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This is an idiosyncratically personal account of the origins, about 30 years ago, of the 
clonal selection theory, a no longer controversial integrating theme of immunological 
research. As an interested participant, the perspectives I can offer are those within my 
own ken, inevitably an egocentric one. This will unfortunately understate the indepen- 
dent roles played by a host of others, including several in these proceedings. Other 
historical accounts’*2 may give a more objective view. However, some parts of my story 
have not been told before. It will be of particular interest to students of the philosophy 
and socioiogy of science to analyze the processes of resistance and acceptance of clonal 
selection theory after 1957, until its general acceptance around 1967.3m5 

My personal mise-en-scene begins in 1955. I had been at the University of 
Wisconsin since 1947, having gone there directly from my work in Ed Tatum’s lab at 
Yale and Francis Ryan’s at Columbia. If I needed any reinforcement about the interest 
antigens and antibodies would have for general biological theory, I would have received 
this amply from M. R. Irwin. Ray Owen had left Wisconsin for Caltech just before I 
arrived, but his intellectual trace was everywhere. However, my own work was strictly 
confined to the genetics of Escherichia coli and of salmonella. The diversity of 
serotypes in salmonella had been one of the conceptual clues to genetic recombination 
in bacteria, and I had at least one experimental contact with immunology, namely, 
serology of tlagellar and somatic antigens.6 

The principal antecedental threads of clonal selection, at least for this microbiolo- 
gist, were: (1) physicochemical concepts of serological specificity, spanning from Paul 
Ehrlich to Karl Landsteiner and Linus Pauling; (2) the revalidation of Darwinian 
models (namely, prior spontaneous mutation and natural selection) in their application 
to adaptation in microorganisms, such as the development of specific resistance to 
antibiotics; (3) an emerging understanding of gene expression in protein synthesis, 
particularly in substrate-induced enzyme synthesis in bacteria; and (4) a developing 
conception of a genetics of somatic cells by analogy with the genetics of bacteria 
(Mendelian models). 

Karl Landsteiner’s “The Specificity of Serological Reactions” focused attention on 
antigen-antibody reaction as a prototype of biological specificity. Pauling’s chapter in 
the 1945 edition’ showed how “specificity can arise in the interaction of large 
molecules as a result of the spatial configuration of the molecules.” The seminal value 
of this stereochemical axiom was unfortunately not matched by well-founded specula- 
tions on the mechanism of antibody synthesis. In the early 1950s there was notably 
little serious discussion of the mechanism of antibody formation. The most prevalent 

“Dedicated to the memory of Frank Macfarlane Burnet (1899-1985) and Peter Medawar 
(1915-1987). 
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notions were those elaborated by Haurowitz,* that the antigen itself acted as a template 
on which the antibody globulin was molded. Pauling and Campbell9 had even 
published experiments in 1942 claiming the synthesis of antibody in vitro by the 
renaturation of globulin in the presence of antigen. One minor variant challenged the 
need for the continuous presence of the antigen and supposed that an intermediate 
mold was generated, perhaps in many copies, from the initial antigen conformation. 
Another gave homage to the central role of RNA and DNA in protein synthesis, but 
supposed that antigen could be attached to or modify the nucleic acid in directing the 
course of protein synthesis. These models, which I later classified as “instructive,” 
reflected a miscomprehension of the most basic feature of the genetic coding theory: 
the linear correspondence of the nucleotide sequence in the DNA/RNA to the amino 
sequence of a protein.” 

My own research, starting in 1946, had made extensive use of artificial selection to 
discover rare recombinant or mutant genotypes in large microbial populations.” 
Francis J. Ryan introduced me to this at Columbia in an investigation on a 
leucine-dependent mutant of Neurospora. Placed on nutritionally deficient media, this 
mutant would “adapt” to that constraint on its growth. We established that this 
adaptation was a genetic reverse-mutation with crossing studies. We presumed that it 
occurred spontaneously, the deficient medium selecting for the mutants, but we could 
adduce no compelling evidence. Our thinking was of course influenced by Luria and 
Delbruck’s demonstration in 1943” that the statistics of phage resistance in bacteria 
also agreed with the Darwinian paradigm. Shortly after the Neurospora experiments, a 
similar method of selection enabled the discovery of genetic recombination in E. coli 
K-12, which achieved a certain reinforcement to “think selection” for a variety of 
experimental purposes and as a pervasive strategy in natural process. 

Many of the aforementioned findings went against contemporary traditions. For 
example, many bacteriologists still held that drug resistance was evoked by some 
chemical reaction of the drug with the bacterial protoplasm-a view that continued for 
many years to be nourished by the authority of Sir Cyril Hinshelwood, President of the 
Royal Society of London. Several never unraveled the difference between genetic 
changes in individual cells, changes in the proportion of genotypes in populations, and 
the reversible regulation of enzyme synthesis by inducing substrates. To others, it was 
congenial as a last stronghold of Lysenkoism: a direct effect of environment on 
hereditary traits. Francis Ryan continued to devote much of his energy to studying 
adaptive mutation in bacteria.13 

The development of the replica-plating technique in 195214 was similarly moti- 
vated: it allowed indirect selection of resistant mutants in a fashion that assured their 
presence among cells that had never been exposed to the drug. As a constructive 
demonstration it did finally quiet that controversy. It was also a further reinforcement 
of “think selection.” 

The study of enzyme induction, and of the genetic control of B-galactosidase, was 
one of the first tasks I addressed with the use of genetic recombination analysis in E. 
coli. With the help of Karl Paul Link and Martin Seidman, o-nitrophenyl galactosideb 
became available as a chromogenic substrate for assay of the enzyme.15 I was soon 
struck by the fact that “uninduced” cells, grown in the absence of galactosides, 
nevertheless showed an unmistakable basal level of the enzyme. Subsequently, I found 
that neolactose, altrose-/3-D-galactoside, was a noninducing substrate that could be 

bit is curious to recall that W. Goebel and 0. T. Avery had synthesized nitrophenyl glycosides 
in 1929 as intermediates in the synthesis of artificial conjugated haptens.” 
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used to select constitutive mutants that produced full-blown levels of the enzyme 
without specific induction. These findings supported the view that enzyme specificity 
was inherent in the bacterial genome; the inducer was a quantitative regulator of gene 
expression.16 

Finally, under the stimulus of conversations with G. Klein and H. Koprowski, in 
1955 I started to beat the drums for a research strategy of “a genetics of somatic and 
tumor cells.“‘*~‘9 Bacteria had also been thought to be intractable; it seemed certain to 
me that mammalian cells could be made to fuse, and at least chromosome reassortment 
could be readily studied. 

