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Before 1960, the Bursa of Fabricius was known to be
important for development of lymphocytes in chickens, but
the analogous organ in mammals was unknown. At that time
the thymus was generally thought to be an “evolutionary
accident” of little consequence; merely a graveyard for lym-
phocytes. Now, the concept that T and B cells are distinct, and
must collaborate for adaptive immune responses, is entrenched
in textbooks, and underpins therapies to combat infection,
organ rejection, autoimmune diseases, immune-deficiencies
and cancer. The 2019 Albert Lasker Basic Medical Research
Award recognises the ground-breaking discoveries made by
Jacques Miller and Max Cooper who defined the anatomical
origins of the two arms of adaptive immunity, the speciali-
sation of T and B cells for host defence, and the nature of the
collaboration between these cell types to mount effective
immune responses. In the decades since these discoveries,
T and B cell development has been a fertile ground for
research in cell death and differentiation.

In 1960, it was known that the thymus was full of
lymphocytes, but it was thought to be irrelevant to immu-
nity because thymectomy of adult mice had no measurable
impact. Jacques Miller, working in converted stables at the
Institute of Cancer Research in the UK, mastered the sur-
gical removal of the thymus from newborn mice in order to
probe the nature of a virus-induced leukaemia. To his sur-
prise, he found that neonatally thymectomized mice suc-
cumbed to fatal infections, were deficient in “small”
lymphocytes, had impaired antibody production, and could

not reject foreign skin grafts [1, 2]. He also discovered that
thymic grafts from genetically distinct mice could not only
restore immune function, but also engender tolerance to
skin grafts from the donor origin [1, 3]. This stunning series
of single author papers established the immunological
function of the thymus and its role in distinguishing self
from non-self.

The concept that the thymus is an essential immune
organ took some time to become accepted. Some groups
had difficulty reproducing Miller’s findings, in part because
neonatal thymectomy is a challenging surgical technique,
but also because some mature T cells could emerge from the
thymus in the few days prior to its removal. This latter
problem also confounded replication of earlier experiments,
showing that removal of the bursa of Fabricius from
chickens impaired the production of antibodies [4]. Max
Cooper, working in Robert Good’s laboratory, solved this
problem by irradiating chicks shortly after removal of the
thymus and/or bursa to destroy residual mature lympho-
cytes. With this innovation, Cooper provided clear evidence
that the bursa was essential for antibody production in
response to immunisation [5, 6]. In addition, he replicated
Miller’s findings by showing that thymectomized and irra-
diated chickens were deficient in graft-versus-host respon-
ses, allograft rejection and hypersensitivity reactions [5, 6].
Importantly, Cooper (a paediatrician) and his colleagues
noted the striking parallels between the distinct immuno-
deficiencies observed in their bursectomized or thymecto-
mized chickens and those manifest in primary
immunodeficiencies in children—a crucial clinical insight.

Subsequent work from Jacques Miller and his PhD stu-
dent Graham Mitchell demonstrated that this distinction in
lymphocyte immune function also existed in mice, where
the bone marrow was the origin of antibody-producing cells
[7–10]. With this insight, they used neonatally thymecto-
mized, irradiated F1 mice as vehicles to reconstitute these
distinct arms of adaptive immunity, combining genetically
distinct bone marrow cells with thoracic duct lymphocytes
(of which ~90% are T cells). They could then immunise the
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chimaeras with sheep red blood cells and determine the
cellular source of antibodies in plaque assays by using
antisera to ablate the genetically disparate bone marrow-
derived lymphocytes (B cells) or thoracic duct lymphocytes
(T cells). The results of these elegant experiments estab-
lished that B cells were the antibody-producing cells, but—
crucially—that they required “help” from thymus-derived T
lymphocytes for optimal immune responses [7].

Once again, these discoveries took some time to become
generally accepted. There was criticism that the data gen-
erated from such “biological monstrosities” as haemato-
poietic chimaeras was of questionable significance. A less
diplomatic Australian scientist expressed the view that the
only significance of “B” and “T” was that they represented
the first and last letters of the word “bullshit”. More rea-
sonable arguments cited that B and T cells were so mor-
phologically similar that they could not have such distinct
functions. Furthermore, it was known that thymocytes were
ultimately derived from bone marrow precursors, leading to
further doubt. Finally, the concept that rare, antigen-specific
T cells should somehow scan the entire body to find B cells
that have been activated by the same antigen strained
plausibility. In over 50 years of subsequent research,
it has become apparent that the thymus provides a
unique microenvironment that directs the differentiation of
bone marrow-derived progenitors into T cells and that the
architecture of secondary lymphoid organs orchestrates
efficient interactions between highly mobile antigen-specific
B and T cells.

Lymphocyte biology has since become one of the most
well-studied mammalian differentiation paradigms and
one of the key models for studying cell death. Techno-
logical advances in flow cytometry, genetically modified
mouse models, in vitro differentiation systems and deep
genetic analyses, to name a few, have allowed researchers
to detail the precise precursor-product relationships and
critical checkpoints in T- and B-cell differentiation in the
thymus and bone marrow, respectively. These studies
have revealed largely parallel pathways, with some key
distinctions mostly based on the presumptive logic of
B-cell receptor versus T-cell receptor (TCR) (Fig. 1). For
instance, MHC restriction of T-cell responses necessitate
the positive selection of thymocytes that express a
TCR capable of interacting with self-MHC/peptide
complexes, while those incapable of binding undergo
apoptosis [11]. Conversely, mature B cells are uniquely
capable of further somatic mutation of rearranged
immunoglobulin genes through the activity of AID during
the germinal centre reaction to improve antibody affinity
for antigen.

Both T- and B-cell differentiation are dynamic processes
punctuated by high rates of apoptosis that purges useless
cells or potentially dangerous cells that bear autoreactive
immunoreceptors (e.g. reviewed in [12]) (Fig. 1). Accord-
ingly, inhibition of apoptosis has major impacts on
lymphocyte differentiation and homoeostasis, and leads
to autoimmune disease by allowing the aberrant survival
of autoreactive T and B cells as well as persistence of

Fig. 1 Schematic diagram
of T- and B-cell differentiation,
showing the major stages and
apoptotic checkpoints mediated
by either the intrinsic or
extrinsic pathways
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antigen-activated effector lymphocytes (e.g. plasma cells)
[13, 14]. Distinct apoptotic mechanisms are engaged at the
major checkpoints of lymphocyte differentiation, providing
insights into the divergence of the BCL-2-regulated (or
mitochondrial or intrinsic) and death receptor (or extrinsic)
pathways of apoptosis [15] (Fig. 1).

The discoveries of Jacques Miller and Max Cooper
have revealed many of the secrets of the immune system,
laying the foundations for subsequent breakthroughs
in understanding the generation of antibody diversity
(Tonegawa), hybridoma technology (Koehler and
Milstein), MHC restriction (Benacerraf, Doherty and
Zinkernagel), the isolation and cloning of the TCR (Tak
Mak, Mark Davis, John Kappler and Pippa Marrack) and
immune regulation (Steinman). In doing so, Miller and
Cooper provided concepts and model systems for inves-
tigating the physiological and pathological roles of cell
death. Indeed, Kerr et al. drew on the death of lympho-
cytes in germinal centres of lymphoid follicles, and in
response to treatment with glucocorticoids, as exemplars
of “apoptosis”, the term they introduced in their influen-
tial 1972 review [16].
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