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Inhibitor of DNA binding(ID) proteins are
transcriptional regulators that control the timing of
cell fate determinationand differentiation in stem

and progenitorcells. The ability of ID proteins to
functionas central ‘hubs’for the coordinationof
multiple cancer hallmarksis establishing them as
therapeutic targets and biomarkersin specific types

| of human tumours.
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Thelatest large-scale genomic and epigenomic
profiling studies have yielded an unprecedented
abundanceof novel data andprovided deeper
insights into gliomagenesis across all age groups.
Thesestudies have highlighted key distinctions, but
also some commonalities, which are discussed in
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- learned from the study of pheochromocytomas and
| paragangliomas, whichcarry the highest degree of
| heritability of all human tumours.
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TIMELINE

Tumourantigens recognized by
T lymphocytes: at the core of
cancer immunotherapy
pierre G. Coulie, Benoit J. Van den Eynde, Pierre van der Bruggen
and Thierry Boon

Abstract | In this Timeline, we describe the characteristics of tumour antigensthat
are recognized by spontaneousT cell responsesin cancerpatients andthe paths
thatledto their identification. We explain on what genetic basis most, butnotall,
of these antigens are tumourspecific: thatis, present on tumourcells but not on
normal cells. We also discuss how strategies that target these tumour-specific
antigens can lead either to tumour-specific or to crossreactive T cell responses,
whichis an issue that has important safety implications in immunotherapy.
Thesesafety issues are even more of a concernforstrategies targeting antigens
that are not knownto induce spontaneousT cell responsesin patients.

Cancer immunotherapy that involves the
deliberate use of the adaptive immunesystem
to reject tumoursor to prevent their recur-
renceis gaining momentum.Interesting
clinical results have been obtained using
cancer vaccines, adoptive I’ cell therapies and
antibodies that stimulate the activity of
‘T lymphocytes. Moreover, increasing evi-
dence suggests that adaptive immunity con-
tributes to the long-termclinical benefits of
anticancertreatments such as chemotherapy
andradiotherapy. At the core of theseclini-
cal developmentslies thefact that cancer
patients can produce T lymphocytesthat
recognize Lumour-specific antigens. Thefirst
human tumour-specific antigens that were
recognizedby T’ cells were discovered about
20 years ago (FIG. | (TIMELINE). Considering
the increasing numberofclinical studies
that rely on the presence of tumour-specific
antigens that are recognized by T cells, it is
worth summarizing the key steps that led to
their identification, andit is worth deserib-

ing the genetic processes that result in their
presence on tumourcells. A proper under-
standing of thefactors that affect the degree
ofspecificity of the T lymphocyte response
against tumour antigens is essential to aid
the design of immunotherapystrategies that
are not only efficient but alsofree of adverse
side effects.

Identification of mouse antigens
Initial controversy about the existence of
tumourrejection antigens. From 1940to
1960, the study of mouse tumours that were

NATURE REVIEWS | CANCER

induced with oncogenic viruses showed
that the immunesystem could reject these
tumours following the recognitionofviral
antigens’. The first evidence that mouse
tumours that were not inducedbyviruses
couldalso be recognized by the immune
system was obtained by Gross andcolleagues
in 1943 (FIG. | (TIMELINE). They induced
tumours in mice through the use of chemi-
cal carcinogensandthen resected these
tumours. These mice wereable to reject the
sametumourcells on subsequent exposure’.
Mice that were immunizedwithlethally
irradiated tumourcells were similarly pro-
tected. Theseresults were confirmedby
other groups’, andin the 1960sit became
widely accepted that mouse tumourcells and
therefore possibly humancancercells could
be recognizedbythe immunesystem.

In sharp contrast, in 1976, Hewitt!
reportedthat a similar analysis carried out
with spontaneous tumours that developed
in micefailed to produce anyevidence of
immunecontrol. He concludedthat mouse

tumourantigens were artefacts that were
inducedbythe chemical treatment used
to induce experimental tumours and were
therefore unlikelyto be present on human
tumours.

