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bstract

Over the last 15 years, the ability of mass spectrometry to analyze complex peptide mixtures and identify individual species has provided
nprecedented insights into the repertoire of peptide antigens displayed by MHC molecules and recognized by T lymphocytes. These include:
nderstanding the peptide binding specificity of MHC molecules; understanding of roles of different intracellular components of the antigen
rocessing pathways in determining the peptide display; identification of a large number of individual peptide antigens associated with infectious

iseases, cancer, and transplant rejection that have provided the basis for new immunologically based therapies. This review will summarize the
mpact that the application of mass spectrometry has had on these advances, with particular attention to the contributions of Professor Donald Hunt
nd members of his laboratory, and point out the opportunities for future work.

2006 Published by Elsevier B.V.
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. The nature of antigen recognition by T lymphocytes

T lymphocytes are a branch of the immune system concerned
ith recognition of antigens that are displayed on the surface of
ost cells. These antigens are produced through intracellular
roteolytic mechanisms that create small peptides, which are
hen rescued and presented at the cell surface by adaptor proteins
alled MHC molecules (reviewed in refs. [1–6]). The binding
ite of each MHC molecule enables it to bind to a wide range
f different peptides, and results in the display of a repertoire of
uch antigens, each recognized by a distinct T lymphocyte. This
antigen processing and presentation” mechanism results in the
isplay of peptides derived from the proteins of pathogens that
ave infected the cell or been taken up by endocytosis. Their
ecognition by T lymphocytes results in the development of an

mmune response, and results in clearance of the pathogen and
nfected cells from the body. However, antigen processing and
resentation pathways operate constitutively on normal cellular

Abbreviations: ER, endoplasmic reticulum; TAP, transporter associated with
ntigen processing; APC, antigen presenting cell; mHAgs, minor histocompat-
bility antigens; Ii, invariant chain
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roteins as well, resulting in the display of peptide antigens that
an be distinguished on tumors and transplanted tissues. Some
f these “self-peptides” are also involved in the development of
lymphocytes in the thymus, and their recognition also controls

he balance between self-tolerance and autoimmune disease.
There are two different classes of MHC molecules, distin-

uishable by their structures, the intracellular pathways through
hich they encounter peptide antigens, and their recognition
y different kinds of T cells. The peptides presented by class
MHC molecules are typically generated from proteins that

re degraded by proteases in the cytosol. They are then trans-
orted into the lumen of the endoplasmic reticulum (ER) via the
ransporter associated with antigen processing (TAP), become
ssociated with newly synthesized MHC class I molecules, and
he complexes are trafficked to the cell surface. This pathway
perates constituitively in all host cells. The antigens presented
re recognized by CD8 T lymphocytes, which typically kill
he displaying cell or secrete cytokines such as interferon-�
r tumor necrosis factor-�, resulting in local recruitment of
ther immunological effectors. The peptides presented by class

I MHC molecules are typically generated from proteins that
re expressed at the cell surface or captured by cell surface
eceptors. They are internalized into endosomes and degraded
y endosomal proteases, after which the peptides associate with

mailto:vhe@virginia.edu
dx.doi.org/10.1016/j.ijms.2006.08.009
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ewly synthesized class II MHC molecules. This pathway usu-
lly operates only in a subset of cells called antigen presenting
ells (APC), which includes dendritic cells, macrophages, and B
ymphocytes. Peptide antigens displayed by class II molecules
n these cells are recognized by CD4 T lymphocytes, which
egulate the development of immune responses. Based on the rel-
tively promiscuous binding of MHC molecules, both of these
athways result in the display of information derived from a
arge fraction of proteins that are either made inside the cell
r internalized from the extracellular environment [7,8]. Infec-
ion or encounter with foreign extracellular agents results in the
isplay of new information derived from foreign proteins and
onsequent stimulation of immune responses.

In most individuals, molecules of each MHC class are
xpressed from three genetic loci that encode structurally simi-
ar but non-identical proteins. At the level of the human species,
ach of these loci shows tremendous genetic polymorphism,
ith as many as 400 different allelic forms having been defined

or some loci [9,10]. This creates a very large genetic pool of
tructurally distinct classes I and II MHC molecules, from which
small subset are represented in any individual human. Most of

he polymorphic differences among MHC molecules encoded
y different genes and alleles alter the structure and specificity
f the peptide-binding site. Thus, the polymorphism of MHC
olecules results in an increase in the overall information con-

ent displayed on each cell for inspection by the immune system.

