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Immunogenetics

by K. Bender

Institut fiir Humangenetik and Anthropologie der Universitit Freiburg i.Br., Albertstrasse 11, D-7800 Freiburg
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Summary. The 1985 Catalog of Mapped Genes (Human Gene Mapping 8; 33) has been used to pick out the known,
immunologically important genes; these are then discussed in the following order: 1. genes controlling organs, tissues
and cells of the immune apparatus, 2. genes determining ‘self’ structures, 3. genes determining the structures of
immunological specificity, 4. genes determining substances with immunoregulatory and effector properties. The
symbols for the genes and the biological functions of their products are explained. The genetics of the ABO blood
groups, of the HLA-system and of antibody formation are given in rather more detail.
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Introduction

Immunogenetics may be regarded as the science that stu-
dies the genetic structures of the self-non-self discrimi-
nation mechanism, called the immune system. The im-
mune system consists particularly of leukocytes (i.e. lym-
phocytes, macrophages, and granulocytes) and a series of
macrophage-related cells (i.e. dendritic cells, epidermal
Langerhans cells, and specialized epithelial cells). These
occur in organized tissues and organs (bone marrow,
lymph nodes, spleen, Peyer’s patches of the intestine,
tonsils, and thymus); a very substantial fraction of the
leukocytes, however, comprises, a recirculating pool of
cells found in the blood and lymph vessels.

The ability of an organism to respond to virtually any
antigen is achieved primarily by the lymphocytes. An
adult human possesses more than 10° different lym-
phocyte specificities (clones), each bearing receptors for
distinct antigens.

In fact, two types of immunologic responses have been
found, mediated by two classes of lymphocytes: humoral
immunity occurs when B lymphocytes (bursa Fabricii-
derived or bone-marrow derived lymphocytes) produce
immunoglobulins called antibodies, which either inac-
tivate antigens (foreign structures) or mark them for de-
struction by certain effector cells or effector molecules;
cell-mediated immunity depends on T lymphocytes
(thymus-derived lymphocytes) of which three function-
ally different subpopulations are known, T, (cytotoxic),
Ty (helper), and T (suppressor) cells. T, cells act as killer
cells that attack virus-infected and cancerous cells di-
rectly, but also cause the rejection of allotransplants; T,
and T cells act as regulator cells in amplifying or sup-
pressing antibody production.

Whereas B cells can recognize foreign (mostly soluble)
antigens directly.via their specific receptors (i.c. mem-
brane-bound immunoglobulins), T cells can see foreign
antigens via their specific receptors (T cell receptors) only
in context with certain ‘self® molecules, namely those
encoded in the major histocompatibility complex
(MHC). The T cell response is thus MHC-restricted.
There exists still another class of lymphocytes, natural
killer (NK) cells, which recognize and kill tumor cells
which (as is frequently observed) have lost their ‘self’
(MHC) antigens®.

A large number of genes (or even complex gene regions)
for the determination of various immunogenetic charac-
ters have been identified so far, referring to 1) the organs
and the histological and cellular architecture of the im-
munological apparatus, 2) the ‘self’ markers (erythrocyte
and histocompatibility antigens), 3) the clonotypic B cell
and T cell receptors, and 4) the molecules with immuno-
regulatory and effector properties. The table lists those of
the genes which, besides being well defined, have also
been mapped to certain chromosomes. The list can be
considered to be quite representative of our current im-
munogenetic knowledge, so in order to achieve some-
thing like completeness, I thought it convenient to follow
the presentation in that catalog.

1. Genes controlling organs, tissues and cells of the immune
apparatus

For its adequate functioning, the immune system re-
quires an intact anatomical and histological architecture.
A number of gene defects have been identified which
cause histopathological disturbances resulting in more or
less severe immunodeficiency diseases (table):

DGS (DiGeorge syndrome). The deletion of the DGS
gene results in a congenital anomaly in the development
of derivatives of the 3rd and 4th pharyngeal pouches.
Besides ear, nose, mouth and aortic deformations the
major immunogenetic consequences of the gene defect lie
in the absence of the thymus, the central organ of T
lymphocyte differentiation.

IMDI (immunodeficiency 1, Bruton type of agammaglo-
bulinemia). This X-chromosome linked disease is charac-
terized by a nearly total loss of immunoglobulins due to
the absence of B lymphocytes. The T cell function is,
however, normal.

IMD?2 (immunodeficiency 2; Wiskott-Aldrich syndrome).
This is another fatal X-linked discase, perhaps due to a
defect in certain immune cell interactions.

