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CELLULAR
IMMUNOLOGY

BOOKS 1 AND 2 COMBINED

Sir F. Macfarlane Burnet
K.B.E., O.M., F.R.S.

For the past ten years Sir Macfarlane Burnet
has advocated the clonal selection theory of
immunology; this is now widely accepted as
a basis on which the theoretical interpre-
tation of immune processes will develop. In
these two books he gives a comprehensive
account of the whole field of immunology,
based on this theory.

The book is in two parts. Book 1 is an
essay for biologists who are interested in
immunology but who are not necessarily
concerned directly with immunological re-
search. It describes immune action in terms
of a Darwinian process of inheritable change
and selection by proliferation and death
among the mobile cells of the mammalian
body. This general concept is presented
from different points of view and at different
levels of elaboration, but with the minimum
of references.

Book 2 is for the specialist and cites all the
documented evidence for the theory as out-
lined in Book 1. Sir Macfarlane has here
taken the opportunity to indicate lines of
new research which can be used to test the
theory.

Book 1 is also issued in cloth
and as a paperback entitled
“ Self and Not-Self’
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PREFACE

This book has an unusual form and an unusual purpose. For the
last ten years I have been interested, perhaps obsessed, by the
potentialities latent in what I called the clonal selection theory of
immunity. It was a point of view that seemed to be in accord with
the way biology was developing, and even in a rather crude early
form provided a better frame for the facts of immunity than any
variant of the dominant instructive theory. It was not enthusiast-
ically received and has been ‘disproved’ on several occasions. But
it is the only theoretical approach to immunology which has been
able to adapt itself successfully to the accelerating flood of new
techniques and new facts coming from experimental immunology.
At the 1967 symposium, ‘Antibodies’, at Cold Spring Harbor the
central postulate of the clonal selection theory—that the immune
pattern of antibody is determined by genetic processes in the
somatic cell line which produces it—was implicitly and explicitly
accepted by the great majority.

There were in fact signs of a rapidly increasing interest in these
ideas at the Prague Conference on Antibody in 1964 and about
that time I decided to attempt a comprehensive discussion of the
whole immunological field from a consistently ‘selective’ angle.
In an attempt to make such a treatment reasonably short and read-
able but at the same time to provide as much factual justification
as was needed to establish points regarded as vital, the present
form was adopted.

Book I is an attempt to present the current picture of immunology
in terms essentially of a Darwinian process of inheritable change
and selection by proliferation and death amongst the mobile cells
of the mammalian body. It is written as an essay for readers inter-
ested, as biologists of one sort or another, in immunology but not
necessarily concerned directly with immunological research. Only
occasional references are made to the workers on whose findings
the discussion is based and little or no mention is made of work in
fields which seem to have no special relevance to the central theme.
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Preface

The primary object is to present a modernized version of clonal
selection theory which could form a satisfactory background for
reading or investigation in immunology.

Experience in lecturing and discussion over the past few years
has made me very much aware of the difficulty many students and
even some investigators find in grasping the nature of the selective
approach. I have therefore deliberately presented the general con-
cept from different points of view and at different levels of elabora-
tion. This may make Book I appear unduly repetitious to some.
However, I have tried to apply the central theme to all those aspects
of immunology which are currently under investigation, and I hope
that the treatment will also interest professional immunologists.

It is inevitable that a number of interpretations have emerged
which involve significant modification of current opinion. Book I1
is designed to offer a more technical and documented justification
for such interpretations as well as to provide a fairly critical sum-
mary of the overall selective approach. In the course of working
on the book I found that there were a surprising number of areas
which had not been seriously discussed from the selective stand-
point. For obvious reasons the whole body of immunology must
have a concordant theoretical basis and I have found a good deal
of pleasure in trying to bring some of the more peripheral fields
into relation with the central theme. It may be of interest to some
readers to indicate the main topics where the treatment adopted
has been significantly changed by a thoroughgoing application of
clonal principles. In the following list the chapters (which are
similarly numbered in both Books) in which the topics are dis-
cussed are also shown.

A. The thymus as the principal centre for the differentiation of
stem cells to immunocytes and for the elimination of immunocytes
reactive with self-components (3).

