Cell. Mol. Life Sci. (2011) 68:1503-1520
DOI 10.1007/s00018-011-0658-x

Cellular and Molecular Life Sciences

MULTI-AUTHOR REVIEW

Insights into the processing of MHC class I ligands gained
from the study of human tumor epitopes

Nathalie Vigneron - Benoit J. Van den Eynde

Received: 17 February 2011/Revised: 17 February 2011/ Accepted: 18 February 2011 /Published online: 9 March 2011

© Springer Basel AG 2011

Abstract The molecular definition of tumor antigens
recognized by cytolytic T lymphocytes (CTL) started in the
late 1980s, at a time when the MHC class I antigen
processing field was in its infancy. Born together, these two
fields of science evolved together and provided each other
with critical insights. Over the years, stimulated by the
potential interest of tumor antigens for cancer immuno-
therapy, scientists have identified and characterized
numerous antigens recognized by CTL on human tumors.
These studies have provided a wealth of information rele-
vant to the mode of production of antigenic peptides
presented by MHC class I molecules. A number of tumor
antigenic peptides were found to result from unusual
mechanisms occurring at the level of transcription, trans-
lation or processing. Although many of these mechanisms
occur in the cell at very low level, they are relevant to the
immune system as they determine the killing of tumor cells
by CTL, which are sensitive to low levels of peptide/MHC
complexes. Moreover, these unusual mechanisms were
found to occur not only in tumor cells but also in normal
cells. Thereby, the study of tumor antigens has illuminated
many aspects of MHC class I processing. We review here
those insights into the MHC I antigen processing pathway
that result from the characterization of human tumor anti-
gens recognized by CTL.
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Introduction

The immune system ensures constant surveillance against
viral infections and cancers. In this process, cytolytic T
lymphocytes (CTL) play a key role by detecting and
clearing cells bearing abnormal, mutant or infectious
proteins. The molecular nature of the viral antigens detected
by CTL was uncovered in 1985 by Townsend et al., who
demonstrated that influenza-specific CTL recognized short
peptides corresponding to fragments of the viral nucleo-
protein that are presented at the surface of infected cells by
MHC class I molecules [1]. Four years later, Lurquin et al.
[2] extended those findings to non-viral proteins, by
showing that mouse tumor-specific CTL recognized a
peptide derived from a self-protein that was mutated in
cancer cells. This finding, which represented the first
contribution of tumor immunology to the antigen
processing field, led to the notion that MHC class I mole-
cules continuously display antigenic peptides of 8-10
amino acids derived from intracellular self-proteins [3].
This allows the immune system to continuously check the
integrity of the genome and detect any cell bearing
abnormal genes or proteins.

The classical MHC class I processing pathway

Antigenic peptides presented to CTL are mostly produced
in the cytosol from the degradation of cellular proteins by
the multicatalytic complex called proteasome (Fig. 1).
Peptides produced from proteasomal degradation are then
transported by the transporter associated with antigen
processing (TAP) into the lumen of the endoplasmic
reticulum (ER), where they are further trimmed by ami-
nopeptidases to a size that is suitable for loading onto MHC
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Fig. 1 Pathways for processing and presentation of class I-restricted
tumor antigens. CTL recognize on tumor cells antigenic peptides that
are produced through a variety of unconventional processes, including
aberrant transcription or mRNA splicing (/, 2), translation of
alternative or cryptic open reading frames (3) or post-translational
modifications (/2). Proteins are targeted for degradation by the
proteasome after the addition of ubiquitin chains by ubiquitin ligases
(4). Surprisingly, proteasomes also produce antigenic peptides by
splicing fragments that are originally non-contiguous in the parental
protein (5). In the cytosol, additional proteases were found to produce
or destroy antigenic peptides (6, 7). Peptides produced in the cytosol
are then transported in the ER lumen by the transporter TAP (8),
where they can be further trimmed by ER aminopeptidases such as
ERAPI or 2 (9). Peptides with the appropriate length and HLA
binding motif are loaded onto MHC I molecules with the help of the
peptide loading complex (/0). The signal sequences of ER-targeted
proteins also contain antigenic peptides: following cleavage of the
signal sequence by the signal peptidase and the signal peptide

class I molecules. Stable peptide binding to MHC class
I-f2 m dimers is facilitated by the peptide loading complex
(PLC), which is composed of TAP, tapasin, ERp57 and
calreticulin (CRT). Once a peptide binds to the MHC class
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peptidase (/7), those peptides are released in the ER lumen and
loaded onto MHC I independently of TAP. Membrane or secreted
proteins also produce MHC class I binding peptides. Tyrosinase is a
type I transmembrane protein, which supplies an antigenic peptide
containing an aspartate instead of the genetically encoded asparagine.
This peptide is produced after glycosylation of the tyrosinase protein
in the ER, its retrotranslocation into the cytosol where it is
deglycosylated and degraded by proteasome. Removal of the glycan
moiety by peptide N-glycanase leads to deamidation of the asparagine
into an aspartate residue, which is contained in the antigenic peptide
presented by melanoma cells (/2, 13). A peptide originating from
secreted matrix metalloprotease-2 was found to be processed by
the proteasome after endocytosis. After secretion, activation of
pro-MMP-2 into mature MMP2 appears to be required for adequate
processing of the antigenic peptide. Following endocytosis, the
MMP-2 protein would be released in the cytosol and degraded by the
proteasome (/4)

I molecule, the fully assembled MHC class I/peptide
complex is transported to the cell surface where it is
available for CTL recognition. In order to achieve optimal
immune surveillance, cells display a large array of
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peptides, sampling a variety of proteins expressed. In
healthy cells, those peptides originate from normal autol-
ogous proteins and are ignored by the immune system as a
result of self-tolerance. However, after viral infection or
cell transformation, this repertoire also includes peptides
derived from viral or tumor-associated proteins, which can
be the target of an immune response. Because of their
potential interest for cancer immunotherapy, the antigens
recognized by anti-tumor CTL have been extensively
studied, and to date, a large array of tumor antigenic pep-
tides have been identified. A number of cancer patients
have been included in clinical trials involving some of
these antigens, and tumor regressions have been observed
in some cases [4-7]. The identification of potential
immunotherapeutic targets on human cancers has brought a
lot of information on the various steps that are involved in
the processing and the presentation of MHC-class 1
restricted antigenic peptides. This review will focus on
those insights into the MHC I antigen processing that result
from the characterization of human tumor antigens recog-
nized by CTL.

