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STELLINGEN

1. Produktie van kwalitatief goede alloantisera voor het typeren van het bovine
klasse II polymorfisme is mogelijk door gerichte huidtransplantaties te combineren met
absorptie met bloedplaatjes. Dit proefschrift.
2. Kruisreactiviteit van anti-HLA klasse II monoklonale antilichamen met de BoLA
klasse II moleculen van het rund is niet te voorspellen op basis van de sequentie
homologie in het epitoop gebied van de klasse II moleculen van mens en rund. Dit
proefschrift.
3. Een cel-panel,van uitstekend gekarakteriseerd materiaal en voor iedereen
beschikbaar, is onontbeerlijk voor MHC onderzoek. Voor het BoLA onderzoek is het
samenstellen van een referentie panel analoog aan dat in het HLA onderzoek derhalve
sterk aan te bevelen. Dit proefschrift.
4. In het MHC onderzoek bij het rund zijn DRB3-PCR RFLPen microsatelliet typering
goed te gebruiken als genetische marker. Echter voor functionele studies betreffende
de immuunrespons blijven sérologie en 1D-IEF belangrijk. Dit proefschrift.
5. De mogelijkheid van een effect van BoLA klasse I compatibiliteit op het optreden
van Retentio Secundinarum zoals gesuggereerd door Joosten et al. 1991 {Animal
Genetics 22: 455-463) verdient nadere bestudering,gezien de huidige typeermogelijkheden.
6. Typeerreagentia zijn net mensen. Achtergrondinformatie kan aanzienlijk bijdragen
tot het begrijpen van hun reaktiepatroon.
7. De kans dat interdisciplinair promotie onderzoek slaagt is zeer klein als de
betrokken vakgroepen zich niet mede verantwoordelijk voelen.
8. Indien na het verwerven van het doctoraat een omscholingscursus nodig is om een
baan te verkrijgen op de arbeidsmarkt, is er sprake van kapitaalvernietiging.
9. Parasieten brengen vreugde aan, is het niet bij het komen, dan is het wel bij het
gaan.

10. De slimsten zijn zij die mensen voor zich laten werken die slimmer zijn dan zij
zelf.
11. Op een overbevolkt laboratorium openbaren de dierlijke (territorium)driften van
de mens zich op onnavolgbare wijze.
12. Het onderwijs trekt profijt van de snelle ontwikkelingen op het gebied van de
automatisering. Dit geldt echter alleen in die landen die er geld voor (over) hebben.
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GENERAL INTRODUCTION

GENERAL INTRODUCTION

1. Short history of the MHC
The Major Histocompatibility Complex (MHC) is achromosomal region, where
series of extremely polymorphic genes are located. These polymorphic genes encode
cell surface proteins that are important in the immune response to different antigens.
The first indications for the existence of the MHC were provided by Gorer (1936). He
reported on a 'hereditary antigenic difference' in the blood of mice, and this
genetically determined bloodgroup antigen appeared to be involved in rejection of
transplanted tumors in mice (Gorer 1937). Ten years later, a study on the
phenomenon of graft rejection in congenic mouse strains, resulted in the definition of
a set of genes coding for the cell surface molecules that determined tissue
compatibility (Gorer et al. 1948). The molecules involved in the process of tissue
rejection were called histo-compatibility (literally tissue compatibility) molecules and
the set of genes coding for these molecules in mice was called the H-2 complex
(Snell 1948). It appeared that some of the H-2 complex genes were responsible for
strong effects on transplantation reactions, whereas others induced only aweak effect.
Based upon these observations a distinction was made between genes with 'major'
and 'minor' effects. As the genes with 'major' effects appeared to be located on a
single chromosome, in a single region, and moreover, as homologous regions were
found in other species, the complex was re-defined asthe Major Histocompatibility
Complex.
Soon after the description of agenetic system involved in graft rejection in the
mouse, indications for a similar system in humans were found (Gibson and Medawar
1943). However, in contrast to the fast developments in definition of the mouse
MHC, it was not until the beginning of the sixties that extended research on the
human transplantation antigens (human leucocyte antigens, HLA) started. From then
on, the characterization of the HLA system developed rapidly. With the increasing
interest for the HLA, also the research on the MHC of other species developed. At
present homologues of the mouse MHC have been detected in some twenty
vertebrate species, including cattle (for a review see, Klein 1986).
The first evidence for the presence of MHC in cattle was reported by Amorena and
Stone (1978) and Spooner et al. (1978). Both studies described independently the
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bovine leucocyte antigens (BoLA). Since then rapid progress has been made in
characterization of the genetic diversity of the bovine MHC. Today, the MHC of cattle
is one of the best characterized MHCs following.man and mouse.

2. Structural characteristics of MHC molecules
The MHC molecules are membrane-integrated glycoproteins. They occur at the
surface of cells as heterodimers, composed of two non-covalently associated chains.
According to differences in structure, cell surface distribution and function, two
categories of MHC molecules are distinguished: class I and class II molecules
(Figure 1).

Class I

Class II

Figure 1.Schematic representation of the structure of class Iand class II molecules. Extracellular
domains are identified by a and ßdesignations.
ß2m - ß2-microglobulin,TM = transmembrane region,CY = cytoplasmatic region,CS - connecting
stalk.
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- the class I molecules
Class I molecules are composed of a light chain, ß2_microglobulin(ß2m) and a
heavy chain (a) with molecular weights of about 12kD and 44kD respectively. The
ß2m chain, is an invariant polypeptide, encoded by a single gene located outside the
MHC. The heavy chain is a polymorphic glycosylated polypeptide, and can be
subdivided into three regions: an extracellular (external) region, a transmembrane
region (TM) and a hydrophobic cytoplasmic tail (CY). The extracellular region is
divided into three domains (o1, al, and a3), and aconnecting stalk. Each domain
consists of about 90 amino acids. The a\ and al domains form the antigen binding.
The class I molecules are expressed on all nucleated mammalian cells except brain
and germ-line cells (for a review see, Klein 1986).