IMD3 (immunodeficiency 3). The male patients with this
X-linked disease are deficient in IgA and IgG antibodies
but have highly elevated levels of IgM antibodijes. The
lymphoid tissues show disorganization of the follicular
architecture.
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Catalog of immunologically important genes (adapted from Human Gene Mapping 8*%)

Gene Symbol  Assigned to chromo-  Marker name

Gene Symbol  Assigned to chromo-  Marker name

some

1. Genes controlling organs, tissues and cells of the immune apparatus (see

section 1)

DGS 22q11 DiGeorge syndrome

IMD1 X Bruton agammaglubolinemia

IMD2 X Wiskott-Aldrich syndrome

IMD3 X Immunodeficiency 3

IMD4 X Immunodeficiency 4

ADA 20q13.2- qter Adenosine deaminase

NP 14q13.1 Nucleoside phosphorylase

CGD Xpter —p21 Chronic granulomatous disease

CD2 4 Sheep red blood cell receptor
(SRBCR)

CD3 11 T3 antigen (on mature T cells);
OKT3

CD4 12 T4 antigen (on T helper cells);
OKT4

CD5 11 Leukocyte antigen 1; OKT1

CD7 17 Leukocyte antigen 7

CD38 2pter —pl2 T8 antigen (on T and Ty cells);
OKT8

CD9 12p Monocyte antigen

CDI5 11 Granulocyte antigen

TFRC 3g26.2 - qter Transferrin receptor; OKT9

C3BR 6p21.3 Complement 3b receptor

C3DR 6p21.3 Complement 3d receptor

2. Genes determining ‘self” structures, (see section 2)

ABO 9q34 ABO blood groups

CcO 2 Colton blood group

FY 1p21 — 23 Duffy blood group

H 19 H blood group antigen

JK 2 Kidd blood group

KEL Kell blood group

LE 19 Lewis blood group

LU 19 Lutheran blood group

MIC2 Xpter - p22.32 and Yp Antigen identified by mono-
clonal antibody 12 E7

MNS 4928 - q31 MNS:s blood groups

P1 22 P blood group

RD Ipter — p22.1 Radin blood group

RH 1p36.2—p34 Rhesus blood group

SC 1p36.2 -p22.1 Scianna blood group

SE 19 ABH secretion

SF 4 Stoltzfus blood group

XG Xpter - p22.3 Xg blood group

B2M 1522 beta-2-Microglobulin

HLA-A 6p21.3 HLA-A heavy chain

HIA-B 6p21.3 HLA-B heavy chain

HLA-C 6p21.3 HIA-C heavy chain

HLA-DPIA  6p2l.3 HLA-DP alpha chain

HLA-DP1B  6p21.3 HLA-DP beta chain

HLA-DQIA 6p2l.3 HLA-DQ alpha-1 chain

HLA-DQ2A  6p21.3 HLA-DQ alpha-2 chain

HLA-DQIB  6p2l.3 HLA-DQ beta-1 chain

HLA-DQ2B  6p21.3 HLA-DQ beta-2 chain

HLA-DRIA 6p21.3 HLA-DR alpha chain

HLA-DRIB  6p2l.3 HLA-DR beta-1 chain (HLA-
DRI - HLA-DRw 14 antigens)

HLA-DR2B  6p2l.3 HLA-DR beta-2 chain (HLA-

DRw52 and -DRwS53 antigens)

some

3. Genes determining the structures of immunological specificity (see

section 3)

IGKV 2p12 Immunoglobulin (Ig) light
chain variable region, kappa

IGLV 22q11 Ig light chain variable region,

) lambda

IGHV 14¢32.3 Ig heavy chain variable region

IGKJ 2pl2 Ig kappa light chain, joining re-
gion

IGL] 22g11 Ig lambda light chain, joining
region

IGHJ 14932.3 Ig heavy chain, joining region

IGD 14g32.3 Ig heavy chain, diversity region

IGKC 2pl2 1G kappa light chain, constant
part

IGLC 22q11 Ig lambda light chain, constant
part

IGHD 14¢32.3 Ig heavy chain, delta constant
part

IGHG1 14q32.3 Ig heavy chain, gamma | cons-
tant part

IGHG2 14q32.3 Ig heavy chain, gamma 2 cons-
tant part

IGHG3 14¢q32.3 Ig heavy chain, gamma 3 cons-
tant part

IGHG4 14932.3 Ig heavy chain, gamma 4 cons-
tant part

IGHA1 14q32.3 Ig heavy chain, alpha 1 cons-
tant part

IGHA2 14¢q32.3 Ig heavy chain, alpha 2 cons-
tant part

IGHE 14q32.3 Ig heavy chain, epsilon constant
part

TCRA l4pter — q21 T cell receptor, alpha polypep-
tides

TCRB 7932 or q35 T cell receptor, beta polypetides

TCRG Tpl5 T cell receptor, gamma poly-

peptides

4. Genes determining substances with immunoregulatory and effector pro-
perties (see section 4)

IL1 2q13-q21 Interleukin 1

1L2 4926 - q28 Interleukin 2

IL2R 10pl5-pl4 Interleukin 2 receptor

IFN2 5p Interferon 2 (fibroblast)
IFNA Ipter —pl3 Interferon, alpha (leukocyte)
IFNB 9p24 —pl3 Interferon, beta (fibroblast)
IFNB3 2p23 - qter Interferon, beta 3 (fibroblast)
IFNG 12g24.1 Interferon, gamma