Methods for the identification of tumor antigens

CTL clones displaying anti-tumor activity have often
been isolated by cultivating blood or tumor-infiltrating
lymphocytes of cancer-bearing patients with irradiated
tumor cells [7-10]. Very often, the antigen recognized by
such CTL was identified through an expression cloning
approach, which aimed at isolating the encoding gene by
transfecting a cDNA library and screening the transfected
cells for their ability to activate the CTL clone [11, 12].
Subgenic fragments were then transfected similarly to
define the region encoding the antigenic peptide, and
candidate peptides bearing adequate HLA binding motifs
were then tested for their ability to sensitize target cells to
lysis by the CTL. This approach initially led to the iden-
tification of numerous tumor antigens [7, 11-17]. Later on,
the use of mini-libraries containing sets of the previously
identified antigenic cDNA facilitated the identification of
additional peptides recognized by CTL derived from
cancer patients [18, 19].

Additionally, the development of efficient techniques of
mass spectrometry made it possible to identify peptides
eluted from immunopurified MHC class I molecules
[20-22]. Fractions of eluted peptides obtained by high
performance liquid chromatography (HPLC) can be
directly analyzed by tandem mass spectrometry or tested
individually for recognition by anti-tumor CTL (see also
the review by Mester et al. in this issue). Screening of
protein databases generally helps defining the protein from
which these peptides might originate. The complexity of

the peptide repertoire eluted from MHC class I made it
very demanding to identify new peptides by this approach,
which, in turn, proved uniquely useful for the character-
ization of post-translational modifications such as serine/
threonine phosphorylation [23] or glycosylation-dependent
asparagine deamidation [24].

Finally, the “reverse immunology” approach relies on
the prediction of peptides based on the screening of
tumor protein sequences for peptides bearing HLA class
I binding motifs [25-27]. A number of these cancer-
associated sequences were identified by the screening of
cDNA expression libraries using the serum of cancer-
bearing patients [28-32], by cDNA representational
difference analysis [33—-35], by mRNA differential dis-
play [36] or by molecular probing of DNA libraries [14,
37]. Candidate peptides that bind the HLA of interest are
then loaded on antigen presenting cells, which are used
in vitro to stimulate lymphocytes isolated from cancer
patients or healthy donors. The major drawback of this
approach is that peptide-specific CTL may prove unable
to recognize tumor cells that express the relevant gene
and HLA allele. This is generally because the peptide is
poorly processed or not at all. As an alternative,
dendritic cells transduced with a viral vector encoding
the antigen of interest were also used to stimulate blood
lymphocytes [38—40].

Tumor antigens recognized by cytolytic T lymphocytes

So far, a large number of antigenic peptides presented on
tumors have been identified using these various approa-
ches, and classified according to the expression profile of
the encoding gene [7, 41].

Antigens encoded by cancer-germline genes

A first category of antigenic peptides are those derived
from cancer-germline genes (also called cancer-testis
genes), which are expressed in cancer cells of different
histological types and not in normal tissues except male
germline cells [11, 37]. Since male germline cells do not
display MHC class I molecules on their surface [42], the
antigenic peptides derived from these cancer-germline
genes are strictly tumor-specific and are therefore targets
of choice for cancer immunotherapy. The prototypic
cancer-germline gene family is the melanoma antigen
(MAGE) gene family. It is composed of 24 functional
genes grouped in three clusters found on different regions
of the X chromosome: MAGE-A, -B, and -C [33, 43, 44].
Expression of the MAGE genes appears to take place
following the demethylation of their promoter that occurs
as a result of a genome-wide demethylation in male germ
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cells and in some advanced cancers [45-49]. Additional
families of more distant MAGE genes expressed in
normal tissues were found, but these genes do not encode
any of the antigenic peptides so far identified [41, 50].
Other cancer-germline gene families include BAGE [15],
GAGE [14, 19], LAGE/NY-ESO1 [30, 34] and SSX
[29, 51, 52].

Antigens encoded by melanoma differentiation genes

A second group of antigens recognized by CTL isolated
from melanoma patients correspond to peptides derived
from differentiation proteins that are specific of the
melanocyte lineage. The prototype for these melanoma
differentiation proteins is tyrosinase, an enzyme involved
in the biosynthesis of melanin [12, 53]. Even though these
antigens are not tumor-specific, they are attractive targets
for immunotherapy of melanoma, because they are
expressed on most melanomas and are recognized by CTL
in a large majority of patients. Differentiation antigens
also include peptides derived from gp100/pmell7 [8, 9,
54], Melan-A/MART-1 [13, 55], gp75/TRP1 [56] and
TRP2 [57]. Despite their expression in normal cells,
melanocyte differentiation antigens are quite immuno-
genic and CTL can be obtained from the blood
of melanoma patients as well as healthy donors [58].
Moreover, the occurrence of vitiligo, a partial skin
depigmentation, has often been observed in melanoma
patients, and was correlated with tumor regression and
longer survival [59-61].

Antigens encoded by mutated genes

Several tumor antigens recognized by autologous CTL
arise from point mutations in ubiquitously expressed
genes. Some of these mutations affect genes of undefined
function, while others appear to be related to tumor
development. For example, a mutation in CDK4 was shown
to affect binding of CDK4 to its inhibitor p16/INK4a, and
could thereby favor uncontrolled cell division [62]. A
mutation identified in the f-catenin gene [63] induces
stabilization of the protein and formation of constitutive
complexes between f-catenin and transcription factor
Lef-Tcf, which may result in the persistent transactivation
of target genes potentially involved in melanoma progres-
sion [64]. A mutation identified in gene CASP-8 appears to
decrease cell sensitivity to apoptosis [65]. Because in many
cases such mutations are not shared by distinct tumors, the
corresponding antigenic peptides are unique to an indi-
vidual tumor and therefore not useful for cancer
immunotherapy. Surprisingly, only very few examples of
peptides derived from genes often mutated in cancer have
been shown to be antigenic. CD8 T cells against a mutated
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p53, K-ras or N-ras peptide could be isolated after in vitro
stimulation of T cells originating from healthy donor or
patients injected with peptide pulsed APC or autologous
irradiated tumor cells [66—68]. Peptides derived from
frameshift mutations [69, 70] or chromosomal transloca-
tions [71, 72] were also identified.

