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Abstract

Increased knowledge about immune responses to what is perceived as ‘foreign’ or ‘non-self’ has revealed extraordinary levels of complexity.
Research uncovering these has the potential to optimise immunotherapy. Remarkable progress has been made in transplantation leading to
much less acute rejection and a very significant increase in long-term survival. These and other beneficial results have been achieved by step-
wise advances, using combinations of less toxic chemotherapies with biological immunosuppressive agents alongside innovatory surgical skills.
However, rejection is the default pathway for entities deemed ‘foreign’, including mistaken suspects like autoantigens. For tumour immuno-
therapy the identification of bona fide tumour antigens recognised by B and/or T cell receptors has mushroomed but has yet to be optimised to
take into account mutations leading to tumour evasion. We are now at the beginning of a road that looks more hopeful by being informed of the
complexities. Basic and translational research between the late 1960s and now have yielded an extraordinarily rich harvest of new knowledge.
More is to come, further insight is needed and new paradigms explored.
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In 1969, as a veterinary graduate with postgraduate training
in pathology and an MRC project grant to explore tumour
immunology, I joined the National Institute for Medical
Research (NIMR) at Mill Hill. There the Director, Peter
Medawar, encouraged the staff—biochemists, microbiologists,
parasitologists and immunologists, to work imaginatively
and collaboratively at cutting edge questions. It was a very
exciting and supportive environment, and one in which as a
neophyte I had a great deal to learn.

In this review I’ve selected the key papers that influenced my
starting point and approach, which was to use ‘weak’ minor
histocompatibility antigens as proxies for tumour antigens.
It seemed to me that exploring underlying basic mechanisms
was essential both for tumour immunotherapy and control of
graft rejection.

The references cited include some chosen to illustrate the
narrative alongside those I view as landmarks with respect to
tolerance [4, 5], MHC antigens [7], immune response genes
[14], MHC restriction [15], monoclonal antibodies [17], im-
munoglobulin and T cell receptor (TCR) genes [18, 20], pep-
tide targets of viruses other antigens [22, 23, 25, 26, 30, 33],
and as an example of molecules in activation pathways [36].
Landmark references are asterisked throughout the text.

At the time I started in the late 1960s, if considered at all,
T cells tended to be regarded as epiphenomena. However,
during my postgraduate training in pathology I was struck
by the similarity between cellular infiltrates in granulomas
(eg TB lesions) with those around tumours in biopsies from
human or veterinary patients with good prognoses. Reading
Medawar’s papers on the histology of skin graft rejection [1,

2] I was convinced by the argument that ‘cell mediated immu-
nity’ was different from the antibody response.

This view had been confirmed by transfer of skin graft re-
jection with cells, rather than serum—a key experiment by
Mitchison [3] when a PhD student of Medawar. That paper
was published in the same year, 1953, as another key pub-
lication from the Medawar lab, by Billingham, Brent and
Medawar (4*), on the experimental induction of donor spe-
cific transplantation tolerance in mice, later reproduced in
other species (5*), thus opening a pathway to therapeutic
approaches for clinical transplantation. Medawar’s subse-
quent research on the use of antilymphocyte serum for im-
munosuppression showed prolongation skin graft survival in
mice, Lance, Levey, Medawar and Ruszkiewicz [6], but not
specificity. Nor did the use of cytotoxic drugs in clinical trans-
plantation, first developed to treat cancer patients, address
this issue, as they too induced general immunosuppression.

Progress was also hampered by not knowing the identity of
target antigen(s) of graft rejection. In the 1940s George Snell
(7*) had taken a genetic approach by using inbred mouse
strains. He distinguished ‘strong’ histocompatibility antigens
evoking rapid graft rejection from a category of ‘weak’, or
minor histocompatibility antigens inducing slower rejection.
His results using inbred mouse strains showed that histo-
compatibility (H) genes were located in many independently
segregating genetic loci which he set about mapping. Most
were autosomal, in ‘linkage groups’, on what were then un-
numbered chromosomes, but he also named a male-specific
transplant antigen, HY, as a locus on the Y chromosome, thus
present only in males. The other H loci were numbered in
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the order in which they were identified in Snell’s backcross
experiments. The strongest, H2, elicited the most rapid skin
graft rejection in all combinations so was designated the
‘major histocompatibility’ locus, later ‘complex” (MHC).