B. Cellular phenomena associated with local depletion of the
thymic cortex (3).

¢. The significance of thymic pallor (3).

D. The existence of a hormone derived from gut-associated
lymphoid tissue concerned with plasma cell development (4).

E. High local oxygen tension as a prerequisite for plasma cell
development and accumulation (4).
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Preface

F. A duplex structure for the combining site on antibody (5).

G. The special importance for antibody production of the den-
dritic phagocytic cells of lymph follicles (4, 7).

H. The drug-like character of the action of antigenic determinant
on receptors of immunocytes (8).

1. The liberation, after antigen-immunocyte reaction, of agents
activating adjacent cells to immunological activity: its bearing on
nonspecific immunoglobulin production (g).

J. Myelomatosis as failure of maturation of an antibody-produc-
ing plasmablast (g).

K. Tolerance as resulting from destruction of all immunocytes
carrying receptors with more than minor avidity for the corre-
sponding antigenic determinant (10).

L. The special conditions necessary for the development of
delayed hypersensitivity: antigen in mobile cell surface (11).

M. The active role of the thymus in the pathogenesis of systemic
lupus erythematosus (12).

N. a-Methyldopa action as a phenocopy of somatic mutation (12).

0. The origin of histocompatibility antigens in relation to
adaptive immunity (13).

In summary, the primary objective of the book is to provide an
outline and justification of the clonal selection theory of immunity
and to suggest a number of areas where a whole-hearted application
of the theory offers new scope for experiment and interpretation.

The work was commenced some years ago, but the book has
been written essentially as a post-retirement activity since I left
the Hall Institute in 1965. I am indebted to the University of
Melbourne for a Rowden White Fellowship over the period, to
Professor Rubbo for providing office space in the School of Micro-
biology, to the Wellcome Trustees who have made it possible for
me to employ a secretary, and to a grant from Merck Sharp and
Dohme Research Laboratories, New Jersey, to cover stationery and
other office expenses. I owe a special debt of gratitude to Mrs L.
Nillson who has carried out many retypings and assisted in all
other aspects of its production with intelligence, accuracy and
cheerfulness.












1 The history of immunological ideas

The history of immunological ideas must have begun when people
began to realize that a man or a child with a pock-marked face did
not take smallpox again. No doubt it was also old wives’ knowledge
that other recognizable childhood infections struck once only, but
the virulence of smallpox in the eighteenth century in Europe,
when it was one of the main causes of death in childhood, gave it
pre-eminence. The history of variolization as a deliberate attempt
to provoke immunity and of its replacement at the end of the
century by Jenner’s ‘vaccination’ with cowpox is known to all. For
all its practical importance there was no possible basis at that time
for any significant theoretical ideas about the way in which pro-
tection was achieved.

The first approach to a general method of immunization against
an infectious disease came with Pasteur’s work (1880) on the pro-
tection of fowls against chicken cholera by inoculation with ‘attenu-
ated virus’; in this case, old cultures of the micro-organism
called Pasteurella aviseptica. To explain his results, Pasteur sug-
gested that the immunizing infection ‘exhausted’ something
necessary for the proliferation in vivo of the virulent culture.

With the recognition around this time of the universality of
bacteria and the existence of specifically pathogenic types, a new
problem began to be recognized—the normal resistance of animals
against most bacteria. Apparently related to this was the capacity
of blood held outside the body to resist putrefaction much longer
than most organic materials. Freshly drawn blood was able to kill
at least some types of bacteria and gradually the idea of special
agents in the blood adapted to defend the body against bacterial
invasion gave birth to the concept of specific antibodies. Concur-
rently, however, there developed an alternative way of looking at
the defence against bacteria as a function of the white cells of the
blood. The classical controversy between cellular and humoral
theories of natural immunity flourished from about 1884, when
Metchnikoff described his researches on phagocytic cells in the
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The history of immunological ideas

crustacean Daphnia, until 1903, when Almroth Wright’s ideas on
opsonins began gradually to lead to a recognition of the complexity
of the processes concerned and the importance of more than one
type of cell and many humoral factors.

