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Abstract

Objective assessment of infectious and non-infectious inflammation is of value in many
areas of equine clinical practice and research. The aims of this thesis were to establish
methods for purification, characterisation and quantitative measurement of the acute
phase protein serum amyloid A (SAA) and to evaluate its usefulness as a marker of
inflammation in the horse.

Equine SAA was purified using a four-step chromatographic procedure based on
hydrophobic interaction chromatography, gel filtration and strong cation exchange
.chromatography. Further characterisation using two-dimensional electrophoresis, Western
blotting and amino acid sequence analysis revealed three acute phase isoforms of equine
SAA with isoelectric points of 8.0, 9.0 and 9.7 and differences in their amino acid
sequences at positions 16, 44 and 59.

Purified SAA was used as primary standard in a non-competitive chemiluminescence
enzyme immunoassay, in which affinity purified anti-equine amyloid A was used for
coating and detection. An acute phase serum, calibrated against the primary standard, was
used as working standard. The detection limit was 0.5 mg/L, and the assay had a working
range of 3-1210 mg/L and could be performed in approximately three hours.

In the clinical evaluation the SAA responses in non-infectious inflammation (surgery and
experimental non-infectious arthritis) and infections (acute equine influensavirus infection
in adult horses and septicaemia, Rhodococcus equi-pneumonia and rotavirus diarrhoea in
the foal) were investigated.

The evaluation revealed prominent SAA responses in non-infectious inflammation, with
maximal concentrations two days after induction and a return to normal concentrations
within one (castration) or two (arthritis) weeks.

Acute influensavirus infection elicited an SAA response with increasing concentrations
during the first 48 hours of clinical signs of disease and a return to normal concentrations
within 2-3 weeks.

Foals with bacterial infections had significantly higher SAA concentrations compared to
foals with non-bacterial or uncertain diagnoses.

In conclusion, SAA responded prominently to tissue damage and infection and has the
potential of being useful as a marker of inflammation in the horse.
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Abstract

Hultén, C. 1999. Serum amyloid A (SAA) as a marker of inflammation in the horse.
Biochemical, experimental and clinical studies. Doctor’s dissertation.
ISSN 1401-6257, ISBN 91-576-5449-2

Objective assessment of infectious and non-infectious inflammation is of value in many
areas of equine clinical practice and research. The aims of this thesis were to establish
methods for purification, characterisation and quantitative measurement of the acute
phase protein serum amyloid A (SAA) and to evaluate its usefulness as a marker of
inflammation in the horse.

Equine SAA was purified using a four-step chromatographic procedure based on
hydrophobic interaction chromatography, gel filtration and strong cation exchange
chromatography. Further characterisation using two-dimensional electrophoresis, Western
blotting and amino acid sequence analysis revealed three acute phase isoforms of equine
SAA with isoelectric points of 8.0, 9.0 and 9.7 and differences in their amino acid
sequences at positions 16, 44 and 59.

Purified SAA was used as primary standard in a non-competitive chemiluminescence
enzyme immunoassay, in which affinity purified anti-equine amyloid A was used for
coating and detection. An acute phase serum, calibrated against the primary standard, was
used as working standard. The detection limit was 0.5 mg/L, and the assay had a working
range of 3-1210 mg/L and could be performed in approximately three hours.

In the clinical evaluation the SAA responses in non-infectious inflammation (surgery and
experimental non-infectious arthritis) and infections (acute equine influensavirus infection
in adult horses and septicaemia, Rhodococcus equi-pneumonia and rotavirus diarrhoea in
the foal) were investigated.

The evaluation revealed prominent SAA responses in non-infectious inflammation, with
maximal concentrations two days after induction and a return to normal concentrations
within one (castration) or two (arthritis) weeks.

Acute influensavirus infection elicited an SAA response with increasing concentrations
during the first 48 hours of clinical signs of disease and a return to normal concentrations
within 2-3 weeks.

Foals with bacterial infections had significantly higher SAA concentrations compared to
foals with non-bacterial or uncertain diagnoses.

In conclusion, SAA responded prominently to tissue damage and infection and has the
potential of being useful as a marker of inflammation in the horse.
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Introduction

A substantial part of equine clinical practice and research, as well as of
veterinary medicine in general, is concerned with the management of infectious
and inflammatory disease. The detection, control and treatment of inflammatory
processes are all areas where objective assessment of inflammation is of value.
Clinical, haematological and biochemical markers of inflammation, have been,
and are, used in the management of inflammation. Common to these markers is
their unspecific nature in that they do not give information on the aetiology of the
inflammation. This thesis deals with one of the biochemical markers of
inflammation, the acute phase protein serum amyloid A (SAA) in the horse. In
the following, a background and a context for this work are given.

The acute phase response

Inflammation is the response of the body to insults leading to tissue damage. It is
designed to repair the damage and limit its spread (Gallin et al., 1992). This local
process leads, by way of mediators (cytokines), produced by inflammatory and
other cells at the site of inflammation, to a systemic response including an array
of changes that produce an alteration of homeostasis. This systemic response is
considered a part of the natural immune system and is referred to as the acute
phase response (APR) (Kushner & Mackiewicz, 1993). It comprises behavioural,
clinical, haematological, metabolic and biochemical changes intended to quickly
adapt the body to a defence situation and make it better suited to overcome the
insult. In spite of its designation as an acute phenomenon, the response is
maintained as long as the inflammatory process is active. Therefore, it may be
persistent in chronic disease (Gabay & Kushner, 1999). A persistent APR may be
harmful to the body since alterations of homeostasis which are appropriate from
a defence perspective can have unwanted secondary effects on the body if very
pronounced and/or maintained over an extended period of time. The regulation of
the APR therefore has to be tight and it is known that several repressive and
inhibitory systems work in parallel to control the response (Jensen & Whitehead,
1998). However, the detailed mechanisms of these systems are not yet entirely
delineated.

The acute phase proteins

One prominent feature of the APR is the rearrangement of protein synthesis in
the liver following stimulation of the hepatocytes by cytokines. Some proteins,
the positive acute phase proteins, increase in concentration at the expense of
others, the negative acute phase proteins. The definition of an acute phase protein
(APP) is a protein which increases (positive APP) or decreases (negative APP)
by at least 25% during inflammation. The negative APPs will not be further
discussed in this work and the term APP will be used for positive APPs. The
degree of concentration increase differs considerably between the APPs and for
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this reason, they are sometimes grouped as minor, moderate or major APPs
according to their relative concentration increase following inflammatory stimuli
(Kushner, 1982; Van Leeuwen & Van Rijswijk, 1994). There is also a species
variation in the degree of concentration increase of specific proteins as well as in
whether a protein is expressed as an APP or not (Eckersall, 1992).

Several cytokines have been shown to stimulate APP production in vitro or in
vivo, but interleukin-1 (IL-1), interleukin-6 (IL-6) and tumour necrosis factor-a
(TNF-a) are considered the main inducers of the APP synthesis. In addition to
cytokines, hormones and growth factors also influence the APP production.
Glucocorticoids have an important regulatory function, by enhancing APP
synthesis and inhibiting the production of cytokines (Koj et al., 1993) .

The APPs constitute a heterogeneous group of proteins with different, and in
some cases unknown, functions and expression patterns. In general, their
functions are considered to be beneficial to the inflammatory process, either by
being mainly pro-inflammatory or anti-inflammatory (Gabay & Kushner, 1999).
The expression and production of APPs are, alike the APR in general, stimulated
unspecifically and regardless of type of inflammatory stimulus. Bacterial, viral
and parasitic infections as well as non-infectious inflammation and trauma may
elicit the production of APPs. However, bacterial infections and sepsis are
considered to give the most prominent responses (Whicher et al., 1993, Gruys et
al., 1994). However, it seems that the disease activity and the extent of the
inflammatory process might be equally, or more, important for the plasma
concentration of an APP as the type of stimulus (Whicher et al., 1993).

Serum amyloid A

Serum amyloid A (SAA) was first discovered in the 1970s when antiserum to the
protein amyloid A (AA) from amyloid deposits of reactive amyloidosis, was
found to cross react with serum from patients with inflammatory diseases (Levin
et al., 1973; Husby & Natvig, 1974). Reactive or secondary amyloidosis is a
potentially fatal disease during which AA is deposited in different tissues of the
body, predominantly the liver and the kidneys, in the course of chronic
inflammatory processes (Husby, 1994; Kisilevsky & Young, 1994). The serum
protein identified was called “ serum amyloid A” and it was later established that
SAA actually is the precursor of AA, the protein in the amyloid deposits of
reactive amyloidosis (Husebekk et al.,, 1985). Further interest was directed
towards SAA as its potential as a marker of inflammation became evident
(McAdam et al., 1975; Rosenthal & Franklin, 1975).