- the class II molecules
Class II molecules have adomain structure similar to class I. They are composed
of an a and a ßchain, both encoded by closely linked MHC genes, and with
molecular weights of approximately 35kD and 28kD respectively. Similar to class I
a chain, the class II a and ßchains are also polymorphic glycosylated polypeptides,
composed of three regions: an extracellular (external) region, atransmembrane region
and a hydrophobic cytoplasmic tail. The extracellular region is divided into two
domains (o1 - al, and ß1 - ß2) each of about 90 aminoacids long, and a connecting
stalk. The a\ and ß1 domains form the antigen binding site. The class II molecules
are mainly expressed on antigen presenting cells (APC) and B-lymphocytes.
Expression in many other cell types can be induced by interferon gamma.
- the antigen binding site
Insight in the general structure of MHC molecules, and its antigen binding site was
gained not until 1987, when Bjorkman et a/. (1987a) described the three-dimensional
structure of the human class I molecule HLA-A2. It became apparent that the antigen
binding site could be described asa groove formed by two cr-helices on top of a floor
of eight strands of antiparallel ß sheets. The amino acid residues in the ßsheet and ahelices facing the groove are involved in peptide binding (Bjorkman et al. 1987b)
(Figure 2).
The structure of the human class I molecule (HLA-A2) was subsequently used for
the construction of a hypothetical model of the class II binding site, asclass I and
class II molecules were supposed to exhibit a high degree of similarity in domain
structure (Brown et al. 1988). Recently, the hypothetical class II model could be
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Figure 2. Schematic drawing of the molecular structure of a class I M H C molecule as defined by X-ray
crystallography (Bjorkman et al. 1987). The a1 and al domains constitute the antigen binding site, a
groove formed by two ar-helices (walls) and a single eight-stranded ß-pleated sheet (bottom)
(Modified after Alberts et al. 1989).
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confirmed (Brown et al. 1993). The structure of the class II molecule is similar to that
of the class I HLA molecule and to the hypothetical model of the class II binding site
based on the class I structure. However, there are fundamental differences between
class I and class II molecules which will affect their peptide binding.
The class I peptide-binding site is blocked at both ends. This imposes severe
restrictions on the sizes of peptide it can accommodate. Class I proteins generally
bind short peptides (8-10 residues), using conserved residues at the ends of the
binding site (Falk et al. 1991, Jardetzky et al. 1991, Hunt et al. 1992a). Longer
peptides will bulge out in the middle (Guo et al. 1992).
The class II binding site is not blocked at either end, which allows peptides to
protrude from it. Class II molecules bind longer peptides (15-18 residues), using
conserved residues distributed throughout the binding site (Rudensky et al. 1992,
Hunt et al. 1992b, Chicz et a/. 1992, 1993).
- the genomic arrangement
The structure of the class I and class II molecules is reflection of the genomic
arrangement of the coding regions (exons) of the MHC genes. The exons are referred
to numerically in the 5' to 3' direction, and separated by introns.
A class I gene consists of eight exons (Figure 3a).The first exon encodes the leader
peptide (L). Exons 2 through 4 encode the extracellular region: the or1,CT2and CT3
domains. The transmembrane region (TM) is encoded by the fifth exon, and the
cytoplasmatic tail (CY) and the 3-untranslated region (3'UT) is encoded by exon six,
seven and eight.
For class II,the alpha (a) and beta (ß) chain encoding genes consist of five,
respectively six exons (Figure 3b). The first exon encodes the leader peptide, and the
second and third exons encode the extracelluar domains of the alpha and beta chains
(a1 and a2, ß1 and ß2). For the alpha genes the connecting stalk (CS),the TM, the
CY and the 3'UT are encoded by exon 4 and 5. For the beta genes the fourth exon
encodes the TM, and exon 5 and 6 the CY, and 3'UT.

3. Function of MHC molecules
Initially the function of the MHC was considered to be limited to the regulation of
allograft reactions. However 30 years ago, the true function of the MHC was
discovered (Lilley et a/. 1964). It appeared that MHC molecules are essential in the

