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T-cell development and function are regulated by

MHC-associated self peptides, collectively referred to as the

immunopeptidome. Large-scale mass spectrometry studies

have highlighted three key features of the immunopeptidome.

First, it is not a mirror of the proteome or the transcriptome, and

its content cannot be predicted with currently available

bioinformatic tools. Second, the immunopeptidome is more

plastic than previously anticipated, and is molded by several

cell-intrinsic and cell-extrinsic factors. Finally, the complexity of

the immunopeptidome goes beyond the 20-amino acids

alphabet encoded in the germline, and is not restricted to

canonical reading frames. The large amounts of ‘dark matter’ in

the immunopeptidome, such as polymorphic, cryptic and

mutant peptides, can now be explored using novel

proteogenomic approaches that combine mass spectrometry

and next-generation sequencing.
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Introduction
Recognition of self has a pervasive influence on the de-

velopment and functions of the immune system because

the adaptive lymphocytes of jawed vertebrates are selected

on self-molecules, sustained by self-molecules, and acti-

vated in the presence of self-molecules [1]. This raises the

fundamental question: what is the molecular definition of

self for the adaptive immune system? We will discuss how

large-scale mass spectrometry (MS) studies have recently
www.sciencedirect.com 
allowed systems immunologists to unveil the molecular

composition of the MHC-restricted immunopeptidome.

Since most MS studies have been performed on peptides

presented by MHC class I molecules (HLA class I in

humans), they will represent the main focus of this article.

The origin and role of the immune self
recognized by CD8T cells
The T cell receptor (TCR) of classic adaptive CD8T cells

recognizes MHC I-associated peptides (MIPs). In the

absence of infection or phagocytosis, all MIPs derive from

endogenous self proteins: these self MIPs are collectively

referred to as the self MHC I immunopeptidome (SMII).

The SMII regulates positive and negative selection in the

thymus, as well as survival and reactivity of CD8T cells to

non-self in the periphery [2]. The dominant paradigm

holds that MIPs derive primarily from proteasomal diges-

tion of rapidly degraded proteins (RDPs), which are

degraded by the ubiquitin proteasome system during

or within one hour after their synthesis [3��]. In line with

this, the majority of ubiquitination events in cells occurs

on newly synthesized proteins [4]. A large proportion of

RDPs are defective ribosomal products (DRiPs)

(Figure 1) [5,6]. In theory, many processes can lead to

DRiPs formation, but their relative importance remains

elusive [3��,5]. Most, though not all authors [7], consider

that the contribution of old proteins (retirees) to the SMII

is relatively modest [5], except under two circumstances:

(i) following irradiation, which leads to rapid degradation

of old proteins [8], and (ii) in the case of cross-presented

MIPs because they derive from endocytosis of stable

proteins [9]. A schematic overview of the processes

involved in the genesis of the SMII is shown in Figure 1.

The SMII is not a mirror of the proteome
Overview of the proteome and the SMII

Large-scale MS offers the sole direct approach to analyze

the molecular composition of the proteome and the SMII

[10–13]. The proteome of human cells contains about 104

different proteins with a mean length of 449 amino acids

[12]. The number of protein copies per cell spans a

concentration range of seven orders of magnitude (up

to 20 � 106) [12]. In HeLa cells, the 40 most abundant

proteins comprised 25% of the proteome and the most

abundant 600 proteins constitute 75% of the proteome

mass [11]. It has been estimated that a typical nucleated

cell expresses at the cell surface about 1–5 � 105 MHC

class I molecules that present about 104 different MIPs,
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Figure 1
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95% of which have a median length of 9 amino acids

[10,14–16]. Hence, the SMII would represent at most 2%

of the proteome: 104 MIPs @ 9 amino acids per MIP

deriving from a proteome containing 104 proteins @

449 amino acids/protein [10,12,14,15]. MIPs derive from

a wide variety of proteins distributed in all cell compart-

ments, encoded by genes located on all chromosomes

[14,17,18��]. Simply by virtue of their size, longer proteins

generate more MIPs than shorter proteins [14,15,19]. For

individual MIPs, the mean number of copies per cell is

about 50 with extremes ranging from 1 to about 10,000

[14,20,21]. Estimates based on analyses of human EBV

lymphoblastoid cell lines suggest that the five most

abundant MIPs already ‘fill’ 6% of the HLA class I

molecules, the top 50 fill 27%, the top 300 fill 59%,

and the top 1000 fill 83% [14]. MHC allotypes display

more or less stringent peptide binding motifs and on

average, each MHC class I allotype presents more than

1000 different MIPs, although the size of the peptide

repertoire is widely variable across allotypes [22]. Further
Current Opinion in Immunology 2015, 34:1–8 
development of quantitative large-scale MS could allow