Antigens encoded by genes overexpressed in tumors

One of the first examples of antigenic peptides identified
from a gene overexpressed in cancer is a peptide derived
from the protooncogene HER-2/Neu [73], which is often
overexpressed in breast and ovarian cancers as a result of
gene amplification and/or upregulation of transcription
[74, 75]. The characterization of an antigen recognized by
CTL on renal carcinoma led to the identification of gene
RAGE-1, which is expressed in several tumor samples of
different histological types, but is silent in normal tissues
except retina, where low expression is observed [76].
Because the eye is an immunologically privileged site [77,
78], and because retina appears not to express MHC class I
molecules [79], immunization against RAGE-1 antigen
can be considered, more specifically in the case of renal
cell carcinoma, which usually do not express cancer-
germline genes. A third example of gene overexpressed in
cancer is PRAME, which encodes at least five peptides
recognized by CTL in melanoma patients [17, 80].
PRAME is upregulated in a number of tumor types, but
expressed at low levels in various normal tissues [17].
Interestingly, the CTL recognizing peptide PRAME3(;_309
was found to express a NK inhibitory receptor that blocks
lysis upon interaction with HLA-Cw?7 [17]. The presence
of this inhibitory receptor restricts the action of the CTL to
tumor cells that show partial HLA loss. Since then, a large
number of other genes overexpressed in cancers were
found to encode tumor-associated antigens [41]. Examples
of such peptides are those derived from the inhibitor of
apoptosis protein survivin [81, 82], the wild-type p53
protein [83, 84] or the Wilms tumor 1 transcription factor
[85, 86]. Although such peptides are attractive because
they are shared by numerous tumors, their use as vaccine
targets is not devoid of the risk of developing autoimmune
reactions due to the low but still detectable expression of
these genes in healthy tissues.

Peptides derived from non-classical transcription
and translation processes

Although antigenic peptides recognized by CTL generally
derive from primary open reading frames, a number of
reports have described cryptic antigenic peptides that were
generated from non-classical events associated with either
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gene transcription or protein translation (see also the
review by Starck and Shastri in this issue).

Transcriptional events leading to antigen presentation

The early observation that antigenic peptides correspond-
ing to murine tumor antigens could be produced from
transfected promoterless sequences [87-89] raised the
possibility that transcription of short subgenic regions
might lead to the expression of antigenic peptides. The
‘pepton hypothesis’ [90], which was put forward by Boon
and Van Pel in 1989, suggested that antigenic peptides
were encoded by short dedicated transcripts, produced by a
different RNA polymerase not requiring conventional
promoter sequences. Although this hypothesis was not
substantiated at the transcriptional level, it was, somehow,
at the translational level, and there are several examples of
antigenic peptides translated from short open reading
frames encoding just the antigenic peptide (see next sec-
tion). Nevertheless, several aberrant transcriptional events
were found to result in the expression of antigenic peptides
on tumor cells. Studying human melanoma-specific CTL,
Guilloux and co-workers identified a peptide generated
from the aberrant transcription of an intron of the gene
encoding N-acetylglucosaminyltransferase V (GnT-V) [91].
Interestingly, characterization of the antigen-coding
messenger RNA suggested the presence of a cryptic pro-
moter positioned in the intronic sequence. The RNA
variant produced by activation of this putative promoter
could be detected in about 50% of melanomas. Even more
surprising was the peptide identified as the target of an
HLA-B7-restricted CTL clone in a renal cell carcinoma
patient [92]. Here, the antigen-coding sequence corre-
sponded to the reverse strand of the housekeeping gene
RU2 and was transcribed from a cryptic promoter located
on the reverse strand of the first intron of this gene (Fig. 1).
Although the sense transcript of RU2 was ubiquitously
expressed, the reverse strand mRNA encoding the peptide
was found in tumors of various histological types, but was
absent in most normal tissues except testis, kidney, bladder
and liver.

In addition to the presence of cryptic promoters, alter-
native splicing of messenger RNA also permits the
translation of sequences that are usually non-coding and
thereby provides new peptides to the MHC class I loading
machinery. For example, intron retention is responsible for
the generation of tumor antigenic peptides derived from
genes MUM-1, SILV/gp100 or TRP2 [16, 93, 94].

Peptides derived from alternative open reading frames

The peptide derived from the translation of the third open
reading frame (ORF) of melanoma differentiation gene

TRP1/gp75 was one of the first examples of peptide
encoded by an alternative ORF in human cancer [56]. The
in vivo immunological relevance of this peptide was sup-
ported by the objective tumor regression observed in a
melanoma patient infused with the corresponding autolo-
gous TIL and IL2 [95]. Peptides generated from the
translation of alternative open reading frames were also
described for cancer-germline genes NY-ESOI [96] and
LAGE-1 [97], from intestinal carboxyl esterase [98] and
from macrophage colony-stimulating factor (M-CSF) [99].
The latter peptide, which is presented by HLA-B*3501, is
14 amino acids long and thus, to our knowledge, the lon-
gest class I-binding peptide known to date. The crystal
structure of the peptide/HLA-B*3501 complex showed that
the N- and C-terminus of the antigenic peptide were
embedded inside the A and F pockets of the HLA mole-
cule, while the central part of the peptide bulged flexibly
out of the groove [100]. This showed that sufficient HLA
binding is provided by anchoring the N-and C-terminal
residues [100]. Using antibodies recognizing either the
primary or the alternative ORF of M-CSF, it was shown
that translation of both ORF was regulated independently
[99].