Chapter 1

Gene

Exons 1

2

3

4

5 6 78

Domains

COOH

Polypeptide

Beta Chain

Gene

Exons 1 2

3456

5432

1

Domains

Polypeptide

NH2

Beta Chain

Alpha Chain

Figure 3a and 3b. Gene and protein structure of class Iand class II molecules.A comparison of the
exons of aclass Igenewith domains of aclass I heavy chain,andthe exons of aclass II alpha and
betagenewith the respective domains of the class IIchain.The genomic DNA that encodes the
molecules isshown at the top of the figures, and the different regions of the protein are shown atthe
bottom. The shown exon-intron structure is based on humangenes.
EX - exons, L - leader peptide,TM - transmembrane region,CY = cytoplasmatictail,
CS - connecting stalk, 3'UT - untranslated regions (Modified after Paul etal. 1994).
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specific immune response to (foreign) peptides (antigens). In the immune responses
three cell types are involved: the antigen presenting cells (APC), the B-lymphocytes
(B-cells) and the T-lymphocytes (T-cells). Activation of these cells can lead to two
distinct types of immune responses: the humoral (antibody) response and the cellmediated response.
Activation of the APC by bacteria or adjuvants, takes place during uptake
andprocessing of the antigen. B-cells can be induced by direct interaction of antigen
with the immunoglobulins on the cell membrane. However, involvement of the Tcells is needed for an optimal response, asthe activation of APC and B-cells is
regulated, at least in part by cytokines from T-cells.
Before the T-cells influence in the immune response, they must first be activated
themselves, which can only be achieved by cell-cell contact with APC. However, the
T-cells will not react unless the APC also displays MHC molecules. Only when the
antigen is presented in context of 'self' MHC molecules, the T-cell receptor (TCR) can
recognize it. This phenomenon, is called MHC-restriction (Zinkernagel and Doherty
1974). The antigens which are presented to T-cells are located in the groove of the
MHC molecules (Schwartz 1985, Babbitt et al. 1985, Buus et al. 1986, Watts et al.
1986). In general, one can state that the immune responsiveness of an individual is
largely determined by the 'TCR-antigen-MHC' interaction, because (as mentioned
above) most B-cells eventually also need help from T-cells for proliferation and
antibody production.
Antigen presentation to T-cells can occur in the context of the class I as well as
class II molecules. However, there are substantial differences between the two MHC
classes, which are summarised in Figure 4. In the endoplasmatic reticulum, the class I
molecules bind endogenous peptides derived from endogenous proteins, either self or
pathogen (e.g.viruses) derived, and present these at the cell surface. A subpopulation
of the T-lymphocytes, the cytotoxic T-lymphocytes (CD8 positive), will recognize the
cells that display viral peptides combined with class I molecules, and subsequently
mount an immune response by releasing cytokines and cytolysins. This will lead to
destruction of the infected APC.
The class II molecules generally present peptides resulting from intracellular
processing of endocytosed proteins of extracellular pathogens (e.g.bacteria), or selfproteins. The antigen-class II complex at the cell surface is recognized by helper
T-lymphocytes (CD4 positive), which subsequently interact with B-lymphocytes or
cytotoxic T-lymphocytes. Studies in man and mice revealed the existence of two
subsets of helper T-lymphocytes (TH1 and TH2), each secreting a specific
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Figure 4. Schematic representation of the interaction between a M H C molecule on a antigen presenting
cell (APC), processed antigen (Ag) and a T-cell receptor (TCR). The upper figure represents the
formation of a complex of an endogenous antigen (such as viral peptide) with a M H C class I molecule
and, the subsequent presentation of this complex to the TCR. The lower figure represents the formation
of a complex processed exogenous antigen (such as a bacterial peptide) with a M H C class II molecule,
and the subsequent presentation of this complex to the TCR. Exogenous antigen is internalized by APC
and processed before binding to the class II M H C molecule (Modified after Joosten 1990).
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combination of cytokines, leading to different immune responses (Mosman and
Coffman 1989). For example, in mice resistance to the protozoan parasite,
Leishmania infantum, is preferentially associated with stimulation of TH1 cells,
secreting interferon gamma. Interferon gamma has a stimulating effect on lgG2a
production by B-cells and macrophages, which appeared to be essential for clearance
of the parasite. In contrast, the induction of TH2 cells that specifically secrete
interleukin 4 (IL4), is associated with susceptibility to Leishmania infection. IL4
suppresses macrophage activation and stimulates the proliferation and differentiation
of another subset of B-cells, resulting in the increased production of IgG, and IgE
(Snapper and Paul 1987). The type of TH effect might be controlled by the MHC
class II type (Murray et al. 1992).
In cattle, both class I and class II mediated MHC-restriction of T-cell responses
have been reported. Bovine MHC class I restriction has been shown in Theileria
annulata (Preston et al. 1983), Theileria parva (Goddeeris et al. 1990), and bovine
herpes virus-1 infection (Splitter et al. 1988). Class II restricted variation in T-cell
responses has been shown for ovalbumin (Rothel et al. 1990, Glass et al. 1990), and
synthetic Foot-and-Mouth Disease Virus (FMDV) peptides (Glass et al. 1991a). The
magnitude of the T-cell responses towards the FMDV peptides, and the FMDV
peptide-region recognized by the T-cells are influenced by the MHC polymorphism as
well (Glass et al. 1991b, 1994). Furthermore, MHC class II restriction has been
reported for Oesophagostomum radiatum antigens (Canals, personal communication).

4. Organisation of the bovine MHC
The bovine MHC is located on the short arm of chromosome 23 (Fries 1986), and
its general organisation is very similar to the human MHC. Equivalent to the
nomenclature of the MHC genes in man (human leucocyte antigens: HLA), the bovine
genes are referred to as BoLA genes.
A tentative map of the bovine MHC is shown in Figure 5. The map has been
drawn partly on the basis of the gene order established in man, mouse and rat
(Trowsdale et al. 1991), as in cattle the exact order of MHC genes has not yet been
completely determined. In cattle the MHC can be divided into four regions: class I,
class Ha, class Mband class III.
The class I region is the most telomeric part of the MHC, and the class III (or
central) region is located between the class I and the class Maregion.The classMa
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region is tightly linked to the class I region (Usinger et al. 1981, Lindberg et al.
1988). The distance between the BoLA-DRB3 locus and BoLA-A locus is probably in
the same order asthe distance found in man between the HLA-DRB region and the
HLA-B locus. Based on data from 287 informative meiosis, the recombination
distance between the DRB3 locus and the region encoding for both CYP21
(cytochrome P-450 steroid 21-hydroxylase) and BoLA-A, is estimated with 95%
certainty on 1 centimorgans (1 cM). No recombinations are found yet between the
CYP21 locus and the A-locus (Van Eijk et al. 1994).
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Figure 5. A schematic genetic map of the M H C region on chromosome 23 in cattle. Class I, II and
indicate regions where different groups of M H C encoded genes are located. Individual genes are
denoted by boxes.
V marks the pseudogenes
*

marks the region where the number of genes varies between the haplotypes

-//- indicates a recombination distance of about 17cM

The class Mbregion is separated from the class IIa region by a recombination
distance of approximately 17 cM (Andersson et al. 1988, Georges et al. 1990, Van
Eijk et al. 1993). Andersson et al. (1988) suggested that separation of class Mb region
from the other three regions was caused by a recombination 'hot spot'. The distance
of 17 cM was confirmed by Van Eijk et a/. (1993) using sperm typing in combination
with 'primer extension preamplification'. Such a high recombination distance between
class II genes has not been observed in any other mammalian species.
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In Figure 5 the class lib region is located on the 'left' (centromeric) of the classMa
region, but it may also be located to the 'right' (telomeric) of the class I region. The
location of this region has not yet been established.
The class I, class III and class IIa loci are generally considered as a genetic unit
and are inherited en bloc. A large number of class I and class II allele combinations is
found in much greater frequency as one would expect on the basis of the frequencies
of each of the involved alleles. This phenomenon is called 'linkage disequilibrium'.
The combination of alleles inherited 'en block' is designated as a MHC haplotype.

