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1 INTRODUCTION

In 1964 Peter Bretscher and I began graduate studies at Cambridge University. Unaware of
the other’s existence, at various times we each met with César Milstein at the MRC
Laboratory of Molecular Biology (LMB, Hills Road, Cambridge) and with Avrion Mitchison
at the National Institute for Medical Research (NIMR, Mill Hill, London). In 1968 we both
published ‘two signal’ hypotheses in high profile journals, one in the Lancet (February) and
one in Nature (November). That summer we both left for North America and, sooner or later,
both settled in Canada. A half century later we both submitted ‘two-signal’ retrospectives to

the Scandinavian Journal of Immunology.'*

This article has been accepted for publication and undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as
doi: 10.1111/sji.12797
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Apart from these major coincidences, our backgrounds and lives were very different. A
major difference was that Bretscher teamed up with the Salk Institute’s Melvin Cohn, who
was to devote much of his professional life to expounding and developing their joint thesis.
On the other hand, after a postdoctoral year in Cambridge, I went directly to the Department
of Biochemistry at Queen’s University in Canada. Here my interests included the
development of my two-signal hypothesis,3 which was different from that of Bretscher and
Cohn.* In recent times there have been my personal retrospective in 2012, and my “half
century” scientific retrospective in 2019. Having not seen Bretscher’s retrospective,' I did
not cite it in the latter (but I knew it was pending since I had declined a request to review).
An editor with an interest in Bretscher’s Work,6 noting that Bretscher had mentioned me

several times, provided a preprint and invited me to this Discussion Forum.

In mulling a response to the editor, I was hesitant, either to go into the controversy
between Bretscher and Cohn that had developed over the years, or to discuss the relationships
between their models and mine.” However, I accepted since I felt I could add background that
might help future historians should they deem these matters important. A big “should” since
immunology has many tempting avenues of extreme historical interest! At the least I might
be able to add a little to Bretscher’s account of what it was like to be a young researcher with
ideas in the decade following that of the revolutionary emergence of DNA structure and
clonal selection. Furthermore, I might flesh out items mentioned only briefly in my 2012

paper.’

21 THE LONG SHADOW OF ALMROTH WRIGHT

Perhaps the biggest difference in our backgrounds is revealed by Bretscher’s report of what
seems to be his first clinical encounter. He became immunologically sensitized to a
laboratory chemical and a finger required surgery. In contrast, I was 4 years older and had
come to Cambridge after a London medical school where I had seen many patients with
severe immune system diseases. Based at St. Mary’s Hospital (later part of the Imperial
College of Medicine), the school was a world leader in immunology.8 Spearheaded by
Almroth Wright, innate immunity had surfaced there in the first decade of the twentieth
century (Fig. 1).? The discoverer of penicillin, Alexander Fleming, worked with Wright.
Many of my teachers had known both personally and enjoyed relating Shaw’s

characterization of Wright in The Doctor’s Dilemma, and Fleming’s keen-eyed serendipity.
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In my time (1956-1961), the immunology lectures of Rodney Porter (a doctoral student of
double-Nobelist Fred Sanger) included work that was to lead to a Nobel prize for his model
of antibody structure. A stunning lecture was given by Edward Cooper on the transformation
of cultured lymphocytes. A textbook by Howard Floreylo and the newly minted clonal
selection ideas of Macfarlane Burnet'' were duly devoured. Later, as house physician to the
Medical Unit, I worked closely with my registrar James Mowbray who had a keen interest in
the immunological role of serum factors other than antibody. These ‘shadows of Wright’

were later to influence my choice of research topic.

Mowbray was also, in those pre-cyclosporine days, testing potential immunosuppressive
agents on human kidney-transplant recipients. I remember his driving across London late one
evening to the operating theatre of another hospital where a kidney was being removed from
a recently deceased person. Meanwhile I assisted vascular surgeon Roy Calne (later professor
of surgery at Cambridge) open the abdomen of our patient who was considered
histocompatible by the criteria then employed. Mowbray duly arrived with the kidney in

icepacks and the long transplant operation began.