My first published thoughts about antibodies” were a brief statement of possible 
analogy to induced enzyme formation. The complexity of the animal system seemed to 
defeat experimental analysis. Then, in November 1955, at a symposium on Enzymes in 
Detroit, Jacques Monod again posed the question of whether the inducer provided the 
information needed to mold the enzyme. In my discussion, 1 responded in the negative, 
citing the aforementioned evidence. The role of the inducer was to regulate the 
expression of that genetic information, as we would now all agree. In a spectacularly 
unprescient fashion, my impromptu discussion went on to contrast the induction of 
enzymes with the antibody response: 

“The immune response has provoked a similar discussion. Ehrlich had proposed that 
specific antibodies were normal products, subject to quantitative variation under the 
influence of the antigen. Pauling and others believe that the antigen plays a direct role in 
molding the antibody protein. Enzymes are generally less specific than antibodies in their 
range of complex formation, but more so in their catalytic action. Furthermore, antibodies 
are constructed from a common gamma globulin, whereas enzymatic specificity can call 
on a more fundamental variety in structure. We need not assume, therefore, that both 
syntheses follow the same plan.“” 

Calling on the prevailing common wisdom, that was not my most insightful moment. 
The only other comment about antibody synthesis at that meeting was Pauling’s 
reiteration of his 1940 model. 

When 1 returned home, I found the November issue of the PNAS and therein Nils 
Jerne’s paper on: “The Natural-Selection Theory of Antibody Formation.“22 I wrote 
him promptly to apologize for not having cited his paper, and to express my 
approbation of approaches that avoided an instructional role for the antigen. He 
responded that I was the only one to date to express any interest in his proposals. Felix 
Haurowitz had criticized him, on the one hand, for neglecting to mention Ehrlich’s 
precedent in proposing the spontaneous formation of antibodies. On the other, it was 
just not possible for an animal to be preadapted to form antibodies to artificial 
haptenes like Landsteiner’s azophenyl arsonate. Jerne responded that a million 
specificities randomly chosen would be far less than the “million million million” 
globulin molecules in the blood, the supposed targets of selection according to his 
model. At that point, I was sure that some Darwinian model would handle the problem 
of antibody formation; I was a bit skeptical of the self-replication of circulating 
antigen-selected globulin molecules that he was proposing. More plausible targets of 
selection would have been diversified protein-synthesizing units (in the cell), still 
bound to their antibody product. It still did not occur to me that the cell itself satisfied 
that criterion. In fact, not working directly in immunology, it was only at conferences 
that offered the stimulus of dialectic with people actively working in the field, that I 
would put much attention into scientific speculation. What perils meetings like this 
may have for the unwary! 

In August 1957, however, I found myself in Macfarlane Burnet’s laboratory in 
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Melbourne, on a trimester’s Fulbright fellowship.’ I had gone there to learn about the 
influenza virus, and its recombinational processes,26 and was dismayed to hear that 
Mac had just closed down his research on flu; he had decided to go full blast into the 
mechanism of antibody synthesis. We began earnest discussions about the new wrinkle 
that Mac had placed on Jerne’s proposal: it had to be the cells that varied and were 
subject to selection.*5 But, I expostulated, there must be far many more species of 
antibody than there are cells available! “Mac, how do you know that? How do you 
know as a matter of experimental fact that there are more than a few thousand 
species?” I realized instantly how 1 had taken for granted a spurious “fact” that had 
misled the entire field. (A complete history would trace the ultimate origin of that ikon, 
of the infinity of antibodies. Today we would use information-theoretic criteria to 
measure specificity, and might avoid such pitfalls.) 

Our discussion became intense, although somewhat clouded by Burnet’s tendency 
to resist the “simplistic” mechanisms of DNA-based molecular genetics that are 
today’s foundation stone. 1 would receive his exciting ideas, and then have to translate 
them into a contemporary idiom to get the full benefit of his marvelous biological 
intuition. 

There was also an opportunity to construct some experiments to test the hypothesis, 
as difficult as this was in the absence of any reliable procedure to clone antibody- 
forming cells. Working with Burnet was a young, audacious, postdoctoral fellow: Gus 
Nossal. He was more than eager to attack the theory. Could we at least study the 
phenotype of individual cells in animals stimulated with two or more antigens. The 
Pauling model made no particular exclusion; on a clonal selection model, cells making 
two kinds of antibodies would be vanishingly rare, barring second order complexities. 

1 had been doing serological microassays with motile salmonella strains, in this case 
to study the genetics of the flagellar antigens in single-cell pedigrees of the bacteria.27 I 
suggested that we characterize the antibody released by single lymphoid cells by 
immobilization of the bacteria in microdroplets in paraffin oil. The feasibility of the 
assay was proven during the brief months I still had in Melbourne, and Nossal 
continued thereafter until 62 reactive cells had been tested: 33 immobilized Salmon- 
ella adelaide. 29 S. typhi, none both.” This was only one step toward proof of clonal 
selection. Propagable clones would be needed for that. The paper made a few mumbles 
of alternative possibilities, like an analogy to mutual exclusion of viruses. This was my 
first and last experimental involvement. I need hardly tell you about Nossal’s further 
career. When I went to Stanford in 1959, I persuaded him to join me for an interval, 
but his roots in Australia ran very deep and he returned, eventually to succeed Burnet 
as director of the Hall Institute. 