IFNAR 21q21 — gter Receptor for interferon alpha
IFNBR 21 Receptor for interferon beta
IFNGR 18 Receptor for interferon gamma
BF 6p23.1 Properdin factor B

C1QB 1p Complement component 1q
C2 6p23.1 Complement component 2
C3 19p13.3-p13.2 Complement component 3
C4A 6p23.1 Complement component 4A
C4B 6p23.1 Complement component 4B
(05 Complement component 5
Ce linked to C7 Complement component 6
C7 linked to C6 Complement component 7
C8A 1p36.2 - p22.1 Complement component 8A
C8B 1 Complement component 8B
9 Complement component 9

IMD4 (immunodeficiency 4, thymic epithelial hyper-
plasia). This is also an X-linked disease, which is charac-
terized by a malignant proliferation of lymphocytes with
concomitant depletion of the thymic-dependent areas of
lymph nodes and spleen.

ADA (adenosinedeaminase) deficiency. ADA is an en-
zyme which shows both polymorphism and deficiency.
ADA deficiency is the cause of one of several forms of
SCID (severe combined immune deficiency disease), in
which there is dysfunction of both B and T lymphocytes
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with impaired cellular immunity and decreased antibody
production.

NP (nucleoside phosphorylase) deficiency. In a way simi-
lar to ADA deficiency, NP deficiency results in SCID,
with, however, mostly defective T cell immunity. In that
respect the clinical picture resembles that of AIDS (ac-
quired immune deficiency syndrome), but the AIDS virus
(LAV/HTLV-III) selectively attacks the Ty subset of T
lymphocytes™.

CGD (chronic granulomatous disease). This severe X-
linked disease is characterized by inadequate granulocyte
function on the basis of either an enzyme defect or a cell
membrane defect. Interestingly, the disease is also associ-
ated with no-expression of the erythrocyte antigen Kell
due to a defect in the Kell precursor substance XK?'.
Besides these pathological immunogenetic characters, [
add here (perhaps somewhat arbitrarily) some histologi-
cal markers which have only recently been defined by
means of monoclonal antibodies and can now be used to
differentiate the T lymphocyte subsets. These markers
have been designated CD (cluster of differentation anti-
gens) with a current number or, in some cases, also MIC
(monoclonal antibody identified cell structures) with a
current number (table). They play a crucial role in lym-
phocyte interaction and triggering’.

CD2 (synonymous T11, OKTI11, Leu5) is the so-called
sheep red blood cell receptor (SRBCR) and occurs on all
T cells. (It is of practical importance for the separation of
T cells from B cells*); CD3 (syn. T3, OKT3, Leud) is
present on all mature T cells and is intimately associated

Figure 1. a) The human erythrocyte and its most polymorphic antigens
and a schematic demonstration of the genetics of the ABO pathway.
b) Allele frequencies in the European population.
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with the T cell receptor'; CD4 (syn. T4, OKT4, Leu 3a) is
a marker of Tycells; CD5 (syn. T1, OKT1, Leul) as well
as CD7 (syn. Leu 9) are on all T cells; CD8 (syn. T8,
OKTS8, Leu 2a) is a marker of T and Ty cells; CD9 (syn.
MIC3) is a monocyte antigen; CD15 is a granulocyte
antigen; TFRC (syn. OKT9, 5E9) is the transferrin recep-
tor, expressed on only highly proliferating cells; the com-
plement 3 receptors (C3BR and C3DR) are markers of B

Iymphocytes.

2. Genes determining ‘self’ markers

It is a trivial but fundamental fact that the recognition of
‘foreign’ is only possible after the definition of ‘self’. The
human genome carries many genes for the character-
ization of self (table), and they all have in common that
they are rather polymorphic with allele frequencies
resulting in a high degree of heterozygosity. One can
divide the genes into two groups. Those in one group are
expressed primarily or exclusively on erythrocytes; the
others are localized in a complex chromosome region,
called the major histocompatibility complex.