SAA is one of the major APPs in that its serum concentration can increase up to
several thousandfold in response to inflammatory stimuli. This has been
established based on investigations of mRNA expression or serum concentration
during inflammation in man (Marhaug et al., 1983; Malle & De Beer, 1996) as
well as in several other species, including mouse (Lowell et al., 1986; De Beer et
al., 1992), rabbit (Liepnieks et al., 1991; Rygg et al., 1993a), mink (Marhaug et
al., 1990; Rygg et al., 1993b), dog (Sellar et al., 1991; Yamamoto et al., 1994),
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cattle (Husebekk et al., 1988; Horadagoda et al., 1993), cat (Kajikawa et al.,
1999), sheep (Syversen et al., 1994a) and horse (Husebekk et al., 1986; Pepys et
al., 1989). The rat holds a unique position in this respect by lacking circulating
SAA although expressing an SAA-like mRNA in the liver and several other
organs during inflammation (Baltz et al., 1987; Meek & Benditt, 1989). In the
pig, a 10-13 kDa-protein reacting with antiserum to human SAA has been
detected during inflammation although this protein has not been further
characterised (Heegaard et al., 1998). SAA has been identified as an APP also in
non-mammals such as salmonids (Jensen et al., 1997) and ducks (Ericsson et al.,
1987; Guo et al., 1996).

Regulation of SAA synthesis

The term “serum amyloid A” designates a group of proteins that in almost all
species investigated are the products of several genes. The SAA gene family has
been studied in detail at the genomic level in mouse (Yamamoto et al., 1985;
Lowell et al., 1986; Stearman et al., 1986; Butler & Whitehead, 1997) and man
(Sipe et al., 1985; Kluve-Beckerman et al., 1988; Sack & Talbot, 1989; Betts et
al., 1991; Steel et al., 1993), and the SAA genes of rabbit (Tatum et al., 1990;
Ray & Ray, 1991; Rygg et al., 1991), Syrian hamster (Webb et al., 1989; Gervais
& Suh, 1990), mink (Marhaug et al., 1990), rat (Meek & Benditt, 1989),
salmonids (Jensen et al., 1997) and duck (Guo et al., 1996) have also been
investigated. Most of the protein products of these genes are APPs, but in
humans a constitutive SAA gene has been detected that does not respond to acute
phase stimuli (Whitehead et al., 1992; Steel et al., 1993). The acute phase SAA
genes are mainly expressed in hepatocytes but in man (Urieli-Shoval et al., 1994;
Yamada et al., 1996; Urieli-Shoval et al., 1998; Kumon et al., 1999), mouse
(Meek & Benditt, 1986; Meek et al., 1989; Marhaug et al., 1997), rabbit (Rygg et
al., 1993a; Marhaug et al., 1997), mink (Marhaug et al., 1990; 1997), goat and
sheep (Sack & Zink, 1992) extrahepatic expression of SAA has been described.
Differential expression patterns for the acute phase SAA genes concerning the
site and degree of expression have been reported in vivo during inflammation in
mouse (Meek & Benditt, 1986; Rokita et al., 1987;) and rabbit (Rygg et al.,
1993a; Ray & Ray, 1997). The basis for this variation in gene expression is not
well understood thus far. Studies into the regulatory mechanisms of SAA and
other APPs indicate that these differences can come about due to regulatory
elements and feedback loops which influence the genes individually (Jensen &
Whitehead, 1998).

The main stimulators of SAA gene expression are, as for the acute phase proteins
in general, the cytokines IL-1, IL-6 and TNF-a. A large number of studies have
been done ir vivo and in vitro to establish the mutual relationship between these
cytokines when it comes to stimulation of the SAA expression. These studies
seem to verify that IL-6 is a potent inducer of SAA. However, IL-6 cannot work
on its own but needs IL-1 in order to function. Under the influence of IL-1, which
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also stimulates the SAA expression by itself, IL-6 works synergistically to
enhance the expression of SAA (Marhaug & Dowton, 1994).
To date there have been no investigations into equine SAA on the genomic level.

Structure and characteristics of the SAA protein

Acute phase SAA is an apolipoprotein, which means that it is transported in
plasma attached to lipids in a lipoprotein complex (Benditt & Eriksen, 1977;
Benditt et al., 1979). SAA is mainly complexed to the third fraction of high-
density lipoprotein (HDL;) but can be found in all lipoprotein fractions (Marhaug
et al., 1982; Eriksen & Benditt, 1984). During the APR, when increasing amounts
of SAA appear in the circulation, apolipoprotein A-I and apolipoprotein A-II in
the HDL-particle II are displaced by SAA, which may account for most of the
protein content of the HDL-particle during an APR (Clifton et al., 1985).

Equine SAA is a protein of approximately 11 kDa with 110 amino acid residues
(Husebekk et al., 1986; Sletten et al., 1989). The circulating protein exhibits three
heterogeneous positions in its amino acid sequence rendering the existence of
multiple circulating isoforms possible (Sletten et al., 1989). The partial or
complete amino acid sequences of acute phase SAAs have been established in
man (Sletten et al., 1983; Dwulet et al,, 1988; Beach et al., 1992), mouse
(Hoffman et al.,, 1984; De Beer et al, 1991; De Beer et al., 1992), cattle
(Rossevatn et al., 1992; Alsemgeest et al., 1995a), rabbit (Liepnieks et al., 1991;
Syversen et al., 1993a), mink (Syversen et al., 1993b), sheep (Syversen et al.,
19942) and duck (Ericsson et al., 1987). In all these species, except the rabbit
and the duck, heterogeneous positions in the amino acid sequence have been
noted and in some cases the actual circulating isoforms have been separated.
These proteins show great similarities between species and a specific region of
20 amino acid residues is very well conserved with almost identical primary
structure in all species investigated. This high degree of homology and
preservation suggests that the conserved region in particular, but also SAA in
general, has an important function (see below).

The reason for the interest in this field among SAA researchers is at least
twofold. First, there is a species difference as to whether or not the deposition of
amyloid during reactive amyloidosis is isoform-dependent (Marhaug & Dowton,
1994). Understanding these mechanisms is of great importance for management
of amyloidosis. Second, and more within the scope of this thesis is the finding
that these isoforms might be differentially synthesised following different acute
phase stimuli. Although most of the studies regarding differential regulation have
been done on the genomic level studying expression of the genes, there have
been some investigations into the dynamics of the circulating isoforms as well.
These studies have given less consistent results compared with the studies of
gene expression, but in humans different dynamics over time for circulating
isoforms of SAA have been shown (Raynes & McAdam, 1991; Kluve-
Beckerman et al., 1997). On the other hand, an investigation of the SAA isoform
distribution in mice following different acute phase stimuli indicated similar
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production of the circulating isoforms regardless of stimulus (Foyn Bruun et al.,
1998).

Function of SAA

Increasing attention is beeing given to the question of the function of SAA. The
opinion that circulating acute phase SAA play an important role in hte
inflammatory process has been advocated for a long time and is based on the fact
that the concentration of SAA increases rapidly and prominently upon
stimulation; that the SAA genes have been well preserved through evolution; that
there are regions of the amino acid sequence which are identical, or almost
identical, in all species investigated and finally; that no human subject lacking
SAA has been described (Jensen & Whitehead, 1998). Possibly opposing this
opinion is the fact that in the rat, no SAA has been found in the circulation
although the SAA genes are present and have substantial homology with those in
other species. Several functions have been ascribed to acute phase SAA, most of
which are related to the inflammatory process, but so far, no conclusive picture
of SAA function has evolved.