The future course of immunological theory, as something con-
cerned with a much wider field than immunity against infection,
was laid down in 1898 by Bordet’s recognition of immune lysis of
foreign red cells followed in 1904 by Landsteiner’s discovery of the -
ABO blood groups. From this time onward there was a steady
increase in interest in the immunological behaviour of cells and
body fluids and soon a realization of the fact that only foreign
material was antigenic added an important new problem for under-
standing.

With von Behring’s discovery of potential therapeutic agents
against diphtheria and tetanus in 1895 and Ehrlich’s subsequent
studies on the nature of antitoxin, it was inevitable that the main
stream of immunological thought for the first forty years of this
century should be concerned with the problem of antibody. How
was it possible for the body to produce something which would
neutralize specifically any one of a large group of poisonous sub-
stances against which it had been immunized? Ehrlich’s side-chain
theory was the first serious attempt to explain the origin of anti-
body. It was based on a primitive picture of a living protoplasmic
molecule which carried a variety of side-chains by which food
molecules could be taken in and which could equally serve as
receptors for the attack of damaging substances like bacterial toxins.
If the molecule was not ‘lethally’ damaged it responded by an
overproduction of the receptors involved with their liberation into
the blood as antitoxin. The theory was obviously designed to deal
with toxins and antitoxins and depended, of course, on there being
available in the body pre-formed molecular groupings which could
unite specifically with what we should now call antigenic deter-
minants.

When Landsteiner developed methods of studying artificial anti-
gens made by the chemical union of small molecules—haptens—
to carrier proteins, it soon became evident that there were far too
many possible types of antibody to allow each to be accepted as
representing a pre-formed receptor on molecules or cells liable
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The history of immunological ideas

to attack by the antigen. By 1930 it was clear that antibodies were
associated with serum globulins and, independently, Breinl and
Haurowitz, Alexander and Mudd all suggested that antibody
might represent globulin which had been synthesized in contact
with antigen and, in so doing, had taken on a complementary steric
configuration which would ensure that, on renewed contact with
the antigen, a firm union could occur. This was the first form of
what Lederberg subsequently called the ‘instructive’ theory of
antibody formation.

The whole initial concept of immunity was in relation to infec-
tious disease in man or his domestic animals. Pasteur was trained
as a chemist, but once he had shown the potentiality of immuniza-
tion with attenuated pathogens the central objectives of immuno-
logical research were defined for the next sixty or seventy years.
Immunology was one of the practically important aspects of
medical bacteriology and almost all those concerned in its advance
were medically trained. There were, of course, other interests in
immune processes that went much wider than their applicability
to the cure or prevention of disease. The specificity of immunity
called for laboratory study of its basis and led to serological methods
both for the classification of pathogenic micro-organisms and for
retrospective diagnosis of the infecting organism. The triumphs
of immunology were practical ones: the production of antitoxins
against tetanus and diphtheria and, later, toxoids for active immu-
nization; a variety of bacterial vaccines, most of which have
suffered a progressive diminution in reputation with the years,
and eventually immunization against poliomyelitis and other virus
diseases,

THE BIOCHEMICAL APPROACH

The theoretical approach over most of the period was at a rather
superficial level and it is probably correct to say that not until
Pauling became interested in immunology around 1940 was there
any effective association of immunology with the developing prin-
ciples of biochemistry. The concepts of Ehrlich, for instance, were
ad hoc constructions with only a minimal relevance to the chemical
form in which they were cast. Landsteiner’s work in the 1930s was
of immense importance in establishing a chemical basis for the
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The history of immunological ideas

specificity of immune pattern and almost automatically suggested
that antibodies were produced in the body by some impression of
complementary pattern on normal serum globulin during the pro-
cess of its synthesis.

