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T cells are crucial components of the immune system that provide 
protection from infection and maintain immune homeostasis, 
but in the wrong context they can contribute to immunopathol-
ogy and disease. Here we highlight important moments since 
their first description and discovery in 1961, and the subsequent 

development of the topic of T cell biology and its therapeutic potential.
From the initial description of the function of the thymus and the 

first reference to T cells by Jacques Miller, Max Cooper and colleagues 
(Milestone 1), a new immunological era of adaptive immunology was 
born, and T cell biology rapidly evolved in line with the technological 
advances of the past half century. Global efforts have led to a deeper 
understanding of the development and composition of the T cell 
compartment and of the characteristic immunobiology of effector 
and regulatory populations, in addition to their varied functions 
in immuno pathology, spanning autoimmunity, cancer, allergy and 
infectious diseases.

These insights have advanced the overall understanding of the 
immune system, contributing to the 1996 Nobel prize awarded to 
Peter C. Doherty and Rolf M. Zinkernagel for establishing and exploring 
the role of T cells in protection from viral infection. Building on the 
foundations of T cell immunology, a range of translational applications 
and approaches have resulted in new therapeutic interventions. For 
example, the 2018 Nobel prize was awarded to James P. Allison and 
Tasuku Honjo for their work on CTLA-4 and PD-1 that subsequently led 
to immune checkpoint blockade and an explosion in cancer immuno-
therapy research. Furthermore, the world has witnessed the accelerated 
design and global application of efficacious vaccines that engage and 
induce immunological protection, including T cell immunity, to counter 
emerging infectious diseases, including COVID-19.

The Milestones and papers featured here represent the efforts 
and work of numerous research teams that together have sequen-
tially defined and shaped the understanding of T cell biology. These 
Milestones are by no means an exhaustive list, and we acknowledge 
the large body of work and contributions to the field of T cell biology 
that have not been included. We apologize in advance for any such 
omissions and extend our gratitude to all the researchers who have 
advised and contributed to this endeavour. We hope the interactive 
timeline, video and animation content available in the online version 
provide a celebratory overview of T cell biology.
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allogeneic skin graft rejection) were affected. 
By contrast, thymectomy of neonatal mice at 
day 5 resulted in few of these effects. In parallel, 
if mice that underwent thymectomy at day 1 
were kept in a nearly pathogen-free environ-
ment, mortality was reduced. These findings 
provided the first clues that the thymus func-
tions to induce and maintain the immune 
system to protect against infection.

Around the same time as Miller’s work, 
Delphine Parrott and colleagues from the 
Imperial Cancer Research Fund, London, 
reported the effects of mouse neonatal thymec-
tomy on the induction of neutrophilia, wasting 
syndromes and premature death. Parrott addi-
tionally showed that intraperitoneal injection 
of allogeneic cells aggravated wasting disease, 
thereby implicating the thymus as a potential 
‘seeding’ source for cells involved in allogeneic 

immunity. Those results were soon followed 
by data from Wallace Rowe and colleagues at 
The National Institute of Allergy and Infectious 
Diseases and the National Cancer Institute, 
of the US National Institutes of Health, show-
ing that the thymus is necessary for the 
lethal immune hyper-reactivity associated 
with intracranial challenge with lymphocytic 
choriomeningitis virus.

However, it was not until Max Cooper and 
colleagues at the University of Minnesota, 
Minneapolis, combined the post-hatching 
surgical removal of two organs (the bursa 
of Fabricius and the thymus) from chickens 
that more was understood about the function 
of cells that originate in the thymus. Cooper 
showed that, along with components that 
originate in the bursa of Fabricius, thymic 
cells can promote humoral responses, and 
that two distinct cell types can differentiate 
from the thymus and bursa of Fabricius. From 
these findings came the now well-established 
division of lymphocytes into ‘T’ (thymus) cells 
and ‘B’ (bursa) cells.

In the 60 or more years following Miller’s 
initial observations, the thymus has been 
shown to be critically involved in many core 
immunological functions, including MHC 
restriction (Milestone 4), the differentiation of 
CD4+ and CD8+ T cells (Milestone 5), central tol-
erance (Milestone 12), T cell antigen receptor 
and repertoire generation (Milestone 8) and 
the selective induction of regulatory T cells 
(Milestone 15), to name a few. These devel-
opments have also led to major clinical 
advances, such as the invention of chimeric 
antigen receptor T cell therapies for cancer and 
other diseases (Milestone 20). In this context, 
although Miller might represent the beginning 
of the end, as the final person to assign a func-
tion to a human organ, this work was just the 
end of the beginning of the understanding of 
T cell biology, as is documented here in all the 
subsequent T cell Milestones.

Ching-yu Huang  
Senior Editor and Team Manager, 
Nature Communications

Milestone study
Miller, J. F. A. P. Immunological function of the 
thymus. Lancet 2, 748–749 (1961)

Further reading
Please visit the online article for a full list of 
further reading.

In the 1950s, the immune system was recog-
nized as involving a humoral component 
that functions via antibodies and a cellular 
component that probably involves lym-
phocytes. However, little was known about 

the origin of these components, or how they 
were selected, despite Burnet’s clonal selection 
theory shedding light on this central dogma. It 
was during this time that Jacques Miller, then a 
PhD student at University of London on a quest 
to search for the enigmatic regulation of the 
onset of leukaemia in inbred mice, discovered 
the immunological function of the thymus.

Prior to Miller’s work, and other work from 
this period, the thymus was considered a ves-
tigial organ, yet it was also beginning to be 
understood as a target organ for some types 
of spontaneous tumours and leukaemia. 
Thus, thymectomy (surgical removal of the 
thymus) was used to study the regulation and 
onset of mouse leukaemia. Miller found that 
the timing of thymectomy was critical for the 
outcome, with neonatal thymectomy at day 1 
causing a reduction in lymphocyte counts, the 
induction of wasting and shortening of the life 
span. Additionally, both humoral responses (in 
the form of germinal centre induction in the 
spleen) and cellular responses (in the form of 

Milestone 1

Thymus, a beginning 
and end

“These findings provided the 
first clues that the thymus 
functions to induce and 
maintain the immune system 
to protect against infection.”
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cell death. Capturing this process through 
microcinematography, Rothstein et al. (1978) 
observed sensitized lymphocytes approach the 
target cell, form a conjugate and then leave the 
cell. The target cell burst after a delay, whereas 
the effector cell could go on to kill other target 
cells. Sanderson (1976) looked closely at the 
morphological changes of cell death using 
time-lapse imaging and described dying cells 
targeted by cytotoxic T lymphocytes (CTLs) 
undergoing violent ‘zeiosis’ of the cytoplasm 
(blebbing), which was distinct from the events 
that occur during complement-mediated lysis, 
but similar to apoptotic cell death. This sug-
gested that CTLs did not kill the target cells 
directly but that the targets undergo cell death 
using their own self-destruction machinery.

Around this time, it became clear that 
there was exquisite specificity to the damage 
inflicted by CTLs, with few innocent bystand-
ers, suggesting a directional secretory process. 
In 1982, Henkart and Henkart proposed the 
exocytosis model (published following the 
first International Workshop on Mechanisms 
in Cell-mediated Cytotoxicity, in 1981) showing 
that the lytic process is highly directed (polar-
ized) towards the target by receptors on the 
effector cell, and involves lymphocyte reorgan-
ization of its granule contents to produce and 

subsequently to secrete clusters of membrane 
vesicles bearing lesion-forming molecules. 
This then results in localized transfer to the 
target cell membrane of lethal pore-forming 
material (Milestone 16).

Identifying this pore-forming material was 
the next step. This began in 1983 with detailed 
electron microscopy by Podack and Dennert, 
who saw that membrane lesions arise by tubu-
lar complexes that form transmembrane chan-
nels that are assembled from subunits during 
the cytolytic reaction. Henkart et al. (1984) then 
showed that granules purified from lympho-
cytes, but not from non-lytic cells, were suffi-
cient to kill target cells through the formation 
of calcium-dependent ring-like structures. In 
1985, Masson and Tschopp isolated from these 
cytolytic granules the 66kD protein perforin, 
which they showed polymerized and inserted 
into lipid bilayers to form tubular structures 
in the presence of calcium. The key physio-
logical role of perforin in cytotoxicity was 
later confirmed by the generation of perfor-
in-deficient mice, which showed defective 
cytotoxicity mediated by T cells and natural 
killer cells, leading to impaired clearance of 
virus infection and tumours (Kagi et al. 1994). 
Similarly, in 1999, perforin gene defects were 
shown to be responsible for the rare human 
immune disorder familial haemophagocytic 
lymphohistiocytosis, in which lymphocytes 
show defective cytotoxic activity and express 
little or no perforin in their granules (Stepp 
et al. 1999).

It is now understood that cytotoxic lympho-
cytes (which chiefly belong to the CD8+ T cell 
subpopulation; Milestone 5) kill target cells 
using pathways other than perforin-mediated 
cytotoxicity, such as through the FAS pathway 
and the cytotoxic mediator TNF, highlighting 
the importance of this feature of the immune 
response.

Lucy Bird Senior Editor, 
Nature Reviews Immunology

Milestone studies
Cerottini, J. C., Nordin, A. A. & Brunner, K. T. 
In vitro cytotoxic activity of thymus cells 
sensitized to alloantigens. Nature 227, 
72–73 (1970) | Cerottini, J. C., Nordin, A. A. & 
Brunner, K. T. Specific in vitro cytotoxicity of 
thymus-derived lymphocytes sensitized to 
alloantigens. Nature 227, 1308–1309 (1970)

Further reading
Please visit the online article for a full list of 
further reading.

The cytotoxic (killing) function of T cells 
is central to their activity in immune 
defence — for example in eliminating 
infected or cancerous cells — but it was 
not until 1970 that cytotoxic activity 

was attributed to thymus-derived lympho-
cytes (T cells). Until the mid-1950s, immu-
nology research was focussed largely on the 
humoral arm of the immune system mediated 
by antibodies. Yet there had been accumulat-
ing evidence that lymphocytes (rather than 
antibodies) are the active participants in the 
rejection of grafts and tumours, and in the 
resistance to infection. Some early evidence 
that this involved cell-mediated cytotoxic-
ity came in 1960, with the demonstration by 
Govaerts that ‘cellular antibodies’ (that is, lym-
phocytes, as opposed to sera) from immunized 
animals destroyed allogeneic targets in vitro. 
This finding was extended to a variety of con-
texts in which lymphoid cells from sensitized 
donors destroyed various antigen-bearing 
('target') cells. And in 1968, Kolb and Granger 
observed the release of a toxic cell-free fac-
tor termed lymphotoxin by activated human 
lymphocytes.

So, in 1970, drawing on the knowledge 
that neonatally thymectomized animals 
show impaired cell-mediated immunity 
(Milestone 1), Cerottini and colleagues 
explored whether thymus cells contained the 
precursors of ‘sensitized lymphocytes’ active in 
cell-mediated immunity. They transferred thy-
mus-derived or bone marrow-derived cells to 
irradiated allogeneic recipient mice, and then 
tested immune spleen cell populations in the 
recently developed cytotoxic assay involving 
51Cr-labelled target cells. They found that the 
precursors of cytotoxic cells in the immune 
spleen cells were thymus derived. In a second 
study published in late 1970, the same authors 
confirmed that T cells were not only required 
but also sufficient for cytotoxicity. Knowing 
that thymus-derived cells express the surface 
marker θ antigen (later known as Thy1 and 
CD90), the authors showed that elimination 
of T cells from sensitized spleen cells by incu-
bation with anti-θ antiserum in the presence 
of complement abrogated anti-allogeneic 
cytotoxicity in vitro but had no effect on the 
alloantibody response.

Thus, by the early 1970s, it was clear that 
some T cells can autonomously induce target 

Milestone 2

T cells as killers

“cytotoxic cells in the 
immune spleen cells were 
thymus derived”
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from (CBA × C57BL)F1 mice and used anti-C57BL 
antibodies to deplete T cells — these experi-
ments elegantly showed that both T cells and 
B cells, carried immunological memory and 
that they collaborated in secondary humoral 
immune responses. Second, Gershon et al. used 
3H-thymidine to label mitotic cells during the 
primary immune response and found that the 
labelled cells responded mitotically to second-
ary antigenic challenge and were limited to the 
white pulp of the spleen where T cells reside, 
providing direct evidence that a population 
of (possible) T cells generated in the primary 
response responded to the same antigen in the 
secondary response. These T cells by definition 
would be memory cells.

Now, more than 50 years on from these 
pioneering experiments, researchers have 
made great progress in understanding the 
generation, function, maintenance and hetero-
geneity of memory T cell populations. Three 
main subsets have been defined based on their 
migratory properties (Milestone 7) — central 
memory T cells, effector memory T cells and 
resident memory T cells (Milestone 17). These 
subsets of memory cells are phenotypically, 
functionally, transcriptionally and metaboli-
cally distinct, and differ in their immunological 
effects. Although a lot is now known, future 
studies should help to uncover many more 
aspects of memory T cell biology.

Zhijuan Qiu, Associate Editor, 
Communications Biology

Milestone studies
Miller, J. F. A. P. & Sprent, J. Cell-to-cell 
interaction in the immune response. VI. 
Contribution of thymus-derived cells 
and antibody-forming cell precursors to 
immunological memory. J. Exp. Med. 134, 
66–82 (1971) | Gershon, R. K., Krüger, J., 
Naysmith, J. D. & Waksman, B. H. Cellular 
basis for immunologic memory. Nature 232, 
639–641 (1971)

Further reading
Please visit the online article for a full list of 
further reading.

The immune system has the ability to 
remember an antigen it has previously 
encountered and respond more rap-
idly and effectively after re-exposure 
to the same antigen. This immuno-

logical memory was recognized long before 
the discovery of T cells — one of the two lym-
phocyte subsets involved in immunological 
memory.

In the 1960s and early 1970s, the study of 
immunological memory was centred around 
secondary humoral immune responses. 
Antibody-forming cells (plasma cells) in sec-
ondary immune responses arise from dividing 
precursors. Gowans and Uhr aimed to deter-
mine the origin of these precursors, which 
formed during primary immune responses 
and carried immunological memory, giving 
rise to antibody-forming cells during sec-
ondary immune responses. They provided 
strong evidence that small lymphocytes 
were the precursors of antibody-forming 
cells and were responsible for the carriage of 
immuno logical memory. At the time, although 
it was clear that two subsets of lymphocytes 
(thymus-derived lymphocytes and bursa of 
Fabricius derived lymphocytes) existed in 
chickens, it was unclear whether there were 
two separate lineages of lymphocytes in other 
species, including mice and humans.

In 1967, Miller and Mitchell (Milestone 1) 
made the ground-breaking discovery that 
thymus-derived lymphocytes and bone mar-
row-derived lymphocytes existed in mice, 
which were later termed T cells and B cells, 
respectively, and that antibody-forming cell 
precursors were B cells. By then, we knew 
that small lymphocytes consisted of T cells 
and B cells. If B cells were the precursors of 
the cells that formed antibodies, were T cells 
involved in the secondary humoral immune 
responses? Raff used anti-theta (Thy-1) anti-
serum to deplete T cells, and showed that T cells 
were important in secondary humoral immune 
responses and helped B cells to produce anti-
bodies. This raised the question of whether 
immunological memory was exclusively per-
formed by B cells or whether T cells also carried 
immunological memory.

Two landmark studies published in 1971 
addressed this issue. First, Miller and Sprent 
neonatally thymectomized CBA mice, reconsti-
tuted them with thymus-derived lymphocytes 

Milestone 3

Discovery of T cell memory

“... both T cells and B cells 
carried immunological 
memory”

The Persistence of Memory by Salvador Dalí (1931).
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infection. Infecting various mouse strains with 
LCMV, Zinkernagel and Doherty found that 
isolated T cells did not uniformly kill chromi-
um-labelled mouse target cells — it seemed 
that only some H-2 haplotypes were able to 
generate CTLs. However, they soon realized 
that something else was going on: the target 
cells were of the H-2k haplotype, and when 
these were paired with H-2k-expressing CTLs 
from C3H/HE mice, there was target cell lysis. 
By contrast, when CTLs from BALB/c mice (H-2d 
haplotype) or C57BL/6 mice (H-2b haplotype) 
were used, no target-cell lysis occurred. To 
prove their ‘MHC restriction’ hypothesis, they 
performed the opposite experiment: they 
used macrophages from the peritoneal cavity 
of BALB/c or C57BL/6 mice as target cells and 
found that these were lysed by H-2d-expressing 
CTLs or H-2b-expressing CTLs, respectively, 
but not by the H-2k-bearing CTLs.

These MHC-restriction experiments did not 
show the nature of the antigen that the T cells 
recognized. Earlier experiments had shown 
B cells could recognize only native antigen, 

but that T cells could recognize denatured 
antigen. There were questions in the field 
about whether MHC restriction involved 
one or two receptors on T cells; could there 
be one receptor involved in recognizing the 
MHC and another one involved in recognizing 
the antigen? Or was there one T cell antigen 
receptor that recognized MHC in complex 
with the antigen? Ultimately, experiments 
from several labs, including those of Kappler, 
Marrack, Grey, Unanue and Townsend, showed 
the single-receptor hypothesis to be correct. 
Early structural analyses of an MHC complex 
by Bjorkman, Strominger and others showed 
a ‘density’ in the MHC groove that was unclear 
in initial crystals but was later shown to be 
processed peptide.