Returning to Wisconsin in November 1957, I had a number of other matters in 
mind besides antibody synthesis. Sputnik had opened up the exploration of space in 
ways that were dramatized by an encounter with J. B. S. Haldane in Calcutta, en 
route29; and I saw little evidence that scientific objectives were to be honored in the 
development of the nation’s space programs. It seemed an urgent task to move the 
National Academy of Sciences to take leadership for this objective and to include 
biological questions on its agenda. What was later termed “exobiology” was initiated 
the spring of 1958. I also became engaged in the negotiations that would lead to my 
going to Stanford. But during 1958, Burnet’s ideas came up on a number of occasions 

‘Burnet’s memoirs23~24 have a small factual error-he had me in Melbourne November and 
December, after he had published his paper on clonal selection theory”; in fact, it was August 
through October 1957. Briefly visiting Melbourne at that time was Carlton Gajdusek, just on his 
way to New Guinea to study kuru among the Fore-and to discover the slow viruses. 
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where 1 felt they would receive greater due after being retranslated into DNA 
language.lg 

When Bernard Davis invited me to give the Howard J. Mueller memorial lecture at 
Harvard that November, I decided to use the occasion to frame a critical reformulation 
of the clonal selection theory. Burnet’s uncanny biological intuition was not matched 
by his resonance with molecular biology or a detailed familiarity with its chemical 
precepts. At one point he refers to himself as “positively schizophrenic about molecular 
biology”-his main grievance “the arrogance which defines biology as the chemistry of 
the nucleic acids.” By 1958, I had long since consolidated the philosophical position he 
had repudiated. Meanwhile, David Talmage, at the University of Chicago, had 
reached a substantially similar posture. Quite independently of Burnet’s revelation of 
how to read Jerne, he had published a succinct statement of the same theory of clonal 
selection of cells3’ In October, 1 asked him if he would meet in Madison. The upshot 
was an exchange of manuscripts and an agreement that we would submit papers to 
Science, for publication back to back.3’.32 Meanwhile, I had still other diversions: a 
surprise invitation to revisit Stockholm once again (I had attended the International 
Congress of Microbiology in August), this time in December on Alfred Nobel’s 
birthday. 1 was far too busy to prepare still another paper that would do credit to the 
occasion; quite literally, I was packing to move my home and my lab to Stanford, 
targeted for end January. But I did manage to present the Mueller lecture, and was 
gratified by the interested, if mostly skeptical, discussion it aroused. The talk I finally 
did present in Stockholm, the next May, was in a similar mood. So much had happened 
in the 12 years since my initial work on genetics in bacteria that I decided to devote my 
address33 not primarily to my own work, but precisely to the extent to which biology 
had become the chemistry of the nucleic acids, as coding agents for proteins. 

Our papers appeared in Science, June 1959. Talmage focused on experimental 
data, including his own important contributions, on the overlapping diversity of 
antibodies-an essential point in the argument that antibodies are normal globulins. 
Mine focused on the theoretical framework of the cell selection theory. It is reprinted 
here (at the end of this article), the more substantial part of this presentation. It 
generally followed Burnet’s reasoning. One deviation was my proposal that clonal 
diversification was a life-long process; he would have confined that to the perinatal 
period as part of his model of induced tolerance. 

The sharp delineation of “instructive” from “elective models” is now a matter of 
common understanding. N-vertheless, a reminder is needed to distinguish “elective” 
from “selective.” Purification of a globulin preparation on an affinity column is an 
elective process. If it permitted replication of the elected units, it would also be 
selective. Likewise, inducers play an elective role in enzyme synthesis in bacteria, by 
derepressing the expression of preexisting genes. They are not ipsofucro selective: 
substrates may be so when they encourage the differential reproduction of specified 
genotypes. Thus, the hypothesis analogizing immunogenesis to enzyme induction was 
an elective one; it did not yet embrace genotypic diversification and selection 
therefrom. These distinctions are important in efforts to apply these concepts to further 
domains such as neurobiology. 

For some time, many immunologists’ reaction was that they could not see what 
experimental basis there was to support the selection theory. This was entirely 
legitimate, but the alternatives to be sorted out were not always logically coherent, 
such as efforts to distinguish our selection theory from one based on “cellular 
differentiation.“34,3s Even today, to describe a phenomenon as epigenetic rather than 
genetic” is hardly to explain it. The restriction of antibody potentialities that Nossal 
and I had reported (no more than one antibody species per cell) came under sharp 
experimental attack, especially by Attardi et ~1.‘~ At one point, Nossal and Makela 
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themselve?’ found a few cells that, depending on the assay method used, seemed to be 
bipotent. This was not a mortal wound to selection theory: we were, after all, working 
with diploid cells; but I was acutely uncomfortable with the kinetics of the model 
needed to accommodate two sequential mutations, one on each chromosome. Of 
course, other compromises were available-and one has emerged as fact: substantial 
reduplication of genes for immunoglobulins. Without experimental necessity, I was 
loathe to multiply entities. But it appears as if immunobiology falls outside the domain 
of Occam’s razor. After 1959, I did not lose interest in immunogenetics, but my 
medium was an administrative one: the new department of genetics at Stanford. Gus 
Nossal, Av Mitchison, Walter Bodmer, and Leonard Herzenberg having occupied 
chairs there, I could confidently direct my own experimental interests elsewhere. 

Meanwhile, chemistry was marching ahead. Brenner, Jacob, and Meselson had 
given us the messenger RNA, and the role of DNA in protein coding began to be 
shaped in its contemporary form.” And in 1962-1964, a number of studies made it 
clear that the specificity of antibodies was related to their primary structure, an amino 
acid sequence whose determination could hardly have any other provenience than the 
DNA. Ollie Makela also stuck to his guns and clarified some of the methodological 
problems that may have given bipotent cells as artefacts3’; Benacerrafs group also 
gave a strong affirmation of unipotency of cells. 39 It appears that Nossal and Lederberg 
were probably correct in 1958, but in view of the methodological problems, that has to 
be put down to sheer luck. The experiment had the undeniable virtue of providing a 
target of skeptical investigation more pointed than the generalities of the theory that 
was its background. 

