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PREFACE

The first book entitled Immunogenetics, written solo by the senior author and
completed in 1968, was also the first attempt to offer a comprehensive over-
view of this newly emerging field. By that time, the subjects of microbial
antigens,/serotype patterns, blood group alloantigen systems, and immunoge-
netics of tissue transplantation were already well explored. However, other
topics now at the forefront of immunogenetic interest were still in early stages
of study. These newer emphases are genetics of antibody molecules, genetic
control of immune responsiveness, immunodeficiency and immunogenetic dis-
eases, and phylogeny of immunocompetence. Although many excellent re-
views of different aspects of immunogenetics have been written over the
years, no single source of basic principles and their applications has been avail-
able for pedagogic or correlative purposes. The need for such a book has
markedly increased with expanding emphasis in the interdisciplinary fields of
tissue transplantation, genetic regulation of immune responsiveness and can-
cer.

The nine chapters of Comprebensive Immunogenetics now cover the entire field
from the perspective of 1980. Indeed, this is the only book available that deals
with the ramifications of immunogenetics as a whole. This book is intended
to serve multiple needs. It is intended first as a text for advanced undergrad-
uates and graduate students. For this purpose, only a very elementary back-
ground in genetics, biochemistry, and immunology is assumed by the authors.
The introductory chapter accordingly outlines concepts and first principles—
the scope of immunogenetics with emphasis on fundamentals, terminology,
and basic methodology. This chapter ends with a consideration of types of
genes affecting diverse immunologic characteristics. The stage is thereby set
for the more specialized topics of subsequent chapters. The sequential ap-
proach adopted has evolved over many years of teaching immunogenetics to
a broad range of students at the University of California, Los Angeles. Com-
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prebensive Immunogenetics should also serve to enrich courses in genetics or im-
munology, including those offered for medical or professional students.
Postdoctoral and faculty-level individuals in various biomedical sciences
should find this book a frequently useful reference, suitable for self-instruc-
tion.

The first chapter is intended as a general foundation upon which later chap-
ters depend in differing degrees. Chapter 2 deals with the genetics of antibody
molecules, their production, structure, diversity, and their generation. Given
this understanding, microbial antigens and serotype patterns are analyzed in
Chapter 3 with emphasis on genetic polymorphisms and their significance in
well-studied bacteria, protozoans, and viruses. At this juncture, the student
should have a good basic grasp of the immunogenetics triad of immunogenes,
antibodies, and antigens. Chapters 4 through 6 may be regarded as an inte-
grated unit, dealing in turn with blood group alloantigen systems, immuno-
genetics of tissue transplantation, major immunogene complexes, and
lymphocyte differentiation genes. These subjects provide an important back-
ground for understanding Chapter 7 on genetic control of immune responsive-
ness with its dependence on the major immunogene or histocompatibility
complex. Chapter 8 then comes to grips with immunodeficiency and immu-
nogenetic diseases. This takes the reader from the genetic basis of infectious
disease resistance to immunogenetic correlates of cancer and aging. Finally,
Chapter 9 on phylogeny of immunocompetence puts immunorecognition sys-
tems, allogeneic polymorphisms, and diversification of immunocyte functions
in evolutionary perspective.

Since there are many interconnecting paths among the subjects considered
in the separate chapters, attention is repeatedly called to basic interrelation-
ships, especially where frontier questions are involved. This book then empha-
sizes principles and problem-solving. An entreé to the contemporary literature
of immunogenetics is also provided in the text and in the annotated key ref-
erences at the end of each chapter. These references, which are mostly recent
reviews or definitive research articles, contain citations of pertinent earlier
work the serious student may wish to pursue in greater detail. Given the new
breadth of immunogenetics, an effort was made to achieve a stimulating com-
promise between the usual textbook and advanced monograph approaches.
The illustrations are an integral part of the presentation. For the most part,
each chapter may be read or used independently. Thus, instructors may choose
to alter the sequence or otherwise select certain chapters to meet the needs
of different groups of students.