the estimation of a diversity index for each particular

SMII. In analogy to ecological sciences, the ‘SMII diver-

sity index’ would represent a quantitative measure that

reflects how many different MIPs compose the SMII of a

given cell under specific conditions, and simultaneously

take into account how evenly the number of copies per

MIP are distributed.

Limited overlap between the proteome and the

immunopeptidome

There is only a modest correlation between the amounts

of MIPs and the relative abundance of their source

protein: some MIPs derive from low abundance proteins

whereas some highly abundant proteins do not generate

MIPs [14,19,23–25]. Two related factors explain why the

immunopeptidome is not a mirror of the proteome. First,

the SMII preferentially derives from RDPs whereas the

most abundant proteins in the proteome have a long half-

life [26]. Although long-lived proteins contribute to the
www.sciencedirect.com
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SMII, their representation in the SMII is significantly

lower than their relative proportions in the proteome.

Indeed, each protein consists of two subpopulations:

proteins that achieve a native conformation and are

degraded at protein-specific rate, and DRiPs with a

shorter half-life [27]. Irrespective of whether their native

form has a long or short half-life, DRiPs are included in

the SMII. Accordingly, by determining the relative rates

of synthesis of MIPs and of their source proteins using

large-scale stable isotope labeling by amino acids in cell

culture, Admon’s group concluded that a significant por-

tion of the SMII is derived from DRiPs [13].

Second, different proteins have different DRiP rates.

Though many processes may lead to DRiP formation,

the relative importance of these processes as well as the

physical nature of DRiPs remain ill-defined. In practice,

various putative mechanisms of DRiP formation have

been identified: nonsense-mediated decay of mRNAs

carrying premature termination codons [28], and destabili-

zation of mRNAs by miRNAs [29�] or shRNAs [30]. How-

ever, the relative impact of these processes on MIP

generation could depend on the cell type or metabolic state,

and have yet to be assessed in large-scale experiments.

Numerous factors enhance the complexity of
the SMII
Cell lineage and metabolic state

Large-scale peptidomic studies have shown that the SMII

is complex and plastic. Different tissues/cell types display

different MIP repertoires [31,32]. Out of 614 MIPs

detected on a mouse pancreatic b cell line, 314 (51%)

were absent on thymocytes and splenocytes; treatment of

b cells with interferon gamma (IFNg) increased the

number of MIPs to 883, of which 321 (36%) were absent

on thymic and spleen cells [20]. Likewise, 40% of MIPs

eluted from freshly harvested C57BL/6 thymocytes were

absent on C57BL/6 dendritic cells (DCs) [31]. Adamo-

poulou et al. analyzed two populations of thymocyte-

depleted thymic cells obtained from children undergoing

corrective cardiac surgery: CD11c+ DCs and CD11c– cells

(a mixture of epithelial and lymphomyeloid cells) [32].

Strikingly, 83% of MIPs were unique to CD11c+ or

CD11c– cells. In B lymphocytes, the MIP-coding exome

is enriched in genes implicated in immunoglobulin pro-

duction [29�]; in LPS-treated myeloid DCs, it is enriched

in genes involved in myeloid differentiation, antigen (Ag)

processing and Toll-like receptor signaling [31]. Hence,

the MIP repertoire conceals a cell-type-specific signature,

which is closely linked to cell function.

Treatment with a selective mTORC1 inhibitor (rapamy-

cin) led to significant changes in the abundance (2–15-

fold) of 53% of MIPs present on EL4 cells [33]. Differ-

entially expressed MIPs resulted from events at the

transcriptional, translational and post-translational level,

and derived from proteins tightly connected to the
www.sciencedirect.com 
mTORC1 signaling pathway [33]. Notably, six MIPs

detected on rapamycin-treated cells were ‘neo-MIPs’,

absent on untreated cells. Immunization against two of

these neo-MIPs elicited cytotoxic T cell responses. This

suggests that cells can communicate their metabolic

status to the adaptive immune system and that CD8T

cells are reactive to neo-MIPs expressed on metabolically

stressed cells. Altogether, these studies demonstrate that

the SMII projects at the cell surface a representation of

biochemical networks and metabolic events regulated at

multiple levels inside the cell [33].