By the 1967 Cold Spring Harbor Symposium, the clonal selection theory was an 
undeniable fundament for almost every investigation of the chemistry of antibodies or 
the biology of immunocytes. It was also clear that further progress would depend on the 
propagation of antibody-forming cells as clones. We do not have a detailed intellectual 
biography of the precursors to Kohler and Milstein’s famous experiment.a Some of the 
precedent ideas about fusing immunocytes with neoplastic cells to produce such clones 
have been reviewed by Bodmer.4’ In a popular piece I wrote in 1972: “Many products 
of differentiated cells, such as specific enzymes and antibodies, could become 
important in medicine if we could produce them in larger, predictable quantities. Cell 
fusion should enable scientists to increase the rate at which these substances are 
produced by cells in culture.“42 This remark was inspired by Henry Harris’s observa- 
tion that the dormant nucleus of the chick erythrocyte could be reactivated by fusion 
with mouse cells. Into the ears of babes. .? 

The immune response stands today as the first epigenetic phenomenon for which a 
chemical structural interpretation can be given. Nature often returns to the same 
handbook of tricks; it surely will not be the last to violate the dogma of somatic cell 
constancy of DNA, the apparent reversibility of cell differentiation notwithstand- 
ing.43.44 

RETROSPECTION: THIRTY YEARS LATER 

1. The greatest weakness in reference 32 is its economy of cell types. What sane 
person would have postulated today’s menagerie in 1959? 

2. The interpretation of immunological tolerance needs be far more complex, 
although within the same general conceptual framework as offered there.45 

3. We would have gotten to a modern theoretical perspective as a direct yield of 
structural chemical studies of immunoglobulins. Doubtless, these labors get some 
motivational push and focus from the theoretical context. For example, I would rather 
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see intensive comparison of DNA sequences of selected sites in samples from 
differentiated tissues: muscle, neurones, fibroblasts versus gonia, than a mindless 
traverse of one complete genome. The latter would have told us nothing about 
immunogenesis. 

4. Don’t let conflicting and awkward “facts” stand in the way of an esthetically 
satisfying theory whose fundamentals are consistent with the world model and with one 
another! And be suspicious of “facts” that seem in the way of any coherent theory. In 
some measure, the uniformity of the genome among somatic cells may be one of 
these. 
Note added in proof: The last word on the clonal selection mechanism is: TONEGAWA, 
S. 1988. Somatic generation of immune diversity. Prix Nobel 1987; pp. 203-227. Also 
appeared in In Vitro Cell. Dev. Biol. 24(4): 253-265. 
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The followine article is reorinted from Science, June 19, 1959, vol. 129, pages 1649-1653. 
Copyright 1959-by the AAAk 

CURRENT PROBLEMS IN RESEARCH quence rubjcct to diRermtirl foldiq. 
The chemical evidence is far from de- 
cisive. For example, Karush (II) rejects 
this proposition not on analytical cvi- 
dence but on the cogent .rgume”t that 
miscell.ncous antigcnic cornpounds nn 
scarcely convey irultvctioru for squcnce. 
But if irutmctive-scqumce is implrus- 
ible, this perhap argues yinrt inrtrw- 
lion rather than dilfercntial sequence. 
Knrush has ala demonstrated the re- 
markable stability of antilady through 
cycle% ot exfusurc (0 denaturing c”“ccn- 
tntions of urea. He attributes the stmc- 
tunl continuity to stabilizing disullide 
linkages, but determinant amino acid r 
quenccs may alw bc inwlved. 

Genes and Antibodies 

Do antigens bear instructions for antibody specificity 
or do they select cell lines that arise by mutation? 

An antibody fs P spccitic globulin 
which apkan in the serum of a” nni- 
al.1 de, the i”tmduction of . foreign 
substmce, sn rntigen (I). Each of the 
many globulins is spedlied by ib rcac- 
lion with a particular antigen (2). Our 
present cmcem is to formulate a plaus- 
iblc mcchtism for the mle of the anti- 
gen in evoking large amwnts of a spc- 
&tic camplemcnt~ty globulin. A” impnr- 
tmt clement of any theory of antibody 
fonnrtion b iu interpretation of selt- 
recognition. the mew by which a” or- 
ganism discrimimtu its awn conrtitu- 
crm from the loreign substances which 
we valid stimuli of the immune re- 
sponse. 

Recent speculation about antibody 
bmtation (3-S) has been dominated 
by instructive thmrics which suppose 
that the antigen conveys the instrw- 
tions for the specificity of the globulin 
synthcsircd under its govcmance. Elcc- 
tive thcorics date ftum Ehrlich (9) and 
have he” revived principally by Jeme 
(IO), Tnlmagc (2, II), and Bumct 
(12). Thcsc posrulatc that the informa- 
tiott required to syrdhesisc a given anti- 
body is nlrcady inherent in the organism 
before the rntigenic stimulw is received, 
and the stimulus then functions to stim- 
ulrte th.t mechanism electively. Jcmc 
had prop+& a” clcctivc transport of 
a”tibcdy-forming templates to function- 
ing sites; Tnlmage and Bumet have 
explicitly proposed a” elective function 
based on cellular sclcction. The details 
which distinguish the various proposals 
me pointed out in the f&wing dis- 
.Z”SSfOll. 

Immwology does not suffer lrom a 
lack of cxpcrimcntal data, but still some 
of the most elementary questimu are 
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“ndecfdcd, md it is not yet possible to 
chwse between irutmctive and elective 
thmrin However, the latter have had 
so litrlc expression in the put few dcc- 
adct that a detailed expmition may serve 
a useful function, if only p1 a target for 
expcrimc”tal attack. This article is a” 
rttempt to formulate an elective theory 
on the basis of genetic doctrinea devcl- 
coped in studia of microbial populations. 