The reports on proposed action of SAA in the inflammatory process might seem
somewhat contradictory. Some investigators have found immunosuppressive
effects of SAA on neutrophil function and cell adhesion (Linke et al., 1991;
Preciado-Patt et al., 1994; Gatt et al., 1998) whereas others have shown that SAA
promotes the local inflammation by functioning as a chemo-attractant (Badolato
et al., 1994; Olsson et al., 1999). The experiments leading to these conclusions
have been done with different forms of SAA (recombinant, purified or SAA-
HDL) or synthetic peptide fragments identical to sequences in the SAA molecule
and at different SAA concentrations. Several authors have demonstrated the
inhibitory effect of SAA on different types of platelet aggregation (Zimlichman
et al., 1990; Levartowsky & Pras, 1991; Syversen et al., 1994b). The possible
role of SAA as a modulator of cholesterol metabolism and transport in
inflammatory and atherosclerotic lesions has gained much interest and several
reports on different aspects of this subject have been published (Kisilevsky,
1991; Kisilevsky & Subrahmanyan, 1992; Meek et al, 1994; Shainkin-
Kestenbaum, 1996). The basis for these investigations is the fact that fat
emanating from the destroyed tissue accumulates in the atherosclerotic lesions
and thereby increases the need for lipid transport from the inflammatory site .
Lately th ability of SAA to induce synthesis of IL-1f, IL-1 receptor antagonist
and soluble TNF receptor-II was reported and interpreted as indicating an
immunoregulatory function (Patel et al., 1998)

Assays for measurement of SAA

Due to the association of native SAA with HDL and the different characteristics
of this SAA-HDL compared with purified SAA, developing and standardising
assays for SAA have been a major challenge for researchers wanting to measure
SAA concentrations in plasma or other body fluids. In trying to overcome the
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problems of standardisation of SAA assays a number of assay systems relying on
different reagents have been developed over the years. The earliest investigations
measuring human SAA employed semi-quantitative immunodiffusion techniques
using anti-AA antisera and purified AA to identify SAA in serum (Levin et al.,
1973; Husby & Natvig, 1974). These were followed by radio-immunoassays
(RIAs) using the same reagent combinations (Sipe et al., 1976; Van Rijswijk,
1981). The next step was the introduction of enzyme immunoassay (EIA)
techniques and during the following years the SAA assay systems were further
developed with the use of purified SAA for standardisation and the introduction
of monoclonal antibodies in the assays (Marhaug, 1983). The problem with the
different conformation of native and purified SAA was addressed either by
changing the conformation of SAA in the samples using delipidation (Dubois &
Malmendier, 1988; Saile et al., 1988), heat (Sipe et al., 1989) or chemical
treatment (McCormack et al., 1996), or by using different forms of native SAA
as a standard (Godenir et al., 1985; Yamada et al., 1989; Hachem et al., 1991).
Further improvements have been achieved by using sequence specific antibodies
(Hachem et al., 1991; Casl & Grubb, 1993) and recombinant SAA (McCormack
et al.,, 1996). Attempts have also been made to shorten the analysis time by
automation of the EIA technique (Wilkins et al., 1994) and by developing
nephelometric assays (Hocke et al., 1989; Yamada et al., 1993).

To improve the agreement in SAA determinations between different laboratories
an international standard of human SAA has been produced and evaluated, and is
now available as a World Health Organization (WHO) standard (Poole et al.,
1998)

Since the middle of the 1980s the flow of publications on human SAA assays has
been paralleled by development of SAA assays for some animal species. Most of
these have been ElAs, the earliest of which were designed for SAA measurement
in serum from mice (Wood et al., 1982; Zuckerman & Surprenant, 1986). The
first method for measuring SAA in serum from cattle relied on affinity-purified
anti-bovine amyloid A antibodies and SAA concentrations were reported in
relative units (Boosman et al, 1989). Horadagoda and co-authors (1993)
developed a quantitative assay using an anti-human SAA and purified bovine
SAA. Feline SAA has been measured utilising a feline amyloid A/anti-feline
amyloid A system in radial immunodiffusion (DiBartola et al., 1989) and by EIA
using an anti-canine SAA antibody and feline SAA (Kajikawa et al., 1996).
Yamamoto et al. (1994) measured canine SAA by an EIA technique with species-
specific antibodies. In the horse, SAA has been measured exclusively with
species-specific reagents using electroimmunoassay (Pepys et al., 1989), radial
immunodiffusion (RID) (Nunokawa et al., 1993) and EIA (Satoh et al., 1995).
The need for interlaboratory harmonisation of SAA and other APP assays in
veterinary medicine has been discussed and measures have been taken to try to
establish a similar network for SAA assay calibration between veterinary
laboratories as in human medicine (Eckersall et al., 1999)

16



Other acute phase proteins
C-reactive protein

C-reactive protein (CRP) is the prototype APP and it has been extensively
studied over the years. A short review of this protein is therefore given here
although it has not been measured in the investigations presented in this thesis.
C-reactive protein derives its name from its ability to precipitate pneumococci by
binding to the C-polysaccharide in the cell walls of the bacteria (Tillett &
Francis, 1930). Since this discovery was made, other important functions have
been ascribed to CRP. It acts as an opsonin for bacteria, parasites and immune
complexes and it activates the classical pathway of the complement cascade
(Agrawal et al., 1993). In addition it has the ability to bind chromatin and this
function is considered important in preventing nuclear-antigen autoimmunity in
connection with release of nuclear material from damaged cells (Robey et al,
1984). C-reactive protein belongs to the pentraxins (Osmand et al., 1977), a
group of proteins that have been very well preserved through evolution. CRP-like
pentraxins have been found in all mammals tested, in birds, in fish and in the
horseshoe crab which is an ancient species still living on earth (Baltz et al., 1982;
Robey & Liu, 1981). As for SAA this has led to the conclusion that CRP is
important for the defence of the organism.

CRP is the classical major APP in human medicine and has been used
extensively in clinical practice. In the horse, however, CRP only reacts
moderately during inflammation (Yamashita et al., 1991). Dog (Dillman &
Coles, 1966; Caspi et al., 1987), rabbit (Giclas et al., 1985) and pig (Heegaard et
al., 1998) show increases in CRP comparable to those seen in humans, whereas
CRP in the mouse only is a minor APP (Whitehead et al., 1990). There are
conflicting reports on whether CRP in cattle is an APP or not (Maudsley et al.,
1987; Morimatsu et al., 1991; Schrodl et al., 1995).

Haptoglobin

Haptoglobin is a glycoprotein showing o,-mobility in serum protein
electrophoresis. It is present in normal serum in concentrations of up to 2 g/L in
most species investigated, including man (Roy et al., 1969; Elson, 1974), horse
(Harvey, 1976; Willett & Blackmore, 1979), dog (Harvey, 1976), cat (Harvey,
1976) and pig (Eckersall et al., 1996; Lipperheide et al., 1998). It thus differs
from the major APPs SAA and CRP by being present in significant
concentrations also in healthy subjects. During inflammatory processes the serum
haptoglobin concentration increases moderately in these species. However, in
cattle haptoglobin is a major APP present in undetectable or very low
concentrations in healthy animals and showing large relative increases during
inflammation (Skinner et al., 1991; Hirvonen et al., 1999).

Haptoglobin binds haemoglobin strongly and the complex is rapidly removed
from circulation by the reticuloendothelial system (Hwang & Greer, 1980). The
subsequent decreased concentrations in serum have been used in the assessment
of haemolytic disease (Nosslin & Nyman, 1958; Wilke et al., 1992). In addition
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to binding haemoglobin, a number of regulatory functions related to the immune
system have been reported for haptoglobin (Dobryszycka, 1993).

The most common way of estimating haptoglobin in serum has been to measure
the haemoglobin-binding capacity. In the horse electrophoresis (McGuire &
Henson, 1969), gel filtration (Allen & Archer, 1971) spectrophotometry (Harvey,
1976) and peroxidase activity (Willett & Blackmore, 1979) have been used to
quantitate the haemoglobin-haptoglobin complex. The advantage of methods
based on haemoglobin-binding capacity is that they are not species specific, but
can be used for several species with slight adjustment. More recently, an
immunoassay for equine haptoglobin has been developed (Kent & Goodall,
1991)

Fibrinogen

Fibrinogen, factor I of the coagulation system, is the circulating precursor of
fibrin. The insoluble fibrin is the end product of the coagulation cascade and
polymerises at sites of vascular damage to constitute a mesh to which cells and
other components necessary for wound healing can adhere (Fuller, 1993). Due to
the important function of fibrin in wound healing, it is logical that its precursor is
an APP (Andreotti et al., 1999). In addition to the horse (Andrews et al., 1994),
increased concentrations of fibrinogen during inflammatory processes have been
reported in most species commonly encountered in veterinary medicine including
cattle (Conner et al., 1988), sheep (Pfeffer & Rogers, 1989), pig (Odink et al.,
1990), dog (Ganroth, 1973; Millis et al., 1992) and cat (Gouffaux et al., 1975). In
all these species fibrinogen can be considered as a moderate APP with normal
concentrations in the order of up to 4-7 g/L in healthy animals.

Additional acute phase proteins investigated in the horse

In addition to the APPs described above, a,-acid glycoprotein (orosomucoid)
(Taira et al., 1992), a,-macroglobulin (Pellegrini et al., 1983; Milne et al., 1991)
and ceruloplasmin (Smith & Cipriano, 1987; Milne et al., 1991) have been
isolated from equine serum and identified as minor APPs.