- the class I region
The class I region is a multigene gene family spanning several hundreds of
kilobases (kb) (Bensaid et al. 1991), and it encodes the class I molecules. There is
some uncertainty on the number of class I loci present in cattle, and little is known
concerning the number of class I genes expressed. Investigation of the class I region,
performed by Southern blot hybridization utilizing a human class I cDNA probe,
indicated the presence of multiple class I genes, possibly 20 or more (Lindberg and
Andersson 1988). However, the presence of just two (Ennis et al. 1988, Bensaid et al.
1991), or even three (Bensaid et al. 1991) class I loci has been demonstrated by
cDNA cloning experiments. The expression of two class I loci was supported by Ellis
et al. (1992), based on transmembrane and cytoplasmic domain sequences. The
presence of at least three class I loci was supported by Garber et al. (1993), based
upon comparison of their cDNA sequences with those published previously. Recently
Garber et al. (1994) isolated from one heterozygous animal six different cDNAs, and
indicated again the presence of at least three transcribed class Igenes.
Further analysis of the expressed class I genes, showed two highly expressed
genes, with the possibility of athird gene with a lower expression level. Surprisingly,
there are no locus specific AA in theCT1domain. Possibly, the situation at the genetic
level more complex than first thought (Ellis et al. 1994).
Expression of more than one class I gene by a single haplotype, has also been
indicated by usage of other than the above mentioned DNA based methods. Toye et
al. (1990) showed differential reactivity of monoclonal antibodies with class I
molecules on mouse Lcells transfected with DNA from a MHC homozygous cow.
Dual expression is further supported by biochemical studies on the class I molecules
(Joosten eta/. 1992).
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Based on all the above mentioned studies, using biochemical and molecular
techniques, expression of two different class I molecules per haplotype is now
generally accepted. One of the two class I molecules is supposed to be encoded by
the BoLA-A. The other represents the products of a second locus, which may be the
'B' locus, or the 'C' locus (Ellis et a/. 1992).
In contrast to the above mentioned evidence of two expressed loci, there is scant
evidence for more than one single segregant serological series, which implies that the
two expressed class I loci are very tightly linked and make up a conserved block. This
is supported by the fact that the two class I loci described by Bensaid et al. are less
than 210 kB apart (Bensaid et al. 1991). As the sera define a single segregant series of
alleles, the serotyping is considered asA-locus specific. However, strictly speaking,
class I polymorphism defined by class I sera, has to be considered as class I haplotype
polymorphism.

- the class IIa and lib regions
The existence of one DRA locus and three DRB loci, two DQA and two DQB loci,
one DOB, one DYA, one DYB, one DIB, and one DNA locus have been described in
cattle (Andersson et al. 1986a, 1986b, 1988, Andersson and Rask 1988, MuggliCockett and Stone 1988, 1989, Groenen et al. 1989, Stone and Muggli-Cockett
1990). These class II genes are located in one of the two class II subregions, class IIa
or class lib.
The class Maregion contains the DRA, DRB, DQA and DQB loci and encodes for
class II DR and DQ molecules. Investigation by Southern blot analysis using human
probes indicated the presence of a single DRA and at least three DRB loci (Andersson
and Rask 1988). For the DRA gene afairly low level of polymorphism was found
(Andersson et al. 1986b, Sigurdardóttir et al. 1988). Isolation of genomic clones of
three DRB genes (DRB1, DRB2 and DRB3) and comparison with the human DRB
genes, showed that exon 2 (encoding the ß1 domain) of the DRB3 gene is conserved,
whereas the DRB1 and DRB2 genes are quite divergent (Groenen et al. 1990,
Sigurdardóttir et al. 1991a). To date, it is generally accepted that only DRB3 is a
functional gene, whereas DRB1 and DRB2 are regarded as pseudogenes.
Studies of bovine MHC class II genes at genomic level revealed considerable DQ
polymorphism. Two distinct DQA genes were reported, represented by the genomic
clones W1 (Van der Poel et al. 1991) and A5 (Sigurdardóttir et al. 1991b),
respectively. Also polymorphism in the copy number of DQB genes has been
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reported, four DQB genes were reported: DQB1, DQB2, DQB3 and DQB4.
Furthermore, the number of DQA and DQB loci present in one haplotype appeared
to vary between individuals. Three loci combinations are described: asingle DQA
(W1) and a single DQB locus (DQB1), two DQA loci (A5 + A5) and a single DQB
locus (DQB1 or DQBx), and two DQA loci (W1 + A5, or A5 + A5) and two DQB
loci (DQB1 and DQB2, DQB4 or DQBx). This variation in number of DQA and DQB
loci has been confirmed by PCR amplification and cloning experiments (Sigurdardóttir
et al. 1992, Van der Poel, personal communication). In a recent study, for three
haplotypes carrying DQB duplications, evidence has been presented for the
expression of both DQB genes (Xu et al. 1994). However, it is not clear, neither for
DQA, nor for all the other DQA and DQB gene combinations, to what extent the DQ
polymorphism is expressed at the cell surface.
As mentioned above, the class Mbregion is separated from the rest of the MHC by
a recombination frequency of approximately 17%. Southern blot analysis revealed the
presence of the DOB, DNA, DYA, DYB, and DIB genes (Andersson et al. 1988,
Andersson and Rask 1988). These genes do not appear to be highly polymorphic, and
there is no evidence for their expression at the cell surface.
In man, several new genes such as peptide transporter genes (Transporter
associated with Antigen Processing, TAP) and proteasome-related genes (Large
Multifunctional Protease, LMP) are recently described to be located within the MHC
region. Recently bovine homologues of these 'new genes' have been detected, TAP1
and LMP7 (Davies et al. 1992), which might be located in the bovine Mbregion
(Davies, personal communication).