2.1 Polymorphic genes encoding erythrocyte antigens

Erythrocytes have a rather short life span of about 100
days. Their most obvious function is in oxygen transport.
They are, however, also equipped with a large number of
different antigenic structures. The table gives only those
characters usually determined in most laboratories for
paternity testing or anthropological studies. One cell car-
ries up to 10° ABO antigenic sites”, and the antigenic sites
of the other characters are hardly fewer. But it is not only
the multiplicity of different antigens and their density, it

Gene Alleles Gene Alleles h .

ABO A =023 Y 2= 041 is also the polymorphism of the genes that code for them,
A, =0.06 b =059 and the allele frequencies which give rise to a high degree
B =0.08 K a=0.1 of heterozygosity (fig. 1).

VNS 1(34;05330 . Ezg-gg Sheep red cells possess an antigenic system which influ-
MS = 0.25 p =045 ences the potassium concentration of the erythrocytes“’.
Ns = 0.37 XG a+ = 0.64 This suggests that the primary role of red cell antigens
NS =0.08 a—=0.36 might be connected with the membrane structure, and

RH CDe = 0.41 KEL K =004 only secondarily be antigenic. However, most researchers
CCDE(:O%EI o 1;; 832 are inclined to see in the multiplicity of the gene and their
cde = 0.41 b=004 polymorphism an important basic mechanism of ‘self’
rare combinations LU a=0.04 definition; the more heterozygous an individual is with
=0.03 b =096 respect to his blood-group genes, the more unique his

M,N H substance
X Ss % ™\
precursor Hgene ABOgene

e

P1

& allele A
e
‘M(inactive) allele O

‘N
NZyme éallele B
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erythrocyte surface will become. An invading pathogen
will hardly be able to achieve molecular mimicry''.

A most interesting hypothesis in favor of the immunolo-
gical importance of (at least) the ABO blood-group sys-
tem was advanced by Vogel et al.®. Comparing the differ-
ent frequencies of the alleles A, B, and O between human
races and populations, they recognized in most European
countries a rather uniform O allele distibution (0.60), but
also a remarkable surplus of the O allele (0.75-0.90) in
certain islands and isolates (Iceland, Ireland, Corsica,
Sardinia, the Basque Provinces, some valleys of Switzer-
land). Vogel et al.® asked the question whether these
isolates still represent the primordial European O fre-
quency, which was reduced in most other countries by the
plague epidemics of the late Middle Ages. The isolated
populations were saved from the pestilence. In fact, it has
been shown that Pasteurella pestis carries a membrane
antigen which is serologically related to the so-called H
substance (i.e. the main antigenic structure of blood
group O cells, see below). Thus, O type individuals might
have been less able than people with A, B, or AB to
recognize the pathogen as foreign, and it was perhaps
predominantly these individuals who died.

Much could be told about the different blood groups, but
1 shall confine myself to the ABO blood group and for the
other red cell antigens I refer the reader to the excellent
text books of Race and Sanger® and Spielmann and
Kiihnl*,

The ABO blood-group system was not only the first to be
discovered but is also the most important one in medicine
(transfusion, transplantation). Biochemically, ABO
structures are carbohydrate chains mostly attached to
membrane lipids. Two transferases in turn attach a cer-
tain sugar residue to a carbohydrate moiety, designated
precursor substance. The one transferase is coded by the
H gene (table, fig. 1) and converts the precursor into the
so-called H substance (H refers to human). The H sub-
stance is the substrate of the ABO gene coded transfer-
ases: in the case of allele A a specific N-acetylgalactosa-
minyl-transferase (briefly, A-enzyme) will add ‘GalNAc’;
in the case of allele B a specific galactosyl-transferase
(briefly, B-enzyme) will attach ‘Gal’; in the case of allele
O the H substance will stay unchanged.

Yoshida® was able to demonstrate that allele O is not
silent but codes for an enzymatically inactive protein with
properties enabling it to cross-react with rabbit antibody
raised against the purified A-enzyme. The presence of
this cross-reacting material (CRM) in the plasma of A or
B group individuals identifies them with certainty as be-
ing heterozygous AO or BO®. (Serologically, homozy-
gous AA and BB persons cannot be differentiated from
heterzygous AO and BO).

Interestingly, the precursor is also the substrate of an-
other transferase coded by the Lewis (LE) gene (table).
The complicated and not yet completely understood in-
teractions between the LE and another related gene, that
of the so-called secretor (SE; table) phenotype, will not
be discussed here (for details see Watkins® and Race and
Sanger®). But it should be mentioned that all the genes
controlling the conversion of the precursor substance (H,
LE, SE) are located on chromosome 19 (table).