More recently, peptides were identified from two dis-
tinct alternative open reading frames of MELOE, a gene
overexpressed in melanoma [101, 102]. Surprisingly, in
this case, the mRNA holds multiple short ORF of unknown
function. Interestingly, both MELOE-derived antigenic
peptides were broadly shared amongst melanomas, and in a
clinical trial of adoptive cell immunotherapy, the infusion
of patients with anti-MELOE-1 containing TIL was found
to prevent relapses [101]. Another peptide produced from a
very short ORF is derived from BING4, a gene overex-
pressed in some melanomas [103]. In this case, the antigen-
coding ORF produces a peptide fragment that is only 10
amino acids long. Similarly, another peptide presented by
human melanoma is encoded by gene HERV-K-MEL and
appears to be translated from an ORF that comprises
exclusively the peptide-coding sequence [104]. Interest-
ingly, this gene belongs to the HERV-K family of human
endogenous retroviruses and likely corresponds to a
retroviral pseudogene sequence originating from an ancient
retroviral infection. It is expressed in most melanoma
samples tested, but not in normal tissues except testis and
some skin samples. It is also transcribed in a majority of
naevi and in some carcinomas and sarcomas.

Despite the growing number of reports describing CTL
epitopes encoded from non-primary ORF, the mechanisms
involved in the translation of these ORF have not yet been
fully clarified. Bullock and Eisenlohr [105] have proposed
the ‘initiation codon scanthrough model’ as a likely
explanation for the use of some alternative open reading
frames. Using frameshift mutants of the influenza
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nucleoprotein (NP) gene, they showed that production of
an NP peptide can take place after the ribosome bypasses
the conventional initiation codon, initiating translation at a
downstream initiation site. Additional mechanisms that
could account for the generation of non-primary ORF-
derived peptides include reinitiation of translation at a
downstream AUG following translation of an upstream
OREF, ribosomal frameshifting in the course of elongation
or internal initiation of translation using an internal ribo-
some entry site (IRES) (reviewed in [106]). Surprisingly,
cryptic antigenic peptides were generated in tumors from
alternative ORF despite the absence of conventional AUG
codons [98, 107]. In both cases, mutating these non-AUG
codons (CUG and ACG) completely abolished the pre-
sentation of the antigenic peptides to the respective T cells,
demonstrating that such non-AUG codons can initiate the
translation of the antigen-coding ORF. In vitro translation
models have suggested for a long time that initiation at a
non-AUG start codon involves the mismatched binding of
anti-AUG tRNA loaded with methionine [108]. This
mispairing results in the incorporation of a methionine residue
at the non-AUG codon site. However, the initiation codon
CUG was later shown to be decoded as leucine, suggesting
that the translation initiation mechanism generating these
peptides might use a leucine-loaded initiator tRNA rather
than a methionine at the non-AUG initiation site [109,
110]. This is not peculiar to tumor cells, as Schwab et al.
[110] demonstrated, using a transgenic mouse model, that
translation of non-coding regions also occurs constitutively
in normal cells. Initiation at a CUG codon differs from
initiation at a conventional AUG codon. Indeed, the leucine
start at a CUG initiation site depends on a specific set of
ribosomes that scan sequences for CUG initiation sites,
does not depend on initiation factor elF2« [111], and
diverges in its sensitivity to inhibitors acting on the P-site
of the ribosomes [112]. Such cryptic initiation events could
therefore allow the presentation of class I-binding peptides
when conventional elF2q-dependent AUG initiation is
impaired, for example upon viral infection [112].

Another interesting example of non-conventional
translational event is the melanoma peptide generated from
the NAS8-A pseudogene. This pseudogene originates from
genomic insertion of a retrotranscript corresponding to the
mRNA coding for the homeoprotein HPX42B [113]. The
NAS88-A pseudogene exhibits premature stop codons,
deletions and insertions relative to the original HPX42B
gene. The peptide recognized by the CTL is derived from a
very short ORF that partially corresponds to the 3’ UTR of
the HPX42B mRNA. Interestingly, the antigenic peptide
can only be produced from the pseudogene sequence but
not from HPX42B mRNA, because the latter lacks a stop
codon located directly downstream of the C-terminus of the
antigenic peptide.
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Processing of tumor antigens by the proteasome

Proteolysis is essential to preserve cell homeostasis in a
number of ways. It is involved in processes such as elim-
ination of misfolded or damaged proteins [114], cell cycle
progression [115], activation of transcription factors and
signal transduction [116]. In eukaryotic cells, proteolysis is
mainly dependent on the 26S proteasome, a large barrel-
shape particle that breaks down poly-ubiquitinated protein
substrates. The central core particle of the proteasome,
namely the 20S proteasome, consists of four stacked
heptameric rings that delimit a central catalytic chamber
where the proteins are degraded (see also the review by Sijts
and Kloetzel in this issue). The 20S proteasome associates
with subunits of the 19S regulatory particle, which bind
poly-ubiquitin chains, catalyze their removal from the pro-
tein substrate, unfold proteins, and help their translocation
into the catalytic chamber in an ATP-dependent manner
(reviewed in [117, 118]). The two outer rings of the 20S
proteasome each contain seven structural o-subunits that
control access to the catalytic chamber («;_7). The two inner
rings are composed of f-subunits (f/;_;) and delineate the
catalytic chamber [119-121]. In mammalian and yeast
proteasome, the active sites of the protease complex are
confined to the two inner rings and are dependent on three
different f-subunits: 1, 2 and 5. Mutational studies and
analysis of the crystal structure of proteasomes complexed
with proteasome inhibitors identified the hydroxyl group of
the N-terminal threonine of the active subunits as the
nucleophile responsible for the hydrolysis of the peptide
bond [119, 120, 122]. Three major catalytic activities were
described based on the degradation of small fluorogenic
substrates by the proteasome: PGPH (peptidyl-glutamyl
peptide bond hydrolysing) or caspase-like activity, trypsin-
like activity and chymotrypsin-like activity, which
respectively cleave after acidic, basic and hydrophobic
residues [123]. Based on the study of yeast proteasome
mutants, each of these catalytic activities was associated
with a given proteasome catalytic subunit [124-129].
However, the catalytic specificity of individual subunits is
more complex than originally expected: some subunits
have overlapping specificities [128] and proteasome
digestion experiments using a protein substrate suggest that
amino acids located up to five residues upstream or
downstream of the cleavage site also influence cleavage
strength [130, 131].