Of the nine propositions gfven here, 
only number 5 is central to the elective 
theory. The fint four are special postu- 
lates chaxn as a” cxtre”w but ICII-CMI- 
sistent set; however, they might well be 
subject to denial or modification with- 
out impairing the validity of the elec- 
tive approach. The last four pmposi- 
tions me stated to .cmunt for the gcn- 
cral feature of antibody fmmatio” in 
cellular terms and may be equally ap- 
plicable to instructive and elective tlw- 
or& If this theory cp~ k dcfcndcd, 
and I Lnow of no fatal refutation of it, 
then clearly elective the&a of lntibody 
formation perhap lcsr doctri”ai,x in dc- 
tail should have P place in further cx- 
p&mental d&g”. each pmposition be- 
ing evaluntcd on its own merits. 1 sm 
particularly indebted to Bumct (13) for 
this formulation, but Bumet should not 
be hdd rcsponsiblc for soomc clabora- 
tionr on bir original pmposal, espccfrlly 
in propositions 1 thmugh 4. A connected 
statement of the nine propositions is 
give” in Tnblc 1, md each ant is dis- 
cussed in detail in the following sectfonr 

Antibody Glob& 

Al. The 5trrcorpccific ~rgmcnt 01 each 

antibody globulin ti dsrsrminrd by (I 

uniqur sequence of amino acids. 

This asertion contndictl the more 
popular notion, and the usual basis of 
instructive hypothesa, of a uniform se- 

Elective antibody farnation is of 
course qually compatible with sequence 
or folding. In such a theory. the mcchr- 
nisnt of awcmbly does “or have t” be 
specified, so long as the product (the 
pmspcctivc antibody) rccogni-that 
is, rcacu with-the antigen. Diflercntial 
squence is pmpacd (i) to stress the 
ambiguity of praent cvidcncc and (ii) 
as being more closely a”rlogous to cw 
rent conceptions of gcnically co”tmllcd 
specificity of other proteins (15). 

Tbc direct analysis of antibody stmc- 
turc bv physiccxhemicrl mcthwls has 
been ~q&cal. The fractionation of 
globulins hy partition chromstqnphy 
(16) minht be intcmreted bv differen- . , 
tirl ‘e&sure of phenolic, amino, and 
carboxyl groups rather than diflcrcncn 
in cuential composition. Chanctcrim- 
lion of amino acid composition has 
give” sharply d&rent rcwlu with nh- 
bit globulins, on the one hand, and 
quine and human globulins, an the 
other. Rabbit globulins. including vrri- 
ous mtibodics, apparently have a uni- 
form N-terminal sequence, II) far identi. 
Bed for five r&dun u (17) : 

Almine-lcucine-v~line-upnnic-lllut.myl 

V.rious ¶“tib.xli.2 wcrc, f”rtbcr”larc, 
indistinyirhablc in over-all composition 
(f8). Any chendcrl diffcrenclr would 
then hlvc to attach to P cc”tral, diner- 
ential segment. This possibility is made 
more tangible by Porter’s recent finding 
lf9) that rabbit antibody globulin could 
bc split by crystnlline papain into thm 
fragments. One of these was crystalliz. 
able (and presumably homogeneous). 
dcwid of entibody rccivily. hut qnivs- 
lent as P” ontigrn to the intact globu- 
lin. The rcmdnfng fractions were mm 
hetemgencous and retained the antigecn- 
combining spcificity of the intact anti- 
body. As tbcsc lr.ctions m.y well corn- 
sprmd to the dilIcrcntial segmcntr. their 
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Table I. Nine propaitions. 
Al. The otcrcnpcific wgment of each antibody globulin is determined by a 

unique uqucncc of amino acid‘. 
AZ. The cell making l given antibody hu a correspondingly unique sequence of 

nucleotides in a ugment of iu chromowmal DIVA: iu “gene for globulin 
rvnthai,.” 

A3. Th; g&ii-diversity of the preruraon of antibody-forming cells B&B from P 
high rate of wontaoeou~ mutation during their lifelong proliferation. 

Al. This hypermutability con&u of the random assembly of the DNA of the glob- 
ulin gene during certain stngea of cellular proliferation. 

AS. Eech cell, u it begins to matoreI spontnncouly produces small amounts of the 
antibody corresponding to its own genotype. 

A& The immature antibody-forming cell is hypencnritive to ao antigen-antibody 
combination: it will be aupprelsed if it encounters the homologous antigen 
at thh time. 

A7. The mature antibody-forming cell is reactive to an antigen-antibody combi- 
nntion: it will be &mdated if it tint encountera the homologous antigen 
at tbia time. The stimulation comprises the ncccleratiae of protein synthesis 
md the cytological maturation which mark a “plasma cell.” 

A& Mature cells proliferntc extensively under antigcnic rtimulation but arc gcncti- 
ally mblc and therefore generate large clone. genotypically prcrdapted 
to produce the homologous antibody. 

A9. These doner tend to per&t after the disappearance of the antigen, retaining 
their capacity to react promptly to itr later reintroduction. 

further immunological and chemical 
analysis will be of ntraordinaty interest. 

In cootrat to the uniformity of rabbit 
globulins, normal and antibody globulins 
of horse rcrum proved to be grossly hct- 
cmgeneow but equally so, P wide variety 
of N-terminal groups being found in all 
preparations (20). This mcrcly confirms 
the concept of the plurality of antibodies 
evoked by a given antigen, which have 
in common only the general propcnia 
of normal gamma globulins and the 
capacity of reacting with the evoking 
antigen. The globulin, of man, and in 
particular the characteristic globulins 
pmduced by different patients suKering 
from multiple my&ma, are likewise 
rccogniwbly different, inter se, in amino 
acid compadtion (21). 

Gene for Globvlia Synthcrir 

AZ. The cell making a giurn antibody 

has a correspondingly unique ~q~cncb 

o/ nucleotider in (I srgmcnt of its chro- 

mowtnal DN:f: ilr “gene /or globulin 

*ynthrris.” 