We welcome the opportunity to acknowledge the lively stimulation of im-
mediate colleagues, postdoctoral fellows and graduate students. For helpful
suggestions or personal communications we thank Don Bailey, Nick Cohen,
Carol Sibley, George Snell, Clyde Stormont and Paul Terasaki. At the same
time, we apologize to investigators whose work may have been cited without
pausing to assign credits. Carol Thiele skillfully converted our crude drawings
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into the finished illustrations. For innumerable days of typing, proof-reading,

and enthusiastic attention to other details, we salute Lois Bigger and Virginia
Janczak.

Bill Hildemann
Ed Clark
Bob Raison






CONCEPTS AND FIRST PRINCIPLES

INTRODUCTION: THE SCOPE OF IMMUNOGENETICS

Immunogenetics was born about 1900 when Landsteiner identified ABO
blood groups in humans while Ehrlich and Morganroth discovered individual-
specific blood types in goats. This was the first use of immunological meth-
odology to explore genetic wvariation, coincidentally at the tme when
rediscovery of Mendel's principles began to revolutionize biology. Some
might contend that immunogenetics was really established in the mid-1920s
with Bernstein’s demonstration from analyses of family data of a three-allelic-
gene basis for ABO blood types in man. However, the genetic basis of tissue
transplantation incompatibility was already proved in 1916 as a result of ex-
periments with inbred lines of mice by Little and Tyzzer. Numerous studies
of blood types and of tissue transplant reactions during the 1920s established
the early finding that normal cells of mammals carry individual-specific anti-
gens under the control of Mendelian genes.

The scope of immunogenetics has progressively widened to include micro-
bial antigens, the genetics of antibodies and other macromolecules, and the
phylogeny of immune responsiveness. Immunogenetics may now be broadly
defined to include studies in which the principles and techniques of both ge-
netics and immunology are employed together. Studies of individual-specific
and tissue-specific cellular antigens have become a major focus of immunoge-
netics, with important ramifications both in molecular biology and in medi-
cine. Almost every facet of modern immunological research and its application
involves important genetic considerations. Elucidation of host—parasite rela-
rionships depends upon understanding the inheritance of host immune-re-
sponse capacities as well as antigenic characteristics of particular pathogens.
Intraspecific differences are reflected in individual variations in chemical struc-
ture of cellular and soluble macromolecules. This intraspecific diversity is so
great that, except for identical twins or equivalent highly inbred animals, ev-
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ery individual within a species may be regarded as unique. Such unigueness
is best demonstrated across the whole spectrum of animal species by tissue
transplantation. Given appropriate techniques, self-to-self transplants survive,
whereas nonself exchanges reveal their lack of molecular identity by rejection.
Incompatibility leading to eventual graft rejection is the universal rule within
species of multicellular animals, both invertebrates and vertebrates. A normal,
adult recipient reacts against the genetically and antigenically different tissue
of the donor. This highly discriminating recognition of nonself applies to spe-
cies ranging from corals to tunicates and fishes to mammals. The “uniqueness
of the individual” and the “uniqueness of separate breeding populations”
emerge as tenets of immunogenetics.

One of the most fundamental generalizations in biology is that genes specify
and regulate the synthesis of macromolecules required for growth and devel-
opment. In addition to nucleic acids containing the genetic code, the essential
macromolecules that distinguish cells as well as individuals of all species are
proteins and polysaccharides. The structural complexity and functional speci-
ficity of these molecules have only begun to be characterized. Animals dispose
of nearly all foreign macromolecules that enter the body in a predictable man-
ner. Some of these macromolecules are antigenic and may induce an immune
response. All multicellular animals appear to recognize foreignness at the mo-
lecular level—whether introduced by a pathogenic microorganism or by intra-
species tissue graft. Invertebrates respond to such antigens with cell-mediated
immunity associated with leukocyte-type cells, while vertebrates additionally
respond with production of circulating antibodies.