However, my teaching hospital biochemistry lectures had not touched the revolutionary
progress in what was coming to be known as ‘molecular biology.” Much of the revolution had
been at Cambridge. A summer project in the St. Mary’s glycoprotein laboratory of Albert
Neuberger (whose doctoral students had included Sanger), led to his helping me enter
Christ’s College in 1962 in order to take the Cambridge ‘Part Two’ biochemistry course. My
education in biology had left little time for mathematics and the history of science, so this
was an opportunity to catch up on these as well. Good maths books were available, but the
DNA revolution was new, so I read original papers covering ground that would later be set

out more fully by Olby."

3 | MEETINGS WITH MILSTEIN AND MITCHISON

The Medical Research Council (MRC) was keen to encourage physicians with an interest in
research, and my Cambridge studies were initially supported by an MRC Scholarship with
the expectation of a further Fellowship for graduate work. In the Cambridge Biochemistry
Department, Asher Korner had a lively group studying mammalian protein synthesis and he
was happy to offer me a laboratory bench to do whatever I wanted. This was fortunate. Many

doctoral advisers, especially in research institutes where continuing employment may require
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demonstration of research productivity, are more demanding. Had I applied to the Hills Road
laboratory where the stars of Molecular Biology reigned, I might have encountered Bretscher,
but that was not to be. Indeed, we have never met. However, in 1966 we both had dealings

with César Milstein.

Possible mechanisms by which immune cells might somatically acquire their diverse
individual specificities for antigens came to focus in 1965 with invocations of local
recombinational and hypermutational processes. Bretscher relates' that in 1966 (probably
June) he talked with Sydney Brenner “about a paper by himself and César Milstein, on a
model for ‘The origin of antibody variation,” just accepted by Nature.”"* Bretscher also
relates that there was at least one conversation with Milstein who was the most prominent

LMB member with an interest in immunology.

By this time appreciation was growing among immunologists that the role of the thymus —
a mystery organ where great cell proliferation seemed balanced by massive cell death — might
be to seed the body with diverse cells each with a distinctive immunological competency.14
But biochemists had long looked on thymus cells as a good source of animal DNA and the
associated enzymes (e.g. DNA polymerases), irrespective of their actual function. Normally,
DNA polymerases need four precursor deoxynucleotides (corresponding to the four bases: A,
C, G, T). Remove one precursor and DNA synthesis stops. Remarkably, in the thymus, DNA

synthesis continues at a low level even if only one type of precursor is present.

In those pre-internet days one could photocopy journals, but the departmental machine was
smelly and cumbersome, and most folk made handwritten notes. My 1966 notebook (Fig. 2)
refers to reports from three laboratories (including that of Frederick Bollum) of a novel
thymus-specific non-templated DNA polymerase that could add DNA bases, multiple or
single, to free DNA ends in no prespecified order (terminal deoxynucleotidyl transferase).'”"’
If only the G precursor was present, the enzyme would ‘tail” the DNA with a chain of Gs
(poly-dG). The new enzyme (TdT) turned out to be of great value to those engaged in

recombinant DNA work.
While I retained no copy, I remember writing to Bollum, then at the Oak Ridge National

Laboratory (USA), suggesting a role in generating lymphocyte diversity. Thus, it was

probably of interest to me that Brenner and Milstein,"* while omitting mention of Bollum and
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the thymus, had concluded: “We cannot propose a definitive test of this theory apart from the
direct demonstration of a cleaving enzyme and a mutagenic polymerase in precursor cells,
which may not be easy to do.” Their omissions were amended in a 1974 Nature article by
David Baltimore.'® A copy of this, torn from my personal copy of Nature, bears what I
believe to have been a contemporaneous scribble: “I wrote to Bollum suggesting this in

1965.”

In 1974 Bollum made the strange proposal that TdT might somehow directly ‘read’ the
structure of antigens and then synthesize DNA segments such that they would encode
complementary antibody regions.'® Nevertheless, by the time of an 1981 review,” Bollum
was seriously considering a role for TdT in primary thymocyte diversification; indeed his
ability to ‘connect the dots’ seems to have gone far beyond that of his contemporaries,
including myself (see below). As noted in 1983 by Gough,21 the role of TdT soon became

much clearer (see also discussion by Gearhart™).

However, there is no mention of Bollum in my 1967 thesis.” Although mentioning work
showing that, in mutagen-treated animals, thymus cells lost chromosomal abnormalities
slower than other lymphoid tissues,”* I tended to look on possible diversity-establishing
mechanisms as a ‘black box’ too premature to open. Thus, keen to get feed-back on the main
aspects of my two-signal paper, I suspect I did not raise the random DNA hypermutation
issue when I met with Milstein, although I did discuss it in 1991 with Brenner at a meeting

(Korner Memorial) in Cambridge.