- the class III region
So far only limited efforts have been made to characterize the bovine class III or
central region. In man this region contains numerous genes, such as genes for the 21
hydroxylase (CYP21), complement 4 factor (C4), complement factor B (Bf), tumor
necrosis factors A and B (TNFA and TNFB), heat shock protein 70 (HSP70) and a
number of genes with unknown functions (Trowsdale et al. 1991). In cattle, only the
genes coding for CYP21, C4, and Bf have been mapped. This was done by linkage
analysis (Andersson et al. 1988, Teutsch et al. 1989, 1990), or by analysis of somatic
cell hybrids (Skow et a/. 1988).
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The class III region genes are neither structurally nor functionally related to class I
or class II genes, and it has been suggested (Klein 1986), that the class III region is not
part of the MHC, but resides on the same chromosome by coincidence.
Dawkins et al. (1987), however, hypothesised that the organization of the
complete MHC (class I, II and III) has been preserved, and if the complete MHC
existed before mammalian speciation, this preservation might have been maintained
during the evolution for more than 75 million years. This hypothesis was based upon
the observation of the occurrence of fixed combinations of alleles in the class II
and/or class I region and the class III region,that maintained in a stable state
throughout many generations. This phenomenon is referred to as supratypes (Dawkins
et al. 1983), preferential allelic association (Festenstein et al. 1986), or extended
haplotypes (Awdeh et al. 1983), and it is suggested that these fixed combinations of
alleles can be used to mark extensive segments of the MHC, assuming that the
segments are more important than the individual alleles.
The reason for the occurrence of this phenomenon is yet unknown, but
involvement in immune regulation, by some of the class III genes, such as
macrophage regulatory factors that affect Bcell proliferation and antibody production
(French and Dawkins 1990), might be in accordance with this hypothesis.

5. Detection of bovine MHC polymorphism
Several methods are available for detection of MHC polymorphism in cattle. As
the MHC genes are expressed co-dominantly, the products of both genes (paternal
and maternal) of an individual can be detected on the cell surface.
Class I definition is mainly performed by serotyping (Bull et al. 1989, Bernoco et al.
1991, Davies et al. 1994a). Immunoprecipitation and subsequent one-dimensional
isoelectric focusing (1D-IEF) is also used (Joosten et al. 1988, Lindberg and Andersson
1988, Oliver et al 1989, Watkins et al. 1989a), although to avery low extent. Class I
DNA typing is not operational.
Several methods have been used for class II typing. Its first definition was on the
basis of mixed lymphocyte culture (MLC) typing (Usinger et al. 1977, 1981, CurieCohen et al. 1978, Emery and McCullagh 1980, Splitter et al. 1981,Newman et al.
1982a, Davies and Antczak 1991a). Next to MLC typing, also typing with T-cell lines
and clones have been performed (Teale and Kemp 1987). At this moment however,
for typing of expressed products, immunoprecipitation combined with 1D-IEF
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(Watkins et al. 1989b, Joosten et al. 1989, 1990, Bissumbar et al. 1994), and
serotyping are used (Newman et al. 1982b, Nilsson et al. 1994). For class II typing at
the genomic level, at first instance only restriction fragment length polymorphism
(RFLP) was been used (Sigurdardóttir, 1988, 1991b). Recently, for DRB3 typing, two
other DNA based methods for class II typing have been developed: DRB3 PCR-RFLP
typing (Van Eijk et al. 1992) and DRB3 microsatellite PCR (Ellegren et al. 1993).
Below the principles of the four typing methods used in this thesis are given.

Serology
Serotyping is based on recognition of the MHC molecules by antibodies. The
method used is as follows: peripheral blood mononuclear cells (PBMC), freshly
isolated, are suspended in a serum fraction. Subsequently, complement is added. If
serum-antibodies recognize MHC molecules on the cells, cell-lysis will occur, which
can be visualised using a fluorescent dye. After screening the reactivity of a large
number of sera, the MHC type is deduced from the pattern of non-reactivity versus
reactivity.
In cattle, serotyping is performed with alloantisera, which are polyspecific. BoLA
specific monoclonal antibodies (mAb) are not yet available for typing purposes.
Class I alloantisera have been obtained from parous cows (lha et al. 1973, Caldwell
et al. 1977, Spooner et al. 1979, Newman and Hines 1979, 1980, Amorena and
Stone 1980, 1982, Dufty and Outteridge 1985), since a maternal immune response to
paternally inherited fetal MHC antigens can occur during pregnancy (Redman et al.
1987). Another method used is planned immunization. Immunizations for production
of class I sera have been performed through injection of leucocytes (Caldwell et al.
1977, Spooner et al. 1978, Amorena and Stone 1980, 1982), or by subcutaneous skin
implantation (Spooner et al. 1978, Pringnitz et al. 1982, Amorena and Stone 1982).
Alloantisera obtained by planned immunization usually give higher antibody titers
than the sera obtained from parous cows.
For several reasons, production of bovine class II typing sera has proven to be
more difficult than the production of class Ityping sera. As in man, bovine class II
antigens are also expressed on B-lymphocytes and not on resting T-lymphocytes
(Spooner et al. 1984). B-lymphocytes mount only circa 33% of the total lymphocyte
population (Lewin et al. 1985). Moreover, B-lymphocytes are also positive for class I
antigens, which means that class II typing sera should not contain class I directed
antibodies.
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Class il typing sera without class I reactivity, can be obtained in two ways.
Immunizations between 'class I identical class II non-identical' animals (Arriens et a/.
1991, Williams et al. 1991, Davies and Antczak 1991b), or immunizations between
'class I and class II non-identical' animals with subsequent platelet absorption of the
sera to remove the anti class I reactivity (Cwik et a/. 1979, Newman et al. 1982b,
Mackie and Stear 1990, 1992, Nilsson et al. 1994).
Apart from this, an overall lack of knowledge of the bovine class II haplotypes in
the nineteen-eighties may have hampered the production of class II sera to some
degree. Furthermore, the apparent complexity of the class II region has frustrated the
interpretations of class II antibody reactivity.

Immunoprecipitation and one-dimensional isoelectric focusing (1D-IEF)
This procedure is based on size and charge differences of MHC molecules.
Molecules are metabolically labelled with 35S. After lysis of the cells, the MHC
molecules are precipitated with class I or II specific mAb. To detect the variance of
the precipitated molecules, separation by 1D-IEF is performed. With some exception,
the MHC molecules are expected to differ in isoelectric points (due to differences in
amino acid composition), and therefore the molecules will focus into different regions
of the gel. The banding patterns evolved by the 1D-IEF separation are visualised on
autoradiograms, and the MHC type is deduced from these patterns. In cattle 1 D-IEF
has proven to be very useful for class II analysis (Joosten et al. 1990). However,
1 D-IEF is atime consuming and costly technique.