Protein degradation by the proteasome leads to the
production of smaller size peptides, which constitute the
major source of ligands for presentation onto MHC class I
molecules (Fig. 1) [117]. One of the earliest hint that the
proteasome was involved in the processing of peptides
presented by MHC class I was the fact that ubiquitination,
and therefore potentially the 26S proteasome, was
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necessary for presentation of the model antigen ovalbumin
[132]. Direct evidence for the role of the proteasome in
peptide processing was obtained using cell permeable
proteasome inhibitors [133]. Such inhibitors, which
reversibly or irreversibly bind the hydroxyl group of cat-
alytic threonines, efficiently block presentation of a number
of antigenic peptides [134—136] and limit the overall pep-
tide supply to MHC class I molecules [133].

The standard proteasome and the immunoproteasome

In the presence of IFNy, three additional proteasome
catalytic subunits, 1i (LMP-2), 2i (MECL-1), and f5i
(LMP-7), are induced in vertebrates. These subunits pref-
erentially incorporate into the proteasome in place of
their homologous counterparts, i1, 2, and f5, to create
homogeneous particles of a different type, called the
immunoproteasome. The immunoproteasome can be
expressed in most cell types upon IFNy induction, but is
also constitutively present in some lymphoid tissues and
dendritic cells [134, 137, 138]. Because of the difference in
the nature of their active subunits, the standard proteasome
and the immunoproteasome have different cleavage spec-
ificities. The analysis of digests obtained with peptide
precursors, entire protein substrates or fluorogenic
substrates showed that the immunoproteasome has a higher
propensity to cleave after hydrophobic residues (chymo-
trypsin-like activity) and basic residues (trypsin-like
activity), but a reduced propensity to cleave after acidic
residues, as compared to the standard proteasome [131,
139, 140]. Peptides that bind efficiently to HLA class I
molecules usually have a hydrophobic or a basic residue at
their C-terminus, while they virtually never display an
acidic C-terminus. Therefore, immunoproteasomes were
predicted to be generally more efficient than standard
proteasomes to produce good MHC-binding peptides [139,
140]. This idea was corroborated by the study of LMP2-
and LMP7-knock-out mice, in which presentation of certain
epitopes was decreased [141, 142]. It was challenged,
however, by the work of Morel et al. [134] who studied a
human CTL clone that recognized a renal cell carcinoma
but did not recognize autologous EBV-transformed B cells.
The gene encoding this antigen was identified, named RU1,
and found to be ubiquitously expressed. Surprisingly, it
was also expressed in the autologous EBV-B cells that
were not recognized by the CTL. The authors explained
this paradox by showing that the antigenic peptide recog-
nized by their CTL was processed efficiently by the
standard proteasome, but not by the immunoproteasome,
which is present in EBV-transformed B cells. Given the
abundant presence of immunoproteasome in the thymus,
this may also explain the lack of negative selection of such
CTL directed against a peptide derived from a ubiquitous

protein [143]. The immunoproteasome is also abundant in
dendritic cells, which therefore do not efficiently present
such peptides, as observed by Morel et al. [134] for the
RUI1 peptide. This may explain the absence of autoim-
munity related to the presence of CTL against such
peptides in the periphery. It follows that the activation of
the RU1-specific CTL in this cancer patient should result
from direct priming by tumor cells.

A number of tumor antigenic peptides, often derived
from melanoma differentiation antigens, have also been
found to be poorly processed by the immunoproteasome.
This is the case for the HLA-A2-restricted peptides Melan-
A/MART-126,35 [134], gp100209,217 [144] and terSi-
nasesgo_377 [144], which have been used in melanoma
vaccination trials. In contrast, tumor peptides produced
exclusively by the immunoproteasome have also been
described; among these, the HLA-B40-restricted peptide
derived from MAGE-A3 [145] and the HLA-A2-restricted
peptide MAGE-C2336 344 [144]. In vitro digestions of
precursor peptides with purified proteasomes have indi-
cated that these differences in processing efficiency usually
result from a prominent internal cleavage of the peptide by
one of the proteasome types, resulting in the destruction of
the antigenic peptide [144]. It is striking to note that, so far,
all the peptides that were found to be poorly processed by
the immunoproteasome are derived from self-ubiquitous
(RU1) or differentiation (Melan-A, gpl00, tyrosinase)
proteins. As discussed above for RUI1, this may contribute
to the lack of negative selection of CTL against such
peptides and the absence of autoimmunity. In contrast, all
tumor antigens found to depend on the immunoproteasome
for their processing correspond to tumor-specific antigens
encoded by cancer-germline genes, whose very limited
expression in tissues may suffice to explain the lack of
negative selection and absence of autoimmunity.

Such differences in processing efficiency by the two
proteasome types have major implications for the induction
of immune responses against the corresponding tumor
epitopes [143]. Immunoproteasomes are abundant in den-
dritic cells, which, therefore, cannot efficiently present
those antigens that are destroyed by immunoproteasomes
[134]. To immunize against such antigens, vaccine strate-
gies based on short peptides or the corresponding
minigenes, which are not dependent on the processing
machinery, should be more efficient than full-length con-
structs. This prediction was confirmed in a study
comparing minigene and full-length Melan-A constructs in
wild-type and LMP2-knock-out mice [146]. Stronger CTL
responses were induced against the HLA-A2-restricted
Melan-A,¢_35 peptide in HLA-A2 transgenic mice using
minigene retroviral constructs as compared to full-length
constructs. This difference was abolished in LMP2-knock-
out HLA-A2 transgenic mice, which developed stronger
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CTL responses to the full-length construct than wild-type
mice, confirming that the immunoproteasome was
responsible for the poor responses in the wild-type mice.
The differential processing of some antigens also provides
the tumor cells with the possibility of modulating their
expression of some antigenic peptides by modifying their
proteasome content, e.g. upon exposure to IFNy.

Recent work from our laboratory has confirmed the
existence of additional forms of proteasomes, which are
intermediate between the standard and the immunopro-
teasome [147]. Two types of intermediate proteasomes
were identified: intermediate proteasomes that contain f1,
f2 and f5i and intermediate proteasomes with f1i, 52 and
f5i. Interestingly, a high proportion of these intermediate
proteasomes was observed in several normal tissues and in
dendritic cells. Tumor cell lines mainly express standard
proteasomes, but can contain 10-20% intermediate pro-
teasomes. Some tumor antigens are processed exclusively
by intermediate proteasomes containing f5i or intermedi-
ate proteasomes containing f1i and f5i.