As related elsewhere,’ my version of two-signals had emerged in April 1966 and a paper
was completed by September. A talk on my laboratory work including the hypothesis was
given at a conference (Oswestry, September) and there was a lecture at the University of
Sussex (October). Copies of the paper were widely distributed (including to Burnet; see later)
and provided a basis for discussions with Milstein at Hills Road (October), John Humphries
(later my thesis examiner) at the NIMR (November), and Avrion Mitchison at the NIMR

(December). My version is in keeping with Bretscher’s understanding at that time:'

“My limited reading, or a conversation with César Milstein, [ now do not know which,

led me to believe that antigen could interact with antibody precursor cells in two ways,
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one leading to the antibody precursor cell’s inactivation, the other to its activation, i.e.

multiplication and the differentiation of its progeny into antibody secreting cells.”

Our meetings with Mitchison® bring out other interesting differences between myself and
Bretscher. When seeking a postdoctoral appointment at the NIMR Bretscher notes: “I
therefore visited Av, as he was known to all, probably sometime in 1966. Av explained his
lab was very full but that, if I really wanted to come, he could probably squeeze me in.”
Others also benefitted from squeezing. With a McGill University MD degree, Martin Raff
was warmly welcomed: “When I arrived in London in 1968, I was 30 years old. I had done
no laboratory science and I knew almost no immunology. NIMR was buzzing with
outstanding immunologists, making it a perfect place to learn.”** In 1971 Andrew
McMichael, a St. Mary’s graduate with a higher medical degree but no laboratory experience
was also welcomed to the NIMR by Ita Askonas.”” The expectation was that these applicants
would, at the very least, provide another pair of hands to continue the laboratory’s mission.
Indeed, Mitchison, noting my biochemistry background, mentioned the need to isolate the
presumed antigen receptor at the lymphocyte surface (today abbreviated as BCR and TCR). I
pointed out that I and others had already obtained evidence that, shortly after the presumed
receptor was activated, there was increased synthesis of specific mRNAs, likely to be
concerned with immunological signaling and switching from the quiescent to the proliferative
state. My quest for a bench to continue my work was unsuccessful. Perhaps I should have

been patient and opted for the elusive TCR.

41 ELUSIVE NO MORE

As Bretscher relates,1 he did not take up Mitchison’s offer, but instead went to the Salk
Institute and then moved internationally to various academic centres before finally settling in
Canada in 1978. Even then, his odyssey was only finally completed with a move to
Saskachewan in 1987. Meanwhile at Queen’s University in Kingston I was responsible for
teaching molecular biology. This included some immunology, such as Tonegawa’s
identification of antibody variable-region genes; this supported the case for the somatic,

rather than germline, generation of antibody divelrsity.28
I continued my research, focusing both on Mowbray’s non-antibody serum factors, and on

thymic DNA synthesis, which required a method for correctly interpreting the incorporation

of radioactive precursors (a problem which is still pursued).29 Meanwhile there had been
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dramatic progress with recombinant DNA in the USA. In the late 70’s there emerged a
technology — subtractive cDNA hybridization — which promised the identification of the
differentially expressed mRINAs that I had observed in the 1960s. In Toronto, Tak Mak saw
similar promise for identifying the TCR. We both needed an urgent technology upgrade. In
the early1980s Mak took a sabbatical with Howard Temin at Wisconsin, and Roger Deeley —
newly arrived at Queen’s University with tablets of recombinant wisdom from the NIH —

kindly took me into his laboratory for a sabbatical (the only one I ever took).

In 1984 Mak reported the successful cDNA cloning of a TCR gene, and in 1985 I reported
the successful cDNA cloning of a group of lymphocyte activation genes. Mak’s Nature paper
was accompanied by much fanfare: “The T-lymphocyte Antigen Receptor — Elusive No
More.”* My paper, presenting three cDNA clones as examples of the group, was published
in a relatively low profile journal.31 Nevertheless, I immediately began to receive requests for
samples from leading US laboratories. Sadly, deeming that we had been on a mindless
“fishing expedition,” the Canadian agency that had supported us, promptly cut our funding. A
US funding agency, noting that I had already given samples of my recombinants to US

laboratories, declined to make up the shortfall.*?