A more recent research subject is the biochemistry of the
A subgroups A, and A, as analyzed mostly by Yosh-
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ida®"*%_ The A,-enzyme; converts all the H substance to
A, the A,-enzyme, however, only one third, keeping most
of the H substances unchanged. The A,-enzyme is thus a
subactive N-acetylgalactosaminyl-transferase. In fact,
the A, blood-group is recognized by just two subsequent
positive reactions, with an Anti-A reagent and with an
Anti-H reagent. (The typing reagents are mostly lectins
from seeds of the plant family Papilionaceae; it is sug-
gested that the biological role of these lectins is the reten-
tion of nitrogen fixing bacteria).

An interesting fact is the presence of the so-called ‘natu-
ral” antibodies, i.e. the Anti-A in B individuals, the Anti-
Bin A persons and the Anti-A+B in O people. Newborns
do not possess isoagglutinins. But during the first year of
life immunization will occur due to invading bacteria
(mostly of the digestive tract) which carry antigens on
their membranes which are serologically related to the
ABH substances. Interestingly, this type of latent immu-
nization results in antibodies of the macromolecular IgM
type. Only an incompatible blood transfusion will induce
immune antibodies of the IgG class.

2.2 Genetics of the major histocompatibility complex
(MHC) »

Many genes are involved in making the erythrocyte sur-
face unique, whatever the biological significance of this
individuality may be. The genes have 2—4 alleles and are
mostly located on different chromosomes (table).

The genomes of all higher vertebrates comprise, however,
still another system, composed of a number of different
but closely linked, and multi-allelic genes producing a
similar grade of inter-individual variability in all nu-
cleated somatic cells. The gene compound has been given
the name ‘major histocompatibility complex’ (MHC),
because it strongly influences graft survival or rejection;
its biological role, however, is the surveillance of the
body’s integrity by governing basic mechanisms of im-
mune responses. The MHC of man is called the HLA
system (Human Leucocyte A system). Its cluster of genes
is located on the short arm of chromosome 6 (table). The
story of the detection and unravelling of the organiza-
tion, structure and function of this ‘supergene family’
belongs to the highlights of science®®'*'®. The following
consideration will concentrate on only a few outstanding
facts.

Figure 2 presents the current genetic concept of the HLA
system. (Detailed considerations of the MHCs of other
vertebrate species are given by G6tze®.) The chromo-
some region comprises about 2-3 centimorgans (0.08 %
of the genome) and includes three classes of genes: class I
(HLA-A, HLA-B, HLA-C), class I (HLA-DR, HLA-
DQ, HLA-DP), class ITI (C2, C4A, C4B, BF). The class |
antigens are integrated membrane proteins composed of
two noncovalently associated molecules: a highly poly-
morphic glycolysated heavy chain (with 341, 338 and 342
amino acids for, respectively, the HLA-A, HLA-B and
HLA-C polypeptides) encoded in the major histo-
compatibility complex on chromosome 6 and an invari-
ant 8, microglobulin (B2M) polypeptide (99 amino acids)
encoded on chromosome 15.

These antigens are expressed on all nucleated cells and
have the role of self-definition (‘identity card of the entire
organism’)'® or, in immunological terms, the role of re-
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Bo" Figure 2. Human chromosome 6 with the MHC gene cluster and the
Bwd7 linked GLO (glyoxalase I) and PGM3 (phosphoglucomutase 3) genes.
Bud2 The MHC genes are also projected to show details on their multiple
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stricting the T cell activity to only altered self cells: Thus
T cells will only kill those altered (virus-infected) cells
which share the same class I antigens. (The fact that T,
cells can also kill allotransplantated cells, i.e. cells with
non-identical class I antigens, is considered not to be
against the rule but to be due to cross-reaction).

The class II antigens (also transmembrane proteins) are
dimers of one & and one f chain, each 229 amino acids in
length® %2, but they are confined to macrophages, B lym-
phocytes and the series of macrophage-related cells (see
Introduction), i.e. cells coming first into contact with
foreign structures.

The human genome comprises at least four different o
genes (HLA-DR,, HLA-DQ,, HLA-DQ, and HLA-
DP,) and at least five different § genes (HLA-DR,,
HLA-DR;,, HLA-DRQy, HLA-DQg,, HLA-DP)), ali
located within the HLA region on chromosome 6
(MHC). The respective polypeptides combine to form
several HLA-DR, HLA-DQ and HLA-DP dimers (see
below fig. 6). The function of the class IT antigens lies in a
(loose) binding of foreign structures, followed by the
presentation of the complex of self-molecule plus foreign
antigen to the T cells with the appropriate T cell receptor.
The specific T cell will thus be stimulated to perform its
immune responses.

The class III genes synthesize complement proteins, i.e.
effector molecules participating in the destruction of for-
eign particles marked by antibody binding. Most remark-
able is the polymorphism of the C4 genes™.