This postulate follows plausibly from 
proposition Al, and would trace snti- 
body-forming specificity to the same 
source BI is imputed to other specific 
proteins. As the most deterministic of 
genetic hypotheses, it should be the most 
vulnerable to experimental test. For cx- 
ample. a single diploid cell should be 
capable 01 a1 rno~ll two potentialiticr for 
antibody formation, one for each chro- 
mmome. 

I” tc*tl of inglc locibody-forming 

~clls from rat9 rimuftoncourly immun- 
ized against two Sofmonclln serotypes, 
Nonal and I (22) could find only mono- 
specific cell, producing one or the other 
antiflagellin. Coons (23) and White 
(24) have reached a similar conclusion 
in applications of fluorescent labeling 
technique. However, Cohn and Lennox 
(25) have convincing evidence for some 
bispecihc antibody-forming cells in rab- 
bits rcriolly immunized against two bac- 
teriophaga. Experiments pertinent to 
the possibility of a single cell’s carry- 
ing more than two antibody-forming 
specificities remain to be done (26). 

The chromosoomal localiition of anti- 
body-forming specificity is uncoupled 
from its elective origin in proposals 
(7,8,27) that an antigen induces a mu- 
tation in a gene for globulin synthesis, 
though not necesarily involving a new 
nucleotidc sequence. 

Multiple specificity would stand 
against a simple chmmosomal basis for 
antibody formation (28). leaving two 
alternative possibilities: (i) replicate 
clwomosomal genes or (ii) ertrachro- 
mosomal particles such a~ microsomes. 
Tbex might bwt be disentangled by 
some technique of genetic recombination. 

The differentiation of micmsomn 
must be implicit in nny current state- 
ment of a theory of antibody formation 
that recognizes their central role of pro. 
rein synthesis. The main insuc is whether 
or not their specificity is dependent on 
that of the chromosomal DNA. Auton- 
omy of microsomes, in contradiction to 
prormition A2. it implicit in most in- 
*1r”&c theolier, the miCrc.IOmC carry- 

ing either the original or a copy of the 
antigcnic message. On the other hand. a 
pnwrrful rlcctivc tbcory is grwrmtrd by 
aubstitutiug the term tnicrmotnol RNA 

for the terms chromo,omol DN,I and 
gcnc in the various propositions. Sinre a 
single cell may lhovc millions of micm- 
some,, this tbcory would allow lw :uly 
imaginable multiplicity of antibndy- 
forming information in a single cell. If 
the potential variety of this informnrion 
approaches that of tlw tottd antibody rc. 
sponrr, further inrtmctiorrs in an anti- 
gcnic input would become moot. In nd. 
dition, the complexities of selection of 
cellular populations would be com- 
pounded by those of microsonml popw 
lotions withm each cell. There dig& 
of freedom which blur the distinction 
between micrmomal instmctiou and 
election fnvor the utility of the chrmno- 
somal hypothelir ~3 a more accrssiblc 
target for cxpcrimcntal attack. 

Geoic Diversity of Precursor Cells 

Three elements of this stntrmrnt 
should be cmpbnrizrd: (i) thst anti- 
body-forming cells am rprrinliwd, (ii) 
that their dibcnity arises from some row 
dom procrsr. and (iii) that the divrrri- 
hcation of tlwsc cells con~ioucs, in com- 
pany with their proliferation, through- 
out the life of the animal. 

Item (i) and its justification by vari- 
mu cxperimcnta IKWC already been dis- 
cussed as an xprct of proposition A2. 
Talmage (2) also strc~-m the spcrial- 
ization of antibody-forming cells by re. 
fcrring to their progressive difcrrnfio- 

Lion. This is entirely consistent with 
propositions A3 and h4, which then 
postulate a specific mechanism of ccllw 
lar differentiation, in this case, gem mu- 
tation. If. on Talmaer’s modrl. fully 
diRercntiated cells & ultimately I& 
with no more than one antibody-form- 
ing spccifirity per chromosome. the gm- 
eral conscquenccs will be the wmc 
whether this final state represents tbc 
unique activation of one omong innu- 
merable chromosomal loci (ICC 27) or 
the evolution of one among inmmwr. 
able spccihc alleles at a givrn low% 
Once again, the final resort for drcision 
may have to be a recombinationnl trch- 
oiquc. 

If the discrepancy between the experi. 
ments of Nousl and Lederbenr (22) and 
those of Calm and Lennox (25), as dis- 
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cussed under propmition AZ, is real and 
depends on the timing of immunization, 
it may furnish urong wpport for (ii), 
the mndun origin of antibody-forming 
specificity. Ii antibody-forming cells can 
have two (or any small number of) 
rpecihciticr randomly derived, only a 
negligible proportion will have just the 
two being tested for. This would corre- 
spond to the case of #imultsneous im- 
munization with the two test antigens. 
If, howver, m papulntion of cells carry- 
ing one apciticity is selected for, fol- 
lowed by selection for a second rpeci- 
ficity among all available cells, this is 
the case of wrial immu&.ation and is 
precisely the method one would predict 
to obtain a clone “hetcrozygous” for two 
mutant alIcIer Simultaneom vemu se- 
rial immunization would be analogous to 
the suppression versus selection of bat- 
terial mutants resistant to two aatibiotiu 
(29). Further experimenta are needed 
to exclude more trivial reasons for the 
scarcity of bitpccific antiflagellin-form- 
ing cells 

Item (iii) diverges from Bomct’s 
pmposal that the “randomization” of 
mtibody-forming cells is conhncd to 
prrinatcll life, thereby generating a set 
of then stable clones corresponding to 
the antibody-forming potentiality of 
the animal. These clones would then be 
irreplaceable if lost either by random 
drift or ai a consequence of premature 
exposure to the corresponding antigen. 
The arguments against Bumet’s pro- 
posal are by no means decisive; how- 
ever, the correspondence between cells 
and antibodia is made more difficult 
by having to maintain each clone at 
a sufficient popoIrdon s&e to com- 
pensate for IOLI by rmdom drift. For- 
thcr. the recwrence of antibody-forming 
specificity ia sopported by experimenu 
showing the decay of immune tolerance 
in the shJmce of the corrnpondi”g WIti- 
gcn (30; see comment on proposition 
A6). Since immune reactivity in these 
experiments may return during adult 
life, auaceptfbility to the induction and 
maintenance of tolerance by the timely 
introduction of the antigen may have 
only a coincidental relationship to the 
immunological incompetence of the new- 
born animal. 

o/ c&h proIi/rrolion. 
Tldr ad hoc proposal b doubtless the 

least dcfenrible of the propositions, and 
certainly the furthest removed from 
crpcrfmental observation. 11 is stated to 
illustrate that accurate replication rather 
than mutability is the more rcmark- 
able phenomenon, whatever the detailed 
mechanism for the variation. If, u has 
been suggested, many nucleotfde trip- 
leta are nonsensical (311, the triplets 
rather than single nucleotfda would 
have to be pDDed a~ the unit of assembly 
in this case. 