However, with help from the newly established American Foundation for AIDS Research,
we were able to continue.™ Among the cognoscenti the genes we identified (e.g. encoding
chemokines, transcription factors and oncogenes) have since become, as they say, “household

words.” Indeed, one turned out to be a natural ligand for the AIDS virus coreceptor.

S | CIRCLING ROUND

The need to spend a third of my research time writing grant applications (several a year that
were usually rejected) had, around 1978, necessitated a greater selectivity in my reading of
the research literature. With regret, I decided on a less intensive attention to immunology in
order to follow other interests (see below). This brings out another difference from Bretscher
who seems to have retained his high immunological focus. Thus, while he remained in the
immunology kitchen, I circled round peripherally, peeking in from time to time to see what

was cooking, and then rethinking my position.
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An interesting example came in the early 1980s when I was alone in my laboratory with
no funding, so could not begin my planned cDNA cloning experiments. I had space, time and
salary, but could only carry out inexpensive experiments. I had long been fascinated by the
non-antibody property of blood serum from patients with infections that caused their
erythrocytes to passively aggregate. The rate at which the aggregated erythrocytes
sedimented was the basis of a clinical test. Like a thermometer, it could tell us that something
was wrong, but little else. It was a danger signal. In collaboration with Peter Ford, a fellow
expatriate from St. Mary’s (a self-taught researcher with a higher medical degree),
considerable progress was made.** Of special interest was that with a mixture of erythrocytes
from different sources, ‘like’ would aggregate with ‘like’ (i.e. homotypically), more
frequently than with ‘non-like’ (i.e. heterotypically).35 Could the infection-induced change in
the physico-chemical properties of serum that we had found responsible for the selective
aggregation of extracellular particulate matter (i.e. erythrocytes), somehow also apply to
intracellular particulate matter? It was known that infections caused increases in intracellular
heat-shock proteins and a scheme by which they might bring about the differential

aggregation (phase separation) of viral particles was proposed.3 6

Meanwhile Alain Townsend, another St. Mary’s graduate with a higher medical degree
who, like McMichael, had taken the NIMR route with Askonas, had joined McMichael at
Oxford. In studies of virus-infected cells their team showed that T cells reacted with MHC
proteins complexed with peptide fragments derived from intracellular proteins (pMHCs),
which would include virus-derived proteins.”” Adapting my earlier proposal,®® I pondered the
need for some intracellular mechanism for sorting self-proteins from the non-self-proteins
synthesized by an invading virus. Independent pMHC complexes at the surface of a
presenting cell seemed only to signal that the originating protein was present intracellularly.

On the other hand, multiple complexes in association might signal something more.

The thought that neighboring MHC cell surface proteins might need to present identical
peptides, suggested some sorting prior to protein fragmentation, rather than at the level of
peptides that had been cleaved from their corresponding proteins. Could we view proteins as
particles analogous to erythrocytes and viruses? Could induced physico-chemical changes in

the intracellular milieu cause the selective self-aggregation of foreign-proteins, but not of
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self-proteins? This line of reasoning led to the postulate of the phase-separation of susceptible
intracellular proteins.3 839 These will freely mix with other proteins, but each type of protein
has a distinctive solubility limit. Those with lower solubility thresholds can become, through

homotypic self-aggregation, phase-separated from those with higher thresholds.

However, the evidence for this mechanism for intracellular self/not-self discrimination
remains inconclusive and there are other feasible hypotheses. Should my hypothesis hold,
then the granting agencies may claim some virtue in their denying funds, so forcing
inexpensive experimentation! Intriguingly, there has recently been a resurgence of interest in

these “liquid-liquid separations” of what are now termed “biomolecular condensates.”*’

6 | PERIPHERALITY AND TERMINALITY

Being peripheral rather than central to a specialized research area has its problems. For
example, the presence of a pathogenic microbe requires a rapid response by the host. This is
first implemented by the innate immune system.” But surely the acquired immune system
also cannot afford delay? That more than one of the relatively slow-moving cells of the
immune system would be needed to get the show moving, did not seem likely to me. Hence,

41,42

wrongly it turns out, I was skeptical regarding reports that — as Bretscher and Cohn

suggested in their papers — a “a quorum of lymphocytes” would be needed.