In the 1970s, we treated a mouse terato-

carcinomacell line in vitro with a strong
mutagen, and we showedthat manycell
clones that were derived from the mutated

population wereincapableofforming
progressive tumours wheninjectedinto
syngeneic mice”. These ‘tum’ variants were

This material was copied
atthe NLM and may be
Subject US Copyright Laws
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rejected by an immune response directed
against new antigensthat weredifferent for
everyVariant (tum antigens). Remarkably,
mice that had rejected tum variants were
also protectedagainst a subsequent injection
of the parental tumourcells’, even though
this teratocarcinoma was non-immunogenic,
similarto the tumours that were described

by Hewitt. We concludedthat anefficacious
response against the tum antigens had an
additionaleffect: it triggered a response
against antigens that were present on the
original tumour but that were apparently
non-immunogenicon their own. In col-
laboration with Hewitt, we treatedcells from

spontaneous tumours with multagensto
obtain tum) variants, and we observedthat

these variants were also capable of induc-
ing immuneprotection against the parental
tumours®. This showedthat spontaneous
mouse tumours do express tumouranti-
gens,albeit poorly immunogenic ones. We
became convinced that human tumours

might also be susceptible to immunological
treatment andthat we shouldfirst identity
the nature ofthe rejection antigens that were
observed on the mouse tum variants and

their parental tumour.

Molecular identification ofantigens recog-
nized by T lymphocytes on mousetumours.
Afterthe discovery of T lymphocytesin the
1960s", their essential role in graft rejection
and tumourrejection was soonrealized!”
Inthe tum: system, we observed that adop
tive transfer of T cells, which werecollected

frommice following rejection of a tum
variant, protected irradiated mice against
the growthofthe samevariant. This clearly
indicated the involvement of 'T lymphocytes
in the tum) phenomenon. Accordingly,for
several years, we attempted to obtain specific
cytolytic T cells that weredirected against
tum. variants; this was unsuccessful. We

eventually turned to the P815 mastocytoma
cell line, which proved to be remarkably easy
to cultivate andto clone becauseit prolif-
erated in suspension. ‘lum variants were
readily obtainedforthis cell line''. Moreover,
excellent cytotoxic 'T lymphocyte (CTL)
responses were obtained that showedclear
specificity for each tum: variant".

Wethenbenefited from a major advance
inthe CTL field: microcultures could be

derived from a single CTL by repeated
stimulations with irradiated target cells
in the presence of a Tcell growthfactor
that was later identifiedas interleukin-2

(IL-2)'. These clonal CTL cultures could

be expandedtolarge numbers and could be
maintained indefinitely. These stable CTL
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clones that weredirected against a single
antigen provedto be crucial for a rigorous
analysis and dissection ofthe antigens
recognized by I cells on several targetcells.

With great help from Cerrotini andhis
group, whohadhad a prominent role in
these developments, we obtainedstable
CTL clonesthat killed the stimulatory
tum variant but not the other tum variants

nor the parental tumour cells'®. These CTL
clones clearly recognized a tum antigen
that was induced by the mutagentreat-
ment. Other CTL clones killed both the

tum andparentalcells, evidently recog-
nizing an antigen that was present on the
original P815 tumourcells, That these
antigens were genuine rejection antigens
was shownby the ivivo observation that
some tumours progressed, then nearly com-
pletely regressed, then progressedagain,
These ‘escaping’ tumours hadinvariably
lost the antigen that was recognized by one
of the CTL clones". This was true not only
for tum: antigens but also for antigens that
were present onthe parental tumour'’. In
fact, these andotherstudies that were car-

ried out in the early 1980s formally showed
the reality of tumour immunesurveillance
andthe occurrence of tumour escape after
immuneselection", whichis a process that
was recently renamed‘immunoediting’
(REF 20). Although immunoselected tumour
variants wereresistant to some CTL clones,
they werestill sensitive to others. A detailed
analysis of a panel ofsuch variants led to the
conclusion that CTLs recognized several
(typicallyless than ten) distinct antigens on
a given tumour!"

Thenext step was to define the molecular
nature of theseantigens. The onlyavailable
tools werethe stable CTL clones. The exact

molecular nature of the antigens that were
recognized by CTLs was unknownatthat
time. However, the notion that antigensare
recognized by T lymphocytes in associa-
tion with major histocompatibility complex
(MHC; humanleukocyte antigen (HLA) in
humans) molecules had been knownfora
decade*'. In 1986, ‘Townsend showedthat

antiviral CTLs recognized small peptides of
eight to ten aminoacids, which were derived
fromaviral protein andpresentedat the
surface ofinfectedcells in association with

MHC class | molecules”. Soon thereafter, an

excellent crystallographic study showedthat
MHC class I molecules present small pep-
tides in a groovethatis locatedat the surface
of the molecule*'. We nowknowthat these

peptides are producedbypartial digestion
ofthe parental protein, mainly through the
proteasome machinery (BOX |). These pep-
tides then becomeassociated with the MHC

class | molecule andaredisplayedat thecell
surface following a process knownas the
‘antigen processing pathway’ (FG. 2).