Today, it is appreciated that MHC class I and 
MHC class II restriction of CD8+ T cells and CD4+ 
T cells, respectively, is central to most aspects 
of T cell function, including T cell development 
and tolerance (Milestone 12), T cell activation 
by antigen-presenting cells (Milestone 10), 
T cell help for B cells (Milestone 19) and 
T cell killing of infected or cancerous cells 
(Milestone 2). Notably, two different Nobel 
prizes were awarded for early work that helped 
to identify the immune functions of the MHC: 
one in 1980 to Snell, Daussett and Benacerraf, 
and one in 1996 to Doherty and Zinkernagel.

Timothy Powell, Senior Editor, 
Nature Communications

Milestone studies
Zinkernagel, R. M. & Doherty, P. C. Restriction 
of in vitro T cell-mediated cytotoxicity in 
lymphocytic choriomeningitis within a 
syngeneic or semiallogeneic system. Nature 
248, 701 –702 (1974) | Zinkernagel, R. M., 
Doherty, P. C. Immunological surveillance 
against altered self components by 
sensitised T lymphocytes in lymphocytic 
choriomeningitis. Nature 251, 547– 548 (1974)

Further reading
Please visit the online article for a full list of 
further reading.

By the early 1970s, the major histo-
compatibility complex (MHC) had 
been shown by Snell, Daussett and 
Benacerraf to be important in the 
rejection of (MHC-mismatched) trans-

planted grafts (Milestone 6). This function of 
the MHC had been characterized through the 
use of inbred animal strains and also by the 
comparison of graft rejection among humans. 
The mouse locus had been named H-2, and 
similar loci were identified in other animals 
and birds. The MHC was also known to have 
weaker associations with infectious disease 
and autoimmunity, which implied it had 
unknown functions beyond graft rejection. 
Tellingly, studies had documented that dif-
ferences in the MHC affected T cell responses, 
but how exactly was this working?

This set the scene for Doherty and 
Zinkernagel to look for what was controlling 
the T cell response to an infection and why 
there was a response to a virus-infected cell 
only when the responding T cell and target 
cell were in certain MHC combinations. At this 
stage, there was no clear idea of what the T cell 
recognized, and the concept of T cells ‘seeing’ 
fragments of pathogens was still in the future. 
Zinkernagel and Doherty used lymphocytic 
choriomeningitis virus (LCMV) and developed 
a method of obtaining cytotoxic T lympho-
cytes (CTLs) from the cerebrospinal fluid of 
infected mice. These CTLs could cause a lethal 
encephalopathy in mice, but an experiment 
by Oldstone, McDevitt and colleagues had 
suggested that different H-2 haplotypes led 
to different disease outcomes during LCMV 

Milestone 4

MHC restriction — why do T cells only target 
some infected cells?

“two different Nobel prizes 
were awarded for early 
work that helped to identify 
the immune functions of the 
MHC”
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produces T cells expressing all three antigens, 
these seem to be a transient progenitor for 
two distinct subsets of cells. Depletion of one 
subset, which only expressed Ly-1, effectively 
eliminated the helper T cell function, whereas 
depletion of the subset expressing Ly-2 and 
Ly-3 resulted in loss of cytotoxic T cells. These 
results indicated that killer and helper T cell 
identity is forged early on within the thymus.

The advent of monoclonal antibody tech-
nology gave immunologists a tool for getting a 
closer look at these proteins and the T cells that 
selectively express them. In 1979, Ellis Reinherz 
working in the lab of Stuart Schlossman gener-
ated a series of mouse monoclonal antibodies 
against human T cells. One of these antibodies, 
OKT4, bound to only around 60% of human 
T cells, and the researchers subsequently used 
fluorescence-activated cell sorting to selec-
tively purify these OKT4-positive T cells. They 
soon determined that the target of this anti-
body was a protein marker specifically asso-
ciated with human helper T cells distinct from 

Ly-1 which they dubbed ‘T4”. Two years later, the 
group achieved the same task with the human 
counterpart of Ly-2, termed ‘T8’, which enabled 
them to efficiently isolate cytotoxic T cells. In 
1982, these two proteins were bestowed their 
more familiar contemporary names — CD4 
and CD8 — at the inaugural Human Leukocyte 
Differentiation Antigen workshop in Paris.

That year also saw another important leap 
forwards in understanding how these proteins 
coordinate T cell function. Our immune cells 
make use of a protein assembly called the 
major histocompatibility complex (MHC) to 
present protein antigens to T cells, thereby 
training them to ignore healthy tissues while 
marshalling a response against cancerous or 
infected cells (Milestone 4). There are two 
major classes of MHC, and several studies 
from 1982 showed that CD8-positive cells 
preferentially interact with MHC class I, which 
is expressed by almost every cell in the body 
and is now known to elicit a cytotoxic T cell 
response. By contrast, CD4-positive cells pref-
erentially interact with MHC class II, which is 
primarily expressed by specialised  immune 
cells and fuels activation of helper T cells.

It soon become clear that CD4 and CD8 were 
distinct ‘co-receptors’ that act alongside the 
T cell receptor (TCR), the primary arbiter of 
antigen recognition (Milestone 8). The TCR 
and its co-receptor bind to the MHC–peptide 
complex in parallel, and the subsequent sig-
nalling cascade jointly coordinated by the TCR 
and CD4 or CD8, respectively, contributes to 
the initiation of the helper or cytotoxic T cell 
response.

Even if these behavioural differences only 
become obvious when a T cell meets antigen, 
the foundational work by scientists such as 
Boyse, Cantor, Reinherz and Schlossman 
helped to establish that these and other T cell 
subsets arise from distinct pools of cells in the 
thymus that can readily be defined by their 
external protein features.

Michael Eisenstein Freelance Science 
Writer, Philadelphia, PA, USA.

Milestone study
Cantor, H. & Boyse, E. A. Functional 
subclasses of T lymphocytes bearing 
different Ly antigens. II. Cooperation between 
subclasses of Ly+ cells in the generation of 
killer activity. J. Exp. Med. 141, 1390–1399 
(1975)

Further reading
Please visit the online article for a full list of 
further reading.

By the mid-1970s, immunologists had 
established that the thymus-derived 
subset of immune cells known as 
T cells could perform a variety of dis-
tinct functions. For example, these 

cells could actively kill off tumours or other 
cells perceived as foreign by the body, but they 
could also coordinate the activation of other 
immune cell types.

The big question at this point was whether 
these ‘killer’ (Milestone 2) and ‘helper’ 
(Milestone 11) functions were innate to spe-
cific subsets of T cells, or whether all T cells 
were inherently capable of performing these 
various actions in response to activation. 
A 1975 study by Harvey Cantor and Edward 
Boyse helped set scientists on the path towards 
answering this question.

The two immunologists made use of different 
antisera that selectively bind to three different 
proteins found on the surface of mouse T cells, 
dubbed Ly-1, Ly-2 and Ly-3. Previous research 
had demonstrated that the potency of anti-
gen-activated killer T cells is greatly reduced 
by treatment with Ly-2 and Ly-3 — but not Ly-1 
— antisera. Cantor and Boyse expanded on 
that work, using these antisera to analyze and 
selectively deplete different subsets of non-an-
tigen-exposed, or naive, T cells from mice. 
Their results showed that although the thymus 

“ These results indicated 
that killer and helper T cell 
identity is forged early on 
within the thymus.”

Milestone 5

T cell subsets with defined roles
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responses are enhanced by the physical condi-
tions of transplant surgery including surgical 
trauma, ischemia and reperfusion.

T cell-mediated recognition of non-self 
MHC on transplant tissues is a major barrier 
to successful transplantation and engraft-
ment, which currently requires substantial 
immunosuppressive therapy. The discovery 
and description of the pathways of allorecog-
nition were pivotal milestones in transplant 
immunology.

In vitro, the co-culture of leukocytes from 
genetically disparate individuals reported by 
Bain et al. modelled the activation of leukocytes 
in an early incarnation of what we refer to as 

the mixed lymphocyte reaction (MLR). In 1977, 
Lindahl and Wilson incorporated radioactively 
labelled allogeneic antigen presenting cells 
(APCs) and determined that 0.7– 1.2% cells were 
cyto lytically active during experimental MLR. 
The size of the responding T cell population is 
orders of magnitude above the size of antigen- 
specific T cell populations. Impressively, their 
estimation of the alloreactive T cell pool in this 
manner is still in line with present day measures, 
which supports the rapid activation of large 
numbers of T cells that is seen in allogeneic 
transplant settings. While not established at 
the time, this represented what became the 
‘direct pathway’ of allorecognition: the direct 
response of T cells to non-self MHC molecules, 
which is a pivotal pathway and a major challenge 
during acute rejection.

In 1982, subsequent work from Lechler and 
Batchelor using the depletion of passenger leu-
kocytes in rat models of allograft kidney trans-
plantation suggested a further mechanism 
of rejection that functioned during chronic 
rejection. Their work established the ‘indi-
rect pathway’ of allorecognition: donor MHC 
molecules that are derived from the graft, and 
processed and presented by recipient APCs, 
which results in T cell reactivity against MHC 
alloantigens that functions during rejection.

More recently, Lechler and colleagues 
defined a third mechanism of allorecogni-
tion, the ‘semi-direct pathway’. Recipient APCs 
acquire allo-MHC–peptide donor-derived 
complexes via trogocytosis in conjunction 
with indirect presentation of allopeptide in 
the context of self MHC.

Taken together, these pivotal studies estab-
lish the three pathways of allorecognition and 
the role of T cells in alloreactivity, which in 
conjunction with the role of the accompanying 
antibody response, form the major hurdles of 
acute and chronic graft rejection.

Gavin Mason Senior Editor, 
Nature Communications

Milestone study
Lindahl, K. F. & Wilson, D. B. Histocompatibility 
antigen-activated cytotoxic T lymphocytes. 
I. Estimates of the absolute frequency of killer 
cells generated in vitro. J. Exp. Med. 145, 
500–507 (1977)

Further reading
Please visit the online article for a full list of 
further reading.

Transplantation is one of the great break-
throughs of medical science, and in 
the context of a graft that is derived 
from a non-identical donor, it requires 
breaking a central tenet of immunol-

ogy — the recognition of self and non-self. The 
Nobel Prize winning work of Peter Medawar 
and others laid the foundations of transplant 
immunology; that non-self is rejected unless 
immunological tolerance is established. This 
groundbreaking work predated our under-
standing of the thymus and recognition of B 
and T cells (Milestone 1), and subsequently 
dawned the topic of transplant immunology.

The human leukocyte antigen (HLA) confers 
diversity in the histocompatibility antigens 
expressed, which results in diverse arrays of 
major histocompatibility complex (MHC) 
expression between members of the same 
species. The MHC is central to the activation 
of T cells (Milestone 4), and MHC differences 
between individuals is central to T cell acti-
vation during allogenic transplantation and 
recognition of non-self MHC. Recognition of 
non-self MHC rapidly activates T cells, which 
results in the destruction of donor tissue that 
we term rejection. These adaptive immune 

Milestone 6

T cells in transplantation: 
ready and willing to reject

“T cell-mediated recognition 
of non-self MHC on 
transplant tissues is a 
major barrier to successful 
transplantation and 
engraftment”
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T cells could guide their entry into peripheral 
versus intestinal lymphoid tissues.

The field progressed at breakneck speed 
throughout the late 1980s and 1990s, with 
a flurry of papers from Butcher’s group and 
others identifying key homing receptors and 
vascular ‘addressins’ that guide T cell traffick-
ing. LFA1 (the αLβ2 integrin) had been identi-
fied in the context of T cell killing responses 
(Milestone 2), but it was soon realized to 
mediate binding of activated lymphocytes 
to endothelium via interaction with ICAM1. 
Another lymphocyte-expressed integrin, 
α4β7, was found to interact with MADCAM1 
to promote recruitment to mucosal tissues, 
and VCAM1 (a ligand for α4β1 integrin) was 
upregulated on activated endothelium to pro-
mote T cell recruitment to inflamed sites. The 
CLA–E-selectin adhesion pathway was shown 
to promote lymphocyte homing to the skin.

Studies from Charles Mackay and others 
confirmed that naive and memory T cells have 
distinct trafficking patterns, recirculating from 
the blood to lymph nodes or from the blood to 
tissue, respectively. Crucially, it was realized 
that these unique patterns of migration are inti-
mately linked to T cell function — recirculation 
of naive T cells through lymph nodes optimizes 
their chance of encountering rare cognate 
antigens on dendritic cells, while targeting of 

memory T cells to peripheral tissues ensures 
that they are in the right location to mediate 
their protective functions. Sallusto et al. also 
described distinct populations of ‘central’ and 
‘effector’ memory T cells (Milestone 3), which 
preferentially migrated to PLNs or inflamed 
tissues, respectively.

Butcher’s group defined the famous ‘multi- 
step adhesion cascade’ for cell extravasation 
from the blood. Briefly, naive T cells first use 
L-selectin (the molecular target of MEL-14) to 
tether and ‘roll’ on HEVs, then undergo integrin 
activation to firmly adhere on endothelium and 
then transmigrate across the endothelium to 
enter PLNs. Variations on this cascade mediate 
the recruitment of specific T cell populations 
to other sites, such as the intestinal mucosa or 
inflamed tissues.

Another layer of control was added by the 
discovery of the expansive chemokine (chemo-
tactic cytokine) family. Different chemokines 
produced in response to homeostatic or inflam-
matory tissue signals were shown to guide 
leukocyte migration, for example by induc-
ing integrin activation or by acting as direct 
chemoattractants for cells. Certain chemokine 
receptors were linked with the tissue-specific 
migration of T cells; for instance, CCR4 and 
CCR10 were shown to be associated with hom-
ing to the skin. And tissue-specific factors were 
identified that act via dendritic cells to ‘imprint’ 
T cells with particular homing properties; for 
example, retinoic acid promotes the upregu-
lation of gut homing receptors. Other studies 
elucidated T cell ‘exit’ signals to add to the grow-
ing list of ‘entry’ ones, with T cell egress from 
lymph nodes and tissues found to be driven by 
sphingosine-1-phosphate receptor 1.

In the past few decades, advanced real-time 
imaging techniques and the study of migration 
at the single-cell level has shown how diverse 
chemical and biophysical cues combine to help 
T cells traverse tissues. Our growing under-
standing of T cell migration could be useful 
therapeutically, for instance to enhance T cell 
homing to tumours (Milestone 20).

Yvonne Bordon Senior Editor, 
Nature Reviews Immunology

Milestone study
Gallatin, W. M., Weissman I. L. & Butcher E. C. 
A cell-surface molecule involved in organ-
specific homing of lymphocytes. Nature 304, 
30–34 (1983)

Further reading
Please visit the online article for a full list of 
further reading.

In the 1950s, T cells were yet to be described 
and the functions of lymphocytes were 
unknown. But animal experiments had 
shown that each day, enough lympho-
cytes enter the blood from the main 

lymphatics to replace all of the blood lym-
phocytes many times over. Where did all of 
the lymphocytes go?

One theory proposed that lymphocytes 
were primitive stem cells, another that they 
were end-stage cells that soon died. In 1959, 
James Gowans solved the ‘mystery of the dis-
appearing lymphocytes’, showing that lym-
phocytes continuously recirculate from the 
blood to lymphoid organs and back again. 
In further seminal studies, Gowans, Knight 
and colleagues tracked radioactively labelled 
lymphocytes. They found that lymphocytes 
‘home’ to lymph nodes by crossing specialized 
post-capillary high endothelial venules (HEVs), 
then pass through the lymph node cortex into 
lymph sinuses and eventually return to the 
blood via the thoracic duct lymph. Moreover, 
these studies and others, such as from Griscelli 
et al., provided evidence that subsets of lym-
phocytes show distinct patterns of migration. 
Therefore, lymphocyte migration was not 
random or passive, but controlled by active 
mechanisms.

In 1977, Cahill et al. reported that the migra-
tion of small thymus-derived (T) lymphocytes 
in sheep is not uniform. When they isolated 
T lymphocytes from the efferent lymph of 
peripheral lymph nodes (PLNs) or from intesti-
nal lymph, labelled the cells and reinfused them 
into animals, the T lymphocytes were twice 
as likely to return to the tissue location that 
they originally came from. Soon after, in 1980, 
Butcher et al. used the adhesion assay devel-
oped by Stamper and Woodruff to show that 
biased homing to PLNs or to the gut-associated 
Peyer’s patches was mediated by lymphocyte 
interactions with ‘organ-specific determinants’ 
on HEVs. However, the identity of these deter-
minants was unknown.

A key breakthrough came in 1983, when 
Gallatin, Weissman and Butcher isolated a 
monoclonal antibody, MEL-14, which bound 
to an undefined antigenic target on T cells and 
B cells. Treatment of lymphocytes with MEL-14 
specifically blocked their binding to PLN HEVs, 
but did not alter their binding to Peyer’s patch 
HEVs. This was the first direct evidence that 
antigenically distinct receptors expressed by 

Milestone 7

How T cells navigate

“these unique patterns of 
migration are intimately 
linked to T cell function”
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T8+ and T4+ T cell clones. The targeted protein 
complex, named T idiotypic (Ti), was found 
to be similar to surface proteins that were 
previously shown to co-precipitate with T3. 
The authors proposed that the heterodimers, 
non-covalently linked to T3, were, indeed, the 
antigen-specific α and β subunits of the TCR 
and demonstrated that antibodies binding 
to each Ti could replace antigen plus MHC in 
stimulating the relevant clone. In the same 
year, similar glycoproteins were described 
by Pippa Marrack, John Kappler and others on 
mouse T cells. Moreover, enzymatic digests 
and proteomic analysis indicated that these 
glycoproteins, like immunoglobulins, had both 
constant and variable regions.