Restriction fragment length polymorphism (RFLP)
For RFLP typing, isolated and purified genomic DNA is digested with the
restriction enzymes Pvull or Taql. The restriction fragments are separated based upon
size by agarose gel electrophoresis, and transferred to a nitrocellulose filter.
Subsequently, a radioactive labeled probe (32P),recognizing a fragment of the gene
under study, is hybridized to complementary DNA on the filter. The fragments
containing the gene under study will be of different size due to polymorphism in the
restriction sites, and different banding patterns will evolve. These banding patterns are
visualised on autoradiograms and the MHC type is deduced from these patterns.
A negative aspect of RFLPtyping is the overestimation of polymorphism, because
the restriction sites are also present in introns, and false positive hybridisation of
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probes with other DNA fragments may occur. Furthermore, RFLP typing is very
laborious, and the patterns are not always easy to interpret. For molecular bovine DQ
typing however, no other DNA based method is yet available.

Polymerase chain reaction-RFLP (PCR-RFLP)
Genomic DNA is used for amplification of the DRB3 alleles by PCR. The PCR
products are subsequently digested with three restriction enzymes, Rsal, ßstYl and
Haelll. The restriction fragments are different in size due to nucleotide differences
associated with the different alleles. Fragments separated by Polyacrylamide gel
electrophoresis thus will produce different banding patterns. These banding patterns
are visualised by ethidium bromide staining, and the DRB3 type is deduced from
these patterns.
PCR-DRB3 RFLP is a rapid and sensitive method for the detection of DRB3 exon 2
polymorphism. However, it has its limitations. It is not always possible to define an
individual genotype, as there are at least twelve pairs of DRB3.2 genotypes that can
not be distinguished by PCR-RFLP eg. DRB3.2*08/DRB3.2*28 versus
DRB3.2*10/DRB3.2*26 (Van Eijk, personal communication). Therefore, application of
this method should be combined with an other DRB3 typing method, e.g. DRB3
microsatellite PCR typing (Ellegren et al. 1993). Within a sire line or family, class I
typing could also be used asa marker for the DRB3 type.

6. Bovine class I and class II polymorphism
Since the first report on bovine MHC, five international bovine lymphocyte antigen
workshops have been conducted. These workshops are aimed at the characterization
of the multiple MHC genes, their polymorphism and the unification of their
nomenclature. In the first three workshops only the serum-defined class I specificities
were investigated. In the last workshop, Interlaken 1992, also serum-defined class II
specificities were analyzed. Moreover, at that occasion also the biochemical typing
for class I and class II polymorphism was presented aswell as several newly
developed DNA based molecular typing methods for class II polymorphism.
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- classI
Class I polymorphism has been defined most extensively by serology. To date 53
class I specificities are defined: 27 BoLA-A locus (A) and 26 provisional workshop (w)
specificities (Table 1). Table 2 gives an overview of the broad class I specificities and
their splits. Isoelectric focusing detected the same splits asthe sera. Moreover, this
technique also detected heterogeneity in three serological specificities (A15(A8),

Table 1.Class Ispecificities defined in the Fifth International BoLA Workshop (1992) (Davies eta/.
1994b).
BoLA

BoLA

class I

O l d or local

class I

O l d or local

specificity @

specificity names

specificity

specificity names

w1
A2

w2

w29(w28)

A3

w3

A30

w4(w50)

w4

A31(A30)

A5

w5

A32

A6

w6

A7(w50)
A8

w7

w33
A34

w8

A35(A5)

A9

w9

w36(A20)

A10(w50)
A11

w10
w11

w37(A20)

A12(A30)

w 1 2 , W12.1

w39(A7)

A13

w13

w40(A14)

A14(A8)

w14, w8.1

w41(w49)

A15(A8)
A16

w15, w8.2

w42

w16

w17(A6)
A18(A6)

w6.1
w18, w6.2
w19, w6.4

w43
w44

A19(A6)

w28

w45

w20

w46
w47

w21

w48

A22(w49)

w22

w49

A23(A5)

w23, w5.1

w50

A24

w24

w51(w28)

A26

w26

w27(A10)

w10.1

Supertypes shown in parentheses.

W12.2
w32

w38(A6)

A20
A21

w25

w28.1

w52

COD-cph22
BER-Be2, COD-cph43

w53(w28)

COD-cph63
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Table 2. Broad class I specificities and their splits in cattle.
Broad

Splits

A5

A23, A35

A6

w 1 7 , A18, A19, w38

M

w39

A8

A14, A15

AIO

w27

A14

w40

A20

w36, w 3 7

w28

w29, w 5 1 , w53

A30

A12, A31

w49

A22, w 4 1

w50

w 4 , A7, A10

A22(w49) and A18(A6)) (Davies et al. 1994a). As yet DNA based typing is not
performed for class I. However, DNA sequencing has been performed. To date nine
class CT1
I and t/2 domain DNA sequences have been published (Garber et al. 1993).

- classIIa (DR-DQ)
The polymorphism of DR and DQ genes has been defined most extensively by
restriction fragment length polymorphism (RFLP). In the Fifth International Workshop
the two new molecular techniques: DRB3 PCR-RFLP (Van Eijk et al. 1992) and
DRB3 microsatellite PCR (Ellegren et al. 1993) have contributed considerably to the
class IIa definition. Biochemical typing and serology also contributed to the definition
of class II at the product level. Thirty-eight class IIa (DR-DQ) and 5 class IIb (DYADOB-DIB) haplotypes were defined. A summary of the IIa haplotypes is given in
Table 3. To date 36 DRB3 and 19 DQB DNA sequences are defined (Sigurdardóttir et
al. 1991a, Andersson et a/. 1991, Ammer et al. 1992, Stone and Muggli-Cocket 1992,
Xu eta/. 1993, 1994).