Inflammation, infection and drugs

Inflammation and infection have cell-extrinsic and cell-

intrinsic effects on the SMII. The inflammatory environ-

ment causes ER stress, largely via protein oxidation and

deprivation of oxygen and nutrients. In turn, ER stress

impinges on the SMII by decreasing protein synthesis

and increasing protein degradation [33,34]. ER stress is

linked to autophagy, and degradation of self proteins by

autophagy generates MHC II-associated peptides [35].

Although autophagy has been reported to enhance the

presentation of viral MIPs [36], it is unclear whether it can

also contribute to the presentation of self MIPs. Cytokines

in the inflammatory milieu can affect MIP generation.

Thus, out of 883 MIPs detected in pancreatic b cells

treated in vitro with IFNg, 55% were absent on untreated

cells [20]. The appearance of numerous MIPs after IFNg

treatment is probably due to the upregulation of molecules

involved in MHC Ag processing, including immunopro-

teasomes. Indeed, immunoproteasomes significantly

increase MIP abundance and diversity [31,37]. Other

inflammatory cytokines most likely affect the SMII but

their effect has yet to be assessed at the systems-level [38].

Viruses can affect the MHC Ag presentation pathway per
se [39], and also have pleiotropic effects on synthesis and

degradation of host proteins, two key processes that mold

the SMII [33]. Hence, aside from expression of viral

MIPs, infection leads to drastic changes in the profile

of self MIPs expressed at the cell surface [40,41]. Wahl

et al. observed that influenza-infected cells expressed

20 neo self MIPs (absent in uninfected cells) and over-

expressed 347 other self MIPs [41]. Viral infections are

frequently associated with autoimmune diseases, but the

mechanistic underpinnings of this association remain

controversial. An important unanswered question is

whether virus-induced changes in the SMII are mechan-

istically linked to autoimmunity.

Finally, drugs can dramatically modify the SMII. Abaca-

vir and carbamazepine can bind to the MIP-binding

groove of specific HLA-B molecules (e.g., HLA-

B*57:01 and HLA-B*15:02), thereby altering their MIP

repertoire and triggering autoimmune-like reactions

(reviewed in [42]). A totally different mechanism is

involved in the case of drugs such as aminoglycosides.
Current Opinion in Immunology 2015, 34:1–8
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Indeed, aminoglycosides such as gentamicin induce stop

codon read-through at a level sufficient to generate

immunogenic MIPs derived from 30 untranslated regions

[25].

The dark matter in the immunopeptidome —
the hidden side of self
The complexity of the SMII is spelled in words that go

beyond a 20-amino acids alphabet encoded in the germ-

line and restricted to canonical reading frames [43]. It is of

utmost importance to understand that classically, peptide

identification by MS is based on search algorithms that
Figure 2
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compare observed peptide fragments with a reference

database such as Uniprot [44]. Thus, MS softwares search

for a match between sample peptides and the reference

proteome (encoded by canonical reading frames). Hence,

standard high-throughput MS is typically blind to a whole

universe of peptides which are not included in protein

databases (Figure 2): (i) MIPs encoded by regions contain-

ing genomic polymorphisms [minor histocompatibility Ags

(MiHAs)], (ii) MIPs derived from unconventional transla-

tional mechanisms (cryptic MIPs), (iii) MIPs bearing

somatic mutations (mutant MIPs). Therefore, MIPs of

prime interest in transplantation and cancer immunology
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cannot be detected by standard MS approaches. This

limitation can now be overcome with proteogenomic

methods that combine transcriptomic data with MS

[45,46].

MiHAs

For historical reasons, MHC-associated peptides coded

by polymorphic genomic sequences are referred to as

MiHAs [47]. MiHAs are essentially genetic polymorph-

isms viewed from a T-cell perspective. MiHA-coding

alleles can be dominant or recessive at the peptide level.