The next year (1984), two papers in Nature 
from the laboratories of Tak Mak and Mark 
Davis described the isolation of T cell-specific 
cDNA clones and provided strong evidence 

that these encoded a TCR subunit. Both stud-
ies included the construction of extensive 
T cell cDNA libraries that were screened for 
T cell-specific clones via subtractive hybridiza-
tion with B cell-derived mRNA. Working on the 
assumption that genes encoding antigen-spe-
cific TCR proteins should be rearranged as a 
mechanism to generate diversity, Hedrick et 
al. used restriction enzyme analysis to compare 
their clones to genomic DNA from T cell and 
non-T cell sources, and identified one clone 
that seemed to be uniquely recombined in 
T cells. In back-to-back papers, the same 
authors presented the sequence of this clone 
and identified variable, constant and joining 
regions, resembling the genomic organization 
of immunoglobulin genes. Meanwhile, Mak and 
colleagues identified, sequenced and trans-
lated a T cell-specific cDNA clone that encoded 
a 30-kDa protein. They found structural similar-
ities between its putative amino acid sequence 
with mouse and human immunoglobulin light 
chains. Microsequencing studies subsequently 
established that the cDNAs identified in these 
studies encoded the TCRβ chain.

These breakthroughs were followed by the 
identification of the different CD3 subunits 
and the γδ TCR (Milestone 9), all the way to our 
current understanding of the octameric TCR 
complex, its signalling pathways, and its func-
tion as a mechanosensory receptor. They also 
provided the basis to determine further mys-
teries of T cell antigen recognition, such as the 
mechanisms of central tolerance (Milestone 12) 
and of course have had numerous therapeutic 
applications, including the generation of CAR 
T cells (Milestone 20).

Alexandra Flemming Chief Editor, 
Nature Reviews Immunology

Milestone studies
Yanagi, Y. et al. A human T cell-specific cDNA 
clone encodes a protein having extensive 
homology to immunoglobulin chains. 
Nature 308, 145–149 (1984) | Hedrick, S. M., 
Cohen, D. I., Nielsen, E. A. & Davis, M. M. 
Isolation of cDNA clones encoding T cell 
specific membrane-associated proteins. 
Nature 308, 149–153 (1984) | Hedrick, S. 
M., Nielsen, E. A., Kavaler, J., Cohen, D. I. & 
Davis, M. M. Sequence relationships between 
putative T-cell receptor polypeptides and 
immunoglobulins. Nature 308, 153–158 (1984)

Further reading
Please visit the online article for a full list of 
further reading.

T 
cells are able to detect and respond to 
specific peptide antigens by virtue of 
the unique T cell receptor (TCR) com-
plexes they express on their cell surface 
(see image). The TCR of conventional 

αβ T cells comprises highly variable α and β 
chains (which form the antigen-binding αβ 
heterodimer) and an invariant CD3 signalling 
complex, which is non-covalently associated 
with the α and β chains and composed of εγ 
and εδ heterodimers and a ζ homodimer. The 
breakthrough experiments that described this 
multimeric protein complex — thereby identi-
fying the elusive ‘antigen-binding structure’ of 
T cells — took place in the early 1980s.

At the time, it was known that T cells, like 
B cells, can bind to a wide range of antigens 
via a ‘clonally unique recognition structure’, 
which was suspected to bear resemblance to 
B cell immunoglobulins. However, it was also 
understood that, unlike B cells, T cells only bind 
antigen in combination with the correct major 
histocompatibility complex (MHC) molecules' 
(Milestone 4), which, in turn, are bound by the 
‘subset-specific recognition elements’ T4 and 
T8, today known as CD4 and CD8, respectively 
(Milestone 5). Another lineage-specific mol-
ecule that had been described and found to 
be intimately linked with T cell function was 
T3, a glycoprotein later identified as CD3ε. 
Reinherz et al. showed that monoclonal anti-
bodies against T3 inhibited T cell responses, 
which suggested that T3 was involved in anti-
gen-receptor function. However, as this protein 
was expressed in a non-clonal fashion, the race 
was on to identify the antigen-specific part of 
the TCR.

To this end, antisera and monoclonal anti-
bodies against T cell lymphomas, hybridomas 
and T cell clones were generated and screened 
for clonal specificity. The first success was 
reported in 1982. Allison et al. described the 
antigen (on a mouse T cell lymphoma) that was 
reactive with their antibody as a glycoprotein 
composed of disulfide-bonded subunits of 
39 and 41 kDa, and proposed that these cor-
responded to the antigen-specific subunits 
of the TCR. In 1983, two papers by Reinherz 
and colleagues described the generation 
of mono clonal antibodies against a similar 
hetero dimeric clonal glycoprotein on human 

Milestone 8

Identifying and cloning 
the T cell receptor

“two papers in Nature … 
provided strong evidence 
that these encoded TCR 
subunits”
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specific combinations of γ- and δ-chains. For 
example, intraepithelial lymphocytes (IELs) 
in both the skin and reproductive organs of 
mice have Vδ1 δ-chains, whereas the γ-chains 
are invariably Vγ5 in skin IELs and Vγ6 in 
reproductive-organ IELs.

Tonegawa’s group noticed that these same 
Vγ5Vδ1 and Vγ6Vδ1 combinations of TCR γ- and 
δ-chains were invariable in mouse fetal thymo-
cyte populations at different developmental 
stages, and they confirmed by PCR analysis that 
early fetal thymocytes are precursors of skin 
IELs, whereas fetal thymocytes at a later stage 
are precursors of reproductive-organ IELs.

Such lack of clonal diversity in γδ TCRs within 
the same cell type is different from the more 
diverse populations of αβ TCRs, but the dif-
ferences do not end there. Although αβ TCRs 
need antigens to be presented as peptides by 
the major histocompatibility complex (MHC), 
this is not the case for γδ TCRs.

Several studies from the mid-1990s made 
it clear that γδ TCR antigens do not need the 
MHC and, crucially, are not necessarily pep-
tides either. Knowing that human Vγ9Vδ2 T 
lymphocytes responded to microbial infection, 

Jean-Jacques Fournié isolated a highly potent 
phosphorylated metabolite (‘phosphoanti-
gen’) from Mycobacterium tuberculosis, the 
chemical structure of which was later identified 
as (E)-4-hydroxy-3-methyl-but-2-enyl pyroph-
osphate. Further work by the groups of Michael 
Brenner and Barry Bloom confirmed that 
monoalkyl phosphates are able to mimic the 
stimulation of Vγ9Vδ2 T cells with non-peptide 
antigens from mycobacteria independently 
of the MHC.

Since then, several other γδ TCR antigens 
have been identified, but the general mecha-
nism of antigen recognition and the patterns 
that define γδ TCR antigens are still not fully 
understood.

Even though the full potential of γδ T cells 
is still being delineated, and understanding of 
this T cell subset remains in its relative infancy, 
these early studies have made it clear that 
these atypical T cells fulfil a unique role within 
the immune system with an equally unique 
position within the T cell family.

Eva Amsen 
Freelance Science Writer, U.K.

Milestone study
Saito, H. et al. A third rearranged and 
expressed gene in a clone of cytotoxic T 
lymphocytes. Nature 312, 36–40 (1984)

Further reading
Please visit the online article for a full list of 
further reading.

The discovery of T cell antigen recep-
tors (TCRs) in the 1980s was quickly 
followed by a period of characteriza-
tion studies. During one of these stud-
ies aimed at identifying the chains of 

the heterodimeric TCR, the group of Susumu 
Tonegawa found a chain that did not match 
the properties of the previously described 
α- and β-chains.

This turned out to be the γ-chain of the 
γδ TCR. The δ-chain gene was subsequently 
identified a few years later by Mark Davis and 
colleagues. Research on the γδ TCR in mice 
showed that this receptor is found predomi-
nantly in T cells of epithelial organs such as the 
skin, reproductive organs or small intestine. 
Almost 40 years later, γδ T cells are still not 
as well characterized as other T cell subsets, 
but it has become clear that although they 
share some similarities with αβ T cells, they 
represent an atypical T cell subset, different 
in many ways, and they have unique roles in 
the immune system.

Like αβ T cells, γδ T cells originate in the thy-
mus and are defined by the presence of TCRs on 
their cell surface. The two chains of the γδ TCR 
are formed by somatic variable-diversity-joining 
(V(D)J) recombination, similar to the segments 
of α- and β-chains in αβ TCRs (Milestone 8), 
which creates diversity among TCR.

Despite this potential for diversity, γδ TCRs 
of certain subpopulations of cells have only 

Milestone 9

Surprising new TCR: 
the γδ T cells

“understanding of this T cell 
subset remains in its relative 
infancy”
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In 1986, two independent research groups 
discovered that a surface antigen, called Tp44, 
transmits T cell-activation signals. Martin 
and colleagues established, by competitive 
antibody-binding experiments, that epitope 
recognition by antibodies to Tp44 and those 
to the TCR invariant chain CD3 is mutually 
exclusive. Stimulation with antibody to Tp44 
(anti-Tp44) had no effect on either expression 
of the IL-2 receptor (regulated by engagement 
of the TCR or CD3) or release of IL-2 (regulated 
by antigen-presenting cell–T cell interaction). 
However, when the T cells were stimulated by 
the mitogen concanavalin A or a monoclonal 
antibody to CD3, which provided a primary TCR 
signal, engagement by anti-Tp44 induced IL-2 
release in the absence of monocytes.

Weiss and colleagues came to the same 
conclusion about cooperative signalling 
via engagement of the TCR or CD3 and 
ligation of Tp44, but went further in explor-
ing the intracellular consequences of ligand 
engagement, which were hydrolysis of 
poly-phosphoinositides and calcium release.

These findings had arisen from T cell stim-
ulation under non-natural conditions; thus, 
their relevance was debated. They are now 
recognized as milestones for their contribu-
tion to the concept that multiple signals are 
required for maximal T cell activation.

The orphan receptor Tp44, later called CD28, 
provides a secondary activating signal to T cells 
after antigen engagement. The discovery of 
CD28 supported the theory that co-receptors 
diversify lymphocyte effector function after 

antigen recognition, resulting in outcomes 
from tolerance to killing, and from clonal 
anergy to priming for helper T cell function.

The two milestone studies also indicated 
downstream signal integration and suggested 
the hypothesis that antigen-presenting cells 
express a natural ligand to stimulate the co-re-
ceptor CD28. The ligand for CD28 was even-
tually discovered by Linsley and colleagues 4 
years later, in 1990, which proved the physio-
logical relevance of CD28. These researchers 
over-expressed CD28 in Chinese hamster ovary 
cells. After co-culture, B cells adhered to the 
CD28-expressing cells. A mini-library of mon-
oclonal antibodies that recognize molecules 
on the B cell surface was tested for its capacity 
to inhibit the CD28-mediated B cell adhesion.

The cognate antigen to the adhesion-block-
ing antibody was identified as the B cell–acti-
vation molecule B7 (also known then as BB-1). 
Following this pioneering discovery, CTLA-4 
was also identified as an additional receptor 
that engages with B7. CTLA-4 — unlike the con-
stitutively expressed co-stimulatory molecule 
CD28 — is transiently expressed after T cell acti-
vation and functions to limit CD28-dependent 
activation of T cells by competing for the same 
ligands but also transmitting inhibitory signals.

The concept of modulating T cell function via 
activating and inhibitory receptor engagement 
naturally led to the idea of therapeutic manip-
ulation of T cell signalling via agonistic and 
antagonistic molecules (Milestone 13). Deborah 
Lenschow and colleagues demonstrated in 1992 
that a soluble fusion protein of the immunoglob-
ulin IgG1 constant region and the extracellular 
part of CTLA-4 could be used to block binding 
of B7 to CD28 for therapeutic inhibition of T cell 
activation in organ transplantation and, poten-
tially, autoimmune diseases. Clinical translation 
of the approach became a reality in 2003, when 
Kremer and colleagues reported the successful 
application of co-stimulation blockers in the 
treatment of rheumatoid arthritis.

Ildiko Gyory  
Senior Editor, Nature Communications

Milestone studies
Martin, P. J. et al. A 44 kilodalton cell surface 
homodimer regulates interleukin 2 production 
by activated human T lymphocytes. 
J. Immunol. 136, 3282–3287 (1986) | Weiss, A. 
et al. Synergy between the T3/antigen receptor 
complex and Tp44 in the activation of human 
T cells. J. Immunol. 137, 819–825 (1986)

Further reading
Please visit the online article for a full list of 
further reading.

Recognition of antigens is prompt and 
specific. But should a T cell initiate 
an unstoppable chain reaction of 
destruction against the intruder? Is 
it an intruder at all? It all depends on 

the circumstances. T cells have a number of 
sensors with which they receive information 
from soluble factors in their microenvironment 
and from other interacting cell types. Those 
signals are then integrated to determine the 
response, which could be attack but could also 
be tolerance.

T cell co-stimulatory receptors are mono-
valent molecules that do not contribute to 
antigen-recognition specificity; however, they 
receive signals from the environment and are 
necessary for full T cell activation.

A decade after the discovery of monoclonal 
antibodies in the 1970s, technology enabled 
the mapping of surface proteins on T cells. One 
of these molecules, astonishingly, showed simi-
larity to immunoglobulins, which prompted 
the hypothesis that T cells recognize antigens 
with the same high le  vel of specificity as anti-
bodies. And indeed, T cells are equipped with 
an antigen-sensing surface receptor, which 
today is called the T cell antigen receptor (TCR) 
(Milestone 8).

What was puzzling for immunologists of the 
day was the presence of several other mole-
cules on T cells, independent of the TCR, that 
responded to antagonistic stimulation by cog-
nate antibodies with phenotypic changes, rang-
ing from proliferation and production of the 
cytokine IL-2 to inhibition of T cell functions.

Milestone 10
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disease progression. It was also shown that the 
underlying cause of this differential response 
was linked to an increased expression of IFNγ 
mRNA in recovering mice and an increased 
expression of IL-4 and IL-5 mRNA in mice that 
displayed progressive infection.

Following these discoveries, William Paul 
and colleagues uncovered the critical role of 
the cytokine milieu during the development of 
CD4+ TH cell responses. They and others found 
that naive CD4+ T cells induced the formation 
of TH2 cells and were linked to the phosphoryl-
ation of STAT6 when treated with IL-4 and IL-2. 
By contrast, stimulation with IFNγ resulted in 
preferential development of TH1 cells and inhi-
bition of TH2-related cytokines. Further work 
also showed a role for IL-12 in the production of 
IFNγ, which drives the skewing of naive T cells 

toward the TH1 lineage. Subsequent work also 
showed that TH2 cells secreted a regulatory 
cytokine identified as IL-10, which effectively 
led to the suppression of T cell proliferation 
and cytokine secretion.

Evidence for TH subsets in humans was 
obtained in 1991 when the team of Sergio 
Romagnani reported distinct TH1 and TH2 pop-
ulations in humans, which was consistent with 
the initial reports in the murine setting. Further 
studies suggested that bacterial and viral anti-
gens result in TH1-type responses, and fungal 
or helminth-derived antigens resulted in the 
elicitation of TH2 responses. Taken together, 
these and other studies built a consensus in 
the association of TH1 responses with intra-
cellular pathogens and a requirement for sup-
port for cytolytic-type responses, whereas TH2 
responses were linked to extracellular path-
ogens and allergens owing to their ability to 
support strong antibody responses.

Along with characteristic cytokines, the TH1/
TH2 subsets are also associated with character-
istic lineage-specific transcription factors. In 
1997, Zheng and Flavell identified GATA3 as the 
master transcription factor that regulates the 
TH2 subset. The same study also reported that 
silencing of GATA3 in cell lines resulted in the 
loss of TH2 cytokines, and showed that naive 
T cells committed to the TH1 pathway also 
downregulate GATA3 expression. Subsequent 
work from Laurie Glimcher and colleagues fur-
ther identified T-bet as the master transcription 
factor for TH1 cells.

Enabled by these seminal discoveries and 
others, we now have a clearer view of the com-
position, diversity and immunological function 
of the CD4+ T cell compartment. TH1 and TH2 
cells, and the subsequent other TH cell line-
ages (see Milestones 15, 18 and 19), now have 
well-defined roles in critical aspects of immu-
nological homeostasis, immuno pathology and 
immune regulation, and this positions them 
as key therapeutic targets in the modulation 
of the immune response to combat disease.

Madhura Mukhopadhyay 
Senior Editor, Nature Methods

Milestone study
Mosmann, T. R. et al. Two types of murine 
helper T cell clone. I. Definition according to 
profiles of lymphokine activities and secreted 
proteins. J. Immunol. 136, 2348–2357 (1986)

Further reading
Please visit the online article for a full list of 
further reading

In 1986, Timothy Mosmann, Robert Coffman 
and colleagues at DNAX Research Institute 
stimulated a panel of mouse CD4+ T cell 
lines and discovered two subpopulations 
of murine CD4+ T cells with distinct pro-

files of cytokine secretion that they defined 
as T helper 1 (TH1) or T helper 2 (TH2) subsets. 
This pivotal finding noted that TH1 cells secrete 
the cytokines IL-2, IL-3 and IFNγ, while TH2 cells 
produce IL-3, IL-4 and IL-5. This finding led to a 
paradigm shift in our understanding of CD4+ 
T cell biology and the emergence of the com-
plex and heterogeneous composition of the 
CD4+ T cell lineage.