The first surprise was to see so many genes, all involved in
the immune response, concentrated in one short chromo-
some segment. The second surprise was the extreme poly-
morphism of most of the HLA-genes, surpassing that of
all other known loci; moreover each allele has a low
frequency in the population (0.01-0.20) and differs from
its counterparts in at least 1040 sites®. Still more surpris-
ing, protein sequence analyses'”*%* have shown that
the amino acid substitutions are not scattered all over the
molecule but are confined to certain segments (fig.3).
That raises the question of how such mutational events
can happen. It is now generally assumed that rather than
point mutations (as occur in most other genes) a special
kind of event must have occurred, namely interallelic or
even intergenic exchanges of genetic material (term: gene
conversion'*),

The close linkage of the MHC genes implies that a given
arrangement is generally inherited ‘en bloc’ (fig. 4).

Such a complex unit of inheritance is called a haplotype.
Because of the many alleles at each single locus a very
large number of different haplotypes exists. Surprisingly,
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a few haplotypes are rather frequent. In the European
population for instance, the arrangement Al, Cw7, B8,
DR3, C2!, C4A°, C4B’, Bf® has a frequency of about 7%.
(It is also present in the pedigree of fig. 4). The reason for
the over-representation of certain haplotypes (term: link-
age disequilibrium) has been widely discussed”'>'*. They
can hardly be relics of the founder population, since the
observed crossing over rate is sufficient to disrupt all
founder haplotypes. It is more likely that these ‘optimally
composed’ arrangements carried some selective advant-
age, at least in former times. Interestingly enough, car-
riers of the ‘Al, Cw7, B8, ...” haplotype under present
day conditions have a higher risk of acquiring a number
of late-onset immunopathological diseases, apparently
due to an excessive immune responsiveness. (‘Either one
is not able to respond to pathogens and dies of infection,
or one has too much surveillance and develops autoim-
mune diseases’)'s. The association of certain HLA alleles

Plasmamembrane \

-
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N

Cytoplasma
338

]
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Figure 3. Schematic presentation of an HLA class I antigen molecule.

Each dot represents an amino acid residue. The open circles mark the

regions with preferential allelic differences!”.
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(or haplotypes) with certain diseases™* has in the
meantime achieved a much higher scientific impact than
the original topic of tissue transplantation.

Most of the illnesses correlate more strongly with HLA
class IT antigens. But there is one exception, the class I
antigen HLA-B27. Carriers of this antigen have an ex-
tremely high risk of contracting various forms of rheuma-
toid disorders, among which ankylosing spondylitis pre-
dominates. Széts et al.* have probably localized the two
amino acids of HLA-B27 that cause the disfunction.

3. The structures of immunological specificity

In 1959 Burnet' proposed his clonal selection hypothesis
which stated that an unimmunized individual is 2 mosaic
of lymphocyte clones, each clone being derived from a
single progenitor cell. Lymphocytes of the same clone can
produce only one kind of antibody and display this type
also on their surfaces as an antigen receptor. When an
antigen enters the body, it is bound by cells of that clone
which carries the receptor specific for this antigen. The
binding will stimulate the clone, which then expands and
begins to secrete the antibody type. An antigen thus se-
lects, from a vast variety of lymphocytes, that clone
which is capable of producing antibodies to this antigen”.
The finding of two types of immunity (humoral and cell-
mediated) meant that this hypothesis had to be extended
to the two classes of lymphocytes, B and T cells. In fact,
recent research has resulted in the detection of both the B
cell receptor (including immunoglobulins) and the T cell
receptor.

3.1 Genetics of the B cell receptor and the immunoglobulins

This topic belongs to the most fascinating of immunoge-
netics and has given rise to much discussion and contro-
versy during this century. It has been reviewed recently
by Tonegawa® and Milstein®.

Antibodies are tetrameric Y shaped molecules, composed
of two identical light chains (L chains) of about 220
amino acids in length (consisting of two homologous
domains, each with 110 amino acids) and two identical
heavy chains (H chains) of about 440 amino acids (con-
sisting of four homologous domains, each with about 110
amino acids, see fig. 6). The L chains can be of two types,
kappa (k) and lambda (1); there are even 9 different H
chains (i, 6, y1, 2, 3, 4, 1, «2 and ¢) for the 9
different antibody classes (IgM, IgD, 1gG1, 1gG2, IgG3,
IgG4, IgAl, IgA2, and IgE), all possessing different effec-
tor properties.