The phylogenetic emergence of immunorecognition systems will be consid-
ered in detail in the last chapter. For introductory purposes, antigens may be
defined as molecules that will induce an immune or antibody response when
inoculated into an animal. Antigens will react specifically with the antibodies
they have induced in vertebrates. Although antibodies are represented by di-
verse molecular classes in higher vertebrates, all are found in the globulin frac-
tions of serum or plasma proteins (Figure 1-1). Antigen-antibody reactions
are usually highly specific, and yet single antigens may evoke a multiplicity of
antibodies of varying reactivities. A macromolecular “antigen,” in the crude
sense, is composed of various structural groups or sites, each capable of react-
ing with antibodies of corresponding stereospecificity. Small molecules, even
1ons associated with proteins or polysaccharides, may serve as antigenic deter-
minants or haptens but will induce antibodies only when conjugated to a large
molecule. In general, immunogenic molecules exceed 8,000 in molecular
weight and are polyvalent with respect to determinant groups. The combining
sites of individual antigens can be as large as six or seven sugar residues in
polysaccharides and five or six amino acids in proteins. However, single sugars
or amino acids within such sequences usually provide the predominant com-
plementary configuration for specific antibodies (see Figures 3-2 and 4-1).
Although nearly all antibodies have two identical combining sites per mole-
cule or subunit, antibody molecules formed to a single antigen are not iden-
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FIGURE 1-1. Schematic diagrams of mammalian antibody molecules of different im-
munoglobulin (Ig) classes. The essential molecule consists of four polypeptide chains,
two identical heavy (H) chains of about 55,000 daltons and two identical light (L)
chains of about 25,000 daltons, joined by interchain disulphide bonds (5-5). The anti-
body-combining site with complementary configuration for an antigenic determinant is
located in V, and V, hypervariable (HV -HV ) amino-terminal regions of each heavy-
light chain pair. Immunoglobulin classes (e.g., IgM, IgA, IgG) are distinguished by
heavy chain composition, polymerization involving joining or ] chains, carbohydrate
content, serum half-lives, and other properties. See Chapter 2 for genetics of antibody
structure.
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tical. They often have different molecular weights and electrophoretic
mobilities as well as different biological effects following combination with
antigen. Thus, antibodies in a particular immune serum may be described as
populations of antibody molecules, heterogeneous with respect to various
properties, but all able to combine with the inducing antigen. Nevertheless,
the essential specificity of antigen—antibody reaction systems is their most note-
worthy attribute.

Apart from its specificity, the other major attribute of an immune response
is its selective memory. Upon a secondary encounter with an antigen, a normal
animal usually exhibits an elevated and more rapid response. The stereospe-
cific characteristics of antigens and antibodies are determined by the genetic
constitutions of the cells and of the individuals from which they are derived.
In many instances, these characteristics are identified with partcular genes and
stages of development, as we shall see in succeeding chapters. Our focus will
range from intraspecific polymorphisms to the genetics of antibody synthesis
and the complexities of transplantation reactions. Despite these many ramifi-
cations, a relatively few concepts of genetics and immunology do suffice as a
basis for coping with this field.