Owing to the emergence of these two dis-
tinct TH cell lineages, one aspect of research 
focused on understanding and establishing 
the functional role of these cells. A study by 
Phillip Scott and colleagues showed that in 
mice infected with Leishmania major, adop-
tive transfer of IFNγ-producing TH1 cells 
could confer significant protection against 
disease, while transfer of IL-4+IL-5+ TH2 cells 
exacerbated parasitic lesions. Consistent 
with these findings, Hienzel et al. reported a 
strain-specific response to L. major infection, 
observing clearance of infection in C57BL/6 
mice within in a few weeks, whereas in Balb/c 
mice, the authors documented substantive 

Milestone 11

T helper cells: a house 
divided

“a paradigm shift in our 
understanding of CD4+ T cell 
biology and the emergence 
of the complex and 
heterogeneous composition 
of the CD4+ T cell lineage”
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did express this MHC molecule were devoid of 
such T cells. Moreover, Vβ17+ cells were present 
among immature thymo cytes, but not among 
mature thymocytes, suggesting that IE-reactive 
T cells are eliminated in the thymus. This idea 
was formally confirmed when Harald von 
Boehmer and colleagues at the Basel Institute 
for Immunology, Switzerland, generated trans-
genic mice expressing a TCR specific for the 
male mouse–specific histocompatibility anti-
gen HY. Using this system, they showed that 
female mice immunized with male splenocytes 
were enriched for HY-specific T cells, but their 
male counterparts were not. In the thymus, 
whereas female mice had increased frequen-
cies of CD4–CD8+ thymocytes, male mice were 
depleted of these cells, again demonstrating 
clonal deletion. Unlike the previous work from 
Marrack and Kappler, this study also highlighted 
the fact that TCR specificity and the selecting 
antigen are essential for clonal deletion.

The findings from the von Boehmer and 
Marrack–Kappler groups, however, raised 
the question of how the thymus could impart 
the ‘knowledge’ of what constitutes a self- 
antigen and what constitutes a foreign one. 
An important hint came nearly a decade 
later, when two articles published back-to-
back in Nature Genetics mapped the genetic 

basis for autoimmune polyendocrinopathy–
candidiasis–ectodermal dystrophy (APECED) 
to a novel gene, which they named AIRE. 
Although neither of these studies investigated 
the function of AIRE, both already suggested 
some involvement in transcriptional regulation.

The first hint about the function of AIRE came 
with the detection of tissue-specific proteins in a 
specialized cell subset in the thymic medulla, by 
Bruno Kyewski’s research group at the German 
Cancer Research Centre in Heidelberg. Soon 
after, Diane Mathis and Christophe Benoist’s 
group at Harvard Medical School used bone 
marrow chimaeras to show that these thymic 
medullary epithelial cells (mTECs) were in 
control of autoimmunity. Moreover, mTECs 
from Aire-deficient mice lacked expression of 
a wide spectrum of genes, many of which had 
tissue-specific expression. Thus, it became 
clear that AIRE promotes the expression of 
peripheral tissue antigens in mTECs, enabling 
these antigens to function as selecting ligands 
during thymocyte development.

Whereas elimination of self-reactive clones 
in the thymus was seen as the overarching 
process that imposes tolerance on the T cell 
repertoire, other researchers were following 
the hypothesis that self-reactive T cells are 
absent from the periphery not because they are 
purged in the thymus but instead because they 
are diverted to an alternative lineage. Indeed, 
this idea proved to be true with the discovery 
of an anergic T cell subset characterized by the 
ability to suppress autoimmunity. These cells 
are now known as regulatory T (Treg) cells and 
are widely recognized as being essential for 
the maintenance of tolerance.

It is befitting that decades after Peter 
Medawar’s efforts to understand allograft 
rejection, Treg cell-based therapeutic strate-
gies are today in trials for kidney transplant 
rejection (Milestone 6). Therapeutic modalities 
such as the adoptive transfer of Treg cells and 
chimeric antigen receptor-expressing Treg cells 
may bring closer his goal of understanding the 
physiological process of tissue rejection, but 
also maintaining lifelong tolerance to organ 
allografts.

Meriem Attaf  
Senior Editor, Nature Communications

Milestone study
Kappler, J. W. et al. T cell tolerance by clonal 
elimination in the thymus. Cell 24, 273–280 
(1987)

Further reading
Please visit the online article for a full list of 
further reading

The practice of skin grafting can be 
traced as far back as antiquity, a time 
when facial mutilation and wounding 
were commonplace. The practitioners 
of these early transplants were well 

aware that the body did not tolerate foreign tis-
sue for long, although the phenomenon at the 
heart of graft rejection or acceptance — immu-
nological tolerance — would be recognized 
only centuries later.

In a short article published in 1945, Ray Owen 
was the first to observe that dizygotic cattle 
twins were tolerant to each other’s blood. He 
theorized that blood was shared in utero, ena-
bling haematopoietic cells from one twin to 
persist in the other well into adulthood. Owen’s 
observation spawned the study of chimerism, 
but also provided the first conceptual clue on 
the origins of immunological tolerance.

Frank Macfarlane Burnet at the Walter and 
Eliza Hall Institute in Melbourne later instilled 
Owen’s seminal work into his research on self/
non-self-discrimination. Meanwhile, Peter 
Medawar initiated his own work on tolerance 
at University College London after being tasked 
during the Second World War with uncovering 
why adult skin does not engraft in genetically 
disparate individuals. Later, in 1960, Burnet and 
Medawar would jointly win the Nobel Prize in 
Physiology and Medicine for their work show-
ing that the ability to distinguish one’s own 
tissue from foreign tissue is imprinted during 
embryonic development.

This phenomenological work by Burnet and 
Medawar established that antigen receptors 
reactive to self are encoded in the germline; 
however, how such self-reactive receptors are 
purged from the adult repertoire remained 
unclear for decades. One predominant hypoth-
esis was that self-reactive T cells are physically 
eliminated from the host at some point dur-
ing T cell development. In 1987, John Kappler 
and Philippa Marrack’s group used a mono-
clonal antibody specific for the Vβ17 segment 
of the T cell receptor (TCR) to investigate the 
question. By analysing Vβ17 expression in 
multiple mouse strains, as well as their hetero-
zygous F1 progeny, these researchers were 
able to show that mice lacking the MHC class 
II molecule IE had a large proportion of Vβ17+ 
T cells in the periphery, whereas strains that 

Milestone 12

Distinguishing self from 
non-self
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that CTLA-4-deficient mice develop T cell lym-
phoproliferative disease, which provided in 
vivo support for this mechanism.

In 1996, Allison published the first in vivo 
evidence of efficacy for a checkpoint inhibitor 
as an anti-cancer therapy, showing that anti-
CTLA-4 antibodies could clear carcinomas and 
fibrosarcomas from mice, which paved the way 
for these therapies to be used in humans and 
for his Nobel Prize.

The other half of that Prize came from a 
parallel line of study. Honjo and colleagues 
were studying programmed cell death at Kyoto 
University, Japan, and chanced on a protein 
they identified as highly expressed in the thy-
mus. Expression of this protein was increased 
by anti-CD3 antibodies that the researchers 
were using to drive cell death in cell cultures, 
which resulted in the name ‘programmed cell 
death protein 1’ (PD-1). Later it would become 
evident that CD3-mediated T cell activation was 
the true signal that was driving PD-1 expres-
sion in these cultures, not cell death, but the 
name had stuck. But what was the ligand and 
function for PD-1?

In 1999, Lieping Chen’s group at the Mayo 
Clinic in Rochester, Minnesota, discovered a 

third member of the B7 family that they named 
B7-H1. They showed B7-H1 is highly expressed 
in peripheral organs such as the lungs and 
thought this molecule was co-stimulatory. 
However, they also noted that it stimulates 
IL-10 production, which hinted at a regulatory 
function. At this time, they were unaware that 
B7-H1 is in fact the ligand for PD-1.

The following year, Honjo and the Gordon 
Freeman laboratory at Harvard plus others 
definitively identified the ligand for PD-1, 
without realizing it to be the same protein as 
Chen’s B7-H1, and so named it programmed 
death-ligand 1 (PD-L1). They showed that PD-L1 
is expressed by antigen presenting cells in 
non-lymphoid tissues such as the heart and 
lungs and provided the first clear evidence that 
this interaction can function as an inhibitory 
checkpoint.

Interestingly, those early parallel papers that 
showed differential anatomical expression of 
CTLA-4 (in lymphoid tissue) versus PD-1 (in 
non-lymphoid tissue) provided the first aware-
ness that these two critical T cell inhibitory 
checkpoints function by distinct mechanisms. 
CTLA-4 is thought to function predominantly 
at the first point of antigen presentation for 
T cell priming, in order to limit overactive TCR–
antigen–MHC responsiveness in the primary 
lymphoid organs. PD-1, by contrast, is more 
important in limiting tissue immunopathology 
by putting the brakes on effector T cells when 
they detect antigen in a target organ or tumour.

Together, these studies and many others not 
mentioned here have contributed to clinical 
trials and regulatory approvals for cancer, first 
with the anti-CTLA-4 monoclonal antibody 
ipilimumab (FDA approved for melanoma in 
2011) and then with anti-PD-1 monoclonals 
nivolumab and pembrolizumab (FDA approved 
for melanoma in 2014). Today, although 
adverse events and low efficacy in tumours 
with low mutation rates are hurdles that must 
be overcome, many other checkpoint inhibi-
tors have been approved for a wide variety of 
human cancers and are even in development 
for other pathologies such as autoimmune 
disease.

Nick Bernard  
Senior Editor, Nature Immunology

Milestone study
Walunas T. L. et al. CTLA-4 can function as 
a negative regulator of T cell activation. 
Immunity 1, 405–413 (1994)

Further reading
Please visit the online article for a full list of 
further reading.

The 2018 Nobel Prize in Physiology or 
Medicine was jointly awarded to James 
P. Allison and Tasuku Honjo “for their 
discovery of cancer therapy by inhibi-
tion of negative immune regulation”. 

Entangled in that description is far more history 
than the clinical development of immune check-
point inhibitors for the treatment of cancer. 
First came the understanding of the fundamen-
tal nature and activation of T cells, principally 
to understand how tolerogenic mechanisms 
limit overactivity or self-reactivity, so-called 
inhibitory checkpoints.

The first characterized inhibitory immune 
checkpoint was the cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4), so named by 
Brunet et al. at the Centre d’lmmunologie 
INSERM-CNRS de Marseille-Luminy, France, 
where they discovered this immunoglobulin 
family member from a screen of cDNAs from 
mouse cytotoxic T cells. Subsequent work 
showed that CTLA-4, like the costimulatory 
molecule CD28 (Milestone 10), can bind B7-1 
and B7-2 (known as CD80 and CD86 in humans). 
In 1992 at Bristol-Myers Squibb Pharmaceutical 
Research Institute, Seattle, Linsley et al. found 
that CTLA-4 is widely expressed not just by 
cytotoxic T cells but by activated T cells and is 
co-expressed with CD28. They also showed that 
anti-CTLA-4 antibody could block T cell prolif-
eration in mixed leukocyte cultures, indicating 
that CTLA-4 might be another costimulatory 
molecule akin to CD28. As such, some confusion 
existed in the literature at the time as to whether 
CTLA-4 is naturally a costimulatory or inhibitory 
molecule. That is, until conclusive functional 
data came from a number of laboratories, first 
from the University of Chicago where Jeffrey 
Bluestone and colleagues demonstrated that 
blocking anti-CTLA-4 monovalent Fab frag-
ments could augment T cell activation, which 
provided direct evidence that CTLA-4 is indeed 
a negative regulator of T cell function. At the 
University of California, Berkeley, Allison, then 
working with Max Krummel, further confirmed 
this conclusion in a 1995 paper. Meanwhile, 
Tak Mak and colleagues from the University 
of Toronto, as well as Jeffrey Bluestone work-
ing alongside Arlene Sharpe and colleagues 
at the Brigham and Women’s Hospital and 
Harvard Medical School, Boston, discovered 

Milestone 13

Origin of immune 
checkpoint inhibitors

“…conclusive functional 
data came from a number of 
laboratories, first from the 
University of Chicago…”
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M. tuberculosis antigen also defied another 
rule of T cell biology and was shown to be a 
lipid-based antigen, which suggested CD1 as a 
lipid-antigen-presenting molecule. Structural 
studies by Ian Wilson and colleagues, who crys-
tallized CD1d, showed a lipid bound in a network 
of hydrophobic channels that protruded to the 
surface of the molecule. Further work from 
Randy Brutkiewicz confirmed in both mice and 
humans the role of the MHC class I-like molecule 
CD1d in the presentation of these atypical T cell 
antigens. During this time, a team led by Masaru 
Taniguchi further showed that α-galactosylcer-
amide is also presented by CD1d and identified it 
as an activating factor for NKT cells. These initial 
studies were critical in laying the foundation 
for the identification and characterization of 
iNKT cells, in addition to the assessment of their 
role in the immune system and in the context of 
infection, autoimmunity and cancer.

iNKT cells and MHC-restricted T cells both 
arise from common lymphoid progenitor cells, 
and their development occurs in the thymus. 

However, the development of iNKT cells was 
found to be somewhat atypical, in that they 
do not require MHC class II. Progenitors of 
iNKT cells undergo selection by thymocytes 
that present lipid antigens in the context of 
CD1d, and this results in the expression of the 
master transcriptional regulator PLZF.

Despite their distinct development and 
mechanism of antigen recognition, iNKT cells 
mirror MHC-restricted helper T cells and are 
composed of distinct subsets that resemble 
the conventional helper T cell lineages. These 
populations are defined in terms of charac-
teristic cytokines and transcription factors. 
Analogous to the TH1, TH2 and TH17 cell subsets 
of helper T cells, iNKT1 cells express T-bet and 
secrete IFNγ, iNKT2 cells secrete IL-4 and IL-13, 
and iNKT17 cells express IL-17 and GM-CSF. 
Additional populations of iNKT cells analo-
gous to follicular helper T cells (Milestone 19) 
and regulatory T cells (Milestone 15) have also 
been described and have been shown to have 
roles in germinal centre reactions and immuno-
modulation, respectively. Like other immune 
cells, iNKT cells can navigate the body by the 
expression of and response to a range of chem-
otactic receptors and mediators, which allows 
their localization to tissues (Milestone 7).

The discovery of iNKT cells derived a new 
paradigm for T cells that are not reliant on 
peptide and MHC, which paved the way for 
the recognition of other non-MHC-restricted 
T cell populations. Understanding of the immu-
nobiology of iNKT cells and their potential 
applications is in its relative infancy. The roles 
of iNKT cells in specific disease contexts are 
emerging, and the use of iNKT cells as a plat-
form for immunotherapy is beginning to be 
appreciated, with potential impact in a range 
of immunopathologies, including transplanta-
tion, infectious diseases and neuropathology.

Stephanie Houston  
Senior Editor, Nature Immunology

Milestone studies
Beckman, E. M. et al. Recognition of a lipid 
antigen by CD1-restricted αβ+ T cells. Nature 
372, 691–694 (1994) | Lantz, O. & Bendelac, 
A. An invariant T cell receptor alpha 
chain is used by a unique subset of major 
histocompatibility complex class I-specific 
CD4+ and CD4–8– T cells in mice and humans. 
J. Exp. Med. 180, 1097–1106 (1994)

Further reading
Please visit the online article for a full list of 
further reading.

By the 1980s, it had become clear that the 
emerging principles of T cell biology 
did not apply to all T cell populations 
— specifically, they did not apply to 
a group of non-major histocompati-

bility complex (MHC)-restricted T cells that 
defied the current dogmas of T cell biology. A 
number of groups reported cells in mice that 
had intermediate expression of the αβ T cell 
antigen receptor and lacked the expression 
of the defining T cell co-receptors CD4 and 
CD8. Others reported populations of αβ T cell 
receptor (TCR)-positive T cells that expressed 
the natural killer cell marker NK1.1 and ini-
tially coined the name ‘natural killer T cells’ 
(NKT cells) for these. However, this population 
of cells was subsequently shown to include a 
subpopulation that expressed an invariant 
TCR α-chain, which resulted in their updated 
rebranding and more accurate definition as 
invariant NKT cells (iNKT cells).

The paradigm of T cell biology at the time 
anchored itself to the recognition of peptide 
antigen presented in the context of MHC class I 
or MHC class II (Milestone 4). In 1994, Michael 
Brenner and colleagues reported the recogni-
tion of a Mycobacterium tuberculosis antigen in 
the context of the CD1 molecule, which they 
showed was required for an effective response 
in this model of infection. Furthermore, this 

Milestone 14

“a group of non-MHC-
restricted T cells that defied 
the current dogmas of T cell 
biology”
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thymectomized mice that had not received 
the initial thymus cell treatment. The team 
theorized that a set of cells they called ‘thymic 
lymphocytes’ might be producing a ‘shut-off 
substance’ that dampened immune responses 
in the treated mice.

When researchers scrutinized mouse immune 
genes more closely, however, they did not find 
regions coding for molecules that would allow 
T cells to suppress immune function, and could 
not figure out what made the thymic lympho-
cytes distinct from other T cells. That lack of 
progress sent the field into suspended anima-
tion for more than two decades. During this 
time, even the concept of ‘suppressor T cells’ 
was considered rather taboo.

The narrative abruptly resumed in 1995, 
when Sakaguchi finally pinpointed what made 
the mysterious thymic lymphocytes unique: 
they expressed a surface marker molecule 
called CD25. In experiments, Sakaguchi showed 

that when mice received T cell suspensions that 
lacked cells with the CD25 marker, they devel-
oped autoimmune conditions of the thyroid, 
pancreas and other organs. However, when 
some of these mice received a suspension rich 
in CD2+ cells soon after the first infusion, the 
fresh CD25+ cell dose stopped their incipient 
autoimmune conditions from progressing.