The antibody specificity is fixed by the amino acid se-
quence. But interestingly, the NH,-terminal domains of
the L and of the H chains alone were found to carry all
the variability which gives rise to the 10° (or even 10%)
different antibody specificities. This domain was there-
fore called the variable part (V; and V). The other do-
mains are (with respect to the different L chain and H
chain types) constant (term: constant part, C,, Cy).
Already in 1965 Hilschmann and Craig* and Dreyer and
Bennett" postulated that each L and each H chain must
be the product of two gene elements, a “V’ and a ‘C’ one.
The problem, apart from the question of the ‘V-C’ join-
ing mechanism, was whether the genome carries thou-
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Figure 4. The ‘en bloc’ inheritance of HLA haplotypes over three genera-
tions, demonstrated within the author’s own kinship®.

sands of different V gene elements (of which one is fused
with the C gene segment) or whether there is only one V
gene with exceptional (i.e. hypermutable) properties. The
contrary hypotheses were called the germline theory and
the somatic mutation theory.

By using newly worked-out methods of DNA technol-
ogy, Tonegawa found out that nature solves the problem
of making so many B cell clones (and thus antibody

specificities) in a rather economical way. The human
genome carries (table) three clusters of antibody genes,
one for the L chains of the k-type (located on chromo-
some 2), one for the L chains of the A-type (located on
chromosome 22), and one for the H chains (located on
chromosome 14). Each cluster of genes comprises (table)
firstly a gene region with multiple V gene elements
(IGKYV, IGLV, IGHV), each for encoding the first 97
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Figure 5. Diagram of immunoglobulin heavy (H) gene arrangements
during the development of a B lymphocyte: fusion of V, D, J gene
elements and class switch.
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amino acids of Vi, V, and Vy polypeptides; secondly, a
gene region with several J (joining) gene elements (IGKJ,
IGLIJ, IGHJ) encoding about 13 further amino acids of
the variable domain; only the H gene region carries in
addition several D (diversity) gene segments for encoding
about 5-7 amino acids intermediate to the V, and Jj
polypeptide; thirdly, a few constant gene elements (see
table: IGKC; IGLC; IGHM, IGHD, IGHGI, IGHG2,
IGHG3, IGHG4, IGHA1, IGHA2, and IGHE).

The variable part of an L gene is created by bringing
together a V and a J; segment. One element of each
fragment is combined by the deletion of intervening
DNA regions to create a collinear V domain gene. A
continuous messenger RNA (called pre-mRNA) span-
ning the joint gene up to the distantly located C; gene is
then transcribed. The pre-mRNA will then be spliced to
the collinear V J,C, transcript which will be translated
into a complete L chain polypeptide. The variable do-
main of an H chain is created by the fusion of a Vy;, Dy
and J;; fragment (fig. 5).

An intriguing molecular puzzle is presented by the long-
standing observation that both the light and the heavy
chains expressed by a given lymphocyte are the product
of only one of the two alleles (term: allelic exclusion).
Preferentially, two models can be envisioned. The first
(restricted rearrangement) invokes a special mechanism
to limit recombination to a single chromosome in a given
cell, whereas stochastic models include inefficient rear-
rangements, in which each allele rearranges indepen-
dently but often aberrantly, thereby inactivating an al-
lele. Surprisingly, each model is favored by some results®.
The juxtaposing of one out of 30-300 different variable
(V), of one out of some twenty diversity (D), and one out
of about four joining (J) segments represents, however,
only a first source of variation, the co-called combina-
torial choice. A second source of variation is the junc-
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tional diversity, created by the formation of new codons
due to imprecise recombination as these elements are
fused together®. A third diversification can occur around
the D segment by insertion of new sequences, conducted
by the enzyme terminal transferase’.

The mature B cell (with membrane bound immunoglobu-
lin = B cell receptor of the same specificity as the antibo-
dies to be secreted by it) has distinctive activation require-
ments. This activation generally requires the interaction
of the proper antigen in conjunction with an HLA class IT
antigen and a specific helper T cell and has two distinct
phases: proliferation and differentation. The role of pro-
liferation is to expand the number of cells capable of
reacting against antigenic substances that have been in-
troduced into the individual, since the frequency of B
cells specific for any individual antigen in an unimmu-
nized animal is very low. A fraction of the cells that
proliferate on stimulation with antigen will differentiate
into antibody-secreting cells (plasma cells), another frac-
tion of the cells will lead to a state of immunological
memory. A second immunization with the same antigen
will thus lead to a prompter response of greater magni-
tude than the primary response.