A similar ‘peripheral’ line of reasoning led me to doubt Jerne’s invocation in 1974 of
antibodies reacting with antibodies to form a network.* Betting on the network would likely
have been a sound policy regarding the funding agencies.44 Non-betting could lead to funding
terminality. However, my reasoning was that once a new antibody-forming cell has been
generated it secretes natural antibody that then has become part of ‘self.” Thus, the screening
of subsequently arising antibody-forming cells, in order to delete or suppress those that
reacted with self, would have eliminated all those that reacted with previously formed
antibodies. No network could arise. Like many of Jerne’s ideas, networking eventually lost

. 54546
traction.”™™”
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In the 1970s associations of human immunodeficiency diseases with impairment of
enzymes degrading purine nucleotides,”’ led many to study DNA synthesis in lymphoid
tissues. In the absence of degradation, derivatives of the purines (adenine and guanine) were
greatly increased. The key enzyme turning ribonucleotides into deoxynucleotides
(ribonucleotide reductase) was known to be inhibited by high purine nucleotide
concentrations, so it seemed reasonable to accept this as an explanation for impaired DNA

synthesis in lymphoid tissues.***

However, it came to light that thymic cortical cells, known to be enriched in TdT, were
supersensitive to such inhibition.”® Perhaps unaware of (or having forgotten) this, I began
using TdT in my cDNA cloning work. Much annoyed, I found that poly-dG tails adopted
structures that blocked our reactions and had to devise a technology to overcome this.
However, in a report at the time I did not even name TdT.> It was just a reagent that all
cloners used. Past thymic DNA synthesis studies were then peripheral to my thoughts, as was
the fact that TdT was of thymic origin. Thus, it was of great interest much later to come

across a profound insight of Bollum (my italics):*

“Cultured cells containing terminal transferase have a unique response to elevated
concentrations of deoxynucleosides. Instead of exhibiting the usual pause in DNA
synthesis due to the inhibition of ribonucleotide reductase, TdT" cells are irreversibly
destroyed. ... The lethal effect of deoxynucleosides is restricted to deoxyguanosine, and
to cells containing TdT. I speculate that this is due to a primary inhibition of DNA
synthesis, followed by the addition of dGMP residues at the 3’-OH of arrested growing
points. The event is lethal since the aggregated structures of dG polymers are not
hydrolysed by common endo- and exonucleases and may resist the action of normal
repair enzymes. This can be interpreted as the result of TdT action on living cells. In
TdT" cells, deoxynucleotide additions at free 3°~-OH groups may mutate, kill or delay
replication. Both recombination and DNA synthesis ... generate 3’-OH groups. Perhaps

terminal deoxynucleotidyl transferase is not a misnomer.”

Others were soon greatly to increase our understanding of the toxic effects of

>33 and it came to be regularly used by immunologists to selectively

deoxyguanosine,
‘terminate’ certain thymic cortical cells.”* However, many overlooked Bollum’s insight. It

appears possible that TdT in thymic cortical cells can be coaxed by high intracellular
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concentration of deoxyguanine nucleotides to synthesize dG tails which adopt structures
(probably G-quadruplexes) that impede cell function much as they did our cDNA cloning

reactions.

TdT was the first thymic enzyme to hint at localization of a function within the thymus; in
this case, the generation-of-diversity function (abbreviated by Cohn as “GOD”) was in the
cortex.”® In recent times it has been recognized that the diverse cortical thymocytes, which
have been positively selected, are ‘auditioned’ in the thymic medulla.” Here the product of
the medulla-specific Aire gene ‘promiscuously’ expresses self-antigens that negatively select
(terminate) self-reactive auditioners. Intriguingly, it also emerged that Aire was expressed in
another organ that shared with the thymus the triad of locally-generated, individual-cell
genetic diversity, promiscuous protein expression, and massive cell death — the gonad. One
organ seeds T-cells, and the other seeds gametes. As mentioned later, I have recently

explored parallels between these seemingly unrelated auditioning processes.