Acute phase protein responses in disease

One of the foundations for the use of APPs as markers of inflammatory disease
was laid as early as 1914 when Von den Velden noticed increased concentrations
of fibrinogen in response to experimental inflammation. This finding was further
investigated by Fahraeus (1921), and his observations led to the development of
erythrocyte sedimentation rate (ESR) as a marker of inflammatory disease. Todat
the ESR is still widely used as a diagnostic tool in human medicine.

The APPs are used to (Whicher et al., 1993; Van Leeuwen & Van Rijswijk,

1994):
e detect infectious or inflammatory conditions and distinguish them from non-
inflammatory processes,
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e distinguish bacterial from other infections or inflammatory diseases with
some certainty

e monitor response to treatment and

e aid in the management of a case concerning prognosis and outcome.

The most commonly analysed specific APP in human medicine is CRP and in

veterinary medicine, fibrinogen. In veterinary medicine, the future use of APP

determinations as an aid in health and welfare control at the herd level

(Alsemgeest et al., 1995c; Lipperheide et al., 1998) and in animal and meat

inspection at slaughter have been discussed and investigated (Gruys et al., 1993;

Toussaint et al., 1995; Saini et al., 1998).

SAA measurements in human medicine

Only a few years after SAA had been identified as an APP, reports were
published of SAA being measured in patient sera. Gorevic and co-authors (1976)
demonstrated markedly elevated SAA concentrations in patients with bacterial
infections. In patients responding to treatment the SAA concentrations decreased
promptly. The SAA response following surgery was less pronounced but elevated
SAA concentrations were seen during 2-3 weeks post-operatively. Since then
investigations have been presented, in which SAA has been suggested to be
useful in discriminating between solid tumours and tumours with metastases
(Rosenthal & Sullivan, 1979; Biran et al., 1986) and in monitoring rejection after
transplantation of kidney (Maury et al., 1983; Miiller et al., 1992), liver (Feussner
et al., 1994) and heart (Miiller et al., 1998). Likewise, viral infections (Shainkin-
Kestenbaum et al., 1982; Miwata et al., 1993) and myocardial infarction
(Marhaug et al., 1986; Casl et al., 1995) give rise to prominent increases of the
SAA concentration. Due to the fact that assays for CRP are easily available and
to the largely similar behaviour of CRP and SAA in many conditions (Maury,
1985; Fukuda et al., 1998), the routine use of SAA measurements in human
medicine is limited, although SAA seems to be a more sensitive marker than
SAA, especially in viral infections (Smith et al., 1992; Nakayama et al., 1993;
Liuzzo et al., 1994; Fukuda et al., 1998).

SAA measurements in veterinary medicine

Cattle

So far, in veterinary medicine, the SAA responses in disease, both experimentally
induced and naturally occurring, have been most widely investigated in cattle.
Boosman and co-authors (1989) reported increased SAA concentrations after
intravenous endotoxin administration to cows. Following experimentally induced
Pasteurella hemolytica pneumonia in calves, SAA concentrations started to rise
two hours after inoculation and rose prominently to maximal concentrations on
day 2 after inoculation (Horadagoda et al., 1993; Horadagoda et al., 1994).
Elevated SAA concentrations have been found in connection with many
common, naturally occurring diseases in cattle (Van der Kolk, 1991; Gruys et al.,
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1993; Alsemgeest et al., 1994), and Horadagoda and co-authors (1999) have
recently demonstrated the use of SAA measurements for discriminating between
acute and chronic inflammatory processes. Chronically stressful housing
conditions due to inappropriate flooring gave rise to increased SAA
concentrations in calves (Alsemgeest et al., 1995). Parturition gave rise to an
APR in the cow indicated by high SAA concentrations. Maximal values
occurred at 24 hours after parturition, whereas no significant increase in the
foetus or in the newborn calf was detected (Alsemgeest et al., 1993; Alsemgeest
et al., 1995b).

Horse

The investigations of SAA responses during inflammatory conditions in the horse
have given grossly similar results as for cattle. Elevated concentrations of equine
SAA have been reported post-operatively, with maximal concentrations 2 days
after surgery (Pepys et al., 1989; Satoh et al., 1995). In experimental infection
with equine herpes virus-1 (EHV-1) (Pepys et al,, 1989) a prominent SAA
response was noted that coincided with fever and viremia. Pepys and co-authors
(1989) and Satoh and co-authors (1995) also found increased SAA
concentrations in several infectious and inflammatory conditions and the use of
SAA measurements as an aid in the management of neonatal foal diseases has
been suggested (Chavatte et al., 1991).

Other species

In the cat, high SAA concentrations have been noted in connection with
experimental non-infectious inflammation (Kajikawa et al., 1999) and in cats
with various diseases other than amyloidosis (DiBartola et al., 1989; Kajikawa et
al., 1999).

In dogs, Bordetella bronchiseptica infection has been demonstrated to give rise
to increased SAA concentrations in the order of 20 times the baseline level
(Yamamoto et al., 1994).

In the pig, a 10-13 kDa protein showing immunoreactivity with human anti-SAA
antiserum increases in concentration following Actinobacillus pleuropneumoniae
infection in swine (Heegaard et al., 1998).
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The basis and aims of the study

The basis of the present study was the need for sensitive and objective markers
for inflammatory disease in equine practice and research. Equine research
dealing with performance and infectious disease, the management of the equine
athlete, the intensive treatment of neonatal diseases in the foal and the health
control of horses to be introduced into new environments are all possible fields of
application for such markers.

The aims of the present study were therefore:

e to make equine SAA available for studies by establishing methods for its
purification, characterisation and quantitative measurement;

e to monitor and characterise the SAA response to non-infectious and
infectious inflammatory stimuli under experimental or natural conditions;

e to compare the SAA response after non-infectious and infectious stimuli with
the responses of presently used inflammatory markers in the horse; and

e to assess the clinical usefulness of SAA as an inflammatory marker in the
horse.
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Methodology

Brief descriptive presentations of the animals, designs and methods used are
given in the following. Detailed information and relevant references are available
in the papers indicated.

Animals, sampling procedures and clinical recordings

All use of animals included in this thesis was approved by the authorities
concerned in Sweden, Norway and Finland.

Purification and characterisation of SAA (paper 1)

Serum was collected by jugular venipuncture from five horses with severe
inflammatory processes due to bacterial infection (n=3), laminitis (n=1) and
bowel surgery (n=1). These sera were used for the purification and
characterisation of SAA. Each serum was investigated separately. A serum
sample from a clinically healthy horse was used for comparisons.

Immunisation: Animals and procedures (paper I and II)

Rabbits were utilised for production of the antiserum used for characterisation of
SAA (paper I) and for the SAA assay (paper II). The antiserum used in paper I
was produced by means of weekly injections of crude amyloid fibrils from
equine liver mixed with purified AA from the same source in complete Freund's
adjuvant (Husebekk et al., 1986). The antiserum for the SAA assay was produced
in six loose-housed rabbits which were immunised monthly with the same
antigen mixture as above (paper II).

Clinical evaluation of SAA as a marker of inflammation in the horse
(paper 1I-V)

Reference values (paper 1)
To establish reference values for SAA in the horse, serum samples from
clinically healthy horses (n=170) were used. The vast majority of these horses
were Standardbred trotters.

Surgical trauma (paper II)

Healthy horses (n=7) undergoing closed normal castration under general
anaesthesia were sampled before and after surgery and on days 1, 2, 4, 7 and 14
post-operatively. The horses were examined at each sampling occasion for local
(swelling, stiffness, exudation) and systemic (fever, depression) signs of
infection.
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Samples were analysed for total leukocyte and differential counts, fibrinogen
concentration, total protein concentration and serum protein electrophoresis
(SPE) (unpublished results) in addition to SAA.

Experimental non-infectious arthritis (paper II-1II)

Arthritis of the right midcarpal joint was induced in 24 Standardbred horses by
injecting amphotericin B. Blood samples were taken by jugular venipuncture
before and 8, 16, 24 and 36 hours post-induction (pi) and thereafter on days 2, 3,
4, 5 and 15 pi. Clinical recordings included local and systemic signs of pain and
inflammation. The samples were analysed for SAA, haptoglobin, fibrinogen and
o,-globulins.

Viral infection (paper IV)

Acute (i.e. less than 48 h of clinical signs) and convalescence (once between 11
and 22 days after the acute stage sampling) blood samples were taken from 70
horses suffering from equine influenza virus infection. The infection was verified
by seroconversion and by detection of virus-infected cells in nasal secretions.
Clinical signs (cough, nasal discharge and body temperature) were recorded
during the trial. Samples were analysed for SAA.