FUNDAMENTALS OF IMMUNOGENETICS

Genes of diverse species have been characterized in terms of mutation, recom-
bination, and, of course, phenotypic effects. Thus, a gene can be defined as: (a)
a unit of mutation, (b) a unit of chromosomal structure not divisible by cross-
ing over or breakage, or (c) a unit of morphologic or physiologic function.
As the essential relation between genes and protein synthesis was revealed in
the 1940s, George Beadle suggested that the individual gene provides the
specificity for a single primary characteristic which 1s, moreover, generally as-
sociated with an enzyme. This equation was revised to “one gene — one poly-
peptide’” (or subunit thereof) when independent genes were found to specify
separate polypeptide chains comprising certain proteins, such as hemoglobins
and immunoglobulins. In this book, the term gene will refer to distinctive he-
reditary units located on chromosomes at specific loci in a linear order. Locus
designates the chromosomal position or site of a gene, as determined by fre-
quency of recombination with separate but linked genes. Allele is one of two
or more genes belonging to the same gene locus. Alleles then are regarded
as functional alternatives which have not been separated by tests for recom-
bination. A locus which has multple alleles is said to be polymarphic. The term
gene complex or system means a functional unit of multiple, closely linked genes.
Why cells of different types, even from the same individual, express only some
of the potenualities inherent in their genome (i.e., one complete set of genes
or a haploid set of chromosomes) is the subject of the frontier realm of de-
velopmental regulation. Two classes of genes—structural and regulatory—may
often be conveniently distinguished in immunogenetic studies. Structural
genes are identified by their coding of amino acid sequence in a polypeptide
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or specific attachment of a given sugar by a glycosyl transferase to a carrier
macromolecule. Regulatory genes, by contrast, modulate the “on—off” status
of structural gene expression. A coordinated unit consisting of a group of
structural genes and associated regulatory genes is often termed an aperon.
Many, but not all, biosynthetic pathways in bacteria are consistent with the op-
eron concept. Applicability to histocompatibility systems (Chapter 6) and ge-
netic control of immune responsiveness (Chapter 7) is now emerging.

The first rule of immunogenetics may be epitomized by the aphorism “one
dominant allele — one antigen specificity.” This principle may be stated as fol-
lows:

Every antigen is determined by a dominant or codominant gene, 1.¢., the
antigen 15 present whether the gene is bomozygous or beterozygous.

With few exceptions, this has been a consistent finding. Doubly dominant
heterozygotes produce both antigens. Perhaps the best known example of this
generalization is the A-B-O series of blood groups in humans. The four main
blood group phenotypes, O, A, B, and AB, are determined by three multiple
alleles. The O allele produces no effective antigen, but the A and 5 alleles pro-
duce their respective antigens in all five possible homozygous or heterozygous
genotypes (Table 1-1).

The basic one-to-one relationship is meant to indicate that a given antigenic
molecule or prosthetic component will be synthesized only when a particular
structural gene is present. This conception poses some problems in complex
blood group systems (Chapter 4) and histocompatibility systems (Chapters 5
and 6), where several antigenic factors may be transmitted genetically as a
group in apparent association with single alleles. The term haplotype (or the
older equivalent term phenagroup) is used to refer to the product(s) of one of
two homologous alleles or gene clusters. This term is also used to designate
a cluster of closely linked genes that leads to a set of antigenic specificities un-
der the control of one chromosome. Thus, a haplotype corresponds to the
product of haploid gene action whereas the total phenotype is determined by

TABLE 1-1. Immunogenetic Relationships of the A-B-O Blood Group System
in Man

Reactions observed

with antibodies Blood contains
Blood group Possible Erythrocyte Serum
phenotype genotypes Anti-A Anti-B antigens antibodies
AB A/B - + A.B —
A AsAAAQ -+ = A anti-B
B B/B.B/0 - + B anti-A
0} 0,0 - - — anti-A

ant-B
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the diploid genotype, or both alleles at each relevant genetic locus. The cri-
teria of both genetics and immunology need to be satisfied before an antigen
may be attributed to a given gene. At the genetic level, the problem is often
to distinguish single genes from closely linked gene complexes. At the immu-
nologic level, the problem is to distinguish monospecific reactions from mul-
tispecific or cross-reactions. Because even an antigenic determinant as small as
a hydroxyl group on a sugar may evoke antibodies of differing specificity, as
Landsteiner discovered long ago, the lack of one-to-one correspondence be-
tween a gene, its antigenic product, and evocable antibodies is hardly surpris-
ing. In Chapter 2 we shall come to grips with the potential multispecificity of
antibodies as a function of their idiotypes or hypervariable regions involved
in specific combining sites.