7 | MEETING COHN

As far as [ was aware, neither Bretscher nor Cohn had been influenced by my 1968 Lancet
paper.3 Then two decades later I found a book by Rodney Langman with a forward by
Cohn.”® A contemporary notebook reads “In December [1990] discovered that Mel Cohn had
acknowledged that my 1968 Lancet paper had put him ‘on the right track.” Big boost to my
morale.” Apart from writing to Edward Lennox in 1967 seeking a post-doctoral position, I
had had no communication with the Salk Institute. While attending a conference at the Salk
in 1997 I had a pleasant two-hour meeting with Cohn and Langman, and subsequently

exchanged papers with Cohn from time to time.

As Bretscher rela‘[es,1 he and I had corresponded by email in 2002 (see below). In 2003, a
year before I was required formally to retire, I thought that the difficulties I had experienced
finding a publisher for my books might be partly due to my lowly academic rank. Bretscher
and Cohn kindly wrote letters supporting my promotion. I had begun webpages in 1998 and a
personal note from Cohn declared that my immunology “website has been so useful to me
that I hope you update and maintain it.” When discussing their further development of the

1968 Bretscher-Cohn paper in Nature,* Cohn wrote in 2012:>

This article is protected by copyright. All rights reserved.



“A choice between two pathways upon encountering an antigen requires, as a matter of
logic, two linked epitope-specific signals. It was much later that we learned that Forsdyke
(1968) in an elegant paper had at the same time also fingered the logic of the decision
step as requiring two signals. The question then became, what were the specificities of the
two signals with respect to S[elf] and N[on]S[elf], who sent them and who received

them?”

In 2016 Bretcher sent me a copy of his latest book which had been warmly reviewed.® I leave

further discussion to historians.

8 | HISTORY OF SCIENCE

A complete history of twentieth century immunology has yet to emerge.”® A good starting
point for prospective authors might be the history of the Basel Institute for Immunology
where Cohn frequently preached the two-signal gospel.” In his 2019 paper, Bretscher gives
two reasons for studying the history of science.' The first — “to give credit where credit is

due” — he considers “prosaic,” which I have had to look up in the dictionary.

The second much sounder reason is that “knowledge of how important advances come about
is germane to understanding how progress occurs.” This would seem of fundamental importance
for the granting agencies. The current success rate in a major Canadian agency is around 15%.
Thus, 85% of applicants must continue the eternal writing. What a tragic way to occupy one of a
nation’s most highly educated groups! Among my major post-1978 occupations (bioinformatics,
evolutionary biology, biohistory) was a study of how research funds are allocated. This led, albeit
fruitlessly, to proposing reforms like those advocated by Joshua Lederberg. The agencies should
fund people, by virtue of their track records (progress in relation to funds received), not

projects.60

Bretscher omits an important third reason which, for biologists, can be argued from the work
of Gregor Mendel (1866) that came to light in 1900.°' Had late nineteenth century researchers
studied their literature more diligently, many research programs might have been dramatically
improved.®* And Mendel was not an isolated example. While Mendel was reading Darwin and
breeding peas in Moravia, Samuel Butler was reading Darwin and breeding sheep in New
Zealand. Many twentieth century ‘discoveries’ can be traced back to Butler.®> Furthermore, the

century-old works of Darwin’s young research associate, George Romanes, and of the man who
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fought to bring Mendel to the English-speaking world, William Bateson, appear fundamentally

correct, but are still having little influence on evolutionary biologists.64’65

Bretscher’s consideration of “how important advances come about”" brings us to his
inclusion of quotations from Cohn’s 1994 “wisdom of hindsight” review,” such as: “We had
two prior formulations, those of Lederberg [8] and Forsdyke [9] ... . Forsdyke gave us the
barest hints as to what a competing theory would entail ...”. However, regarding the

methodology of theoretical biology Cohn also stated:

“There is a difference, to quote Forsdyke, between ‘absence of evidence’ and ‘evidence
of absence.” The former is no argument for rejecting a theory; if anything, it should be an
incentive to find the evidence. I appreciated the difference much later in my scientific

career, and it has never ceased to be important as it comes up over and over again.”

Cohn might have added that views on what constitutes evidence, and how each item of
evidence should be weighed, may differ. A person with a narrow focus may consider as
“absent” evidence that a person with a broader focus may consider present, and so the
question of weighting may not even arise. I believe the implications of this for peer-review
are profound.” As I have tried to show here, having the ‘big picture’ view can sometimes
help more than it hinders. I suspect the stimulating environment of St. Mary’s Hospital,
where memories of Wright and Fleming lived on,® played no small role in the contributions to
biomedical science of Townsend, McMichael, Mowbray, Ford, myself, and many others (Fig.