‘Toidentify our antigens, we useda genetic
approach that aimed to clone the gene encod-
ing the antigen, Once again, the P815 cells
were invaluable, as we wereable to select a

highly transfectable variant named P1.-HTR".
We transfected P1.HTRwith a gene library
derivedfromcells that expressed a given tum
antigen and, using the relevant CTL clone,
weidentifieda transfectant that expressed
the antigen. The encoding gene wasretrieved
fromthe transfectant and sequenced.

Timeline | Milestones in the discovery of tumour rejection antigens

Mouse tumoursinduced |
with methylcholanthrene |
induce protective
immunity against the same |
tumour, indicating that |
tumours have specific
rejection antigens’

| Discovery of
| cytolytic

first use of
chromiumrelease

assay!"
 

Identification of MHC
| restriction of cytolytic
| T lymphocytes’!

Discovery of
| Tlymphocytes

| Irradiated tumour cells from spontaneous mouse |
tumours do not induce any protective immunity,
suggesting that tumour antigens are an artefact’

I lymphocytes and

 

Mutagenic treatment of mouse
| tumour cells produces a high
| frequency of tumour variants
| that are rejectedfollowing a

[cell immuneresponse. These
‘tum“variants express new
antigens”

Generation
of long-term
CTLelones"

| CTLs raised against
| viral antigens on
) tumours!”

Micethat have rejected tum
variants are protected against the
original tumour, even when this
tumour is spontaneous and
non-immunogenic, indicating that
tumour antigens exist and might be

| present on human tumours’”

Thefirst gene that encoded a tum: anti-
gen was cloned in 1988 (REF 25). Ibencoded
a ubiquitous protein of unknownfunction.
Crucially, the coding region containeda
mutation that changed one aminoacid
in the protein. Small peptides that contained
the mutated residue were showntosensitize

parental P815 cells to CTL-inducedcell
death, whereas corresponding wild-type
peptides did not’. We concluded that the
antigen was a complex between the mutated
peptide and the presenting MHC class |
molecule.

The identificationof two other tum

antigens’indicatedthat each of themalso
resulted from a point mutationin a ubiqui-
tously expressed gene. Each mutation cre-
ated a newantigenic peptide. In some cases,
the mutation enabled the peptide to bind
to the groove ofthe presenting MHC mol-
ecule. In other cases, the mutation created

a new epilope ina peptidethat wasalready
bound to MHC,but thewild-type peptide
was not recognized by IT cells because of
central tolerance (FIG, 4a). Even though
tum antigens wereartificially induced by
mutagen treatment, their identification
establishedthe principle that rejection anti-
gens can result from mutations in ubiqui-
tously expressedgenes.‘Theseresults showed
for thefirst time the occurrenceofa process
of immunesurveillanceof genomeintegrity.

Wethenset out to identify the tumour
rejection antigen that was present on the
parental mouse tumour P815. This time,
the identified antigen, which was named
PLA, did not result from a mutation. The

antigenic peptide correspondedto the normal

| CTL clones raised

| against mouse tum |
antigens are used to
select loss variants
anddissect tumour |
antigens" "

  
  
  
  
 

Stable CTL clones
permit dissection of
tumour antigens
present on human
melanomalines"
 

The antigens
| recognized by T cells

are small peptides
| bound to MHC |

molecules’!

Black boxesrefer to discoveriesthat are related to mouse tumours; red boxesrefer to discoveries that are related to human tumours, Observations and discoveries that
are relatedtoviral antigens are not included. BAGE, B melanomaantigen; CTAG, cancer/testis antigen; CTL, cytotoxic T lymphocyte: GAGE,G antigen; MAGEA1,
melanoma antigen family A, 1; MHC, major histocompatibility complex; WT1, Wilms’ tumour protein,
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