To can-y thii speculation one step fur- 
ther, heterochromntin has been proposed 
to be, on the one hand. P random se- 
quence, and, on the other hand, P dia- 
rynchmnourly assembled segment of the 
gcnome (32). If both views are correct, 
proposition Al might be restated: “the 
globulin gene is heterochmmatic during 
certain stages of cellular proliferation” 
(becoming by implication, cuchromatic 
in the matore stages of pmpositiona A8 
and A9). 

For the theory of microsomal election 
it might be poatulatcd that globulino- 
genie micmsomea are initially fabricated 
as faulty replicas of the globulin gene, 
but are then capable of exact, aotono- 
“ml.3 replic?,tion. 

Pending more exact knowledge and 
agreement of opinion on the morpho- 
genetic relationships of antibody-form- 
ing cells, the term certain *lager cannot 
he improved upon. On the other hand, 
as is shown under proposition Aft, P 
model might be constructed even on the 
basis of a comtant but high mutation 
rate of all antibody-forming cells. 

Further insight into the mechanfsm of 
cellular diver&y in antibody formation 
may be w,on by studies on the genetic 
control of reactivity to various antigens 
in inbred animals (33); two cautions, 
however. must be stated: (i) for efTecu 
on the tramport of particles of different 
size, and (if) for effecta from cross-reac- 
lions with gene-conttvlled constituents 
wokiq autotolermce. 

SpDlltaucoua Productioo of Antibody 

A5. Each crll, (u it bqinr to ntdwe, 

~pontnnaowly produces rmall dmomtt, 

of the antibody roneapordilrg to its own 

genstypr. 
Note the implication that antibody ia 

formed prior to the introduction of the 
antigen into the antibody-forming cell. 

The function of rpontaneous antibody 
is to mark three cells preadapted to re- 
act with P given antigen, either to sup- 
press these cells for the induction of im- 
mune tolennce (proposition A6) or to 

excite them to massive antibody forma- 
tion (proposition A7). Thcrcfore, the 
antigen need participate In no typo of 
specific reaction with cell corutituents 
other than antibody itself, the one type 
of reaction available to chemically dl. 
verse antigem that requires no further 
special plcading. There is no ngrecment 
whether the reactive globulina found in 
the strum of untreated animals are pro. 
duced rpontaneou,ly or by urual ex- 
powre to cross-reacting antigem (IU 
2). Accordingly. the apontoneour and- 
body postulated in proposition A5 may 
or may not lx produced in the quantity 
and form needed for it to bc liberated 
and dctcctcd in tlw serum. The non- 
specific lragmmt of antibody-globulin 
described by Porter mires the pooribflity 
that the same determinant wgmcnt mny 

be coupled either to P dillusible or to 
P cell-bound residue, the latter corre- 
sponding to various aspects of cellular 
immunity, including the aupprcnion or 
excitation of nntibody-forming ccllr by 
reactions with the corresponding antigen 

Induction of Immune Tolerance 

A6 The immnturc antibody-/on&g 

cell L hyprrrrnrrtivr to an antigen-anti- 
body combination: it till br su/aprrncd 

i/ i: mcountrrr t/w homologcw clnli#rn 

01 t/G time. 

This is the first of four proposition 
which bear lur dn the scarce of anti- 
bady-forming specilcity than on its sub- 
sequent expression in term, of cellular 
behavior. These pmpositionr are thcre- 
fore equally applicable to iurtructive 
theories. 

The duality of resctionr of aurigcru 
with antibody-forming cells h imply a 
restatement of the experimental o&r. 
vations of tolerance vcrsut immunity 
(34 ). It seems plain that every cell of 
the antibody-forming system must be 
marked to inhibit its reactivity both to 
the aotologous antigen, of the aam= ani- 
mal and extrancoos antigens introduced 
and maintained fmm a suitably early 
time 01 development. In the light of cur- 
rent evfdcnce for the persfstencc of nnti- 
gmic molecula (5. 6) and for the laa 
01 tolerance when a given antigen bu 
dissipated (30) there are no more plau, 
ible candidates Ior the relf-mrrkm thm 
the wigem themselves. The distinction 
between the Iunction of an antigen ” 
inhibitor (self-marker) or as inducer of 
antibody formation is then the time 
when the antigen is intmduccd into the 
potential antibody forming cell. We may 
profitably define maturity in term, of 
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the progression of the cell from sensitiv- 
ity towards reactivity. 

The suppression of this process of ma. 
turation is P sufficient attribute to ac- 
count for tolerance, and this need not 
involve so drastic an event as the de- 
struction of the cell. However, the elec- 
tive hypothesis pm- that only a lim- 
ited number of cells will spontaneously 
react with a given antigen, so that their 
destruction by prcmsture reaction can 
safely be invoked as the means of their 
suppression. It may be hoped that pres- 
ently documented phenomena of ccllu- 
Iar hypnmsitivity may furnish a prece- 
dent for cellular destruction by such 
reactions. The cytotaxicity of the anti- 
gen to hypersensitive cell: is still cantrcz- 
venial even in the historical case of 
tuberculin sensitivity (35). However, the 
datruction of invading lymphocyler of 
the host in the course of rejection of a 
sensitizinl( homognft (36) supports the 
rpccul.tion of some role of cellular de- 
st~ctiott of immature antibody-forming 
cells in the induction of tolerance. 