. Structural characteristics of peptides displayed by
HC molecules

The first application of mass spectrometry to analysis of
HC associated peptides occurred soon after the demonstration

y Rammensee and coworkers that individual peptide antigens,
lready known to be recognized by T cells when presented by
ertain class I MHC molecules, could be extracted from whole
ells using acid and fractionated by HPLC [11,12]. They also
emonstrated that Edman degradation of the entire peptide mix-
ure showed dominant amino acids in cycles 2 and 9, and that
he amino acids found in these two cycles were dependent on
he MHC molecule from which the peptides were isolated [13].
his suggested that all of the peptides associated with a single
llelic class I MHC molecule shared a common length and that
he conserved amino acids were “anchor residues” determining
binding motif.

Using microcapillary HPLC/electrospray ionization/tandem
ass spectrometry on a triple quadrupole instrument, Hunt and

o-workers analyzed and sequenced peptides isolated from sin-
le allelic class I MHC molecules [14–16]. This data gave a
ore complete picture of these peptides than had been predicted

y Edman degradation of peptide mixtures [13]. As expected,
ll of the peptides were derived from normal cellular proteins.
bout 70–80% of class I associated peptides are 9mers, but
thers range up to 14 residues. These longer peptides can bind

ith high affinity [17], and in some cases extend outside of the
inding site [17,18]. Although more amino acid variation was
ound at anchor positions than was previously appreciated, this
ork also established the existence of sequence conservation at
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dditional positions. This was later shown to be important by
olecular modeling and direct binding studies. Overall, these

esults significantly extended the understanding of the factors
hat control the binding of peptides to class I molecules.

Mass spectrometry also was used to analyze peptides associ-
ted with class II MHC molecules. In contrast to class I MHC
olecules, the peptide-binding site of class II molecules is not

onstrained at the ends. This allows considerable heterogene-
ty in the lengths of the associated peptides, and complicates
ocalization of binding motif elements because they do not have

common phasing with respect to the peptide ends. Edman
egradation analysis provided information about a few dom-
nant peptide sequences [19]. Mass spectrometry analysis of
lass II MHC associated peptides provided a much more robust
equence database and established directly that many peptides
ccurred in nested sets with common core sequences and vari-
ble ends [20–24]. This information enabled provisional assign-
ent of motif elements. It also established that the lengths of

hese peptides were substantially larger than necessary to occupy
he peptide-binding site defined from X-ray crystallographic
tudies—such “minimal length” peptides were not significant
omponents of the extracted peptide mixture [24]. This sug-
ested that the peptide sequence initially associated with the
lass II MHC molecule was contained within a larger peptide or
rotein fragment that was subsequently trimmed by proteases.

final observation was that the peptides primarily originated
rom source proteins made by the cell itself, and usually with a
embrane or endosomal location. This was unexpected, in that

he prevailing immunological models at that time were based on
f model protein antigens added extracellularly in large quanti-
ies. Thus, this analysis suggested that class II MHC molecules
ould more readily present peptides from extracellular proteins

f they were concentrated into endosomal compartments through
eceptor-mediated uptake.

Mass spectrometry also enabled estimates of the represen-
ation of individual peptides and the complexity of the overall
epertoire. By standardizing against the ion current of known
mounts of model peptides doped into extracts, many MHC-
ssociated peptides are present at 1 copy or less per cell [14,25].
ore typically, peptides are present at 10–400 complexes per

ell [14,15,26], but a single viral peptide from cells infected with
easles virus has been found at the 100,000 copies per cell [27].
ow does this wide variation affect their ability to be recognized
y the immune system? The answer is not altogether clear. The
umber of peptide–MHC complexes required for T lymphocyte
ecognition varies from several thousand per target cell to as few
s one [25,28–33], although weak recognition of other peptides
ay contribute to the T cell activation process [34]. Some studies

ave shown a direct correlation between cell surface densities
f individual peptide antigens and the magnitude of the immune
esponse against them [35–39], but other studies have shown
xactly the opposite [25,27,40]. Higher doses of peptide anti-
en can actually reduce the magnitude of an immune response

n vivo [27,41]. Finally, there are examples of self-peptides that
ecome antigens on cancer cells [42,43], suggesting that the
mmune response may be initiated because their level of presen-
ation is altered. A more systematic examination of how antigen
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ell surface density affects the immune response is still needed.
By using off-line HPLC to achieve greater peptide separation

nd subsequent enumeration of ions in representative fractions,
arly analyses yielded an estimate of 10,000–20,000 different
eptides displayed at greater than 1 copy per cell by individual
lass I and II MHC allelic forms on B lymphoblastoid cells [14].
iven the relatively low-resolution separations employed and

he subsequent demonstration that peptides at lower copy num-
ers are also evident, this seems certain to be an underestimate.
eptide mixtures with a similar apparent degree of complexity
ave been isolated from several other cell types with somewhat
ower levels of MHC molecules. Since most fully heterozygous
ndividuals will express between 3 and 6 different class I MHC

olecules, this represents a potential display of 30,000–120,000
its of information on the surface of every cell. A similar level of
omplexity is evident for class II MHC molecules. This reper-
oire represents a status report to the immune system on protein
xpression and degradation in each cell.