Use of genetics was also key for identifying the human MHC
equivalent, HLA. During a series of international workshops
in the 1960s the efforts of a number of clinically motivated
teams in France, Holland, Italy and the USA, working with
sera from blood samples of multiparous women, the HLA
‘locus’ on human chromosome 6 was determined. It appeared
to be a complex of closely linked multi-allelic genes, in-
itially considered as components of at least 2 loci, HLA.A
and HLA.B with HLA.C later added as a third serologically
encoded locus of MHC class I molecules Bodmer [8]. Parallel
research using a combination of serology and proliferative
responses in mixed lymphocyte cultures revealed further
multiallelic genes encoding MHC class II molecules, their loci
in due course named HLA.D. Schendel and Bach [9].

These key discoveries for exploring how the immune system
works were recognised by Nobel prizes to Medawar in 1960
for his work on tolerance to transplants and in 1980, to Snell
and Dausset for theirs on the identification of MHC encoded
targets of graft rejection in mice and humans respectively. In
due course MHC genes were found to control all immune
responses in which T cells played a role.

This area of discovery was expanding when I started re-
search in 1969 at the National Institute of Medical Research
(NIMR) in Mill Hill, London, and I continued working on the
T cell side of it through the 1970s and beyond, at NIMR and
in the USA at NIH, Stanford and the Jackson Laboratories in
Maine. Advances in immunology were co-dependent on those
in genetics, and thence molecular biology. Neophytes needed
to have broad imaginations.

Medawar’s National Institute of Medical Research (NIMR)
was a hot house of cutting-edge ideas about immunity. There
I joined other scientists interested in the function of T cells,
working towards developing iz vitro methods to match in
vivo observations. A powerful starting point was the delin-
eation of T cells, initially in relation to distinguishing them
from antibody producing B lymphocytes and then extending
the analysis to identify functionally distinct subpopulations
of T cells, for which short and long-term in vitro culture
methods were needed. Having begun along this track in
NIMR, I took up the offer of a research fellowship in the
USA at National Institutes of Health (NIH) to work in the lab
of John Wunderlich [10], and to collaborate with other NITH
immunologists. These included Charlie Janeway and Harvey
Cantor, and later in Stanford with Len Herzenburg [10-13]
using his newly developed fluorescence activated cell sorter
(FACS) to test the phenotype and function of sorter-separated
T cell subpopulations before and after in vitro culture.

My focus was on cytotoxic T cells, and one of my findings at
NIH was that lymphocytes from mice previously immunised
with cells from MHC H2 discrepant strains iz vivo subse-
quently made enhanced in vitro responses, with increased
levels of proliferation and generation of cytotoxic T cells [10].
This suggested to me an approach for generating in vitro T
cell responses to minor (weak, non-H2) histocompatibility
antigens that did not, like H2 disparities, elicit primary cyto-
toxic responses iz vitro.

When I returned to London in 1973 as a group leader in
the MRC’s new Clinical Research Centre (CRC) I decided to
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work on identifying the male specific transplantation antigen,
HY, because it was genetically well defined and located on
the smallest mouse chromosome, seeming to offer a tractable
target for molecular identification. We had a flying start, de-
veloping HY specific cytotoxic T cells from responder strains
like C57Bl/6, but not some other laboratory strains like CBA.
This responder/non-responder phenotype to HY had been
found in vivo by Donald Bailey, at the Jackson Lab in Maine,
to be linked to MHC genotype, with females of all H2" strains
tested able to reject skin grafts from males of the same strain,
a response not found in inbred strains of other H2 haplotypes.
I knew that Hugh McDevitt (14*) had discovered evidence
for genetic control of antibody responses to haptens, so com-
parable findings for T-cell responses opened the prospect of
exploring this with HY using in vitro approaches.