Other peptidases involved in the processing of tumor
antigens

The proteasome is the main protease involved in the pro-
duction of MHC class I ligands. It is particularly required
for the production of the C-terminus of most antigenic
peptides, which can be produced with a N-terminal
extension that is subsequently trimmed, either in the
cytosol or in the endoplasmic reticulum (ER), which con-
tains a dedicated aminopeptidase named ERAAP or
ERAPI (for a detailed review of trimming peptidases, see
the article by van Endert in this issue). ERAAP is involved
in the processing of a considerable fraction of MHC class I
ligands (Fig. 1) [148-152]. ERAAP-deficient cells have
reduced levels of surface MHC class I, due to a lower
stability of peptide/MHC class I complexes, suggesting that
ERAAP is involved in shaping the peptide repertoire
associated with class I [152, 153]. In addition, ERAAP-
deficient cells present unstable but unique MHC/peptide
complexes that are absent from ERAAP-expressing cells
and can elicit robust CD8 T cell responses [153]. In human
cells, another ER aminopeptidase called ERAP2 can
complement the action of ERAPI in trimming N-termi-
nally extended antigenic peptides [151].

N-terminal trimming can also occur in the cytosol,
through the action of tripeptidyl peptidase II (TPPII), a
large cytosolic serine protease that sequentially trims
tripeptidic fragments from the N-terminus of polypeptides
(Fig. 1). In addition to this aminopeptidase activity, authors
have suggested that TPPII also displays some endopepti-
dase activity [154]. This led to the suggestion that TPPII
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might play a more general role in the production of the
MHC class I presented peptides, particularly when pro-
teasome activity was impaired [154, 155]. This concept,
however, was not supported by more recent studies using
more potent proteasome inhibitors or TPPII-knock-out
mice [156-162]. Nevertheless, TPPII appears to be
involved in the processing of at least four viral antigens
[163—-165]. But TPPII may also limit the presentation of
some peptides, by degrading them in the cytosol: studying
the processing of a peptide derived from the anti-apoptotic
protein survivin, Preta et al. observed that serine peptidase
inhibitor AAF-CMK increased the sensitivity of a colon
carcinoma cell line to lysis by the corresponding CTL.
Moreover, overexpression of TPPII in these colon-carci-
noma cells seemed to correlate with resistance to the CTL,
suggesting that TPPII might limit the presentation of this
antigen and contribute to tumor immune escape [166].

Other cytosolic proteases such as puromycin amino-
peptidase, bleomycin hydrolase, or leucine aminopeptidase
are potentially involved in the N-terminal trimming of
MHC class I ligands (Fig. 1) [167, 168]. Indeed, although
studies using puromycin aminopeptidase, bleomycin
hydrolase, or leucine aminopeptidase knock-out mice
suggested that these proteases were not involved in the
generation of the overall pool of MHC class I ligands
[169-171], a recent study performed in human cells using
RNAi silencing showed that some of these cytosolic
aminopepidases influence surface expression of MHC class
I in an allele-dependent manner [172]. Moreover, some of
these proteases are apparently involved in the processing of
specific antigenic peptides [168, 173], but also limit
presentation of other peptides by contributing to their
degradation, as previously suggested for the thimet
oligopeptidase [170, 172, 174, 175].

In human tumors, the involvement of cytosolic amino-
peptidases in the processing of class I tumor epitopes was
brought forward by the analysis of the processing of
antigenic peptide RU134 45, which was mentioned in the
previous section [173]. In vitro studies using precursor
peptides encompassing the antigenic peptide have shown
that the exact C-terminus but not the final N-terminus can
be produced by standard proteasomes, suggesting that, after
proteasome digestion, the peptide is released as an N-ter-
minally extended precursor. Fractionation of the cytosolic
extracts identified PSA and TPPII as two enzymes able
to produce the final N-terminus of the RUI1 peptide.
Their involvement was confirmed by treating cells with
AAF-CMK, an inhibitor of both these proteases. This study
suggests that the N-terminally extended RUI peptide is
trimmed in the cytosol by TPPII or PSA and then trans-
ported into the ER by TAP, despite the presence of a
subaminoterminal proline, which is not optimal for TAP
transport [176].
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Geiss-Friedlander et al. [177] recently described the role
of cytosolic prolyl-peptidase DPP9 in destroying the
RU134 4, peptide (Fig. 1). DPP9 is one of the few pepti-
dases able to cleave after proline residues, which are poor
substrates for most peptidases because of their pyrrolidine
ring. DPP9 was found to destroy the RUl34_4, peptide by
cleaving after the subaminoterminal proline. Downregula-
tion of DPP9 increased recognition of target cells by
RUI-specific CTL. DPP9 therefore appears to limit the
presentation of proline-containing peptides. Potentially,
however, it could help the processing of peptides with a
proline at the C-terminus.

Parmentier et al. recently studied the processing of a
proteasome-independent peptide derived from human
tumor protein MAGE-A3. This peptide has been widely
used in peptide vaccination trials in melanoma patients
[178]. They found that this peptide was processed by a
cytosolic Zn-metalloendopeptidase named insulysin or
insulin-degrading enzyme (IDE) (Fig. 1) [136]. Known
substrates of IDE include insulin, glucagon, atrial natri-
uretic peptide, transforming growth factor-alpha, amyloid-
f peptide and oxydized proteins [179-182]. Remarkably, in
vitro digestions of precursor peptides indicated that IDE
produced directly both the C-terminus and the N-terminus
of the MAGE-A3 antigenic peptide, which therefore did
not require N-terminal trimming. Metalloprotease inhibi-
tors or IDE silencing reduced recognition of melanoma
cells by the specific CTL. Other antigenic peptides derived
from MAGE-A3 are produced by the proteasome [145].
The analysis of MAGE-A3 protein degradation in mela-
noma cells treated with proteasome or metallopeptidase
inhibitors suggests that a fraction of the MAGE-A3
proteins is degraded by the proteasome and another frac-
tion is degraded by IDE. This supports the hypothesis that
IDE might be part of a second cytosolic protein breakdown
pathway with preference for substrates that are not
efficiently targeted to or degraded by the proteasome [183].
In the course of MAGE-A3 protein breakdown, IDE- and
the proteasome would each produce a distinct set of anti-
genic peptides presented to CTL by HLA class I molecules.