Thus, a non-synonymous single nucleotide polymorph-

ism (ns-SNP) in a MIP-coding genomic sequence will

either hinder MIP generation (recessive allele) or gen-

erate a variant MIP (dominant allele) [48]. MiHAs are

medically relevant because they elicit three types of allo-

immune response: graft rejection, graft-versus-host dis-

ease and the allogeneic graft-versus-leukemia effect,

which currently represents the most widely effective

strategy for cancer immunotherapy in humans [49]. Over

the last three decades, 35 human MiHAs encoded by

autosomes and presented by HLA class I molecules have

been discovered using arduous reductionist approaches

[47,48]. Yet, due to the lack of a suitable systems-level

approach [50], the global impact of non-MHC genomic

polymorphisms on the SMII (i.e., what proportion of

MIPs are MiHAs) remained until recently a speculative

question. We addressed this question using a combination

of next-generation sequencing and high-throughput MS

peptide identification [18��]. Whole exome and transcrip-

tome sequencing was performed on cells from two non-

twin HLA-identical siblings. Next generation sequencing

data were translated in silico to create personalized protein

databases that were used for MS sequencing of MIPs. Out

of 4468 MIPs sequenced by MS, 34 were MiHAs coded

by dominant alleles: 24 of these alleles were shared by the

two subjects and 10 were unique to one subject. The

number of unshared MiHAs is expected to be 1.8-fold

higher in unrelated (HLA-matched) subjects relative to

siblings [47,48]. The dominant importance of the MHC

genotype in molding the SMII is shown by the fact that, at

the population level, 88% of the MIP-coding exome is

invariant, and only 12% contains ns-SNPs [18��]. None-

theless, MiHAs are attractive targets for adoptive T-cell

immunotherapy of cancer, particularly hematologic can-

cers. In mouse models injection of T cells targeted to a

single MiHA can eradicate neoplastic cells without caus-

ing any graft-versus-host disease [21,51,52]. Because of

the low number of molecularly defined human MiHAs,

less than 30% of patients would be eligible for immu-

notherapy targeted to specific MiHAs [53]. Proteoge-

nomic-based MiHA discovery should now rapidly

overcome this caveat.

Cryptic MIPs

When studying the molecular bases of alloreactivity,  Shastri

et al. made a startling observation. Using a lacZ-inducible
www.sciencedirect.com 
alloreactive T cell clone as a probe, they screened a splenic

cDNA library in transiently transfected Ag-presenting cells

and isolated a cDNA clone that allowed expression of the

MIP recognized by the T cell clone. The salient finding was

that this peptide derived from a non-canonical reading

frame initiated with a non-AUG start codon [54]. In a series

of elegant studies, Shastri’s group discovered that synthesis

of this peptide was initiated with a CUG codon decoded as

a leucine rather than a methionine [55��]. More recently,

studies using ribosome profiling have shown that the pro-

teome is more complex than anticipated [56]. Indeed,

ribosome profiling, an emerging technique that uses deep

sequencing to monitor in vivo translation, has revealed that

ribosomes occupy many regions of the transcriptome

thought to be noncoding, including 50 UTRs and long

noncoding RNAs [57]. These observations strongly suggest

that translation is pervasive on cytosolic transcripts outside

of conserved reading frames. Accordingly, recent studies

suggest that MIPs can arise from untranslated regions

(UTRs or introns) or from alternate translational reading

frames [43,57,58��]. In addition, seminal observations pro-

vide compelling evidence that MIPs arising from ‘untrans-

lated regions’ may derive from immature mRNAs

translated in the nucleus [6,58��,59��,60]. A few of these

so-called ‘cryptic MIPs’ were validated by MS sequencing

[25,61]. However, since most putative cryptic MIPs have

not been validated by MS, some of them must be con-

sidered with skepticism because their identification relied

primarily on methods fraught with high false discovery rates

[62,63��,64]: bioinformatic predictions (that cannot predict

key steps in MIP processing) and in vitro T-cell reactivity

assays (which are tainted by T-cell cross-reactivity). Sys-

tems-level evaluation of the landscape of cryptic MIPs is

possible but will absolutely require unbiased proteoge-

nomic studies. Ideally, this type of study would entail

transcriptome sequencing and ribosome profiling of

relevant cells followed by MS analyses in which MIP

spectra are assigned by searching the six-frame in silico
translation of transcriptomic reads. This strategy has been

successfully used for identification of proteins in non-model

species as well as higher eukaryotes [46,65,66].