7. Genetic terminology
As mentioned above, the combination of the different MHC alleles of an
individual present on one chromosome is designated asa MHC haplotype. The MHC
genotype
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Table 3. Class IIa haplotypes (DH) defined in the Fifth International BoLA Workshop (1992),
sorted by DRB3 PCR-RFLP(Daviesetal. 1994).
DRB3
Class II

DRB @

DQA

DQB

1D-IEF

RFLP

RFLP

PCR-

DH

serology

RFLP

01A

ND

9

5

5

1

03A

D w 1 ; Dc6

5

10

3

03B

Dc6

12

7F

10
7E

07A

Dw2

2

2

2

3
7

08A

D w 1 ; Dc12

09A

Dc13

09B

6

12

12

8

U19

3A

3B

9

ND

ND

3B

3B

9

10A

ND

7

14

14

10

10B

ND

6

14

14

10

10C

Dw1,8

6

11B

11A

10

11A

Dc13,20

1

3A

3A

11

11B
11C

Dc13,20
Dw1

1

3B

11

6

3B
9A

9A

11

12A
12B

Dc5

6

13B

13B

12

Dc5

6

7C

7E

12

15A

Dw3

U17

1D

1

15

15B

6

1E
3B

1
3B

15

15C

Dw3
ND

16A

Dw1,8

17A

Dw1

18A

Dw1,4; Dc7

20A

Dw3
ND

21A
22A
22B
22C

Dc13
D w 1 ; Dc9,12

U18

15

5
ND

11A

11C

16

11D

11E

17

4

5

5

18

U21
4

1D

1

8

8

20
21

11

3C
9B

3C
9B

22
22

Dw1,8; Dc9

7
7

IIA

11A

22

22E

D w 1 ; Dc9

7

11F

22

22F

Dc9

7

3A

11C
4

22G

ND

11

3B

22

23A

10

7D

24A

Dw3
Dw3

3C
7A

1A

1

23
24

27A

D w 3 ; D e l1

3
7

27

Dw3
Dw1,4

8
2

1B
7A

1

28A

7A

28

5

5

31

31A

DH Class IIa haplotype reference numbers
@ Numbers preceded by U are UDF types ( - only defined byJoosten, Utrecht).
ND Not determined.
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of an individual is made up of two MHC haplotypes: each individual receives one
paternal and one maternal haplotype.
Due to the extensive polymorphism, most animals are heterozygous for each allele
of a particular MHC gene. However, sometimes an allele or even an allelic
combination is present at a relative high frequency in a given population, and some
animals can become homozygous for that particular allele, or that specific allelic
combination. Homozygosity for a certain allele of one gene, does not automatically
imply haplotype homozygosity, as it only refers to the gene studied. In cattle,
subsequent insemination of one cow by the same sire seldom occurs. Most families
are half sib families, which diminishes the chance of observing two sibs that are
genotypically identical by descent.

8. Relevance of MHC typing
The biological significance of the MHC molecules lies in providing context for the
recognition of potentially immunogenic peptides, a crucial step in tolerance induction
or the initiation of an immune reaction, but other functions can not be excluded. The
capacity of a given MHC molecule to bind a peptide and to form a complex is
determined by its polymorphism (i.e. structural variance). In other words, the MHC
alleles carried by an individual will influence whether the individual mounts an
appropriate or inappropriate immune response to a given antigen, be it self or nonself derived. However, a particular MHC allele (haplotype) might confer susceptibility
or resistance to a certain infectious disease, but may be protective against other
agents. MHC polymorphism is an adequate answer of a population to the problems
caused by many diseases: some individuals will be sacrificed because they succumb
to certain agents, but the majority will survive and develop immunity.
The relevance of MHC polymorphism for the regulation of the immune response,
stimulated many researchers to study association between disease and the MHC. In
man, numerous diseases (autoimmune, immune complex-mediated and non-immune)
are shown to be associated with particular HLA alleles or even haplotypes (Todd et
al. 1987). Some of these HLA-associated diseases are: ankylosing spondilytis, coeliac
disease, juvenile diabetes mellitus, graves disease, systemic lupus erythematosus,
myasthenia gravis, narcolepsy, nephrotic syndrome, psoriasis, rheumatoid arthritis.
Also susceptibility to typhoid, yellow fever and malaria is HLA associated (Piazza et
al. 1972, De Vries et al. 1976, 1979, 1989, Hill étal. 1991).
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The numerous findings in HLA associations, subsequently stimulated many
scientists to look for such MHC associations in cattle, because these data could have
practical applications and could also be of great economical value. The first report on
MHC-disease associations in cattle came from Solbu et al. (1982), who analyzed the
effect of BoLA class I on mastitis among cows of Norwegian Red breed. These data
were later confirmed by Larsen et al. (1985), Solbu and Lie (1990), and Vàge et al.
(1992). A number of other disease association studies were performed in cattle, next
to association studies on mastitis (Oddgeirssen et al. 1988, Weigel et al. 1990), these
include, bovine virus diarrhoea (Dam and Ostergärd 1985), bovine leukaemia virus
infection (Lewin and Bernoco 1986, Lewin et al. 1988), tick and worm infestations
(Stear et al. 1984, 1988, 1990), ocular squamous cell carcinoma (Stear et al. 1989a)
and ketosis (Mejdell et al. 1994). Most of these investigations in cattle have been
reviewed by 0stergàrd et al. (1989). They concluded that the statistical models used
for analysing the MHC-trait associations in these studies were descriptive rather than
analytical, and suggested that more elaborate statistical methods should be applied in
the future.
To date virtually all disease association studies in cattle have used class I
polymorphism as marker for the entire MHC haplotype. In only three studies disease
association with class II polymorphism have been analyzed (Lundén et al. 1990, Van
Eijk et al. 1992, Xu et al. 1993). This is mainly due to the shortcoming of the
techniques available for an accurate way of defining bovine class II polymorphism in
large groups of animals. This is reminiscent of the situation in man some 15 years
ago. Originally only class I typing could be achieved and many of the diseases
appeared to be associated with HLA class I alleles. Soon after characterization of the
class II region became reality, the number of publications on and significance of
MHC class II associated diseases increased, particularly for rheumatoid arthritis,
juvenile diabetes mellitus and coeliac disease.
In addition to MHC-disease associations, MHC effects on other traits like ovulation
rate, body weight and milk production have been proposed (Hines et al. 1986, Batra
et al. 1989, Stear et al. 1989b, 1989c, Beever et al. 1990, Weigel et al. 1990, 1991).
Unfortunately, these studies indicated only weak associations which were difficult to
confirm.
In connection to the relevance of the MHC polymorphism in the immune
response, MHC polymorphism may also be involved in reproduction. In man, during
normal pregnancy, a maternal immune response to paternally inherited fetal MHC
antigens occurs, which is elicited by MHC class I and to a lesser extent, class II
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antigens (Redman et al. 1987). The function of this immune response, in relation to a
successful pregnancy is not clear, but it seems to be neither harmful nor directly
beneficial to a successful pregnancy. Several hypotheses have been proposed. The
immune response may result in the production of specific interleukins, that are
required for normal placental maturation (Wegman et al. 1988), whereas lack of
allorecognition (due to maternal-fetal compatibility) would results in abnormal
placental development and retention of the placenta (Gill et al. 1983). Recently, it has
been suggested that MHC compatibility can have a negative effect on the success of
in vitro fertilization and tubal embryo transfer (Ho et al., cited by Gill 1993). In cattle,
also a maternal immune response to paternally inherited fetal MHC antigens occurs
(Newman et al. 1979, 1980): the first sources of class I typing sera in cattle were
parous cows. Additional, evidence for involvement of bovine MHC compatibility 'in
reproduction was presented by Joosten et al. (1991a, 1991b). They hypothesized that
MHC incompatibility between dam and calf would facilitate the expulsion of the
placenta. In accordance to this class I compatibility would be associated with
retention of the placenta (for review, seeJoosten et al. 1992).
Finally, there is one other interesting aspect on MHC worth mentioning, which is
its role in kin recognition, in the context of mating. Recent work, using laboratory
rodents, established quite convincingly, that the MHC has fundamental effects on the
production of individual odours, that can be used in discrimination between
individuals. Based on these observations, it has been suggested that preference in
mating is controlled genetically, and that the involvement of MHC through the sexual
process is, to enrich the genetic resources of offspring, in pursuit of genetic
dissimilarity (for review see, Brown and Eklund, 1994). In cattle, where artificial
insemination is usually performed, this aspect of the MHC, is of course, not of direct
relevance. However, under natural conditions it may be.