Post-translational modifications
Peptide splicing in the proteasome

Studying a CTL clone recognizing an autologous human
renal cell carcinoma, Hanada et al. [184] found that the
antigen recognized by this CTL was derived from fibro-
blast growth factor 5 (FGF-5), which is overexpressed in
some cancers. Surprisingly, the shortest FGF-5 cDNA
construct that conferred COS-7 cells the ability to express
the antigenic peptide encoded a 49 amino acid-long

peptide. Moreover, this ability was maintained after dele-
tion of an internal segment encoding 24 amino acids in the
middle of the 49-mer fragment. This led the authors to test
peptides made of two short fragments corresponding to
both ends of the 49-mer segment, spliced together to form a
new peptide. Indeed, the peptide recognized by the CTL,
was made of two fragments of 4 and 5 amino acids initially
non-contiguous in the parental protein, but separated by a
40 amino acid intervening segment. Production of the
antigenic peptide required excision of this intervening
segment and splicing of the two fragments.

In parallel, studying the antigen recognized by a human
anti-melanoma CTL clone, we described a second peptide
produced by peptide splicing. In this case, the peptide was
derived from the melanocyte differentiation protein gp100
and was produced after the splicing of two non-contiguous
fragments of the gpl00 protein and excision of a four-
amino acid intervening segment (Fig. 1) [185]. The
antigenic peptide, RTKQLYPEW, could be produced in
EBV-B cells after electroporation of the unspliced
13-amino acid precursor RTKAWNRQLYPEW. The pep-
tide splicing reaction could be reproduced in vitro, by
incubating 20S proteasomes with the unspliced precursor
peptide RTKAWNRQLYPEW, as measured by CTL acti-
vation and mass spectrometry. In order to dissect the
mechanism of the peptide splicing reaction, we incubated
pairs of peptides containing portions of the precursor
peptide RTKAWNRQLYPEW with purified proteasomes.
Although the antigenic peptide could be produced after
incubation of proteasomes with peptides RTKAWNR and
AWNRQLYPEW, no peptide was detected when using
peptides RTK and QLYPEW. This demonstrates that the
production of the spliced peptide was dependent on the
cleavage of a peptide bond. Because the spliced peptide
could be produced when incubating proteasomes with
peptides RTKAWNR and QLYPEW, but not with peptides
RTK and AWNRQLYPEW, we concluded that formation
of the new peptide bond of the spliced peptide used the
energy liberated by cleavage of the bond between K** and
A%, Thus, the splicing reaction appears to occur by
transpeptidation involving the formation of an acyl-enzyme
intermediate between RTK and the proteasome (Fig. 2a).
Normally, this acyl-enzyme intermediate is rapidly
hydrolyzed. However, inside the confined catalytic cham-
ber of the proteasome, the intermediate is surrounded by
peptide fragments, such as QLYPEW, which results from
cleavage after residue 46. We proposed that the N-terminus
of fragment QLYPEW could compete with water mole-
cules and occasionally produce a nucleophilic attack on the
ester bond of the intermediate, thereby creating a new
peptide bond forming the spliced antigenic peptide
RTKQLYPEW (Fig. 2a). This model was supported by the
fact that N-o-acetylation of QLYPEW incubated with
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Fig. 2 Model of the peptide
splicing reaction inside the
proteasome. Mechanism of
production of the spliced the
peptide RTKQLYPEW derived
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RTKAWNR and proteasomes completely prevented pro-
duction of the spliced peptide.

A few years later, Warren et al. [186] studied the minor
histocompatibility antigen recognized by a CTL clone
isolated from a myeloma patient after MHC-matched
allogeneic hematopoietic cell transplantation. They found
that this CTL recognized an antigenic peptide encom-
passing a polymorphism in the SP110 protein. Again, the
antigenic peptide contained two initially non-contiguous
peptide fragments that were spliced together. However, in
this case, the fragments were spliced together in the reverse
order to that in which they occur in the predicted SP110
protein (Fig. 1). The antigenic peptide SLPRGTSTPK
could be produced in EBV-B cells after electroporation of
the 20 amino acid precursor STPKRRHKKKSLPRGTAS
SR. It was also produced in vitro after incubation of this
precursor with purified 20S proteasomes. Again, the
splicing reaction appears to occur by transpeptidation and
involves the formation of an acyl-enzyme intermediate
between peptide SLPRGT and the proteasome (Fig. 2b).

Recently, Dalet et al. [187] showed that the spliced
FGF-5 peptide initially described by Hanada et al. was
also produced by the proteasome through a transpepti-
dation reaction, despite the length of the intervening
segment (40 amino acids). Shortening the length of the
intervening peptide fragment improved the efficiency of
the peptide splicing reaction [187]. By co-transfecting
pairs of FGF-5 constructs mutated in either fragment of
the final peptide, they showed that splicing of fragments
originating from two distinct proteins can also occur, but
at very low level, which is probably below physiological
significance [187].
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Both standard proteasomes and immunoproteasomes are
able to splice peptides [186]. Some spliced peptides are
better produced by standard proteasomes, while others are
better produced by immunoproteasomes [188]. This is
related to differences in cleavage specificity resulting in
differential production of the fragments to splice. Because
splicing likely occurs also in the thymus, spliced peptides
derived from self proteins do belong to the normal peptide
repertoire and should not be more immunogenic than reg-
ular peptides.

The peptide splicing reaction is a low efficiency process:
about 10* molecules of precursor peptide were required to
produce in vitro one molecule of spliced gpl00 peptide
[185]. The extreme sensitivity of CTL, which can recog-
nize target cells presenting fewer than ten MHC/peptide
complexes [189, 190], explains how this low efficiency
process is immunologically relevant and can elicita CD8 T
cell response.