Peter Doherty and Rolf Zinkernagel’s findings on MHC re-
striction of cytotoxic T-cell responses to viruses, published as
a letter to Nature in 1974 (15*), were presented that year
at an International Transplantation Society workshop that I
chaired, allowing me to glimpse the implications for T-cell
responses to a wider range of targets. I returned to my lab after
that workshop to discover that our experiments exploring the
target cell specificity of male specific cytotoxic T cells fitted
into this pattern—an exciting finding that we published in
JEM in 1975 [16].

Doherty and Zinkernagel’s MHC restriction hypothesis,
that T cells used receptors that recognised two moieties, one
determined by self MHC, the other by a non-self-component
specified by a virus or other antigen, caused a great deal of
discussion and argument. The implication that the exquis-
itely specific immunoglobulin receptors of B cells were not
used by T cells involved a paradigm shift. This happened as
studies of immunoglobulin were moved to another plane by
Milstein and Kohler’s landmark discovery in 1975 of how
to make monoclonal antibodies (17%), the foundational dis-
covery for developing monoclonal antibodies for clinical use
in diagnostics and therapy. This was enthusiastically pursued
on both sides of the Atlantic and worldwide. Seeking patents
on monoclonal antibodies was contentious but countered by
arguments of the need for significant further funding to ad-
dress questions about safety and efficacy for clinical use.

Crucially, basic research continued alongside clinical appli-
cation in order to obtain deeper understanding of mechanisms
and open up new areas for exploration. Tonegawa’s results
identifying somatic generation of antibody diversity (18%),
was shown as due to recombination of different light and
heavy chain immunoglobulin gene segments plus junctional
diversity.

As it became clear that the specificity of T cells was as
variable and exquisitely discriminatory as that of B cells,
the hunt for T cell receptor homologues of immunoglobulin
light and heavy chains were sought—and eventually found
(eg, (19,20%). Expression of these defined subpopulations
with alpha, beta or gamma T cell receptors and a range of
functions according to T cell phenotypes and characterised
by the cell surface expression of CD4 and CD8 molecules in-
duced during thymic differentiation, as well as differential ex-
pression of cytokines and cytokine/chemokine receptors.

Within the framework of research and translation for con-
trolling rejection of tissue grafts Waldman [21] explored the
use of monoclonal antibodies (MAD) specific for T cell spe-
cific molecules such as CD4, CD8 and CD3, first in mouse
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skin grafting experiments, followed by the development of
humanised MAD for inclusion in treatment of bone marrow
and kidney graft recipients and as well as for patients with
certain autoimmune diseases like multiple sclerosis. In many
cases therapeutic MAbs allowed reduction in the dosage of
toxic immunosuppressive drugs.

For control of transplant rejection and autoimmune
responses, dampening of immunity is required, whereas for
tumour immunotherapy amplifying the response is needed.
These are two sides of the same coin and the results of re-
search in each is relevant to the other for clinical application.

The use of monoclonal reagents was extended to tumour im-
munotherapy, first using MAb against cell surface molecules,
such as CD19 expressed by B cells and their tumours or the
clonal immunoglobulin on myelomas. But before continuing
with a further account of this approach, it is necessary to con-
sider research on monoclonal reagents derived from antigen
specific T cells, requiring isolation of T cells of appropriate
specificity for identifying the non-MHC component of their
target antigen.

Alain Townsend’s research to identify the flu peptide
recognised by well characterised cytotoxic cells (22*) was the
last piece in solving the puzzle about the two components
recognised by T cell receptors, enabling interpretation by Pam
Bjorkmann in Don Wiley’s lab of the ‘dual recognition’ target
of T cells, graphically illustrated with the crystal structural
image of an HLA class I molecule folded to create the groove
enfolding the peptide component (23*). This was extended to
T cells recognising their somewhat longer target peptides in
the context of MHC class I molecules. Thereafter publica-
tion of the crystal structures of a series of both MHC class I
and II restricted T cells gave further insight into the structure
and function of TCR molecules for use in immunotherapy
clinically. But there was and is still further enabling research
needed.