Sakaguchi’s discovery of the CD25 identifier 
finally allowed researchers to isolate and work 
on regulatory T cells for the first time. After 
his finding, other research teams began to 
identify subpopulations of regulatory T cells 
with different kinds of immune-suppressing 
properties.

In 2003, three key papers were published 
from independent groups. Shohei Hori 
working with Sakaguchi, as well as the labs 
of Alexander Rudensky and Fred Ramsdell 
identified FOXP3 as the elusive transcription 
factor that programmed the differentiation 
and immune-modulating functions of regu-
latory T cells. Collectively, the studies found 
that FOXP3-deficient mice developed a fatal 
autoimmune condition in which the aggres-
sive function of non-regulatory T cells spiralled 
out of control. Researchers began referring to 
FOXP3 as a master controller that governs the 
behaviour of regulatory T cells, activating genes 
that direct the production of anti-inflammatory 
factors.

With the basic principles of regulatory T cell 
function established, researchers started 
exploring their potential therapeutic uses. In 
2012, a Polish team administered regulatory 
T cells to children with type 1 diabetes and found 
that their pancreatic function improved to the 
point that some were able to decrease their 
insulin dose. Researchers at the University 
of California in 2015 completed a similar 
proof-of concept trial of the cells in adults with 
diabetes. Other trials are evaluating the ability 
of regulatory T cells to treat ulcerative colitis, 
autoimmune hepatitis and graft-versus-host 
disease, underscoring the cells’ promise as 
game-changing therapeutic agents.

Elizabeth Svoboda 
Contributing writer, Nature

Milestone study
Sakaguchi, S., Sakaguchi, N., Asano, M., 
Itoh, M. & Toda, M. Immunologic self-
tolerance maintained by activated T cells 
expressing IL-2 receptor alpha-chains (CD25). 
J. Immunol. 155, 1151–1164 (1995)

Further reading
Please visit the online article for a full list of 
further reading.

In 1995, Japanese scientist Shimon Sakaguchi 
described a distinct cell population that 
served as a crucial brake on the body’s 
immune system. The cells — which became 
known as ‘regulatory T cells’ — prevented 

the immune system from over-reacting to tis-
sues of the body. For decades, some researchers 
had doubted whether these cells existed, but 
Sakaguchi’s findings proved otherwise. His dis-
covery opened up a new landscape of treatment 
possibilities for autoimmune conditions such as 
multiple sclerosis, lupus, diabetes and cancer.

Scientists began to suspect the presence 
of an unusual immune system wrinkle more 
than 50 years ago. In 1969, a Japanese team 
found that when the thymus gland of neo natal 
mice were removed, their circulating immune 
cell counts dropped (Milestone 1). The end 
result was a runaway autoimmune reaction, 
causing widespread inflammation and tissue 
damage. (Only later would researchers learn 
that this was because regulatory T cells form 
in the thymus, and thymectomy prevented 
this developmental process from occurring.)

Yale researchers led by Richard Gershon built 
on this finding the next year, reporting that 
when thymectomized mice were injected with 
large numbers of thymus cells, they mounted 
a lower immune response to foreign cells than 

Milestone 15

The discovery of 
regulatory T cells

“Researchers doubted that 
these cells existed, but 
Sakaguchi’s finding proved 
otherwise.”
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In 1998 Monks et al. used serial optical 
sections of paraformaldehyde-fixed cells to 
reconstruct a 3D image of a single antigen- 
specific T cell interacting with its cognate 
APC. As had been reported previously, the 
cytoskeletal protein talin and the T cell recep-
tor (TCR) signalling molecule PKCθ both clus-
ter at the region of cell contact. Surprisingly, 
3D imagery revealed that talin and PKCθ were 
actually present in distinct, non-overlapping 
domains within this contact region. PKCθ 
and the TCR–CD3 complex were enriched in a 
small central contact area, which they referred 
to as the central supramolecular activation 
cluster (c-SMAC), which was surrounded by 
a peripheral domain (p-SMAC) region that 
was enriched for talin and the adhesion mol-
ecule LFA1. Importantly, formation of these 
domains was a regulated process that was 
dependent on the recognition of cognate 
antigen by the TCR.

Inspired by these static images of the 
‘bulls eye’-like structure of the synapse, work 
by Michael Dustin and colleagues shed fur-
ther light on the mechanisms and initiation 
of synapse formation. Grakoui et al. (1999) 
introduced the use of supported lipid bilayers 
that contain freely diffusing peptide–MHC 
and ICAM1 (the ligand for LFA1) as an artificial 
APC system, which allowed them to image the 
interaction with live T cells. They showed that 
the formation of the bullseye pattern was a 
dynamic process that required active trans-
port of the TCR from the outermost ring of a 
nascent synapse to the c-SMAC of the mature 
synapse that had been described by Monks 
et al. previously. Further work from Dustin and 
colleagues in 1998 described a role for the T cell 
adhesion molecule CD2 in facilitating protein 
segregation into p-SMAC and c-SMAC domains, 
and linking to the cytoskeletal polarization 
that was required for full T cell activation and 
effector function. T cells that were plated on 
lipid bilayers that contained CD58 (the ligand 
for human CD2) and ICAM1 formed broad con-
tact zones, with CD2 clustering at the centre 
of the contact area and LFA1 being excluded 
from sites of CD2 engagement. They identi-
fied a novel SH3 domain-containing adaptor 
protein, named CD2AP, that was required for 
the formation of the central receptor cluster 
and T cell polarization that was dependent on 
TCR engagement. Later studies focused on 
the signalling downstream of TCR ligation in 
the synapse, including Bunnell et al. in 2002 
who showed that TCR signalling microclus-
ters form within seconds of TCR engagement 
and can assemble, disassemble and change 
composition multiple times in advance of TCR 
transport into the mature c-SMAC.

These and other studies together revealed 
the distinctive appearance of an active and 
ordered process in the formation of the T cell 
immunological synapse and establish its crit-
ical importance in the optimal activation and 
engagement of the T cell response.

Kirsty Minton Senior Editor,  
Nature Reviews Immunology

Milestone study
Monks, C. R. F. et al. Three-dimensional 
segregation of supramolecular activation 
clusters in T cells. Nature 395, 82–86 (1998)

Further reading
Please visit the online article for a full list of 
further reading.

The formation of the specialized junction 
between a T cell and antigen-present-
ing cell (APC) occurs via a multistep 
process that involves multiple recep-
tor–ligand interactions. Successful 

coordination of this process is essential for 
the optimal activation of T cells and the engage-
ment of effector functions including prolif-
eration, cytokine secretion and cytolysis. A 
major breakthrough in our understanding of 
junction formation came from Colin Monks, 
Abraham ‘Avi’ Kupfer and colleagues in 1998 
when they presented 3D images of the CD4+ 
T cell–APC interaction that revealed a clear 
segregation of the contact area into different 
concentric zones that had not been visible 
from the previous 2D images.

Michael Norcross proposed functional sim-
ilarities between the T cell–APC junction and 
neuronal synapses and suggested a hypothesis 
for the processes that formed the ‘lymphocytic 
synapse’. William ‘Bill’ Paul and Robert Seder 
coined the term ‘immunological synapse’ in 
1994, which was subsequently widely adopted 
to cover synapse formation by various immune 
cells, and in 2001 was shown for both B cells 
(Batista et al.) and cytotoxic T lymphocytes 
(Stinchcombe et al.). Importantly, Gillian 
Griffiths and colleagues additionally revealed 
an important role for the T cell immunologi-
cal synapse in the focused secretion of lytic 
granules and in intracellular signalling.

Milestone 16

“3D images of the CD4+ 
T cell–APC interaction that 
revealed a clear segregation 
of the contact area into 
different concentric zones 
that had not been visible 
from the previous 2D images”

C
R

ED
IT

: J
A

SM
IN

 M
ER

D
A

N
 /

 G
ET

T
Y

Imaging how T cells hit 
the bullseye

S18 | Nature Milestones | T cells | December 2022

T cells

milestones



remain at the site of an infection long after it 
had been cleared.

Subsequent work from Rachel Clark and 
colleagues extended these findings to the 
human setting. They identified a large popu-
lation of T cells present within normal human 
skin at steady state — so large that it numeri-
cally outweighed the number of those in the 
blood. The T cells were primarily of an effec-
tor memory helper T cell 1 (TH1) phenotype 
(Milestone 11) but regulatory T cells were also 
present (Milestone 15). Another human study, 
this time from the group of Donna Farber, used 
material from human organ donors to find 
T cells in tissues throughout the body. The sta-
ble presence of tissue T cells therefore seemed 
to be a widespread physiological phenomenon.

In 2009, Thomas Gebhardt and colleagues 
were arguably the first to coin the term ‘tis-
sue-resident memory T cells’ (TRM cells) — a 
nomenclature that has now been universally 
adopted. But what were these TRM cells doing? 

Using a model of herpes simplex virus infec-
tion, these authors showed that once recruited 
to tissues, the T cells stayed put and provided 
a lasting defence at sites of pathogen entry. 
Another important finding of this work was 
that the TRM cells constitutively expressed the 
cell-surface molecules CD69 and CD103.

The developmental pathway of TRM cells was 
the next question addressed through a series 
of papers by Laura Mackay and colleagues. 
They first found that instead of just being key 
markers, CD69 and CD103 were in fact impor-
tant for the optimal generation and/or survival 
of skin TRM cells. CD69 seemed to be essential 
for enforced retention of TRM cells in tissues. 
Furthermore, TRM cells originated from precur-
sors outside of tissues and lacked expression of 
the effector T cell marker KLRG1. Once within 
tissues and via the combined action of the IL-15 
and TGF-β cytokines, the T cells differenti-
ated into fully-fledged and long-lived TRM cells. 
The TRM cells were also transcriptionally dis-
tinct from their conventional memory T cell 
(Milestone 3) counterparts in lymphoid tissues. 
The related transcription factors HOBIT and 
BLIMP1 were found to instruct the tissue-res-
idency program of not only TRM cells but also 
other tissue-resident cells such as natural killer 
T cells (Milestone 14) in the liver.

TRM cells are therefore a universal feature at 
barrier sites throughout the body, and repre-
sent an elegant defence system that provides 
a rapid response during the earliest stages of 
infection. Understanding how these cells can 
be harnessed for vaccines and cancer thera-
pies, or how their activity can be regulated in 
autoimmune diseases, is likely to be an area of 
great interest in the future.

Zoltan Fehervari 
Senior Editor, Nature

Milestone studies
Masopust, D., Vezys, V., Marzo, A. L. & 
Lefrançois, L. Preferential localization of 
effector memory cells in nonlymphoid tissue. 
Science 291, 2413–2417 (2001) | Hogan, R. 
J. et al. Protection from respiratory virus 
infections can be mediated by antigen-
specific CD4+ T cells that persist in the lungs. 
J. Exp. Med. 193, 981–986 (2001) | Hogan, R. J. 
et al. Activated antigen-specific CD8+ T cells 
persist in the lungs following recovery from 
respiratory virus infections. J. Immunol. 166, 
1813–1822 (2001).

Further reading
Please visit the online article for a full list of 
further reading.

Decades of immunological research 
had seemed to paint a clear picture 
of how T cells respond to microbial 
infection in vivo: microorganism-de-
rived antigens are captured in tis-

sue-draining lymph nodes and presented 
to T cells, which, once activated, home to 
the infected tissue to counter any microbial 
threats. In other words, most of the early T cell 
action was thought to occur in lymphoid tis-
sues (Milestone 7). However, a series of pio-
neering studies in 2001 added an important 
twist to the story of T cell behaviour. Working 
in the lab of Leo Lefrançois, David Masopust 
and colleagues used mouse models of sys-
temic viral and bacterial infection to show that 
pathogen-specific T cells migrated to several 
tissues including bone marrow, lung, gut and 
kidney. Interestingly, these pathogen-specific 
T cells could remain within tissues as highly 
functional effector memory cells for many 
months. In the same year, David Woodland’s 
group published a pair of papers showing that 
both CD4+ and CD8+ antigen-specific mouse 
T cells accumulated in the lung after a respira-
tory virus infection. These T cells were main-
tained in the lung tissue as effector cells for 
extended periods. Notably, the transfer of the 
lung-resident CD4+ T cells could protect naive 
recipients from respiratory virus. Collectively, 
these three studies suggested that T cells can 

Milestone 17

An elegant defence

“TRM cells… represent an 
elegant defense system that 
provides a rapid response 
during the earliest stages of 
infection.”
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Using CD4+ T cells isolated from various 
strains of mice and differentiated in vitro, 
Harrington et al. generated IL-17-producing 
CD4+ T cells, which they called ‘TH17 cells’. These 
TH17 cells could be generated from CD4+ T cells 
that were activated with antigen in the pres-
ence of IL-23 and the absence of IFNγ and IL-4 
signalling. The cytokines IFNγ and IL-4 are key 
differentiation factors for TH1 cells and TH2 
cells, respectively. Thus, the fact that both 
these factors potently inhibited the develop-
ment of TH17 cells was further critical evidence 
of a distinct helper T cell lineage.

Mature TH1 and TH2 cells show phenotypic 
stability; that is, they do not change their 
phenotype when restimulated with cytokines 
from a different helper T cell type. Thus, when 
Harrington et al. showed that mature TH17 
cells were not inhibited by IFNγ or IL-4, they 
provided further evidence of a distinct lineage. 
Importantly, the generation of TH17 cells from 
precursor cells did not require the presence 

of the TH1 cell transcription factors STAT1 and 
T-bet, or the TH2 cell transcription factors, STAT4 
and STAT6. At this point, however, the identity 
of a TH17 transcription factor was unknown.

Using cells isolated from different mouse 
models, Park et al. were also able to generate 
TH17 cells from CD4+ T cells. Of note, T cell 
activation requires signalling through costim-
ulatory molecules (Milestone 10), as well as 
through the T cell receptor (Milestone 8). The 
generation of TH17 cells required the co-stim-
ulatory molecules CD28 and ICOS. Thus, Park 
et al. showed that the generation of IL-17-
producing TH17 cells required IFNγ- and IL-4-
blocking antibodies and the presence of IL-23. 
Furthermore, the transcription factors STAT4, 
STAT6 and T-bet were not required for this 
process. Critically, this study also evaluated 
the in vivo effects of IL-17 in mice, establishing 
its role in tissue inflammation.

2006 was another important year for TH17 
cell research. Veldhoen et al. further charac-
terized the requirements for TH17 cell differ-
entiation, finding that transforming growth 
factor-β (TGFβ) and IL-6 have a key role. TGFβ is 
a crucial factor for the differentiation of regula-
tory T cells (Treg cells), whereas IL-6 is an acute-
phase protein produced during inflammation. 
Bettelli et al. showed that in the presence of 
IL-6, the TGFβ-induced differentiation of naive 
T cells toward the Treg lineage is inhibited and 
the differentiation is instead skewed toward 
the TH17 lineage. Interestingly, both studies 
found that IL-23 was not actually required 
for TH17 cell differentiation but was instead 
involved in the survival and expansion of TH17 
cells. Subsequently, Ivanov et al. identified the 
prototypic transcription factor for TH17 cells as 
the orphan nuclear receptor RORγt.

These studies and others resulted in the iden-
tification, characterization and implication of 
the TH17 cell lineage in a range of immunological 
contexts and roles in disease.

Shimona Starling Senior Editor,  
Nature Reviews Endocrinology

Milestone studies
Harrington, L. E. et al. Interleukin 17-producing 
CD4+ effector T cells develop via a lineage 
distinct from the T helper type 1 and 2 lineages. 
Nat. Immunol. 6, 1123–1132 (2005) | Park, H. 
et al. A distinct lineage of CD4 T cells 
regulates tissue inflammation by producing 
interleukin 17. Nat. Immunol. 6, 1133–1141 
(2005)

Further reading
Please visit the online article for a full list of 
further reading.

A key process in adaptive immunity is 
the activation of naive CD4+ T cells by 
antigen presenting cells and their dif-
ferentiation into effector CD4+ T cells 
(Milestone 5). Prior to 2005, CD4+ 

effector T cells were assigned to two helper 
T cell lineages (TH1 cells and TH2 cells) defined by 
the cytokines and key transcription factors they 
expressed (Milestone 11). In 2005, two papers, 
from Harrington et al. and Park et al., identified 
and characterized a distinct lineage of CD4+ 
T cells that produced interleukin 17 (IL-17).

Interferon-γ (IFNγ)-producing TH1 cells 
are crucial for the clearance of intracellular 
pathogens, whereas TH2 cells produce IL-4, 
IL-5 and IL-13 and are involved in the clearance 
of extracellular pathogens. The search for a 
third helper T cell lineage was sparked by the 
work of Langrish et al. They demonstrated 
that IL-23 could drive the expansion of patho-
genic CD4+ T cells that induced autoimmune 
inflammation in mice. This T cell population 
produced a unique pattern of pro-inflamma-
tory cytokines, including IL-17, IL-17F, IL-6 
and tumour necrosis factor. Following these 
findings, researchers began to investigate the 
differentiation requirements for a subset of 
pathogenic IL-17-producing CD4+ T cells.

Milestone 18

TH17 cells: a new lineage 
emerges

“a distinct lineage of CD4+ 
T cells that produced 
interleukin 17”
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location of these cells led to the proposal of a 
new type of TH cell, termed ‘follicular B helper 
T cells’.

Following the identification of addi-
tional TH cell subsets — regulatory T cells 
(Milestone 15) and TH17 cells (Milestone 18) 
— the binomial TH1–TH2 classification was on 
shaky ground. Emerging evidence of the impor-
tance of stable contact-dependent T cell–B cell 
interactions in germinal centres for antibody 
reactions gave additional credence to the idea 
of a T cell subset that is responsible for this 
function.