The development of quantitative methods by Heidelberger about
this time largely substituted the techniques of the biochemist for
the medical immunologists’ methods of titration to a limit dilution,
When mixtures of a soluble purified antigen with a corresponding
antiserum reacted to produce a precipitate, Heidelberger was con-
cerned to know the amounts of the two reagents in the precipitate
in terms of milligrams or micrograms. This provided immuno-
logical information in what a chemist could regard as a meaningful
fashion. Antibodies were clearly proteins and with the rapid
development of an understanding of the polypeptide structure of
proteins and, in particular, of the potential ways in which the basic
polypeptide chain could be folded to give secondary and tertiary
structure, Pauling was able to give a relatively precise formulation
to what has since become known as the classical instructive theory
of antibody formation. All theories must be produced within the
limitations of contemporary knowledge. In 1940 there was hardly
a hint of the part played by nucleic acid in coding the amino acid
sequence of polypeptide chains and very little conception of the
complexity of y-globulin and other proteins. The essence of Paul-
ing’s concept was that, as synthesized, a polypeptide chain had no
inbuilt compulsion to adopt any specific type of folding and intra-
molecular bonding. A vast variety of arrangements were thermo-
dynamically all equally admissible, normal y-globulin representing
a random mixture of the various possible three-dimensional con-
figurations. When, however, the newly synthesized polypeptide
chain was brought into contact with the steric patterns of parts
of the antigenic molecule or particle, it would develop a stable
configuration in a pattern complementary to that of the antigen.
Secondary hydrogen bonding between the coils in their new posi-
tion then stabilized the structure. When the antigen was in one
way or another separated and made available to mould another
polypeptide chain, a cavity appropriate to fit firmly with the anti-
genic determinant on a subsequent occasion was left imprinted on
the antibody molecule.

6



The biochemical approach

Much of this picture of the nature of antibody has been retained.
Most writers conceive the two combining sites of a single antibody
molecule to be cavities formed by amino acid residues so dis-
tributed as to provide a complementary steric pattern to the corre-
sponding antibody. It is more than possible that this is too naive
a concept but from the point of view of providing an acceptable
picture of how antigen and antibody react it has been valuable.
Where the instructive approach has proved insufficient is its failure
(@) to conform to the new understanding of the nature of protein
synthesis, (b) to provide an interpretation of immune tolerance and
(¢) to account for the changing character of a given antibody during
the course of immunization. Another aspect of antibody which has
become very prominent recently is its heterogeneity. With every
refinement for the physical separation of related protein molecules,
it has become more and more evident that each antiserum is made
up of a heterogeneous population of molecules with the one
common feature of a recognizably specific capacity for union with
the antigen in question.

THE APPEARANCE OF SELECTION THEORIES

In the period between 1940 and 1955 there was rapid technical
advance in immunology as in other biological sciences. The Second
World War had a major influence in two directions, due to the
immense practical importance of blood transfusion and plastic
surgery in dealing with war casualties. The ABO blood groups had
been discovered many years before but now there was a much
greater volume of laboratory work going on in this field. As a result,
the Rh groups and their clinical significance were discovered in
1940. The various immunological disorders associated with preg-
nancy and transfusion now became matters of major interest and,
in particular, underlined what Medawar called the ‘uniqueness of
the individual’. In the field of transplantation it was discovered
and rediscovered that while plastic surgery could deal almost with-
out limitation with the patient’s own tissues, most attempts to use
any other person’s skin or other tissue to replace deficiencies were
wholly unsuccessful. The time was ripe to emphasize the impor-
tance of ‘self’ and ‘not-self’ for immunology and to look for the
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The history of immunological ideas

ways in which recognition of the difference could be mediated. In
due course, the concept of tolerance and the experimental demon-
stration of acquired immunological tolerance became known to all
immunologists and immediately raised grave difficulties for
‘instructive’ theories.

New experimental work on antibodies themselves greatly com-
plicated the picture. In human beings it became clear that there
were three main types of antibody-carrying immunoglobulins
(Ig G, Ig M, Ig A), each with their own physical characteristics
and with at least one distinguishing antigenic quality. In all mam-
mals examined there are at least three such types and wherever
intensive search has been made, as in mice or human beings, a
complex of antigenic groups and subgroups has been found. The
elaboration of this field has depended first on the application
of simple electrophoresis (Tiselius), then on the refinement of
antigen—antibody precipitin reactions that becomes possible when
the reactions take place in agar (Ouchterlony, 1948) and finally on
the combination of both techniques in immunoelectrophoresis
(Williams and Grabar, 19553).