The nature of immaturity remainz 
open to question. It might reflect the 
morphcgenetic status of the antibody- 
forming cell-for ex&nple, sensitive 
lymphacyte -., reactive plasma cell 
(37). sotnc pticular composition of im- 
tnature sensitizing antibody, or merely P 
very low level of antibody so that com- 
plexes are formed in which antigen is 
in acca. 

Finally, one additional hint of M im- 
plication of hypersensitivity in the early 
st.gcI of the antibody response: the 
trsmfcnt skin sensitivity of delayed type 
(and transferable by cells) appearing in 
the cwly of immunization, aa otwrved 
by several workers (33). If tbne skin 
ractions reflect the destruction of some 
antibody-forming cells, it would speak 
for some overlapping or revetxibility of 
the two stages of maturation. 

The implications of proposition A6 in 
the elective theory may be summarized 
u follows: If m antigen is introduced 
prior to the maturation of any antibody- 
forming cell, the hypenetitivity of such 
cells, while still immature, to an antigen- 
antibody reaction will eliminate specific 
cell types as they wise by mutation, 
thereby inducing apparent tolerance to 
that antigew After the dissipation of the 
antigen, ractivity should return as swn 
PI one new mum,: cell hu arisen and 
m.mred. As a further hopeful predic- 
tion, it a&Id be possible to induce 
tolerance in clona of mtibcdy-forming 
cells from adult anhnrla by exposing a 
~Siciently small number at initials to a 
given .dgaL 

Excitation of Massive 

Antibody Formation 

Al. The moturr antibody-(cwming cell 
u reoctiw to an antigen-antibody com- 

bination: it will be rlimulnted if it first 

encounters the homologoru antigen at 

this time. The stimulation cornprim on 

acceleration of protein synthesis and the 

cytological mnturntion which mark a 

“p/am cell.” 

These principles of the cellular res 
spnse to recondnry antigenic stimula- 
tion are widely accepted and are readily 
transposed to the primary response on 
the elective hypotbexis whereby some 
cells have spontaneously initiated anti- 
body formation according to proposi- 
lion As. 

Proliferation of Mature Cells 

Each element of the theory just prc- 
rented has some preccdcnt in biologiral 
fact, but this is testimony of plausibil- 
ity, not reality. As has already been 
pointed out, the most questionable prop 
osition is Al, and it may be needlessly 
fanciful to forward s too explicit hy 
pothesis of mutability lor antibody for- 
mation when so little is known of its 
material basis anywhere. 

Thii proposition taka explicit ac- 
count of the secondaly rerponse, the 
magnitude of which is a measure of the 
increase in number of reactive cells 
(26). However. the antigen need play 
no direct pan in the stabilization of anti- 
body-forming genotype which might ac- 
company the determinate maturation of 
the cell whether or not it is stimulated. 
In fact. it may be possible to dispense 
with the postulate that mature cells are 
less mutable by adopting a mutation rate 
which is an effective compromise: to 
furnish a variety of genotypu for the 
primary response while selected gcnc- 
types may still expand for the secondary 
response. For example, by mutation of 
one daughter chrcmosome per ten cell 
divisicm, on the average, after ten gen- 
erations about 600 chmmawmu of the 
same type would have been produced, 
togcthcr with IM) new gcnotypn dis- 
tributed among the other 4Ml or so cells. 
Selection must then compensate for the 
mutational drift if a given clone is to 
be maintained. 

Theories of antibody form&m have. 
in the past, been derply influenced by 
the physiology of inducible enzyme syn- 
thesis in bacteria. In particular, inrtruc- 
tive theories lor the role of the substrate 
in enzyme induction have encouraged 
the same rpeculntion about antibody lor- 
mation. This interpretation of cnzymr 
induction, however, is weakened by the 
preadaptive wcurrence of the enzymes. 
at a lower level, in ““induced bacteria 

(39). 

Persis1mcc of Clona 

One of the most attractive features 01 
the elective theory is that it proposes no 
novel reactions: the only ones invoked 
here are (i) mutability of DNA: (ii) 
the role of DNA, prnumably through 
RNA, as a code for amino acid scqwnce 
and liiil the reaction htween antibody 
and antigen, already known to have 
weighty consequences for cells in its 
proximity. The conceptual picture of 
enzyme induction would be equally sim- 
plificd il the enzyme itself were the 
substrate-receptor. Clearly, susceptibility 
to enrymic action is not a necessary ron- 
ditim for a compound to bc an inducer 
-for example, neolactose and tbiomrth- 
ylgalactoride lor the 8.o-galactosidaw of 
Eschctichilr coli (39, M), but formation 
of complexes with chc enzyme may be. 
The picture is romewhat complicated by 
the intervention of specific transport ryr- 
terns for bringing the substrate into the 
cell (40). 

This is a restatement of the pouibly 
contrwedal phenomenon of lifelong 

immunity to viruses (4, 5). A subdan- 

tial reservoir of immunological memory 
should be inherent from one cycle of 
expamion al a givrn clone. It* ultimate 
decay might be mitigated either by con- 
tinued selection (that is, penistcnce of 
the antigen) stabiliratian of genotyprs, 
or dormancy (to cell division or rcmuta- 
tion, or both) on the part of a fraction 
of the clone. 

Discussion 

Antibody formation is the one form of 
cellular diKerentiation which inherently 
requires the utmost plasticity, a problem 
&which the bypermutahility of a patch 
of DNA may be a rpccially evolved so- 
lution. Other aspects of dG?erentiation 



LEDERBERG: CLONAL SELECTION THEORY 187 

may be more explicidy canalized under 
genolypic control. Nucleotide rubrtiru- 
lion might still play a role here by modi- 
fying the lwcl of activity rather than 
the specificity of neighboring loci, and 
elective recognition of transient stam 
~ponlaneously derived then remainr as a 
formal, if farfetched, pouibility for 
other morphogcneric inductionr. 