What was still lacking were ways to molecularly iden-
tify from large libraries the components of non-viral MHC
restricted antigens recognised by T cells, such as tumour
antigens and autoantigens. By the beginning of the 1980s, fol-
lowing Thierry Boon’s isolation of T cell clones specific for
tumour antigens and our development of HY specific T cell
clones restricted by a range of MHC class I and II molecules,
it became clear that their use for identification of target
antigens required parallel new developments in cell and mo-
lecular biology. Although results of transfecting candidate
DNA fragments into indicator cells could be screened with
antibodies, Mellor & Flavell 1982 [24], the use of T cells with
their cell-bound receptors to identify and select rare positive
transfectants after transfection of DNA or cDNA libraries,
posed problems for exploring the potential of such mono-
clonal T cells and their receptors for clinical use. The i vitro
expansion of antigen specific effector clones for therapeutic
transfer in vivo required this development as well as for the
molecular cloning of their T cell receptors (TCRs) for use as
templates for therapeutics.

Thierry Boon (25%) in Brussels and Nilabh Shastri [26] in
the USA, focusing on tumour antigens and minor H antigens
respectively, sought ways of using T cells to detect rare pos-
itive transfectants. Diane Scott [27, 28] in our lab worked
to develop methods for screening candidate genes isolated
from chromosomally defined locations. With our Jackson Lab
colleagues, Derry Roopenian and Eva Eicher [29], we used a

genetic approach based on immunoselection and variable X
chromosome inactivation.

Genetic mapping of the Y chromosome with Anne McLaren
(30%) allowed us to identify a deletion mutant that separated
our HY genes from the testis determining gene Sry as the first
step for cloning and testing the function of each of these genes
in vivo [30, 31]. Homologues of the mouse HY genes were
found in humans [32-34] with potential for therapeutic use
in treatment of leukaemia [35].

Subsequent identification and isolation of tumour specific
T cell receptor molecules has allowed them to be incorpo-
rated in CAR T cells or transduced into recipient effector
cells. Additional novel approaches have involved targeting
molecules in key activation and/or differentiation pathways
and include powerful check-point inhibitors [36]. As these pi-
oneering tumour immunotherapy approaches have proceeded
through clinical trial, the number of curative responses is often
limited to subsets of patients, probably due to heterogeneity
of the patients and/or the disease. Combination therapies are
edging forward into this territory, much as they have done in
transplantation for which the holy grail of antigen specific to
tolerance has proved elusive.

Increased knowledge about immune responses to what is
perceived as ‘foreign’ or ‘non-self’ has revealed extraordinary
levels of complexity. Research uncovering these has the po-
tential to optimise immunotherapy. Remarkable progress has
been made in transplantation resulting in much less acute
rejection and a very significant increase in long-term sur-
vival. These and other beneficial results have been achieved
by stepwise advances, using combinations of less toxic
chemotherapies with biological immunosuppressive agents
alongside innovatory surgical skills. However, rejection is the
default pathway for entities deemed ‘foreign’, including mis-
taken suspects like autoantigens. For tumour immunotherapy
the identification of bona fide tumour antigens recognised by
B and/or T cell receptors has mushroomed but has yet to be
optimised to take into account mutations leading to tumour
evasion. We are now at the beginning of a road that looks
more hopeful by being informed of the complexities. Basic
and translational research between the late 1960s and now
have yielded an extraordinarily rich harvest of new knowl-
edge. More is to come, further insight is needed and new
paradigms explored.

More detailed historical references can be found in three
books published between 1975 and 2013 [37-39]. The
first chapters of Leslie Brent’s ‘History of Transplantation
Immunology’ [37] provide links to earlier research relevant
to transplantation and the cellular and molecular immu-
nology that followed. Jan Klein’s ‘Biology of the Mouse H2
complex’ [38] is a passionate, scholarly survey focused on the
evolutionary genetics of wild mice and the laboratory strains
developed from them. Daniel Davis in his opening chapters
provides a clear-sighted view of interaction between scientists
working on histocompatibility genes as advances at the cel-
lular and ultrastructural advances illuminate function.
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