3).

91 FOR THE RECORD
I end by including, with minimal comment, a letter from Burnet and four emails that

hopefully will add a human touch. First the letter:

University of Melbourne, School of Microbiology, Sir Macfarlane Burnet.

6th October 1966
Dear Dr. Forsdyke,

I have read your preprint with much interest and find very little to disagree with.

For the past two years I have been working on a book to be called, "Cellular
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Immunology," which I hope to complete for publication by Melbourne University Press
(in association with Cambridge University Press) before the middle of next year. Your
paper comes remarkably close to being an abstract of the present first draft of the book.
So I hope that if and when my book appears, you will absolve me of any suspicion of

plagiarism!

As for specific comments, I think your "randomization, recognition, stimulation and
amplification" puts the elements of clonal selection very clearly. Incidentally, I prefer
"clonal selection” to "natural selection" as differentiating it from Jerne's original
"natural selection" in which cellular factors play no significant part and in making the
distinction from the classical use of "natural selection" involving organisms undergoing
germinal mutation and recombination, since we are concerned with somatic mutation or

some equivalent process involving somatic cells.

I prefer to think that randomization can occur anywhere in the sequence between the
fertilized ovum and the plasma cell but mainly during the bone marrow stem-cell phase.
The function of the thymus is to allow differentiation and what I am calling censorship,
i.e., destruction of cells found to be capable of reacting with self-antigenic

determinants.

I am dubious about your suggestion of just two antibody molecules per cell. I prefer to
think of receptors equivalent to the antibody combining site characteristic of the clone,
and present in what [ would leave in rather vague terms, as being in smaller numbers
and less readily accessible than in cells which have once been committed by antigenic

stimulation.

I think there are minor differences in our approach to the 19S 78S relationship. Two
points that I think will turn out to be vital are - (1) that antigen is only going to be an
effective stimulus if it is in small concentration, and (2) that antibody (I think
particularly IgG 7S antibody) is a potent feedback inhibiting the further production of
IgM cells.
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The IgA situation is at a very interesting stage at present and I think you should say
something of its special importance in transferring antibody to secretions like milk and
saliva.

My only general comment, after ten years' constant struggle with the implications of
clonal selection theory, is the extreme heterogeneity, not only of antibody, but also of
the experimental material. There are no experimental animals which have been fully
studied for all the points relevant to immunological theory and it can be very difficult to
try to build up a general picture from a mosaic of information about thymectomy from
mice, delayed hypersensitivity from guinea-pigs, antibody structure from human

myeloma proteins, and lymphocyte physiology from rats!

I hope these notes may be of some interest.
With best wishes,
Yours sincerely,

F. M. Burnet

In his 2019 retrospective Bretscher describes our 2002 email correspondence.' He had
found my webpages and had written to say that he had recently set up his own. The first two
emails are my reply and his response. The latter email is already in the public domain (his
webpage) so the issue of confidentiality does not arise. This webpage email was included in
an earlier version of his 2019 retrospective that had eleven references.®” The email was edited

. . . . . 1
out from the final 2019 version and references were modified and increased in number.

2002-11-14
Dear Peter,

A good start with your web-page! You should persist. I skimmed through your
biography and was startled to see with what alacrity Nature accepted your 1968 paper.
After bouncing off Cesar Milstein, who found no fundamental flaws, I submitted a two
signal paper to Nature in 1966 not knowing that the Head of the Department of
Biochemistry (Frank Young) required that all papers cross his desk before submission.

When he found out a couple of weeks later, I was required to withdraw the paper which,
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on the advice of Robin Coombs, was considered not up to much! I tried in vain, through
two long meetings, to educate Coombs, without avail.

However, I left the department in 1967 and went to Babraham, which did not require
that outgoing papers be approved internally. The Lancet accepted a watered-down
version of the paper which was published in February 1968. When I got to Canada later
that year, I submitted the 1966 paper (basically the appendix of my 1967 thesis) to the
Journal of Theoretical Biology from my new address at Queen’s, and it was published
in 1969.

Although my two-signal work did not create much excitement among
immunologists, a couple of decades later I was delighted to learn from Mel Cohn’s
preface to Rodney Langman’s book, that he had found my Lancet paper useful.