Deamidation and processing of membrane and secreted
proteins

One thing that was clear from the beginning of the study of
class I antigen processing was that it took place in the
cytosol [191]. How peptides were produced from mem-
brane or secreted proteins was completely unclear and was
clarified by the elegant story of a peptide derived from
tyrosinase, the first differentiation antigen identified on
human melanoma (Fig. 1) [12, 53]. The sequence of
the HLA-A2 binding peptide, as predicted from that of the
tyrosinase gene, is YMNGTMSQV. However, when the
group of Hunt and Engelhard eluted the peptides associated
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with HLA-A2 on melanoma, they identified a peptide
with sequence YMDGTMSQV, which is identical to the
predicted tyrosinase peptide except for the N in position
191, which is replaced by a D [24]. Transfection experi-
ments further showed that the YMDGTMSQV peptide
was indeed encoded by tyrosinase. Moreover, the
YMNGTMSQV was not detected at the cell surface. The
only possible explanation was that the peptide underwent a
post-translational modification resulting in the conversion
of N to D. The authors noticed that this asparagine residue
corresponded to a N-glycosylation site. They proposed that
the deamidation resulting in N to D conversion resulted
from the removal of the glycan chain, which would occur
in the cytosol after retrotranslocation of glycosylated
unfolded tyrosinase from the ER to the cytosol. The pep-
tide would then be produced in the cytosol by the
proteasome and transported back into the ER via TAP to
bind class I [192]. Subsequent studies fully confirmed this
model, and a cytosolic peptide N-glycanase able to remove
glycan chains while deamidating asparagines was found to
be required for the production of the antigenic peptide
[192-195]. Thus, the study of the deamidation of the
tyrosinase peptide, which depends on glycosylation in the
ER and subsequent deglycosylation in the cytosol, allowed
to uncover retrotranslocation as a pathway for producing
peptides from proteins that do not reside in the cytosol.
Even though the detailed mechanism of retrotransport is
not yet clear, retrotranslocation, as part of the ER-associ-
ated degradation (ERAD) pathway, is today considered as
the main route whereby membrane and secreted proteins
make their way to the cytosol to be processed into class
I-binding peptides.

Another pathway for processing peptides from secreted
proteins was described recently by Godefroy et al. [196],
who studied a peptide derived from matrix metallopepti-
dase-2 (MMP-2) and recognized by CTL on melanoma
cells. MMP-2 is secreted by tumor cells as an inactive
proenzyme (pro-MMP-2), which is activated by removal of
its prodomain through the coordinated action of MMP-14
(MT1-MMP) and the tissue inhibitor of metalloproteases 2
(TIMP-2) [197]. This activation usually occurs after
secretion, and allows MMP-2 to degrade components of the
extracellular matrix and basal membranes (Fig. 1) [198].
Surprisingly, the mere expression of pro-MMP-2 is not
sufficient to produce the antigenic peptide. Rather, antigen
presentation appears to require both the secretion of pro-
MMP-2, which allows the removal of the pro-domain, and
the endocytosis of secreted MMP2 through the avf3 inte-
grin. Production of the MMP-2 epitope depends on both
clathrin-coated pits and the proteasome. This implies that,
after endocytosis of the secreted MMP-2, the protein is
transferred into the cytosol where the peptide is processed
by proteasome. This pathway could be similar to the cross-

presentation pathway described in dendritic cells. The
reason why non-secreted pro-MMP-2 cannot give rise to
the antigenic peptide through the classical endogenous
pathway was recently clarified [199]. Indeed, elimination
of disulphide bonds located in the prodomain or in the
fibronectin domain of MMP-2 was sufficient to restore
production of the antigenic peptide through the endogenous
pathway, suggesting that the presence of these disulphide
bonds in the pro-MMP-2 protein might prevent its retro-
translocation and/or degradation by the proteasome.

TAP-independent presentation

The presentation of most MHC class I-binding peptides
depends on the presence of TAP, which allows their
transport from the cytosol to the ER where they can
associate with MHC class I molecules [200-203]. Tumors
could therefore reduce their TAP expression to escape
immune recognition. Some peptides, however, are still
presented by tumors in the absence of TAP. These include
peptides derived from the signal peptide of secreted or
membrane proteins, which are delivered to the ER during
translation [204-206]. A classical example is the peptide
derived from the signal sequence of tyrosinase, which is
presented by HLA-A2 on melanomas [53, 207]. Another
example is the antigenic peptide derived from the signal
sequence of preprocalcitonin [208], a gene overexpressed
in cancers. Presentation of these peptides is TAP-inde-
pendent and proteasome-independent [207, 208]. The
processing of the peptide derived from the signal sequence
of preprocalcitonin was studied in details and found to
involve both signal peptidase (SP) and signal peptide
peptidase (SPP), an aspartic protease located in the ER
membrane (Fig. 1) [208]. Cleavage of the signal peptide by
SP and SPP releases the antigenic peptide into the ER
lumen, where it can be directly loaded on HLA-A*0201.
This is similar to the processing of peptides loaded on
HLA-E molecules, which are derived from MHC class I
signal sequences and are also released by SP and SPP. In
the case of HLA-E, however, TAP transport of the peptides
is required to enable surface expression of the HLA-E
molecules, suggesting that, after SPP cleavage, the peptide
is released in the cytosol and transported by TAP into the
ER lumen [209-211].

Tapasin
As part of the peptide loading complex, tapasin plays
multiple roles, which are essential for optimal loading of

MHC class I molecules [212]. Tapasin stabilizes TAP and
recruits TAP and ERpS7 to the loading complex, thereby
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favoring peptide transport into the ER and exposure of
MHC to the translocated peptides [213, 214]. Additionally,
tapasin stabilizes empty MHC molecules and promotes
their loading with high affinity peptides, a process known
as “peptide editing” [215-217]. In the absence of tapasin,
HLA alleles such as HLA-B*4402 fail to load stabilizing
peptides and reach the cell surface [218]. Other alleles,
such as HLA-B27, reach the cell surface but contain a
suboptimal peptide repertoire [219]. In a recent study, one
of us observed that presentation of two HLA-B*4402-
restricted peptides derived from tumor proteins MAGE-A1
and MUM-1 was abolished in the presence of tapasin
variants lacking the ability to recruit TAP and ERp57 to the
peptide loading complex [220]. These results agreed with
previous in vitro studies using recombinant proteins [217,
221], and further confirmed that, in the ER environment,
the interaction of tapasin with both TAP and ERp57 is
required for optimal loading of MHC class I molecules. In
addition, exogenous loading of one of these tapasin-
dependent tumor peptides on wild-type cells was
completely inefficient, presumably because exogenous
loading takes place at the cell surface in the absence of
tapasin (unpublished results).
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