Interestingly, the primary response results largely in the
secretion of IgM antibodies. But after the second chal-
lenge with antigen, further stages of differentiation can be
observed. One is the so-called class-switch (fig. 5), i.e. the
new arrangement of the heavy chain variable gene
(VyDJ complex) to another Cy, gene (the C, and C, genes
being deleted); the B cell will now produce IgG, (or IgG,,
..., IgE) antibodies with, however, the same light chain,
so that the antibody specificity will not be changed (A
recent paper of Blattner and Tucker’, gives some insight
into the switch mechanism). The other differentiation
step results in the accumulation of somatic mutations,
preferentially within the variable gene segment, giving
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Figure 6. Models of membrane proteins with homology to immunoglobulin.
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the chance of the creation of improved affinity of the
antibody for the antigen®.

In summary, neither of the two contradictory hypotheses
(germline and somatic mutation theories) was right
alone; both of them contained at least a grain of truth.
Antibodies are preferentially expressed in the serum. The
C genes of the kappa L chain and of some H chains are
polymorphic (Km, Gm polymorphisms).

3.2 Genetics of the T cell receptor

The specificity of the B cells is given by their membrane-
bound immunoglobulins, also referred to as B cell recep-
tors. But there was a long search before the problem of
the specific structure of the T cells was also unravelled. It
was only in 1984 that the unique clonotypic epitopes were
found®* which (as the HLA antigens and the immuno-
globulins) have immunoglobulin-like structures. Three
gene regions (table) have been identified, each with a
similar gene-topographic architecture to the immunoglo-
bulin clusters: TCRA (coding for the T cell receptor
alpha polypeptide; located on chromosome 14), TCRB
(coding for the T cell receptor beta polypeptide; located
on chromosome 7) and TCRG (coding for the T cell
receptor gamma polypeptide; located on chromosome 7).
One o and one f chain associate to form the hetero-
dimeric T cell receptor (fig. 6). The function of the y chain
is unknown.

Each gene region is comprised of V, D, J and C gene
elements. The combinatorial choice and rearrangement
occurs largely in the same manner as that of the immuno-
globulins, including junctional diversity creation and the
random addition of nucleotides to either end of the D
gene segment in the process of joining to the V and J
segment®.

The fact that class I and class I MHC antigens, 8, micro-
globulin, antibodies and the T cell receptor as well as the
CD4 and CD8 differentiation antigens are composed of
domains and each of the domains is highly homologous
stands out clearly (fig. 6). Many of the genes involved in
the vertebrate immune response may therefore have a
common evolutionary origin®.

4. Molecules with immunoregulatory and effector proper-
ties

Especially from experiments with long-term cultures of
immunocompetent cells it was learned that certain
growth factors exist which were secreted from activated
monocytes  (monokines) and lymphocytes (lym-
phokines). The substances keep the cells which secrete
them, and also other cells in a state of proliferation. It
took a long time before the substances were character-
ized®. They are now designated interleukins, because
they act as communication signals between different
populations of leukocytes. One of the well-defined inter-
leukins is produced by macrophages and is called inter-
leukin 1 (IL1; table), the other is produced by T lym-
phocytes and is called interleukin 2 (IL2; table).

According to Acuto and Reinherz' a resting T cell posses-
ses many T cell receptors but very few IL-2 receptors
(IL2R; table). After activation the T cell receptor is
modulated (capping phenomenon®) and largely pinocy-
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tosed; instead, a high expression of IL-2 receptors is
observed followed by IL2 secretion. IL2 can bind to its
own cell and to other T cells, and as long as a high density
binding is achieved, DNA synthesis and mitosis will oc-
cur. In the absence of additional stimulation, the T cell
receptor is re-expressed and the T cell has then reached
the resting stage again (memory T cell).

Interferons (IFN) are a family of proteins (143-166
amino acids in length) with the biological function of
inhibiting both viral replication and cellular prolifera-
tion. In addition, it was found that they enhance the
expression of HLA antigens. Each of these effects has a
potential clinical importance in regulating cell function
and response to neoplasia®. There are at least 13 genes
controlling the production of interferons. The table lists a
number of them and also the genes for the interferon
receptor.

Another important class of soluble substances is repre-
sented by the complement proteins. They comprise a
system of mediators of inflammation and can lead to the
direct lysis of foreign cells marked by antibody binding
(antigen-antibody-complexes). Eighteen plasma proteins
have been identified® with cascade-like activating, regu-
latory and lytic properties (The table lists only those for
which gene mapping information was available). Three
functional pathways have been worked out: two different
activation mechanisms and one common effector cas-
cade. The complement proteins Clqrs, C4 and C2 on the
one hand and DF, C3 and BF on the other hand are
involved in the activation of C3, which is central in the
system and is also critical for the opsonization (i.e. prepa-
ration for phagocytosis) of bacteria and other particles.
C5, C6, C7, C8 and C9 are involved in the effector cas-
cade which results in the lysis of the cell. In addition,
fragments of C3 and C5 (C3a and C5a) have powerful
inflammatory effects.
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