The final tipping point came in 2009 when 
four research groups, led by Shane Crotty, Joe 
Craft, Chen Dong and Carola Vinuesa, simulta-
neously identified BCL-6 as a lineage-defining 
transcription factor in TFH cells. The four other 
known T cell subsets at that time already had 
their own unique master regulator that was 
central to the control of the differentiation and 
function of these cells. The identification of a 
TFH cell master regulator solidified the concept 

of a fifth T cell subset, linking BCL-6 function, 
TFH cell differentiation and T cell help to B cells 
in germinal centres.

Previous work in BCL-6-deficient mice had 
already shown an essential role for this tran-
scription factor in antibody responses, but 
as germinal centre B cells also express BCL-6 
this defect was attributed to a B cell-intrin-
sic effect. Gene expression profiling of the 
various T cell lineages revealed the selective 
expression of BCL-6 by TFH cells. A combination 
of techniques were used to assess the effects 
of loss or gain-of-function of BCL-6 in T cells, 
both in vitro and in mice, including the use 
of adoptive transfer experiments and mixed 
chimera approaches. These experiments 
demonstrated that T cell-specific expression 
of BCL-6 is both necessary and sufficient for 
TFH cell development and subsequent germinal 
centre reactions.

More specifically, microarray analysis 
revealed that BCL-6 promotes TFH cell differ-
entiation by repression of transcription factors 
that are involved in the differentiation of other 
TH cell subsets (TH1 and TH17 cells). Johnston 
et al. further identified BLIMP1 as a reciprocal 
master repressor of TFH cell differentiation, by 
antagonising the effects of BCL-6 and func-
tioning to prevent TFH cell gene expression in 
the other subsets.

The discovery of BCL-6 control of TFH cells 
and subsequent demonstration of the central 
role of TFH cells in B cell help ignited research in 
this area that continues to this day, including 
into the molecular and cellular mechanisms 
that regulate TFH cell differentiation and func-
tion, and the function of these cells in pro-
tective antibody responses during infection 
or vaccination as well as during pathogenic 
antibody responses in autoimmunity, cancer 
and allergy.

Jessica McHugh Senior Editor,  
Nature Reviews Rheumatology

Milestone studies
Nurieva, R. I. et al. Bcl6 mediates the 
development of T follicular helper 
cells. Science 325, 1001–1005 (2009) | 
Johnston, R. J. et al. Bcl6 and Blimp-1 are 
reciprocal and antagonistic regulators 
of T follicular helper cell differentiation. 
Science 325, 1006–1010 (2009) | Yu, D. et al. 
The transcriptional repressor Bcl-6 directs 
T follicular helper cell lineage commitment. 
Immunity 31, 457–468 (2009)

Further reading
Please visit the online article for a full list of 
further reading.

Pioneering studies in the late 1960s 
demonstrated a fundamental role for 
T cells in providing help to B cells but 
the T cell subset responsible for this 
function remained widely unrecog-

nized for more than four decades. After the turn 
of the millennium, accumulating evidence for 
the existence of what we now call T follicular 
helper (TFH) cells became too great to ignore.

In 1986, Timothy Mosmann and Robert 
Coffman introduced the concept that TH cells 
consist of two subsets (TH1 and TH2 cells) with 
distinct and cross-regulating cytokine pro-
files (Milestone 11). In their model, TH1 cells 
promote cell-mediated responses to intracel-
lular pathogens, whereas TH2 cells promote 
humoral responses to extracellular patho-
gens. Neatly explaining the apparent polarized 
nature of various inflammatory diseases, this 
idea became so ingrained in scientific doctrine 
that any idea that challenged it faced strong 
opposition.

The notion of a third subset of TH cells 
emerged in 2000 with the identification of a 
specialized population of CXCR5+ T cells that 
localized to the B cell follicles. Producing 
few cytokines, these cells did not fit into the 
standard TH1–TH2 classification and instead 
were strong inducers of antibody production. 
Apparent effector functions and the follicular 

Milestone 19

“T cell-specific expression 
of BCL-6 is both necessary 
and sufficient for TFH cell 
development”
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TFH cells: the mysterious 
B cell helpers
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co-stimulatory domains, such as 4-1BB, which 
Crystal Mackall and colleagues showed can 
decrease the T cell exhaustion induced by 
continuous CAR signalling, thereby improving 
antitumour efficacy.

In 2010, James Kochenderfer and colleagues 
achieved a breakthrough with a CAR T cell ther-
apy, reporting tumour regression in a patient 
with advanced follicular lymphoma, who 
received two infusions of autologous T cells 
genetically engineered to express a CAR specif-
ically recognizing the antigen CD19 expressed 
on B cells. The finding that CAR T cells had 
activity in patients advanced the field of ACT, 
which saw dramatic progress in the following 
years and remarkable results in B-cell malig-
nancies, including paediatric and adult acute 
lymphoblastic leukaemia (ALL), aggressive 
B cell lymphomas, chronic lymphocytic leu-
kaemia and multiple myeloma treated with 
CD19 CAR T cells. In 2017, two studies — the 
phase II ZUMA-1 trial led by Sattva Neelapu and 
a case-series study led by Carl June — validated 
the efficacy of CD19 CAR T cells in patients with 
refractory B-cell leukaemia and lymphoma. 
Later that year, CD19 CAR T cells received US 
FDA approval for the treatment of children with 
ALL and adults with aggressive lymphomas.

Another ACT developed in parallel to CAR 
T cells is engineering T cells to express TCRs that 
recognize tumour-associated antigens. This 
approach offers the advantage of targeting anti-
gens not present on the cell surface. In 2006, 
Rosenberg and colleagues transferred TCR 
T cells specifically recognizing the melanoma 
antigen MART-1 in 15 patients, two of whom 

achieved regression and still showed high levels 
of engineered cells in circulation one year after 
the infusion. This was the first clinical use of 
TCR T cell therapy, and although initial studies 
had demonstrated the feasibility and safety of 
introducing engineered T cells in patients, this 
trial also showed their remarkable efficiency. 
Other successful studies quickly followed, such 
as those demonstrating sustained complete and 
partial responses in patients with melanoma 
and treatment of synovial cell sarcoma with 
TCR T cells against the NY-ESO-1 antigen.

Despite the success of T cell immuno-
therapies, important roadblocks remain. 
Disease relapse and acquired resistance to CD19 
CAR T cell therapy due to antigen loss can occur 
after initial responses. Toxic effects — such as 
cytokine-release syndrome or immune effector 
cell-associated neuro toxicity syndrome — are 
also an important hurdle, and biomarkers of 
response and toxicity are urgently needed. Novel 
CAR constructs are being developed to address 
these limitations, including multiple-antigen- 
targeting CARs, inclusion of cytokines to 
improve efficacy and conditional expression 
of CARs to regulate CAR activity and safety. 
Advances in cell engineering are enabling the 
use of CARs with other immune cells such as 
natural killer cells, and gene-editing techniques 
such as CRISPR-Cas9 could address limitations 
related to the complexity of CAR designs and 
the cost of manufacturing. Collectively, these 
new approaches could extend these revolu-
tionary ‘living drugs’ to many more patients 
in the future.

M. Teresa Villanueva Senior Editor, 
Nature Reviews Drug Discovery

Originally published in Nature Milestones: 
Cancer https://www.nature.com/articles/
d42859-020-00077-6 (2020).

Milestone studies
Maher, J. et al. Human T-lymphocyte 
cytotoxicity and proliferation directed by a 
single chimeric TCRζ/CD28 receptor. Nat. 
Biotechnol. 20, 70–75 (2002) | Kochenderfer, 
J. N. et al. Eradication of B-lineage cells 
and regression of lymphoma in a patient 
treated with autologous T cells genetically 
engineered to recognize CD19. Blood 116, 
4099–4102 (2010) | Robbins, P. F. et al. Tumor 
regression in patients with metastatic synovial 
cell sarcoma and melanoma using genetically 
engineered lymphocytes reactive with 
NY-ESO-1. J. Clin. Oncol. 29, 917–924 (2011)

Further reading
Please visit the online article for a full list of 
further reading.

T cells, which can efficiently identify and 
kill infected cells, can also kill cancer 
cells if they recognize them. Adoptive 
cell therapies (ACT) leverage this cyto-
toxic capacity of T cells to eradicate 

tumours.
The first successful clinical applications 

of ACT for cancer treatment occurred in the 
1980s. In these pioneering studies by Steven 
Rosenberg, tumour-infiltrating lymphocytes 
(TILs) were isolated from patients with mela-
noma, then activated and expanded before 
reinfusion into the patients. In the first 
published gene therapy clinical trial, TILs 
engineered to express a foreign gene with a 
retrovirus to mark the infused cells were safely 
transferred to patients. This study also showed 
that modified T cells could persist for months 
after transfer — a key requisite for future ACT. 
However, although treatment with TILs was 
effective in some tumours (such as melanoma), 
the lack of specificity and the difficulty in 
recruiting TILs from most other cancer types 
compromised the therapeutic potential.

In 1989, Zelig Eshhar and colleagues realized 
that the inability of T cells to recognize surface 
tumour antigens could be overcome by replacing 
domains of the T cell receptor (TCR) with anti-
body parts with specificity towards proteins on 
these cells. They combined the variable region 
of an antibody with the constant regions of the 
TCR chains, thus producing chimeric antigen 
receptors (CARs) that provided T cells with anti-
body-type specificity. The T cells expressing 
CARs recognized and eliminated target cells, 
and produced interleukin 2 in the presence of the 
antigen, providing a proof of concept that this 
approach triggers a cellular immune response.

Physiologic recognition of tumour antigens 
by T cells is mediated by the TCR–CD3 com-
plex. However, this complex alone is insuffi-
cient to trigger productive T cell responses, 
which require the concomitant engagement 
of co-stimulatory receptors. In 2002, Michel 
Sadelain and colleagues optimized CAR design 
by integrating the intracellular domains of 
TCR and the key co-stimulatory receptor 
CD28 within a single molecule to help sustain 
T cell expansion, function and persistence. 
Other similar second-generation CARs sub-
sequently emerged, incorporating different 

Milestone 20

Engineering armed T cells 
for the fight
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BioLegend has supported 
T cell researchers for more 
than 20 years, but our 

deep understanding of T cells 
began decades earlier. T cells are 
an integral member of adaptive 
immunity and support the 
function of several other immune 
cells. Here, we review historic 
T cell milestones. 

THYMIC FUNCTION
While we now know the thymus 
is the site of T cell development, 
the general medical consensus in 
the 1950s was that the thymus 
was a vestigial organ without any 
direct immune function. In fact, 
a large thymus was presumed 
to be obstructive to breathing, 
and shrinking it by irradiation 
was recommended1. In an article 
published in 2004, Jacques Miller 
recalls the time early in his career 
when he proposed a potential 
immune function for the thymus 
in which he describes that young 
thymectomized mice show 
deleterious health effects and 
that ‘the thymus at birth may be 
essential to life’1.

In 1975, it was discovered that 
depletion of CD8+ lymphocytes 
with antiserum abolished cell-
mediated cytotoxicity2. In 1979, 
a monoclonal antibody, OKT4, 
would be used to sort CD4 
positive and negative populations. 
The positive fraction displayed 
helper-like abilities, while the 
negative fraction was cytotoxic3. 
This sorting would identify the two 
major T cell types: CD4+ helper T 
cells that generate cytokines and 
support other cells, and cytotoxic 
CD8+ T cells that lyse virus-
infected cells or tumour cells.

T CELL SUBCLASSES
When Kohler and Milstein 
created monoclonal antibodies 
from hybridomas in 1975, it 
helped innumerable researchers 
to design antibodies against 

specific targets. Pairing new 
fluorophores with antibodies 
increased flow cytometry panel 
capabilities to phenotype T cells 
and their cytokine profile, 
revealing new subsets of T cells. 
BioLegend specializes in the 
flow cytometry application, 
provides recombinant proteins 
to culture T cells, and develops 
immunoassays to identify the 
ensuing cytokine milieu. 

In 1986, Mosmman and 
Coffman analyzed cytokine 
and surface marker expression 
to establish the well-known 
paradigm of CD4 helper 
cells, Th1 and Th2. Th1 cells 
focus on anti-viral and anti-
bacterial immunity, producing 
cytokines including IFN-γ, IL-2, 
and TNF-α. Th2 cells defend 
against extracellular pathogens, 
producing IL-4, IL-5, and IL-13. 
Several other T helper subsets 
have been found since, including 
regulatory T cells (Tregs), 
follicular T helper cells (Tfh), 
Th3, Th9, Th17, and Th22 cells.

CD8+ T cells have nearly as 
many subclasses as their CD4+ 
T cell counterparts. Tc1 and Tc2 
cells were found in the early 
1990s and exhibited similar 
cytokine profiles to Th1 and 
Th2 cells, respectively. Several 
additional subclasses of CD8+ 
T cells have been described, 
including follicular Tfc, Tc9, Tc17, 
and Tc22 cells.

Although T cells are 
associated with adaptive 
immunity, there are subtypes 
resembling innate immune cells 
in function, such as gammadelta 
T cells, natural killer T cells, and 
mucosal-associated invariant T 
cells. The discovery of these cell 
types showed that T cells were 
not strictly limited to adaptive 
functions. T cell subclasses 
have been discovered over past 
decades, and we may find more 
as technologies advance (Fig. 1).

ADVANCING RESEARCH
Many researchers have turned 
to multiomics to find in-depth 
information on T cells. Our 
TotalSeq oligonucleotide antibody 
conjugates add protein detection 
to facilitate multiomic workflows 
by simultaneously analyzing 
genomic and protein content in 
a single cell. TotalSeq antibodies 
were used to analyze the immune 
response to COVID-19 infection4. 
In the lymphocyte compartment, 
a correlation was observed 
between severe disease and clonal 
expansion of CD8+ T cells and an 
increased ratio of effector T cells 
to memory T cells. An enrichment 
of Tfh and Th1 cells was seen in 
people who were asymptomatic 
or donors with mild disease4.

In the oncology field, T cells 
have become a natural avenue for 
immunotherapies. Researchers 
designed chimeric antigen 
receptor T cells (CAR-T cells) 
as early as 1993, genetically 
modifying them to express CARs 
with a targeted monoclonal 
antibody to antigens such as 
CD19 on B cells. This allows a 
tumour cell to be eliminated 
directly and without the help 
of antigen presenting cells. 
Subsequent generations of 
CAR-T cell therapies were 
refined through the addition of 
co-stimulatory domains. The 
fourth generation CAR-T cells, 
so-called ‘TRUCK’, added a 

transgene to deliver a payload 
of proinflammatory cytokines. 
In 2017, the first CAR-T cell 
therapy, KYMRIAH, was approved 
by the United States Food and 
Drug Administration. BioLegend 
provides reagents to advance 
immunotherapies, including 
T cell isolation kits and good 
manufacturing practice-grade 
media supplements, recombinant 
proteins, and antibodies for cell 
culturing and bioprocessing.

It has been more than 60 
years since Jacques Miller 
proposed immune functionality 
for the thymus. To this day, 
researchers remain innately 
curious about science. We hold 
this same passion, providing the 
reagents needed to launch the 
entire field of T cell study forward. 
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“T cells are one of the major 
arms of the adaptive immune 
system, which allows our bodies 
to respond to threats in a highly 
tailored way,” says David Lee,  
global therapeutic area head, 
immunology at The Janssen 
Pharmaceutical Companies of 
Johnson & Johnson. “They are 
the conductors of the orchestra 
— they play a central role in 
regulating and amplifying other 
parts of the immune system.”

Although T cell-mediated 
immunity is fundamental for 
protecting the body against 
disease, T cell dysfunction also 
plays a well-established role in 
several illnesses.

“If you broadly suppress T cell 
function, you end up being unable 
to fight infections or cancer,” 
says Navin Rao, senior scientific 
director of immunology discovery 
at Janssen. “On the other hand, if 
you’re not regulating the system 
appropriately, you can end up 
with autoimmune diseases, 
such as multiple sclerosis, type 1 
diabetes, rheumatoid arthritis or 
inflammatory bowel disease.”

Modulate, not block
In recent years, a variety 
of revolutionary T cell 
therapeutics have come 
online that boost the immune 
response against tumours 
and infection, or dampen it to 
counter autoimmunity. While 
these medications have been 
transformational, they aren’t 
curative — and the beneficial 
effects of treatment typically 
don’t last forever.

“For many patients, their 
disease will continue to have 
an enormous impact on their 

daily lives,” says Rao. “We 
envision a future where the vast 
majority of patients achieve 
complete remission.”

A promising new therapeutic 
strategy is to focus on 
mobilizing the natural regulatory 
mechanisms that help maintain 
balance in the immune system.

“The existing tools we have 
are on/off switches, but what 
we need are ‘dimmer switches’ 
that provide more nuanced, 
fine-tuned control,” says Rao. 
“It’s a shift away from immune 
suppression and towards 
immune homeostasis.”

To advance these next-
generation approaches, leaders 
in the field are now focused on 
enhancing the two main ways 
the immune system regulates 
itself: engaging coinhibitory 
receptors, and targeting 
regulatory T cells, or Tregs, 
for expansion.

Triggering checkpoint 
coinhibitory receptors, which 
are often upregulated on 
activated T cells, serves to 

dampen the level of T-cell 
activation and functions as a 
‘natural brake’ for T cells during 
immune responses.

