We also found a significantly different

expression level

(J,)

in forkhead transcription factor (FKHRL1), which induces

apoptosis by inducing the expression of genes that are critical for cell death, such as Fas

(Brunet et al., 1999). Fas is expressed on the plasma membrane of neutrophils (Liles et

al., 1996) and is prototypic death receptor from the TNF receptor super family of
molecules. Circulating neutrophils normally express higher levels of Fas than other
leukocytes, easily explaining their sensitivity to apoptosis induction and short half-life

in blood compared with lymphocytes, monocytes, and eosinophils (Fanning et al.,
2002). Hence, my data showed that the feed additive influences expression of genes
that change the apoptosis status of neutrophils.

In order to enhance neturophil function, it is also important for circulation of
neutrophils to effectively access the infection site and kill pathogens. In this study, I
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found that the feed additive increases neutrophil L-selectin expression (P < 0.05), which

helps the activated neutrophil to migrate through the endothelial cell wall toward the
invading pathogen. Here, I also confirmed neutrophil interleukin-4-receptor (IL-4-R)
expression increased 2.04-fold (P < 0.05) by Q-RT-PCR assay. Neutrophil IL-4 exerts

its function on various target cells by activating the IL-4R (Friedrich et al., 1999). For
example, IL-4, interacting with IL-4-R, causes progressive pulmonary infiltration with
neutrophils, macrophages, lymphocytes, and eosinophils (Jain-Vora et al., 1997). Genes

differentially regulated by feeding OmniGen-AF also include upstream stimulatory
factor (USF) and Wilms tumor 1, which regulate gene transcription (Cook et al., 1996;

Han et al., 2004), and nucleoporin, which is responsible for RNA export (Powers et al.,

1997; Braun et al., 2002). All these genes showed that the feed additive influences
expression of genes that regulate neutrophil gene transcription or post-transcription, and
further regulate immune function.
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6. CONCLUSION
This investigation consisted of two elements. First, I used several approaches to
investigate the association of HBS with a common mold: Aspergillusfumigatus. In this

analysis, limited attention was also devoted to the association of HBS with C.
perfringens toxins. In the second part of this study, I evaluated the mechanisms by
which a feed additive affects immune function and thereby minimizes incidence of
HBS.

In a series of three studies, I assessed the relationship between HBS and A.
fumigatus. The first study was a preliminary study where we collected HBS samples in

Washington and also from two veterinarians with a high degree of experience with
HBS. We completed analysis of A. fumigatus and Clostridium perfringens toxin DNA

in the samples and found there was a strong relationship between HBS and A.
fumigatus. In the second study, we collected samples from across the nation (via a
submission program) and again determined that cows with HBS had higher levels of A.

fumigatus in blood than other cows. The limitations of these two initial studies were in
the control population. In the first preliminary study, blood samples for control animals
were collected opportunistically, as were blood samples from cows in the second study.

We also had concerns about the quality of collected samples in the second study
because the skill level of individuals submitting samples varied and we could not be
certain what diagnostic criteria were applied to identify HBS cows. These limitations
were addressed in a third study which we carried-out in association with the Wisconsin
Veterinary Diagnostic Lab. In this study, veterinarians with first-hand knowledge of the

clinical signs of HBS collected samples and forwarded them to us "blind". I analyzed

126

these for A. fumigatus DNA and forwarded results to WVDL where they were collated

and analyzed. Receiving the samples "blind" gave us no opportunity to introduce bias

into the data set. The study also included "ideal" control cows (i.e., cows dying from
other GI diseases). Other studies which have evaluated relationships between HBS and

C. perfringens have not included this type of control. Our analysis indicated that A.

fumigatus was specifically and significantly associated with HBS whereas

C.

perfringens Type A was associated with all GI diseases. The data imply a strong
association (not necessary causal) between HBS and A. fumigatus.

In the second part of this study, I evaluated the mechanisms by which a
nutritional supplement may prevent HBS. The product (OmniGen-AF) is currently fed
to nearly 1 million dairy cattle nationally I hypothesized that it mediated its actions via
augmentation of innate immune function and assessed this hypothesis by examining the

effects of the product on neutrophil L-selectin and IL-1f3 in immunosuppressed sheep

(two studies) and on a full spectrum of neutrophil gene expression in periparturient
cows via microarray analysis. The first two studies with sheep indicated that the product

increased innate immune function via increased expression of both L-selectin and IL1 I. Effects of the product were unaffected a pelleting.

Microarray analysis was completed using a BOTL-5 array at Michigan State
University. We found 20 genes were differentially regulated in neutrophils as a result of

feeding this product and confirmed that two of these (interleukin-1-converting enzyme

[ICE or caspase-8] and IL-4 receptor [IL-4 R]) were regulated. The increased
expression of ICE in neutrophils may explain how IL-i J3 concentrations were increased
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in sheep neutrophils by the feeding of this product because ICE is the rate-limiting
enzyme for IL-i f3 formation.

A global analysis of the effects of the feed product on neutrophil gene expression
was assembled from the microarray data. Roles of all regulated genes were assessed by

review of the literature and, from this, I propose that the feed additive influenced
expression of genes that change the apoptosis status of neutrophils by regulating gene

transcription or post-transcription and enhanced the circulation of neutrophils to
effectively access infection sites and kill pathogens.
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