The relationship “one gene — one antigen” is not negated by the finding
that more than one gene locus may affect an antigen or that a given locus may
affect more than one antigen. As a hypothetical example, consider the follow-
INg reaction sequence:

D gene
D enzyme

C gene

precursor(s) > | >

C enzyme

E gene
> 3

E enzyme

Product 2 might always appear tc show a one-to-one dependence on the D
gene even though one or more precursors dependent on other genes such as
C were required earlier in the sequence. Moreover, antigenic products 2 and
3 could both be said to depend on the C gene as well as on the D and E genes,
respectively. A notable example of such gene interaction involves the Lewis,
H, and Secretor genes in man (Table 1-2). While the synthesis of the Le® anu-
gen requires only the Le gene, the presence of Le” antigen on human eryth-
rocytes and in secretions requires the action of H, Le, and Se genes. This and
other apparent deviations from simple one-to-one relationships reflected in hy-
brid antigens or recessively determined antigens will be scrutinized later
(Chapter 4).

In a model interaction system using two highly inbred or essentially homo-
zygous but genetically disparate lines of mice, the interstrain cross AA x BB
could yield F1 hybrids of the uniform constitution AB(C). In this symbolism,
C represents an interaction or hybrid antigen dependent on the genes or gene
products of A and B together. The existence of C could be demonstrated by
immunizing another species such as a rat with F1 cells and then mixing the re-
sulting antiserum with large numbers of cells from both parental strains to re-
move or “‘absorb out” antibodies to A and B. If complete absorption of anti-
A and anti-B still left antibodies reactive with F1 cells (i.e., anti-C), presence
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B Concepts and First Principles

of the additional nonparental antigen C would be established. Without further
experiments involving gene segregants in backcross or F2 generations, we
would not know whether our C antigen was an interaction product of two
allelic genes or of two unlinked loci. Also, additional antiserums produced
against the cells of segregant progeny beyond the F1 generation could reveal
more than one hybrid antigen associated with various genotypes. This is one
of several approaches available to the immunogeneticist to test for possible hy-
brid specificities or other deviations from the rule.
Now we come to the second rule of immunogenetics:

A normal mdividual possesses or can produce antibodies (or develops
immunity) only against those antigens that he or she does not bave.

In the familiar A-B-O system of man, the antibodies not represented in the in-
dividual's cells are normally present in the serum. Thus, type O individuals
lacking A and B antigens have anti-A and anti-B in their serum whereas type
AB individuals produce neither of these antibodies. These relationships are
summarized in Table 1-1. Although these naturally occurring antibodies ap-
pear to be induced soon after birth by A- and B-like molecules present in
foods and intestinal microorganisms, the molecular properties of the anti-
bodies, apart from their specificity, vary according to the genetic constitution
of the individual. This brings us to the concept of specialized immune re-
sponse or immunoregulatory genes, collectively designated /r genes at pres-
ent. Distinctive /r genes are assumed to specify the amino acid sequence of the
hypervariable regions of antibody-combining sites while other /r genes regu-
late the selective “on-off” status of appropriate lymphocyte biosynthetic path-
ways. Some immunogeneticists prefer to designate structural genes for
antibody-combining sites strictly as /g variable region genes and restrict the
term [r genes to those having regulatory functions. We shall defer detailed
consideration of the genetics of antibody molecules to Chapter 2. Here we
simply make the point that individual people or animals react with an immune
response only to foreign molecules not represented by self-constituents. Anti-
bodies detectable in serum or body fluids result from antigenic stimulation.
Any natural or spontaneously produced antibodies are present only in minute
quantities as cell-surface receptors, apparently involved in initial immuno-
recognition of foreign molecules.

Our second rule specifies “‘normal” individuals because autoimmune dis-
eases reflect exceptions in which an individual reacts against his own tissues.
Autoantigenicity is ordinarily but not entirely restricted to those tissue com-
ponents (e.g., brain, eye lens, thyroid follicle) that are naturally isolated from
contact with the lymphatic system and its immunocompetent cells. The regu-
lation of normal and autoimmune responses is discussed in more detail in
Chapter 8.

Most immune reactions are partly or wholly dependent upon leukocytes
rather than circulating antibodies alone. Such cellular immunity, as distinct





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