9. Aims and outline of the thesis
The important role of the MHC molecules in the regulation of the immune
response, the numerous associations of MHC alleles with disease susceptibility in
man, and above all the wish to improve disease resistance in cattle based on the
genetic evaluation of immune responsiveness and subsequent selection, can be
considered asthe major impetus to study the bovine MHC.
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In 1988, the knowledge of the genetic organisation and polymorphism of the
bovine MHC region, especially of the class II region, was very limited. It was
hypothesized, that soon after the improvement of the characterization of the class II
region, the identification and significance of class II associated diseases in cattle
would increase dramatically. In accordance with this quest, the present study started
with analysis of class II polymorphism in cattle, with a strong emphasis on the class II
serology. Serology is informative on expressed MHC polymorphism, and can be used
as a relatively simple tool in disease association studies.
BoLA class II serology was still in its infancy at the time this study started. Several
techniques routinely used in human serotyping had to be modified, and class II sera
had to be produced. Worldwide, there was very little experience in production of
bovine class II alloantisera. We decided to produce alloantisera by skin implantation
between class I and class II incompatible donor-recipient pairs (e.g. mother-daughter
and half-sib combinations), and subsequent absorption with platelets (to remove the
class I reactivity). In Chapter 2, an overview of all immunisations performed for this
study is presented, aswell asthe outcome of these immunisations. Furthermore, in
Chapter 2, relevant technical aspects of methods used in this thesis are presented.
The produced B-lymphocyte reactive alloantisera were analyzed together with
alloantisera produced by three other research groups working on class II serology
(Chapter 3). This analysis demonstrated the presence of 18 clusters, which were
closely associated. There appeared to be two main clusters, defined asclass II
specificities Ds01 and Ds03, with which eleven other clusters were closely
associated. The bovine class II alloantisera supposedly contain a mixture of antibodies
specific for products of both DR and DQ loci. Discrimination between antibodies
specific for DR or DQ is difficult due to linkage between DR and DQ loci. To
investigate this aspect in more detail, the Ds03 related alloantisera were analysed by
cross-absorption and by application of the monoclonal antibody-specific
immobilization of lymphocyte antigen assay (MAILA). The MAILA was modified to
enable utilization in cattle (Chapter 4).
A second method which had to be modified extensively was the 1D-IEF method,
used for detection of expressed bovine DRB3 polymorphism. This method was
adapted for biochemical characterization of bovine MHC DQ allelic variants, because
biochemical data on DQ, in addition to those on DRB3, were considered as
indispensable in further analysis of the alloantisera for DR and/or DQ specificity
(Chapter 5).
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In the time the class II serology was developed, great progress was made in the
analysis of the class II region, and DNA based methods applicable for class II typing
of large numbers of animals became available. This development decreased the
necessity for class II serology in population studies, but on the other hand enabled
comparison of the developed class II serology with polymorphism detected at DNA
level. In Chapter 6, data on DNA based typing of class II MHC are presented (RFLP of
DQA and DQB and DRB3-PCR RFLP). The comparison of class II polymorphism as
defined by the DNA typing methods with the results of the typing of expressed
polymorphism (serology and 1D-IEF) was informative and enabled definition of
bovine MHC haplotypes. As information on the occurrence of the polymorphic
characters in the different breeds is limited to frequency distribution of class I, the
frequency distribution of these MHC haplotypes as present in the typed animals was
presented (Chapter 6).
The knowledge about the bovine class II MHC asdefined in Chapter 6 was
combined with all available exon 2 AA sequences of DRB3 and DQB. It was
hypothesized that conserved polymorphic sequences might be selectively recognised
by mAb directed against HLA class II sequences. Reactions of such mAb are
presented in Chapter 7.
Finally, Chapter 8 provides a general discussion on the data presented in this
thesis, and the main conclusions drawn from these observations.
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