Mutant MIPs

Several lines of evidence suggest that Ags expressed by

neoplastic cells are able to elicit protective anti-tumor

responses in humans and that T cells specific for these

Ags are enriched in tumor-infiltrating lymphocytes

(TILs) [67–69]. What is the nature of tumor Ags that

can elicit protective anti-tumor responses? Tumor Ags

belong to two main classes: (i) tumor-associated Ags

(TAAs) which are qualitatively normal MIPs overex-

pressed on cancer cells and (ii) tumor-specific Ags (TSAs)

which result from somatic gene mutations or transloca-

tions and are truly tumor-specific. Based on the assump-

tion that T cells recognizing the most immunogenic tumor

Ags are enriched in TILs, two groups assessed whether

melanoma TILs recognized the 175 TAAs identified to
Current Opinion in Immunology 2015, 34:1–8
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date on melanoma cells [70,71]. These comprehensive

studies led to a striking conclusion: less than 1% of

CD8 melanoma TILs recognized known TAAs. The

inescapable corollary is that 99% of CD8 TILs are specific

for unknown Ags. Since TILs recognize the most relevant

(i.e., immunogenic) tumor Ags, it can be inferred that the

most relevant tumor Ags have not been discovered yet and

are most likely TSAs rather than TAAs [63��,72,73]. It is

therefore sobering that the landscape of human TSAs

remains practically unknown and that the contribution

of MS to this field has been minimal [74,75]. A few TSAs

have been discovered one at a time, usually by laborious

screening of cDNA libraries with Ag-reactive T cells [74].

More recently, a total of ten human TSAs have been

discovered by two groups using strategies based on

whole-exome sequencing of melanoma tumor DNA from

4 subjects, MHC binding predictions, and in vitro T-cell

assays [63��,76�]. Though these landmark studies represent

a progress in the field of TSA discovery, they illustrate the

limitations inherent to strategies that do not include high-

throughput MS. First, the number of TSAs discovered (ten

in four subjects) was low considering that melanoma is the

type of cancer bearing the highest number of mutations [77].

Indeed, recent studies in patients with ovarian cancer or

cholangiosarcoma suggest that the number of TSAs that can

be discovered with this approach will be even lower in non-

melanoma tumors [78�,79�]. Second, more than 95% of TSA

candidates identified with exome sequencing and MHC-

binding predictions do not elicit T-cell responses

[63��,76�,78�], and are therefore probably false positives.

Finally, identification of TSAs based on T-cell reactivity

without validation by MS sequencing remains tentative [62].

Concluding remarks and perspectives
Recent progress in proteogenomics enables large-scale

MS sequencing of all MIPs whose source transcript can be

sequenced by RNA-seq (essentially all transcripts, in-

cluding unprocessed mRNAs). In principle, the sole

MIPs that can elude RNA-seq based proteogenomics

are those derived from non-contiguous protein sequences

via proteasome-mediated splicing. Indeed, after excision

of intervening fragments, proteasomes can create peptide

bonds between distant protein segments. Though pro-

teasomal splicing is a low efficiency process, it can gen-

erate biologically relevant MIPs including MiHAs and

TSAs [80]. Further studies are needed to determine

whether refinements in de novo MS sequencing (i.e.,

without the assistance of database search) could allow

high-throughput analysis of MIPs generated via protea-

some splicing. Lastly, quantitative aspects of the SMII

are still missing (number of copies for each individual

MIPs) [10], and need to be studied in order to assess

changes in the diversity index of the SMII under different

conditions. With this in hand, and with the collaboration

of chemists and bioinformaticians, systems immunolo-

gists can now explore a whole new universe: the dark

matter in the immunopeptidome. It is particularly urgent
Current Opinion in Immunology 2015, 34:1–8 
to qualitatively and quantitatively characterize the land-

scape of human TSAs by assessing the number of TSA

copies per cancer cell and the extent of inter-tumor and

intra-tumor heterogeneity in TSA expression.

Acknowledgements
Research performed in the authors’ labs was supported by grants from the
Canadian Institutes of Health Research (CIHR) (MOP 42384) and the
Canadian Cancer Society (grant # 701564). C.P. and P.T. hold Canada
Research Chairs in Immunobiology, and Proteomics and Bioanalytical
Spectrometry, respectively. The Institute for Research in Immunology and
Cancer is supported in part by the Canada Foundation for Innovation and the
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