This work has no direct bearing on the nature of the combining
site—which in fact has only been directly studied in Ig G anti-
bodies—but there is a good deal to suggest that the combining
site may be the same for any type of immunoglobulin. Clearly
the situation was far more complex than Pauling had envisaged in
1940, and over the last decade the main theoretical discussion on
immunity has been concerned with the possibility of replacing
instructive theories of the Pauling type by selective theories of anti-
body formation. The two types of approach are similar in principle
to what has occurred in another contemporary field, the acquisition
by a bacterial culture of ‘adaptive’ capacity to resist an antibiotic
or to ferment a sugar against which it is normally inactive. In the
one field we ask whether the antibiotic impresses some change on a
small proportion of bacteria so that they produce descendants
genetically resistant (instructive approach) or whether in any large
population there will be so many mutants of all sorts that some
will be resistant to the antibiotic and in its presence will be able to
proliferate selectively. In the field of antibody production, selective
theories endow a unique quality on the genetic mechanism of anti-
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The appearance of selection theories

body-producing cells and the forms ancestral to them. Within that
population by some process, which may be accelerated somatic
mutation or some operationally similar random re-assortment of
pre-existent patterns, cells develop each of which can produce one
of a vast number of different patterns of antibody. It is a further
necessary postulate of selective (or genetic) theories that each cell,
each immunocyte, must also possess receptors (or ‘fixed antibody’)
which on contact with antigen of one particular type will cause the
cell to proliferate selectively.

The first suggestion that a selective theory of antibody produc-
tion was possible came from Jerne in 1955. In the course of studies
of the production of antibody against bacteriophage, he found an
unusual type of antibody present in small amounts in normal serum.
It is well known to all serologists that for almost any sort of antigen
very refined tests will show ‘traces’ of antibody in most normal
sera and sometimes surprisingly large amounts. Jerne felt that
these traces were real pre-existent antibody and speculated that
the first step in the production of antibody was the union of antigen
with appropriate molecules of natural antibody. The complex was
then taken up by macrophages of the reticulo-endothelial system
and stimulated them to produce more antibody of the same pattern
as had been drawn into them by union with the antigen. It was left
uncertain how the original normal antibodies had arisen and no
reasonable analogy was available to indicate how or why an acci-
dentally chosen cell should produce replicas of a protein taken into
its cytoplasm. There are still supporters of a modified version of
Jerne’s theory but most of them would now assume that the uptake
of the antigen-antibody complex was merely the first step in pro-
cessing the antigen into a suitable form for its basic function of
stimulating lymphoid cells of the same clone that had produced the
natural antibody.

One of the principal virtues of Jerne’s natural selection theory
was that it offered an interpretation of the failure of the body to
make antibody against its own constituents—its natural tolerance.
It was regarded as self-evident that any natural globulins capable
of reacting with cell components accessible to the circulation would
be eliminated from the plasma. This did not, however, deal par-
ticularly adequately with the phenomenon of neonatal tolerance
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Fig. 1. The instructive theory of Pauling (1940) and his predecessors. Non-
specific polypeptide chains are moulded after synthesis to take on specific

immune pattern by physical contact with antigen.

[A O/z O/":
i,

3 4

Fig. 2. The natural selection theory (Jerne, 1955). * Natural antibody” unites with
antigen; the complex is ingested by a phagocytic cell and more antibody is
produced to the pattern of that ingested.

Figs 1—4. A series of diagrams to show in oversimplified form the essential
features of four concepts of the process of antibody formation.

which had recently been demonstrated by Billingham, Brent and
Medawar (1953) and had provoked widespread interest. It seemed
that if a foreign antigen were implanted early enough, an animal
would fail to become immunized and would subsequently be in-
capable of producing antibody or its equivalent against the antigen.
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The appearance of selection theories

Fig. 3. The clonal selection theory (Burnet, 1957). Stem cells by a process of
randomized somatic genetic change develop different immune patterns, one only
being expressed for each cell and clone. Contact with the corresponding antigen
provokes antibody formation or other specific response.

3 4

Fig. 4. Subcellular selection theory (Lederberg, 1050). Each cell has pre-
existent capacity to produce large numbers of antibody patterns. Entry of antigen
selects the appropriate pattern for expression.

The situation subsequently became more complex, but it was very
largely from consideration of the implications of immune tolerance
that concepts of cellular (or clonal) selection approaches began to
develop. In 1957 Talmage and Burnet suggested independently
that it was more satisfactory to consider the process primarily in
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