Regards, Donald

2002-11-14
Dear Donald,

Thank for your response. I am pretty interested in how ideas develop as you seem to
be. The Coombs response is not so surprising. Why are scientists not enamoured of
proposals for clear answers to basic questions, independently of whether they are
"correct"? My youthful dream was that discussing science would be like playing really
well in a quartet, where the music is divine, and one's own contribution so fused as to
be unknown!

I hope it is alright to be straightforward. I had the idea of the one hit/two hit whilst a
graduate student in Cambridge, and talked to Crick about it. Mel went to the Brook
Lodge symposium about two weeks (?) after I got there. He did not seem at that time to
be so involved in the activation/inactivation questions, but he summarised the model in
his summation of the meeting. This report of the summation went through much
development after the meeting. (I must have the original transcript somewhere.) In fact,
Mel Cohn did not know many of the experiments on which I had based the model. 1
thanked Crick for discussions in this first paper.

I was quite surprised to read Mel's account of how the two signal model developed in
Ann Rev Immunol., because it does not fit in with my memory of how things occurred
in major ways. I first learned of your Lancet paper in 1994. This is of course not to deny

its insight, just to say I am very surprised about Mel's account.
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I will make an effort to visit you if I get close to Kingston. I think we might have a

really good time. Peter

Next there is an email from me to Suzanne Bourgeois, which followed the death of Mel

Cohn on October 23rd:

Oct 28, 2018
Dear Suzanne,

Although we only began to correspond (and met once) in the 1990s, I began following
Mel’s work in the late 60’s. We both took “two-signal” paths and, as so often in such
cases, it seems our different two signal approaches both turned out to contain facets of
the truth. I am personally grateful for his supporting my application for promotion to
full professor at Queen’s University ... . His work will long continue to be an
inspiration to those who seek to understand immunological fundamentals. As with me
and so many others in science, his productivity could only have been maintained with
the support of a loving partner. Thus, to you also, we are much in debt. Thank you so

much.
Best wishes,

Donald Forsdyke

Finally, Suzanne has given permission for the reproduction of an email from Mel to me a
few months before his death. It refers to a Mendel paper,®” and a manuscript on organs that

‘audition’ cells prior to seeding (see above), which is available in preprint form:®

From: Melvin Cohn

Sent: May 8, 2018 3:34 PM

To: Donald Forsdyke

Subject: Re: Mendel Scientific Biography ELS
Hi!

I was sitting in my office having finished reading the two papers you sent to me,

wondering why we never express our admiration and appreciation of the work of a
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colleague. Your various books and articles are examples of scholarship that I wish I
could attain. They are a joy to read and have greatly oriented my thinking. [ have been
in a debate with Arthur Silverstein who believes that historians should tell it as it is (if
such a thing is possible) and not try to extract a take-home lesson. Anyhow I'm

still ruminating your Mendel paper (how do you gather the precious details).

Your “auditioning” paper is not quite clear to me as much of what you discuss has a

simpler base. I will have to give it greater thought.

At the moment I am recovering from a dubious achievement, namely my 96 birthday
that my students felt needed celebration. All I can say is that the old grey mare ain’t
what she used to be. I am attaching some relevant papers that might interest you, given

auditioning.

Best, Mel
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Legends to Figures

FIGURE 1 Eclipse of the phrase “innate immunity” early in the twentieth century. A
Google Ngram rendition of the frequency of the phrase in books shows an early phase (1890-
1910) correlating with the period of Wright’s work, then very little until the sharp increase in

the modern era.

FIGURE 2 An indication of my understanding of the possible relevance of the discovery of
terminal deoxynucleotidyl transferase (TdT) to the immunological function of the thymus.
The pages of a 1966 notebook are packed with penciled thoughts on aspects of humoral and
cellular immunity inspired by literature readings. This page is unusual in referring to the
newly discovered thymic enzyme. A remark on Gowans et al. may have been inserted in ink

at a later point.

FIGURE 3 My St. Mary’s mentor James Mowbray (centre). To his right (shouldered) is a
researcher who discovered in 1954 that a human body can, without assistance, sustain an
average speed of 15 miles/hour for approximately 4 minutes. To Mowbray’s left, with hand
and tie, is a future holder of the Chair in Human Genetics at the University of Cape Town, an

authority on achondroplastic dwarfism.
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