Infections in foals (paper V)

Hospitalised foals which either had clinical signs indicating infectious disease or
in which infectious disease could not be immediately ruled out, were blood
sampled on admission to the Equine Clinic, Department of Large Animal Clinical
Sciences, Swedish University of Agricultural Sciences, Uppsala, Sweden and
thereafter daily or every second day during their stay. They were grouped
according to their main presenting symptoms, which were neonatal weakness
(n=9), pneumonia (n=6) and diarrhoea (n=10). Among the neonatally weak foals,
two had positive blood cultures, and were euthanised due to lack of response to
treatment and poor prognosis. Three foals had ambiguous blood culture results,
and they recovered and were subsequently discharged from the clinic. Three
neonatally weak foals had negative blood cultures, and of these all but one, that
suffered from a ruptured urinary bladder, recovered and were discharged. One
foal suffered from EHV-1 infection and had a negative blood culture. This foal
died. All pneumonias were due to Rhodococcus equi-infection and of the six
foals admitted to the clinic, two were euthanised due to lack of response to
treatment, one died and three recovered. Four of the diarrhoeic foals had
rotavirus infection, and all ten foals with diarrhoea recovered. Clinical
recordings, diagnostic efforts and treatments followed the routines of the clinic.
Samples were analysed for total leukocyte and differential counts and fibrinogen
concentration in addition to SAA.
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Laboratory methods

Purification and characterisation of SAA (paper I)

SAA was purified in a four-step chromatographic procedure including
hydrophobic interaction chromatography (HIC), gel filtration and ion exchange
chromatography. The HIC was done under dissociating conditions using a buffer
containing 4 M guanidine hydrochloride. Bound material from this step was
further purified using gel filtration in two steps. Eluted material chosen for
further purification was separated using a strong cation exchanger and eluted
under a linear salt gradient. Purity and molecular mass were monitored during the
purification procedure using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE).

To further characterise the purified protein and to obtain material for amino acid
sequence analysis, two-dimensional (2D) electrophoresis followed by semi-dry
blotting to polyvinylidene difluoride (PVDF)-membranes and nitro cellulose
membranes was performed. Sequencing of purified protein was done by way of
Edman degradation, where necessary combined with cyanogen bromide (CNBr)
or 3-bromo-3-methyl-2-(2-nitrophenyl-mercapto)-3H-indole  (BNPS-skatole)
cleavage.

Isoelectric points were assessed from the position of the protein spots on the 2D
gels.

Development of an immunoassay for SAA (paper II)

Amino acid composition in solutions of purified SAA was determined and used
to verify the purity of the protein and to determine the protein concentration of
the sample. These solutions of purified SAA were used as primary standard for
calibration of the assay.

Antiserum was produced as described above and was affinity purified using AA
as ligand. Specificity for equine SAA was tested using Western blotting of 2D
gels with separated, partly purified acute phase serum from the first (HIC)
purification step. The affinity-purified antibody was conjugated to horse radish
peroxidase (HRP).

The SAA assay was designed as a non-competitive (immunometric)
chemiluminescence sandwich EIA in which the affinity purified antibody was
used both for coating of the microtiter plates and for detection. In the latter case
it was conjugated to HRP. A pooled acute phase serum was calibrated against the
primary standard and was used as working standard in the assay. All standards,
controls and samples were assayed in duplicate. Controls and samples were
uniformly diluted 1:50. The assay was performed using the Amerlite System
(Ortho Clinical Diagnostics, Amersham, UK).
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Biochemical analyses (papers III and V)

Haptoglobin (paper III)

Haptoglobin was measured as haemoglobin-binding capacity of serum using a
method based on detection of peroxidase activity (Owen, 1960; Jones & Mould,
1984).

Fibrinogen (paper 111 and V)

The plasma fibrinogen concentration was determined in
etylenediaminetetraacetic acid (EDTA)-plasma using a kinetic method
(Boehringer Mannheim Fibrinogen, Mannheim, Germany) (Becker et al., 1984)
which measures increasing turbidity of the sample following activation of the
clotting with a snake venom (batrobaxin). The assay was run on an automated
analyser (Coba’s Mira, Hoffmann-La Roche Ltd, Basel, Switzerland).

Total protein (paper III)
Total protein concentration in serum was determined using the biuret method

(Roche Unimate 7, Roche Diagnostic Systems, Switzerland) on an automated
analyser (Coba’s Mira, Hoffmann-La Roche Ltd, Basel, Switzerland).

Serum protein electrophoresis (papers III)

Serum protein electrophoresis was run on an agarose gel system using barbiturate
buffer at pH 8.6 (Paragon SPE System, Beckman Instruments Ltd, Fullerton,
USA). The protein pattern was divided into six fractions; albumin, a1-globulins,
a2-globulins, B1-globulins, B2-globulins and A-globulins according to standard
procedures for SPE. The relative protein content of each electrophoretic fraction
was multiplied by the total serum protein concentration of the sample to obtain
absolute concentrations for each fraction.

Haematological analyses (paper V)

Leukocytes were counted using an automated cell counter (Sysmex F-800, Toa,
Kobe, Japan). Differential counts were done manually counting 100 cells on
May-Griinewald Giemsa stained blood smears. The leukocytes were classified as
band neutrophils, segmented neutrophils, eosinophils, basophils, lymphocytes
and monocytes.

Statistical methods (papers II-V)

The upper reference limit for SAA was calculated as the value corresponding to
the 97.5™ percentile of the sample (paper II).

The SAA concentrations of the horses suffering from equine influenza infection
were evaluated using the general linear models procedure of the SAS software
(SAS Version 6.12, SAS Institute Inc., Cary, NC, USA). A model was designed
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in which the factors having significant influence on the results were incorporated.
Comparisons between acute and convalescent SAA concentrations and between
infected and normal horses were done non-parametrically using Wilcoxon
matched pairs signed rank sum test and the Mann-Whitney test, respectively
(paper IV).

One-way analysis of variance, followed by Bonferroni correction for multiple
comparisons was used to evaluate the dynamics of SAA, haptoglobin, fibrinogen
and a,-globulins after arthritis induction (paper III). The relationship between the
markers was assessed by calculating Spearman’s correlation coefficients.
Comparisons between groups of foals with different clinical signs were made
non-parametrically using the Mann-Whitney test (paper V).
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Results and discussion

In the following the main results of each investigation is presented and discussed.
For the detailed results, the reader is referred to the respective papers.

Purification and characterisation of equine SAA (paper I)

Hydrophobic interaction chromatography (HIC) was used as the initial
purification step for SAA from equine acute phase serum in this investigation.
When separated by gel filtration, the protein material eluted from the initial HIC
column contained a peak with an approximate molecular mass of 14 kDa, which
was not present in serum from a healthy horse. Further purification of the protein
material in this peak by strong cation exchange chromatography under a linear
salt gradient yielded several small peaks representing impurities followed by one
major peak eluted at the end of the gradient. The protein in this major peak was
identified as equine SAA using NH,-terminal amino acid sequence analysis.

The major peak from the ion exchange chromatography was further investigated
using 2D electrophoresis and was shown to contain three acute phase isoforms of
equine SAA. They were identified by their approximate isoelectric points as
equine SAA pl 8.0 (eSAApI 8.0), eSAApI 9.0 and eSAApI 9.7. Partial amino
acid sequence analysis revealed differences in the amino acid sequence between
the isoforms at positions 16, 44 and 59. These are the positions in which Sletten
and co-authors (1989) found heterogeneities when they determined the primary
structure of equine SAA.

The purification method used in this work is a modification of the method of
Raynes & McAdam (1988). The HIC gel works by binding to hydrophobic areas
on the protein surface and bound material is eluted by reducing the strength of
the hydrophobic bonds using reduced ionic strength or reduced polarity
(Eriksson, 1989). The most hydrophobic area of the SAA molecule is constituted
by the first 11 amino acids at the NH,-terminal end of the sequence. Although not
identical, this region shows great homology between species (Tumell et al.,
1986). SAA is eluted from the column free from lipids and thus the HIC step
provides partial purification from other proteins and delipidation in the same
procedure. The subsequent purification steps are aimed at removing proteins of
differing molecular mass (gel filtration) and, finally, proteins with a similar
molecular mass as SAA, but with other isoelectric points (ion exchange).

The methods that have been used to purify SAA all include a step where the SAA
molecule is dissociated from the lipoprotein complex. Initially, human SAA was
purified using repeated gel filtration in formic acid after precipitation with an
anti-AA antiserum (Anders et al., 1975). This method has also been employed in
the purification of equine SAA although the initial precipitation step was omitted
by these authors (Nunokawa et al., 1993). However, as can be seen in the ion
exchange chromatogram presented in our paper, SAA purified by HIC followed
by repeated gel filtration still contains proteins other than SAA (peaks I-VI). This
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was first established by Marhaug & Husby (1981) who found prealbumin and
albumin in the preparation from gel filtration.