Such an approach is 
particularly promising in the 
context of autoimmunity, 
where self-reactive T cells are 
chronically activated. In these 
conditions, the ultimate aim is 
to be able to fine-tune control 
such that treatment selectively 
enhances this natural brake to 
hold T-cell responses in check 
without compromising their 
ability to mount a response to 
infections and cancer.

Other regulatory methods 
include selectively enhancing Treg 
IL-2 signalling1 and engineering 
antigen-specific cellular 
therapies, such as chimeric 
antigen receptor (CAR) Tregs2. 
Scientists recently observed how 
targeting the inverse responses 
for checkpoints, and non-
selective IL-2 in oncology, results 
in immune-mediated adverse 
events, further supporting 
this approach3.

Remission is the mission
Dissecting the mechanisms 
involved in regulating the 
immune response is the first 
step towards unleashing the 
promise of these advanced 
T-cell therapeutics.

“By definition, these are 
much smaller modulations of 
the immune system and so 
it’s much more challenging to 
understand than the activation 
state,” says Rao.

Recent advances in 
technologies, such as single-cell 
multiomics and imaging, are 
providing new opportunities to 
probe immune cell function in 
more detail than ever before, 
maximizing the chance of 
successfully translating this 
knowledge into therapeutics 
that can provide long-lasting 
benefits for patients.

“We now have a line of sight 
for achieving the big aspiration 
of restoring health for those 
affected with immune-
mediated diseases. It’s good 
when some patients feel better, 
but it’s better when all patients 
feel good,” concludes Lee. 
“That’s why we see remission 
as our mission.” ■
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The rise of chimeric antigen 
receptor (CAR)-T cell 
therapies has dramatically 

changed the landscape and 
outlook for patients with certain 
haematological cancers. More 
than five years have passed since 
the United States Food and Drug 
Administration approval of the first 
such therapy in 2017. Since then, 
autologous CAR-T therapies have 
been tested and approved for use 
in a range of indications.

The development trajectory 
of CAR-T holds substantial 
promise for patients worldwide, 
but challenges remain in bringing 
autologous CAR-T therapies to 
the full range of patients who 
could benefit from them. Some 
challenges are related to the 
product itself – for instance, the 
risk of T cell exhaustion leading to 
incomplete or brief responses in 
patients. Others are related to the 
complexity of manufacturing and 
delivering the product. 

As scientists leading 
research at Novartis, the first 
pharmaceutical company to 
significantly invest in developing 
and commercializing CAR-T 
therapies, we aim to meet these 
challenges. Most recently, we 
developed the T-ChargeTM 
platform for investigational 
autologous CAR-T cell therapies, 
introduced at the 63rd American 
Society of Hematology Annual 
Meeting & Exposition (ASH) in 
2021, and currently advancing in 
clinical development. T-Charge 
is designed so that CAR-T cell 
expansion occurs primarily in vivo, 
eliminating the need for extended 
ex vivo culture time. This design 
essentially enables the body to act 
as its own bioreactor, which may 
offer benefits for patients1,2.

Conventional CAR-T products 
consist mostly of central memory 
(Tcm) T cells and also include 
some more mature effector (Teff) 

and effector memory (Tem) cells 
with a higher degree of senescence 
and effector function and a shorter 
potential lifespan. In contrast, a 
goal of T-Charge is to preserve T 
cell stemness – the ability to self-
renew and differentiate – resulting 
in a product containing fewer 
exhausted Tcm cells and more 
naive T cells (Tn) and T memory 
stem cells (Tscm). (Fig. 1). Naive 
and Tscm cells have greater 
proliferative potential. Naive and 
Tscm cells are more durable than 
mature T cells, a characteristic 
that could ultimately provide 
more powerful and long-lasting 
responses for patients, reduce 
risk of severe adverse events, and 
improve long-term outcomes1,2. 

The T-Charge platform is 
designed to implement important 
process efficiencies and practical 
improvements. Its manufacturing 
and quality control processes 
have been simplified and 
streamlined, giving it improved 
potential for fast and reliable 
delivery. With a manufacturing 
process time of less than two 
days, and efforts to continue to 
reduce the release time, T-Charge 
aims to deliver a product in less 
than half the time of conventional 
products – a potential benefit for 
patients with rapidly progressing 
haematological cancers who need 
treatment quickly1,2. 

Early data from first-in-
human dose-escalation trials of 
T-Charge CAR-T products have 
shown promising results. We 
are developing investigational 
autologous CAR-T cell therapies, 
including one directed against 
CD19 and another that targets 
B-cell maturation antigen 
(BCMA). Both include the 
4-1BB co-stimulatory receptor 
to enhance T cell survival in 
haematological malignancies. The 
final products include younger T 
cell phenotypes than in apheresis, 

compared to potentially exhausted 
effector subsets in traditionally 
manufactured cell therapies that 
require a process time of eight to 
ten days3,4.

Preclinical and clinical 
studies from first-in-human 
dose-escalation trials of the first 
Novartis CAR-T cell therapies 
developed using the T-Charge 
platform have shown the 
investigational CD19-directed 
and BCMA-directed CAR-T 
cell therapies preserve T cell 
stemness, which may result 
in a highly proliferative CAR-T 
product with improved efficacy 
and safety outcomes. Findings 
presented at recent haematology 
medical congresses showed the 
CD19-directed CAR-T expanded 
in vivo and persisted, despite 
the fact that a lower number 
of CAR-T cells were initially 
administered compared to 
conventional products. The 
BCMA-directed CAR-T also 
showed rapid in vivo expansion, 
and initial immunophenotypic 
characterization shows an 
increase in Tscm in the cellular 
product compared to paired 
apheresis material3,4. Novartis is 

further testing these therapies in 
larger clinical trials. 

While much remains to be 
learned, we are hopeful that next-
generation CAR-T treatments will 
be delivered to patients faster 
and benefit a broader patient 
population than ever before. We 
aim to go beyond incremental 
advances: to revolutionize CAR-T 
cell therapy with new products 
that have the potential to offer 
patients what they deserve 
– durable responses with the 
ultimate potential for a cure.
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Cell phenotype of CD4 and CD8 subsets in leukapheresis (N=13) and BCMA-directed �nal product (N=13) 
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Figure 1. T-Charge preserves ‘stemness’, which is important for therapeutic potential4.
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“T cells are one of the major 
arms of the adaptive immune 
system, which allows our bodies 
to respond to threats in a highly 
tailored way,” says David Lee,  
global therapeutic area head, 
immunology at The Janssen 
Pharmaceutical Companies of 
Johnson & Johnson. “They are 
the conductors of the orchestra 
— they play a central role in 
regulating and amplifying other 
parts of the immune system.”

Although T cell-mediated 
immunity is fundamental for 
protecting the body against 
disease, T cell dysfunction also 
plays a well-established role in 
several illnesses.

“If you broadly suppress T cell 
function, you end up being unable 
to fight infections or cancer,” 
says Navin Rao, senior scientific 
director of immunology discovery 
at Janssen. “On the other hand, if 
you’re not regulating the system 
appropriately, you can end up 
with autoimmune diseases, 
such as multiple sclerosis, type 1 
diabetes, rheumatoid arthritis or 
inflammatory bowel disease.”

Modulate, not block
In recent years, a variety 
of revolutionary T cell 
therapeutics have come 
online that boost the immune 
response against tumours 
and infection, or dampen it to 
counter autoimmunity. While 
these medications have been 
transformational, they aren’t 
curative — and the beneficial 
effects of treatment typically 
don’t last forever.

“For many patients, their 
disease will continue to have 
an enormous impact on their 

daily lives,” says Rao. “We 
envision a future where the vast 
majority of patients achieve 
complete remission.”

A promising new therapeutic 
strategy is to focus on 
mobilizing the natural regulatory 
mechanisms that help maintain 
balance in the immune system.

“The existing tools we have 
are on/off switches, but what 
we need are ‘dimmer switches’ 
that provide more nuanced, 
fine-tuned control,” says Rao. 
“It’s a shift away from immune 
suppression and towards 
immune homeostasis.”

To advance these next-
generation approaches, leaders 
in the field are now focused on 
enhancing the two main ways 
the immune system regulates 
itself: engaging coinhibitory 
receptors, and targeting 
regulatory T cells, or Tregs, 
for expansion.

Triggering checkpoint 
coinhibitory receptors, which 
are often upregulated on 
activated T cells, serves to 

dampen the level of T-cell 
activation and functions as a 
‘natural brake’ for T cells during 
immune responses.

Such an approach is 
particularly promising in the 
context of autoimmunity, 
where self-reactive T cells are 
chronically activated. In these 
conditions, the ultimate aim is 
to be able to fine-tune control 
such that treatment selectively 
enhances this natural brake to 
hold T-cell responses in check 
without compromising their 
ability to mount a response to 
infections and cancer.

Other regulatory methods 
include selectively enhancing Treg 
IL-2 signalling1 and engineering 
antigen-specific cellular 
therapies, such as chimeric 
antigen receptor (CAR) Tregs2. 
Scientists recently observed how 
targeting the inverse responses 
for checkpoints, and non-
selective IL-2 in oncology, results 
in immune-mediated adverse 
events, further supporting 
this approach3.

Remission is the mission
Dissecting the mechanisms 
involved in regulating the 
immune response is the first 
step towards unleashing the 
promise of these advanced 
T-cell therapeutics.

“By definition, these are 
much smaller modulations of 
the immune system and so 
it’s much more challenging to 
understand than the activation 
state,” says Rao.

Recent advances in 
technologies, such as single-cell 
multiomics and imaging, are 
providing new opportunities to 
probe immune cell function in 
more detail than ever before, 
maximizing the chance of 
successfully translating this 
knowledge into therapeutics 
that can provide long-lasting 
benefits for patients.

“We now have a line of sight 
for achieving the big aspiration 
of restoring health for those 
affected with immune-
mediated diseases. It’s good 
when some patients feel better, 
but it’s better when all patients 
feel good,” concludes Lee. 
“That’s why we see remission 
as our mission.” ■
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The rise of chimeric antigen 
receptor (CAR)-T cell 
therapies has dramatically 

changed the landscape and 
outlook for patients with certain 
haematological cancers. More 
than five years have passed since 
the United States Food and Drug 
Administration approval of the first 
such therapy in 2017. Since then, 
autologous CAR-T therapies have 
been tested and approved for use 
in a range of indications.

The development trajectory 
of CAR-T holds substantial 
promise for patients worldwide, 
but challenges remain in bringing 
autologous CAR-T therapies to 
the full range of patients who 
could benefit from them. Some 
challenges are related to the 
product itself – for instance, the 
risk of T cell exhaustion leading to 
incomplete or brief responses in 
patients. Others are related to the 
complexity of manufacturing and 
delivering the product. 

As scientists leading 
research at Novartis, the first 
pharmaceutical company to 
significantly invest in developing 
and commercializing CAR-T 
therapies, we aim to meet these 
challenges. Most recently, we 
developed the T-ChargeTM 
platform for investigational 
autologous CAR-T cell therapies, 
introduced at the 63rd American 
Society of Hematology Annual 
Meeting & Exposition (ASH) in 
2021, and currently advancing in 
clinical development. T-Charge 
is designed so that CAR-T cell 
expansion occurs primarily in vivo, 
eliminating the need for extended 
ex vivo culture time. This design 
essentially enables the body to act 
as its own bioreactor, which may 
offer benefits for patients1,2.

Conventional CAR-T products 
consist mostly of central memory 
(Tcm) T cells and also include 
some more mature effector (Teff) 

and effector memory (Tem) cells 
with a higher degree of senescence 
and effector function and a shorter 
potential lifespan. In contrast, a 
goal of T-Charge is to preserve T 
cell stemness – the ability to self-
renew and differentiate – resulting 
in a product containing fewer 
exhausted Tcm cells and more 
naive T cells (Tn) and T memory 
stem cells (Tscm). (Fig. 1). Naive 
and Tscm cells have greater 
proliferative potential. Naive and 
Tscm cells are more durable than 
mature T cells, a characteristic 
that could ultimately provide 
more powerful and long-lasting 
responses for patients, reduce 
risk of severe adverse events, and 
improve long-term outcomes1,2. 

The T-Charge platform is 
designed to implement important 
process efficiencies and practical 
improvements. Its manufacturing 
and quality control processes 
have been simplified and 
streamlined, giving it improved 
potential for fast and reliable 
delivery. With a manufacturing 
process time of less than two 
days, and efforts to continue to 
reduce the release time, T-Charge 
aims to deliver a product in less 
than half the time of conventional 
products – a potential benefit for 
patients with rapidly progressing 
haematological cancers who need 
treatment quickly1,2. 

Early data from first-in-
human dose-escalation trials of 
T-Charge CAR-T products have 
shown promising results. We 
are developing investigational 
autologous CAR-T cell therapies, 
including one directed against 
CD19 and another that targets 
B-cell maturation antigen 
(BCMA). Both include the 
4-1BB co-stimulatory receptor 
to enhance T cell survival in 
haematological malignancies. The 
final products include younger T 
cell phenotypes than in apheresis, 

compared to potentially exhausted 
effector subsets in traditionally 
manufactured cell therapies that 
require a process time of eight to 
ten days3,4.

Preclinical and clinical 
studies from first-in-human 
dose-escalation trials of the first 
Novartis CAR-T cell therapies 
developed using the T-Charge 
platform have shown the 
investigational CD19-directed 
and BCMA-directed CAR-T 
cell therapies preserve T cell 
stemness, which may result 
in a highly proliferative CAR-T 
product with improved efficacy 
and safety outcomes. Findings 
presented at recent haematology 
medical congresses showed the 
CD19-directed CAR-T expanded 
in vivo and persisted, despite 
the fact that a lower number 
of CAR-T cells were initially 
administered compared to 
conventional products. The 
BCMA-directed CAR-T also 
showed rapid in vivo expansion, 
and initial immunophenotypic 
characterization shows an 
increase in Tscm in the cellular 
product compared to paired 
apheresis material3,4. Novartis is 

further testing these therapies in 
larger clinical trials. 

While much remains to be 
learned, we are hopeful that next-
generation CAR-T treatments will 
be delivered to patients faster 
and benefit a broader patient 
population than ever before. We 
aim to go beyond incremental 
advances: to revolutionize CAR-T 
cell therapy with new products 
that have the potential to offer 
patients what they deserve 
– durable responses with the 
ultimate potential for a cure.
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Figure 1. T-Charge preserves ‘stemness’, which is important for therapeutic potential4.
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Even as our understanding of 
the immune systems grows, 
one thing remains constant: 
T cells have a fundamental 
role in many diseases and their 
treatments.

In fact, Michael Vincent, 
Pfizer’s chief scientific officer, 
inflammation & immunology, 
calls T cells the generals of the 
immune system. “Everything 
else is carried out as effector 
functions of this system,” he 
says, “but there’s always a 
T cell at the helm, directing 
the activity.” Three areas, in 
particular, are major priorities 
for T-cell therapy: inflammation, 
cancer and infectious diseases.

Unravelling inflammation
The range of inflammatory 
diseases that can potentially 
benefit from T-cell therapies 
is “almost unlimited,” says 
Vincent. “For any disease where 
inflammation is causing bodily 
harm, that’s a potential area 
where modulating T-cell targets 
could be beneficial.” 

For many autoimmune 
diseases, “The underlying 
issue is that the body’s ability 
to discriminate what it should 
and shouldn’t attack has been 
subverted,” says Vincent. 
“That recognition process is 
fundamentally what the T cell 
does.” Pfizer is working on 
treatments that directly target the 
cause of autoimmune diseases by 
modifying T cells or their actions.

T cells often play an initiating 
role in inflammation. In 
psoriasis, for example, dendritic 
cells cause specific T cells to 
release cytokines that cause 
inflammation of the skin. Many 
existing psoriasis therapies 

target key cytokines that drive 
the characteristic skin changes, 
but Pfizer wants to understand 
why T cells are reacting this way 
to begin with, so its scientists 
can design therapies that move 
up the chain to address the T 
cells that release them.

Understanding and 
attacking cancer
Pfizer is also keen to understand 
the T-cell subsets that are 
most likely to contribute to 
anti-tumour immunity that 
directs the T cells to attack 
specific features of cancer cells. 
“Much of our focus is on killer 
T cells, which are activated and 
recruited into a tumour,” says 
Robert Rickert, chief scientific 
officer, cancer immunology 
discovery at Pfizer.

Some of the key advances 
in treating cancer are focused 
on targeting treatments to 
the tumour. Rickert describes 
bispecific antibodies, which 
bind both a T cell and a tumour 
cell, bringing the immune 
effector directly to the cancer 
cell. Future treatments could 
potentially help T cells recognize 
peptide neoantigens that are 
only presented by cancer cells, 
allowing T cells to kill them and 
avoid healthy cells.

Other options include CAR-T 
therapies, which add a chimeric 
antigen receptor (CAR) to a 
patient’s T cells to help them 
attack the cancer.  

Vaccines against 
infectious diseases
Vaccines aim to stimulate a 
protective immune response. 
Traditional vaccines include a 
weakened or inactivated virus. 

They are manufactured in 
big batches then purified. For 
SARS-CoV-2, the virus behind 
COVID-19, Pfizer and BioNTech 
developed a vaccine with mRNA 
technology. Scientists synthesize 
the genetic code for the viral 
antigen, and can quickly and 
stably package it, typically in 
lipid nanoparticles. A vaccinated 
individual’s cellular machinery 
then reads the mRNA to make the 
specific antigen, which stimulates 
protective B and T cells. 