Some research groups, interested in the association of SAA to HDL developed a
purification method based on ultracentrifugation in salt gradients (Skogen et al.,
1979; Eriksen & Benditt, 1980). This method was used for the first studies of
SAA in the horse (Husebekk et al., 1986) and produced pure SAA, but had the
disadvantages of being laborious and time-consuming. Consequently, for
applications where isolation of HDL was not necessary the HIC-based method
for purification of SAA was developed. For the purification of equine SAA we
modified this method by running the HIC step without a gradient and by using a
strong cation exchanger in the last purification step. Using a cation exchanger
proved necessary due to the high isoelectric points of equine SAA.

Theoretically, there are eight possible combinations of the amino acids present in
the heterogeneous positions of equine SAA. Three acute phase SAA isoforms
were identified in our investigation. The possible existence of constitutive SAA
isoforms present in low concentrations and demonstrating other properties than
the isoforms described in our work cannot, however, be ruled out. Co-migration
of isoforms in the same protein spots during 2D electrophoresis has been
described previously (Foyn Bruun et al., 1994; Foyn Bruun et al., 1995), but was
not found in our study, where each isoform was clearly separated from the others.
The fact that eSAApI 8.0 and eSAApI 9.0 were separated although they have the
same theoretical isoelectric point (pI 8.5, see paper I) might be explained by
posttranslational differences between the proteins (Righetti, 1983; Glitz, 1992).
Two-dimensional electrophoresis provides a means of studying isoforms of SAA
without the need for immunological techniques in species where antisera against
SAA isoforms are not available. It has been used to study acute phase SAA
isoforms in several species with (Foyn Bruun et al., 1993; Foyn Bruun et al.,
1995), or without (Bini et al., 1996; Doherty et al., 1998) HIC as an initial
purification step before electrophoresis.

The use of whole serum makes it possible to study several APPs simultaneously,
but seems to impair the resolution of SAA isoforms, since only two different
human SAA isoforms have been found when acute phase whole serum has been
used (Bini et al., 1996), whereas the studies based on protein material eluted
from HIC have revealed five human isoforms (Foyn Bruun et al., 1995). An
extension to the identification of isoforms with 2D electrophoresis is use of the
technique to examine whether there are individual patterns following different
acute phase stimuli and/or different dynamics over time of the isoforms. In one
report using 2D electrophoresis to investigate murine SAA isoform patterns
following stimulation with lipopolysacharide (LPS), different cytokines and
combinations of cytokines and dexamethasone, similar pattemns with respect to
the relative amount of the different isoforms were seen after the different stimuli
(Foyn Bruun et al., 1998). Furthermore, SAA from human patients with different
diseases exhibited similar isoform patterns using electrofocusing followed by
immunoblotting (Maury et al., 1985). In contrast, investigators using HIC and
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electrofocusing to isolate isoforms of human SAA in serum reported differential
dynamics over time (Raynes & McAdam, 1991). Studies of the dynamics of
equine SAA isoforms have not been performed except for the small material of
horses investigated in our paper, where no differences in isoform patterns were
found between horses suffering from different diseases. The drawback of the 2D
electrophoresis method when studying dynamics of SAA isoforms is its relative
insensitivity to quantitative changes, an advantage might be the high resolution
and easy identification of the spots representing SAA.

Characteristics of the immunoassay for measurement of equine
SAA (paper II)

When purified equine SAA was used as the primary standard, a calibration curve
ranging from 0.05 to 105 mg/L was produced. This standard curve was used to
calibrate the working standard, which after dilution to suitable concentrations
generated a standard curve in the range of 0.02-24.2 mg/L. The detection limit of
the assay was 0.01 mg/L. Taking into account the uniform sample dilution of
1:50 and the coefficients of variation, an overall working range of 3-1210 mg/L
was set. In this interval, the intra-assay CV was <10%.

The affinity-purified antibody used had similar affinity to the three acute phase
SAA isoforms as tested by Western blot. No non-specific binding was detected in
the blots.

Purification of SAA involves delipidation of the protein by dissociation from the
lipoprotein complex in which SAA is transported. From an assay-development-
point of view this is troublesome since the SAA to be measured in the sample is
still complexed with HDL. In assays using purified SAA as a standard,
denaturation and delipidation have been used to bring the SAA in the sample to
the same form as in the standard solution. We chose instead to use an acute phase
serum calibrated against purified SAA as a standard, and thereby avoided
consumption of purified SAA. A shift towards higher signals was noted for the
native SAA standard compared with purified SAA. This has previously been
noted by Godenir and co-authors (1985), who investigated the shift of standard
curves due to differing immunoreactivity using purified and native SAA and AA.
The different properties of HDL-bound and purified lipid-free SAA were also
made apparent by the lack of a parallelism between primary (purified SAA) and
working (native SAA) standard curves in our system. In contrast to these findings
and in spite of our and several other reports on lack of agreement between
displacement curves for purified and native SAA, recent studies on the antigenic
determinants of purified SAA using sequence-specific antibodies indicate that the
accessible antigenic determinants are the same in both types of SAA (Malle et
al., 1995; Malle et al., 1998). The authors cited draw the conclusion that purified
SAA would be suitable as standard for native SAA due to the antigenic
similarities between them. However, we did not find the two types of SAA
entirely comparable in our system. Therefore, the working standard was
calibrated against the primary standard in the interval of the primary standard
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curve where the agreement between the curves was best. Since increasing
dilution factors were noted to give increasing absolute SAA concentrations, only
one sample dilution was used to further standardise the assay procedure. The
problem of discrepancy between absolute SAA concentrations calculated after
assay of the same sample at different dilutions was recently noted in a study
evaluating external calibration of human SAA methods with a WHO standard
(Poole et al., 1998). A recent approach to the question of agreement between
purified standard and native samples was taken by McCormack and co-authors
(1996), who used recombinant SAA to more easily be able to produce sufficient
amounts of standard and utilised a sample buffer containing propan-2-ol to
achieve dissociation of SAA from the lipoprotein complex. This approach
rendered similar dilution profiles between purified SAA standard and propan-2-
ol-treated samples.

In the previously published EIA for equine SAA (Satoh et al., 1995) a method of
standardisation similar to ours is used although SAA is purified by repeated gel
filtration. This EIA has a standard curve range of 0.02-5 mg/L and combined
with a uniform sample dilution of 1:200, the working range 4-1000 mg/L is
obtained. This is similar to the working range of our assay. Earlier methods for
measurement of equine SAA include an -electroimmunoassay (rocket
electrophoresis) (Pepys et al., 1989) and a RID assay (Nunokawa et al., 1993).
The electroimmunoassay has a range of 1-50 U/L and assays undiluted samples.
It is calibrated using an acute phase serum, whose SAA concentration was
assigned arbitrarily. Samples above 50 U/L are reassayed using a sample
dilution of 1:10. The arbitrary units used correspond roughly to mg/L, according
to the authors. The working range of the RID method is 5-160 mg/L and
undiluted samples are used. The method is calibrated using SAA purified by
repeated gel filtration. The main drawback of the electroimmunoassay and the
RID assay is that they are time consuming and rather laborious to perform. The
completion time of the EIA developed by Satoh and co-authors (1995), on the
other hand, is comparable to ours.

Different methods to determine the SAA concentration of the purified SAA
standard are employed for the assays described above. For the RID method the
purified and freeze-dried SAA was weighed and diluted to suitable
concentrations. In our hands, weighing of the standard has given considerably
higher values compared with determination of the SAA concentration by amino
acid composition analysis, even when the SAA is lyophilised to apparent dryness
(unpublished observations). Likewise, using the biochemical Lowry method to
determine protein concentration of the SAA standard, as in the SAA EIA
described above, also gives higher concentrations compared with amino acid
analysis (Marhaug, 1983). In addition, SAA purified by repeated gel filtration
might contain other proteins (Marhaug & Husby, 1981). These differences can
partly explain the differences seen between SAA concentrations determined by

our method and those determined by the previous methods (see below).
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Clinical evaluation of SAA measurements in the horse (Papers II-

V)

SAA concentrations in healthy horses (paper II)

The reference interval for SAA concentration in healthy, adult horses was <7
mg/L. Previously published reference ranges for adult horses are 2-41 mg/L
(RID) (Nunokawa et al., 1993) and <33 mg/L (EIA) (Satoh et al, 1995),
calculated on the same set of horses. The discrepancy between our interval and
the others is probably due in part to the difference in standardisation and design
of the methods and to the fact that different methods were used for determining
the protein concentration in the standard.

Non-infectious inflammation (paper 1I-11I)

After surgical trauma (castration) the SAA concentrations in serum increased
quickly and reached maximal levels on day 2 after surgery, whereupon they
approximately halved each day to reach baseline concentration again within a
week. Maximal concentrations (10-110 mg/L) differed considerably between
individuals, whereas the dynamics over time were consistent. The SAA response
seen in our investigation is in accordance with previous studies of the SAA
response after surgery on healthy horses (Pepys et al., 1989; Satoh et al., 1995).
Satoh and co-authors (1995) also report the SAA response after bowel surgery
(jejunojejunostomy) on a healthy horse. In that case, the maximal SAA
concentration was higher than after castration and persisted until day 7 after
surgery. The reason for this extended response was probably the more extensive
tissue damage compared with castration.

In addition to SAA, total white blood cell count and fibrinogen were analysed on
the castrated horses in our study. These parameters remained within reference
limits or were only slightly elevated, and there were no systemic clinical signs of
inflammation (unpublished observations), which demonstrates that SAA is a
sensitive marker of inflammation caused by surgical trauma. Our results
concerning the normal SAA response following surgery indicate that SAA
analyses could be used for monitoring post-surgical recovery and for detecting
systemic post-surgical complications in the horse.

In humans, post-surgical SAA measurements have been used to monitor rejection
episodes after kidney, liver and heart transplantation. The SAA response to the
surgical treatment itself in these cases has been reported as having dynamics
comparable to those seen after surgery in the horse, with maximal values on day
2 and regained baseline values within a week (Maury et al., 1983; Feussner et al.,
1994; Fukuda et al., 1998). In these investigations, viral post-surgical infections
gave rise to increased SAA concentrations as well.

In our study, non-infectious inflammation was further evaluated by investigating
the SAA response during experimental aseptic arthritis (amphotericin B-induced
synovitis/capsulitis). A similar response as following surgery was seen, with
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maximal concentrations on day 2 pi, a2 wide range of maximal concentrations
(46-286 mg/L) and a return to pre-induction values at day 15 pi. In addition to
SAA; haptoglobin, fibrinogen and a,-globulins were measured during the course
of the aseptic arthritis in the joint. These proteins increased only mildly, the
relative maximal increases being 55% for a,-globulins, 87% for fibrinogen and
114% for haptoglobin. The relative maximal increase of SAA, on the other hand,
was 227 times the pre-induction value. All proteins had returned to pre-induction
values by day 15 pi.

The similarities between the responses after surgery and aseptic arthritis were
probably due to the similarity of the stimuli, including aseptic tissue damage and
distinct onset and termination of the stimulus. As a model for aseptic
inflammation, the induction of arthritis with amphotericin B could be compared
to the induction of aseptic inflammation by intramuscular or subcutaneous
injection of irritating substances such as turpentine and casein. Turpentine
injection has been used to induce the APP response in several species including
horse (Nunokawa et al., 1993), pig (Gonzéalez-Ramon et al., 1995; Eckersall et
al., 1996) and dog (Yamashita et al., 1994). In the cited studies, SAA and other
major APPs comparable to SAA were measured, including CRP and major acute
phase protein of pigs (pig-MAP). The dynamics of SAA, CRP and pig-MAP in
these instances were similar to the responses seen during aseptic inflammation
described in our study.

Apart from looking at aseptic arthritis as a model for non-infectious
inflammation in the horse, the results from the study presented in paper III
demonstrate that this type of non-infectious arthritis induces release of cytokines,
which elicit a systemic APR in the horse. This systemic effect of the cytokines
produced in the inflamed joint has attracted little or no attention in equine
research although many authors have addressed the intra-articular induction of
cytokine release in aseptic arthritis. IL-1, IL-6 and TNF-o - the main inducers of
the APP synthesis - have been shown to be present in synovial fluid during
arthritis in the horse (Alwan et al., 1991; Hawkins et al., 1993).

Our finding, that an aseptic arthritis in a single joint can elicit an APR
measurable as prominent increases of a major APP can be important clinically
when differentiating between different types of joint disease. Increased APP
levels need not be indicative of an infection.

In humans, elevated APP levels have been recorded in connection with
osteoarthritis (Spector et al., 1997), which is also commonly encountered in
equine practice as a sequel to several types of joint disease. Serum markers for
osteoarthritis and degenerative joint disease have been sought also in equine
research but these investigations have been focused on measuring products from
cartilage metabolism, such as keratan sulfate. The results of these studies have
been somewhat contradictory (Todhunter et al., 1997; Okumura et al., 1998).
Possibly such studies should be extended to include also the APPs since cytokine
production has been detected in osteoarthritic joint disease in the horse (Morris et
al., 1990; Billinghurst et al., 1995). However, this field of application for APPs
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would probably call for assay methods for equine SAA which are more sensitive
than those used at present, since the inflammatory process is mild and only minor
elevations of SAA concentrations could be expected. The unspecific nature of the
APR should also be borne in mind.

Infectious disease

Viral infection (paper IV)

Naturally occurring acute equine influenza A2 virus infection elicited an APR
measurable as increased concentrations of SAA in the acute stage of the disease.
The horses were sampled within the first 48 hours of clinical signs. Acute stage
SAA concentrations were significantly higher in horses sampled late in the acute
stage than in those sampled early. This indicates that the SAA concentration
increased during the first 48 hours of clinical signs, which is in agreement with
the dynamics seen in cases of aseptic inflammation. In the convalescent stage,
the SAA concentrations could not be distinguished from those of healthy horses.
Horses in which viral infection could be detected in nasal secretions at the acute
stage sampling had higher SAA concentrations than horses that were virus
positive later in the acute stage or virus negative in nasal secretions throughout
the acute stage. :

During experimental influenza virus infection in humans dramatically increased
SAA concentrations were seen during the first 48 hours of clinical signs
(Whicher et al., 1985). The only reports on SAA responses in viral infection in
the horse deal with experimental EHV-1 infection in pregnant mares (Pepys et
al., 1989) and one foal suffering from intra-uterine EHV-1 infection (Chavatte et
al., 1991). Pepys and co-authors (1989) reported slightly elevated SAA
concentrations in three race horses with clinical signs of respiratory disease that
seroconverted to EHV-1. Following experimental infection with EHV-1, the
SAA concentrations of the mares increased rapidly to reach levels a hundredfold
to several hundredfold that of baseline approximately 2-4 days post-challange.
The mares regained baseline concentrations within 2 weeks. In our study, the vast
majority of the horses had normal SAA concentrations in the convalescent stage.
They were sampled once between 11 and 22 days after the acute stage sample
was taken. This indicates that the SAA response during uncomplicated influenza
virus infection is shorter than 2-3 weeks, and thus resembles the response
following experimental EHV-1 infection.

Studies on viral infection in human patients, which determined SAA
concentrations in paired samples (acute and convalescent stage) have revealed
dynamics of the SAA response similar to those outlined in our study during
influenza virus infection as well as during several other viral infections (Miwata
et al., 1993; Nakayama et al., 1993).

In conclusion, our study demonstrate that SAA responds to equine influenza
virus infection and previous studies have shown that equine SAA responds to
EHV-1 infection. It should be remembered, however, that SAA is not a specific
marker of viral infection.
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Infections in foals (paper V)

Foals with bacterial infections (n=8) had higher SAA and fibrinogen
concentrations on admission to the clinic than foals with non-bacterial or
uncertain diagnoses (n=17), whereas there was no statistical difference in total
leukocyte and neutrophil counts between the two groups.

On admission, neonatally weak foals with negative blood cultures had normal
SAA and fibrinogen concentrations and varying leukocyte and neutrophil counts.
The foals with positive blood cultures, that were euthanised, had markedly
increased SAA, decreased or increased fibrinogen concentration and a leukogram
showing leukopenia and neutropenia with toxic changes in the neutrophils. Foals
with ambiguous blood cultures had moderately to markedly increased SAA
concentrations, and normal fibrinogen concentrations, leukocyte and neutrophil
counts on admission. All foals with negative or ambiguous blood cultures
recovered and had normal or decreasing SAA concentration on discharge. The
foal born with EHV-1 infection, and which subsequently died, had moderately
increased SAA, normal fibrinogen concentration and leuko- and neutropenia on
admission. Foals with Rhodococcus equi-pneumonia had increased
concentrations of SAA and fibrinogen, leukocytosis and neutropenia on
admission. On discharge, recovered foals (n=3) had normal SAA concentrations,
whereas fibrinogen and leukocyte counts and neutrophil counts were still
increased. In foals that were euthanised due to lack of response to treatment and
poor prognosis (n=2) or died (n=1), leukocyte and neutrophil counts, SAA and
fibrinogen were elevated in the last sample taken prior to death, except in one
foal, euthanised due to cardiac arrhythmias, which had normal SAA
concentration.