“With mRNA technology, you 
generate the antibodies that can 
neutralize the pathogen,” says 
Annaliesa Anderson, senior vice 
president and chief scientific 
officer of Pfizer’s vaccine research 
and development. “But you’re 
also doing some T-cell imprinting 
that provides a memory.”

mRNA technology could also 
improve the T-cell response 
to potential vaccines for other 
infectious diseases. For example, 
Pfizer is developing an influenza 
vaccine candidate to potentially 
defend against four strains. 
“While our mRNA vaccine 
candidate is currently in a Phase 3 
study, in early clinical studies, the 
vaccine seemed to be activating 
more T cells and stimulating 
better T-cell responses than the 
current flu vaccine we used in our 
studies,” Anderson says.

Added intelligence
Learning more about the 
role of the immune system 
in various diseases requires 
collecting data on wide range 
of T cells. Such work creates 
large datasets that can only 
be explored with artificial 
intelligence (AI). “A lot of the 
computational and machine-
learning tasks allow us to take 
advantage of those molecular 
data to develop greater insights 
into disease and our clinical 
treatments,” Vincent says.

To learn even more, Pfizer 
partnered with Israel-based 
CytoReason, which creates 
AI-based algorithms. These 
tools may help identify which 
pathways and cells are active 
at the site of disease in many 
autoimmune conditions. “We 
can combine this with other 
information to make a kind of 
‘Google map’ for a disease that 
shows the state of the immune 
system and the pathways that 
are up- and downregulated,” 
Vincent says.

Pfizer thinks that future 
vaccines and treatments will 
make even better use of T cells. 
“We’ve always known that T 
cells are important,” Anderson 
says, “but as we gain a deeper 
understanding of how they 
work, we’ll hopefully be able to 
activate the right T cells at the 
right time to provide the desired 
benefit for patients.” ■

MARSHALLING THE IMMUNE 
SYSTEM’S GENERALS 
T cells are often found at the centre of the immune response to many diseases. Scientists who can 
understand and manipulate them stand a greater chance of creating LIFE-ALTERING TREATMENTS.

Viruses modify T cell DNA to produce 

chimeric antigen receptor (CAR) proteins.
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Cancer immune-cell 
therapies are increasing 
in prominence as 

breakthrough treatments. 
Since 2017, several chimeric 
antigen receptor (CAR) T-cell 
therapies have been approved 
and have demonstrated 
excellent therapeutic e�  cacy in 
haematologic malignancies. All of 
the currently approved CAR T-cell 
therapies are patient-derived, and 
they face two major challenges: 
variability in the quality and 
quantity of produced cells; and 
insu�  cient e�  cacy due to cell 
exhaustion. The potential use of 
allogeneic induced pluripotent 
stem cell (iPSC)-derived T 
cells (iPS-Ts) is therefore 
attracting attention for the stable 
production and rejuvenation of 
manufactured immune cells.

Founded in 2015, Thyas is a 
Kyoto University spino�  whose 
research and development is 
focused on the clinical application 
of iPSC-derived immune cells, 
based on the research advances 
made by Shin Kaneko at the 
Centre for iPS Cell Research and 
Application (CiRA) in Japan. In 
2013, Kaneko — the founder of 
Thyas — was the fi rst scientist to 
accomplish T-cell di� erentiation 
from human iPSCs, and to 

demonstrate in vitro and in vivo
e�  cacy. Thyas is pioneering 
immune-cell therapies using iPSCs 
as an allogeneic source for the 
treatment of oncological and non-
oncological clinical indications. 
Its platform technologies enable 
Thyas to consistently produce 
energized immune cells, especially 
cluster of di� erentiation 8 
(CD8)-α and CD8-β T cells, for 
clinical studies (Fig. 1).

CREATION OF ANTIGEN-
SPECIFIC CYTOTOXIC T CELLS
For iPS-Ts to acquire antigen-
specifi c cytotoxicity, the 
induction of CD8-α/β expression 
is required for strong avidity 
between the T-cell receptor 
(TCR) and human leukocyte 
antigen (HLA)/peptides (cancer 
antigens). However, it is di�  cult 
to produce T cells that express 
CD8-α/β from iPSCs. Kaneko’s 
group demonstrated that they 
could produce functional iPS-Ts 
with CD8-α/β expression with 
appropriate in vitro and in vivo
e�  cacy1. CD8-α/β heterodimer 
T cells are deemed to have better 
migratory capacity into tumour 
sites. Thyas has optimized 
Kaneko’s method for clinical 
production and will initiate clinical 
trials soon.

FEEDER-FREE
PRODUCTION SYSTEMS
In addition to the inherent 
di�  culty of inducing CD8-α/β 
T cells, conventional T-cell 
di� erentiation processes that use 
stromal or feeder cells carry a 
risk of pathogen contamination, 
may result in unstable production, 
and involve additional costs 
associated with the use of 
peripheral blood mononuclear 
cells (PBMCs) and the various 
tests required to check for purity. 
Kaneko’s group demonstrated a 
reliable large-scale feeder-free 
production system by culturing 
iPSC-derived hematopoietic stem 
cells (HSCs) in the presence of 
cytokine cocktails that activate 
Notch signalling and cell adhesion. 
The iPS-Ts modifi ed in this 
system exhibited early-memory 
phenotypes, including high 
replicative capacity and an ability 
to give rise to potent e� ector 
cells2,3. Moreover, Thyas has 
further optimized and established 
a feeder-free T-cell culture system 
for clinical-scale production, 
and begun Good Manufacturing 
Practice (GMP) grade production 
of TCR iPS-Ts for clinical trials.

HYPOIMMUNOGENIC
T CELLS
For iPSC-derived immune cells 
to be used repeatedly without 
HLA matching, they must 
evade rejection from the host’s 
immune system. Thyas is taking 
a comprehensive approach to 
creating hypoimmunogenic iPSCs 
as a source of clinical materials, 
which is expected to be the next 
standard for cancer immune-cell 
therapy. In 2021, Kaneko’s group 
produced iPS-Ts from genetically 
modifi ed hypoimmunogenic iPSCs 
and demonstrated persistence of 
iPS-Ts in the presence of allogeneic 

PBMCs, as well as in vivo anti-
tumour activity4. Thyas’ e� orts to 
adopt hypoimmunogenic iPSCs 
as a source for next-generation 
products are ongoing.

UNLOCKING THE POTENTIAL 
OF CANCER IMMUNE-CELL 
THERAPIES
Cancer immune-cell therapy 
using iPS-Ts has the potential to 
become a curative intervention 
for the treatment not only of 
myeloproliferative diseases but 
also of solid tumours. While the 
clinical development of natural 
killer (NK) cells from iPSCs is 
currently leading this fi eld, iPS-Ts 
are expected to drive the next 
wave of iPSC-derived immune-
cell applications. Founded in 
one of the fi rst centres of iPSC 
research, Thyas is becoming a 
leader of iPSC-derived cancer 
immune-cell therapy. 
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Leading the next wave of cancer 
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Figure 1. Thyas’ proprietary induced pluripotent stem cell (iPSC)-derived immune-cell 

platform. The core technology utilizes the established di� erentiation methods of various 

types of immune cell from iPSCs, including natural killer (NK) cells, killer T cells, and 

cluster of di� erentiation (CD)4-expressing innate lymphoid cells (ILCs). Combined with 

chimeric antigen receptors (CARs) or T-cell receptors (TCRs) of interest, this platform 

can generate therapeutic immune cells for many types of cancer.
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Even as our understanding of 
the immune systems grows, 
one thing remains constant: 
T cells have a fundamental 
role in many diseases and their 
treatments.

In fact, Michael Vincent, 
Pfizer’s chief scientific officer, 
inflammation & immunology, 
calls T cells the generals of the 
immune system. “Everything 
else is carried out as effector 
functions of this system,” he 
says, “but there’s always a 
T cell at the helm, directing 
the activity.” Three areas, in 
particular, are major priorities 
for T-cell therapy: inflammation, 
cancer and infectious diseases.

Unravelling inflammation
The range of inflammatory 
diseases that can potentially 
benefit from T-cell therapies 
is “almost unlimited,” says 
Vincent. “For any disease where 
inflammation is causing bodily 
harm, that’s a potential area 
where modulating T-cell targets 
could be beneficial.” 

For many autoimmune 
diseases, “The underlying 
issue is that the body’s ability 
to discriminate what it should 
and shouldn’t attack has been 
subverted,” says Vincent. 
“That recognition process is 
fundamentally what the T cell 
does.” Pfizer is working on 
treatments that directly target the 
cause of autoimmune diseases by 
modifying T cells or their actions.

T cells often play an initiating 
role in inflammation. In 
psoriasis, for example, dendritic 
cells cause specific T cells to 
release cytokines that cause 
inflammation of the skin. Many 
existing psoriasis therapies 

target key cytokines that drive 
the characteristic skin changes, 
but Pfizer wants to understand 
why T cells are reacting this way 
to begin with, so its scientists 
can design therapies that move 
up the chain to address the T 
cells that release them.

Understanding and 
attacking cancer
Pfizer is also keen to understand 
the T-cell subsets that are 
most likely to contribute to 
anti-tumour immunity that 
directs the T cells to attack 
specific features of cancer cells. 
“Much of our focus is on killer 
T cells, which are activated and 
recruited into a tumour,” says 
Robert Rickert, chief scientific 
officer, cancer immunology 
discovery at Pfizer.

Some of the key advances 
in treating cancer are focused 
on targeting treatments to 
the tumour. Rickert describes 
bispecific antibodies, which 
bind both a T cell and a tumour 
cell, bringing the immune 
effector directly to the cancer 
cell. Future treatments could 
potentially help T cells recognize 
peptide neoantigens that are 
only presented by cancer cells, 
allowing T cells to kill them and 
avoid healthy cells.

Other options include CAR-T 
therapies, which add a chimeric 
antigen receptor (CAR) to a 
patient’s T cells to help them 
attack the cancer.  

Vaccines against 
infectious diseases
Vaccines aim to stimulate a 
protective immune response. 
Traditional vaccines include a 
weakened or inactivated virus. 

They are manufactured in 
big batches then purified. For 
SARS-CoV-2, the virus behind 
COVID-19, Pfizer and BioNTech 
developed a vaccine with mRNA 
technology. Scientists synthesize 
the genetic code for the viral 
antigen, and can quickly and 
stably package it, typically in 
lipid nanoparticles. A vaccinated 
individual’s cellular machinery 
then reads the mRNA to make the 
specific antigen, which stimulates 
protective B and T cells. 

“With mRNA technology, you 
generate the antibodies that can 
neutralize the pathogen,” says 
Annaliesa Anderson, senior vice 
president and chief scientific 
officer of Pfizer’s vaccine research 
and development. “But you’re 
also doing some T-cell imprinting 
that provides a memory.”

mRNA technology could also 
improve the T-cell response 
to potential vaccines for other 
infectious diseases. For example, 
Pfizer is developing an influenza 
vaccine candidate to potentially 
defend against four strains. 
“While our mRNA vaccine 
candidate is currently in a Phase 3 
study, in early clinical studies, the 
vaccine seemed to be activating 
more T cells and stimulating 
better T-cell responses than the 
current flu vaccine we used in our 
studies,” Anderson says.

Added intelligence
Learning more about the 
role of the immune system 
in various diseases requires 
collecting data on wide range 
of T cells. Such work creates 
large datasets that can only 
be explored with artificial 
intelligence (AI). “A lot of the 
computational and machine-
learning tasks allow us to take 
advantage of those molecular 
data to develop greater insights 
into disease and our clinical 
treatments,” Vincent says.

To learn even more, Pfizer 
partnered with Israel-based 
CytoReason, which creates 
AI-based algorithms. These 
tools may help identify which 
pathways and cells are active 
at the site of disease in many 
autoimmune conditions. “We 
can combine this with other 
information to make a kind of 
‘Google map’ for a disease that 
shows the state of the immune 
system and the pathways that 
are up- and downregulated,” 
Vincent says.

Pfizer thinks that future 
vaccines and treatments will 
make even better use of T cells. 
“We’ve always known that T 
cells are important,” Anderson 
says, “but as we gain a deeper 
understanding of how they 
work, we’ll hopefully be able to 
activate the right T cells at the 
right time to provide the desired 
benefit for patients.” ■

MARSHALLING THE IMMUNE 
SYSTEM’S GENERALS 
T cells are often found at the centre of the immune response to many diseases. Scientists who can 
understand and manipulate them stand a greater chance of creating LIFE-ALTERING TREATMENTS.

Viruses modify T cell DNA to produce 

chimeric antigen receptor (CAR) proteins.
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Cancer immune-cell 
therapies are increasing 
in prominence as 

breakthrough treatments. 
Since 2017, several chimeric 
antigen receptor (CAR) T-cell 
therapies have been approved 
and have demonstrated 
excellent therapeutic e�  cacy in 
haematologic malignancies. All of 
the currently approved CAR T-cell 
therapies are patient-derived, and 
they face two major challenges: 
variability in the quality and 
quantity of produced cells; and 
insu�  cient e�  cacy due to cell 
exhaustion. The potential use of 
allogeneic induced pluripotent 
stem cell (iPSC)-derived T 
cells (iPS-Ts) is therefore 
attracting attention for the stable 
production and rejuvenation of 
manufactured immune cells.

Founded in 2015, Thyas is a 
Kyoto University spino�  whose 
research and development is 
focused on the clinical application 
of iPSC-derived immune cells, 
based on the research advances 
made by Shin Kaneko at the 
Centre for iPS Cell Research and 
Application (CiRA) in Japan. In 
2013, Kaneko — the founder of 
Thyas — was the fi rst scientist to 
accomplish T-cell di� erentiation 
from human iPSCs, and to 

demonstrate in vitro and in vivo
e�  cacy. Thyas is pioneering 
immune-cell therapies using iPSCs 
as an allogeneic source for the 
treatment of oncological and non-
oncological clinical indications. 
Its platform technologies enable 
Thyas to consistently produce 
energized immune cells, especially 
cluster of di� erentiation 8 
(CD8)-α and CD8-β T cells, for 
clinical studies (Fig. 1).

CREATION OF ANTIGEN-
SPECIFIC CYTOTOXIC T CELLS
For iPS-Ts to acquire antigen-
specifi c cytotoxicity, the 
induction of CD8-α/β expression 
is required for strong avidity 
between the T-cell receptor 
(TCR) and human leukocyte 
antigen (HLA)/peptides (cancer 
antigens). However, it is di�  cult 
to produce T cells that express 
CD8-α/β from iPSCs. Kaneko’s 
group demonstrated that they 
could produce functional iPS-Ts 
with CD8-α/β expression with 
appropriate in vitro and in vivo
e�  cacy1. CD8-α/β heterodimer 
T cells are deemed to have better 
migratory capacity into tumour 
sites. Thyas has optimized 
Kaneko’s method for clinical 
production and will initiate clinical 
trials soon.

FEEDER-FREE
PRODUCTION SYSTEMS
In addition to the inherent 
di�  culty of inducing CD8-α/β 
T cells, conventional T-cell 
di� erentiation processes that use 
stromal or feeder cells carry a 
risk of pathogen contamination, 
may result in unstable production, 
and involve additional costs 
associated with the use of 
peripheral blood mononuclear 
cells (PBMCs) and the various 
tests required to check for purity. 
Kaneko’s group demonstrated a 
reliable large-scale feeder-free 
production system by culturing 
iPSC-derived hematopoietic stem 
cells (HSCs) in the presence of 
cytokine cocktails that activate 
Notch signalling and cell adhesion. 
The iPS-Ts modifi ed in this 
system exhibited early-memory 
phenotypes, including high 
replicative capacity and an ability 
to give rise to potent e� ector 
cells2,3. Moreover, Thyas has 
further optimized and established 
a feeder-free T-cell culture system 
for clinical-scale production, 
and begun Good Manufacturing 
Practice (GMP) grade production 
of TCR iPS-Ts for clinical trials.

HYPOIMMUNOGENIC
T CELLS
For iPSC-derived immune cells 
to be used repeatedly without 
HLA matching, they must 
evade rejection from the host’s 
immune system. Thyas is taking 
a comprehensive approach to 
creating hypoimmunogenic iPSCs 
as a source of clinical materials, 
which is expected to be the next 
standard for cancer immune-cell 
therapy. In 2021, Kaneko’s group 
produced iPS-Ts from genetically 
modifi ed hypoimmunogenic iPSCs 
and demonstrated persistence of 
iPS-Ts in the presence of allogeneic 

PBMCs, as well as in vivo anti-
tumour activity4. Thyas’ e� orts to 
adopt hypoimmunogenic iPSCs 
as a source for next-generation 
products are ongoing.

UNLOCKING THE POTENTIAL 
OF CANCER IMMUNE-CELL 
THERAPIES
Cancer immune-cell therapy 
using iPS-Ts has the potential to 
become a curative intervention 
for the treatment not only of 
myeloproliferative diseases but 
also of solid tumours. While the 
clinical development of natural 
killer (NK) cells from iPSCs is 
currently leading this fi eld, iPS-Ts 
are expected to drive the next 
wave of iPSC-derived immune-
cell applications. Founded in 
one of the fi rst centres of iPSC 
research, Thyas is becoming a 
leader of iPSC-derived cancer 
immune-cell therapy. 
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Figure 1. Thyas’ proprietary induced pluripotent stem cell (iPSC)-derived immune-cell 

platform. The core technology utilizes the established di� erentiation methods of various 

types of immune cell from iPSCs, including natural killer (NK) cells, killer T cells, and 

cluster of di� erentiation (CD)4-expressing innate lymphoid cells (ILCs). Combined with 

chimeric antigen receptors (CARs) or T-cell receptors (TCRs) of interest, this platform 

can generate therapeutic immune cells for many types of cancer.
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