There were no consistent changes indicating inflammation in the parameters
measured in diarrhoeic foals and there was no statistical difference between
rotavirus positive (n=4) and rotavirus negative (n=6) foals in this respect.

The finding in our study, that SAA concentrations are higher in foals with
bacterial infections than in foals with non-bacterial or uncertain diagnoses, is
partly supporting the results of Chavatte and co-workers (1991). They found
significantly higher SAA concentrations in a group of foals with verified and
suspected bacterial and viral infections compared to young foals presenting other
diseases not diagnosed as infections, and also compared to healthy foals. In our
investigation, all but one of the foals with viral infections included, suffered from
rotavirus infections, which, in general, did not mount a notable SAA response.
However, SAA responds prominently to systemic viral infection (paper IV and
Pepys et al., 1989). Therefore, it can not be expected, in spite of the results of our
study, that it will be generally possible to distinguish between viral and bacterial
infections by measuring SAA.

However, in the case of neonatal weakness, the main issue is whether the foal has
a bacterial infection or if other reasons for the weakness should be sought. In this
setting, it seems from our study and others that SAA measurements might have
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some advantages compared to fibrinogen. Firstly, interpretation of fibrinogen
values from foals with presumed septicaemia could be complicated by the fact
that falsely low concentrations might occur due to a consumption coagulopathy,
which can be seen in connection with sepsis. Although the consumption of
fibrinogen seldom is extensive enough to cause hypofibrinogenaemia (Duncan &
Prasse, 1986; Barton et al., 1998), it could be speculated that the very young foal
would be more prone to develop hypofibrinogenaemia, since young foals have
been shown to have lower fibrinogen concentrations than older foals and adult
horses (Barton et al., 1995). Secondly, SAA seems to respond quicker and more
prominently to inflammatory stimuli compared to fibrinogen (paper III; Paradis,
1994), which reasonably means that an infection can be detected earlier with
SAA measurements. Thirdly, relative increases in fibrinogen concentrations can
occur due to haemoconcentration/dehydration, and this may render falsely high
concentrations in diseased foals (paper III; Duncan & Prasse, 1986; Robinson et
al., 1993). Due to the very low SAA concentrations in healthy horses and the
prominent increases during inflammation, the interpretation of SAA values is not
hampered by dehydration (paper III). One possible disadvantage of SAA when
assessing bacterial infection is that the SAA response is non-specific. Therefore
combination of SAA measurements with leukocyte counts and leukocyte
morphology will probably add to the diagnostic value of SAA when trying to
differentiate bacterial infection from other diseases. Another disadvantage of
SAA when used in intensive care at present is the more time-consuming assays
necessary for analysis compared to fibrinogen, since short analysis time is
important in the management of critically ill patients.

The importance of adequate treatment for the outcome of Rhodococcus equi-
pneumonia in the foal has been made clear in previous studies (Sweeney et al.,
1987; Ainsworth et al., 1998). Our study is far to small and brief to determine the
usefulness of SAA as a tool for monitoring treatment of Rhodococcus equi-
pneumonia, and the dynamics of this marker in relation to clinical status.
However, it seems that SAA responds rapidly to treatment and that decreasing
concentrations possibly reflect declining disease activity and spread of the
infection. On the other hand,our study indicates that even if the systemic
inflammatory effects of the infection are suppressed by the treatment, as
illustrated by decreasing SAA concentrations, the pneumonic lesions may be of
such magnitude that fatal disturbances on the respiratory and circulatory systems
may occur in late stages of the disease. This has been further illustrated in a
previous study, in which it was reported, that factors associated with non-survival
in Rhodococcus equi-pneumonia included circulatory and respiratory distress and
severe lung abnormalities, whereas haematological parameters and fibrinogen
concentration did not differ between survivors and non-survivors (Ainsworth et
al., 1998).

Although not addressed in our study, it could be speculated that SAA
measurements might be an aid in the early detection of foals with incipient
Rhodococcus equi-pneumonia. The basis for this speculation is the narrow
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reference range and low concentrations of SAA in healthy horsescompared to
leukocyte counts and fibrinogen concentration, and the assumption that increased
SAA concentrations would occur prior to prominent clinical signs of pneumonia
and/or radiographical changes.

The changes in leukocyte and neutrophil counts as well as in fibrinogen and SAA
concentrations were inconsistent and mild both in rotavirus positive and negative
foals with diarrhoea. In rotavirus infected foals, this finding indicates that if an
acute phase response was evoked by the infection, it was too mild or transient to
be recorded as changed values of the parameters measured. In rotavirus negative
foals the conclusion must be that the cause of the diarrhoea was non-
inflammatory or that the foals had an undetected infection with an influence on
the parameters measured similar to that of rotavirus.

36



Conclusions

e Equine SAA can be purified using a method based on hydrophobic
interaction chromatography, gel filtration and cation exchange
chromatography.

e Equine SAA exhibits three circulating acute phase isoforms with isoelectric
points of 8.0, 9.0 and 9.7 and with differences in their amino acid sequence at
positions 16, 44 and 59. These isoforms can be clearly separated using two-
dimensional electrophoresis.

e Equine SAA can be measured quantitatively in serum using an acute phase
serum calibrated against purified SAA as standard and an affinity-purified
anti-equine amyloid A antibody. This antibody binds all three acute phase
isoforms of SAA equally.

e (Clinically healthy, adult horses have low SAA concentrations (below 7
mg/L).

e Surgical trauma and experimental non-infectious arthritis trigger prominent
SAA responses characterised by maximal SAA concentrations after 36-48
hours. After 48 hours the SAA concentrations decrease rapidly and reach
normal concentrations again within 1-2 weeks.

e Haptoglobin, fibrinogen and o,-globulins increases mildly and reaches
maximal concentrations later compared to SAA during experimental non-
infectious arthritis.

e Equine influenza virus infection elicits increasing SAA concentrations within
the first 48 hours of clinical signs. In the convalescent stage, 2-3 weeks after
the first appearance of clinical signs, the SAA concentrations are normalised.

e SAA concentrations are significantly higher in foals with verified bacterial
infections than in foals with non-bacterial illness.

e SAA concentrations were markedly to moderately increased in neonatally
weak foals with verified septicaemia (positive blood culture) and in
neonatally weak foals with ambiguous blood cultures, whereas neonatally
weak foals with negative blood cultures had normal SAA concentrations.

® Rhodococcus equi-pneumonia elicited increased SAA concentrations, which
decreased during treatment.
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SAA concentration, fibrinogen concentration and leukocyte and neutrophil
count were generally within reference ranges on admission and during
treatment of rotavirus negative and rotavirus positive foals with diarrhoea.

Is SAA a useful marker of inflammation in the horse?

In the investigations presented in this thesis it is demonstrated that equine SAA is
a sensitive marker of inflammation. Following the results presented above, some
areas of use can be outlined:

Due to its sensitivity, equine SAA is well suited to areas of equine research,
where detailed studies of inflammatory processes or infections are needed.

Equine SAA responds more prominently to tissue damage and infection,
than any of the presently available non-specific markers that were
investigated in this work. Therefore SAA measurements increase the
possibilities of detecting inflammatory processes and of distinguishing them
from non-inflammatory disorders.

Equine SAA responds rapidly to surgical trauma and its dynamics after
surgery are consistent over time. SAA measurements can therefore aid in the
detection of post-surgical complications in the horse.

Equine SAA decreased rapidly in response to efficient antimicrobial therapy
in Rhodococcus equi-pneumonia. Although based on only a few horses, this
finding suggests that SAA measurements might be used as an aid when
monitoring response to treatment.

Our findings in neonatally weak foals suggest that SAA measurements might
be helpful in differentiating between foals with septicaemia and foals weak
for other reasons.

When using SAA as a marker of inflammation, the following facts should be
bomne in mind:
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The non-specific nature of the SAA response. Increased SAA concentrations
do not give information on the cause of the disorder detected. The SAA
concentration reflects disease activity rather than type of disease.

There is substantial variation between subjects regarding the magnitude of
the concentration increase of SAA following a uniform stimulus.

Serial measurements are preferrable to single measurements, since serial
measurements give the opportunity to relate decreasing or increasing SAA



concentrations to the course of the disease encountered, to recovery or
deterioration of the patient or to response to treatment.

In conclusion, measurements of equine SAA have the potential of being useful in
both clinical practice and research in the areas outlined above.
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