. Identification of peptides recognized by specific T
ymphocytes

A major challenge for immunologists is the identification of
he small number of new peptide species that are presented by

HC molecules on cells that have become infected or trans-
ormed. When a source protein can be readily identified, the
eptide antigen can usually be determined by using overlapping
eptides spanning the sequence. These are incubated with a cell
hat expresses the appropriate MHC allele, and the correct pep-
ide will bind and create a target for T cell recognition [44]. This
pproach has been enhanced by the development of algorithms
o predict the ability of peptides to bind to individual MHC

olecules [45,46]. These algorithms have been substantially
mproved by making use of the database of naturally occur-
ing MHC-binding peptides that have been identified by mass
pectrometry [47]. However, this approach is of limited value in
dentifying peptide antigens displayed on tumor cells, or those
nfected with complex pathogens, where the source protein can-
ot be readily identified.

In principle, the ability to sequence peptides in HPLC frac-
ions that had been established to have immunological activity
hould allow direct identification of peptide antigens without
eference to the original source protein. However, even after
ultiple rounds of HPLC fractionation, these fractions still con-

ain over 100 peptides, and the active species is frequently not
mong the most dominant. A major advance was the develop-
ent, by Hunt and coworkers, of the “splitter” technique. In

he approach, the effluent from a microcapillary HPLC column
oupled to the mass spectrometer was split, allowing a high
recision correlation to be made between the elution profile of
ndividual peptides and biological activity in an antigen reconsti-
ution assay [43,48–50]. This approach has been used to identify
large number of individual peptide antigens that are presented

y class I MHC molecules and recognized by CD8 T cells. These
nclude: transplantation antigens recognized by T cells during
he course of tissue graft rejection and graft versus host disease
26,49–57]; antigens expressed on melanoma [43,58–60], lung
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arcinoma [61], colon carcinoma [62], breast and other epithe-
ial carcinomas [63], and UV-induced sarcoma [64]; antigens
erived from intracellular bacteria [65,66]; antigens recognized
uring the development of autoimmune diabetes [67]. A simi-
ar approach has enabled the identification of peptide antigens
resented by class II MHC molecules and recognized by CD4 T
ells [68]. These antigens now serve as the basis for development
f immunologically based therapies, particularly for cancer and
nfectious diseases. Several have been incorporated into clini-
al trials [69–71]. The identification of the source protein from
hich the antigen originates has also stimulated new questions

bout how the immune system is able to distinguish cancer cells
rom their normal counterparts.

. Beyond peptides: lipids and CD1 molecules

CD1 molecules are structurally similar to conventional class
MHC molecules, but do not exhibit extensive allelic polymor-
hism. Instead, there are four such molecules (CD1a, CD1b,
D1c, and CD1d), each encoded by a distinct gene [72]. Their

unction remained mysterious until it was demonstrated that they
resented lipid molecules derived from bacterial pathogens to
nusual subsets of T cells [73–76]. The structures of the pre-
ented lipids have largely been inferred from the wealth of
nformation about pathogen-based lipids, coupled with synthe-
is and confirmation. However, mass spectrometry was recently
sed to establish that the CD1a molecule presents a previously
nidentified family of lipopeptides derived from Mycobacterium
uberculosis [77]. In addition, it has also been shown that CD1

olecules present lipid antigens derived from host cells as well
s pathogens [78,79]. These provide another means to recognize
umor cells, and they also seem to mediate early activation of T
ells in situation of cell stress or inflammation. These lipid-based
ntigens remain relatively poorly characterized, despite their
otential importance: an opportunity for mass spectrometrists.

. The impact of antigen processing pathways on the
isplay of MHC associated peptides

The peptides presented by class I MHC molecules are typ-
cally generated from proteins that are degraded by proteases
n the cytosol, one of which is the proteasome. These degrada-
ion products are transported into the lumen of the ER via the
ransporter associated with antigen processing (TAP) (reviewed
n [1]). This suggests that peptide cleavage specificities of the
roteasome and transport specificities of TAP should play an
mportant role in determining which peptides are available for
inding to class I MHC molecules, and thus displayed at the
ell surface. In keeping with this idea, the quantitation of nat-
rally presented peptides using mass spectrometry established
hat their cell-surface densities were not directly correlated with
heir class I MHC binding affinities [17,80].

The identification of several human minor histocompatibility

ntigens (mHAgs) by mass spectrometry led to further insight
nto this issue. Minor histocompatibility antigens are MHC-
ssociated peptides that are derived from allelic forms of the
ame protein expressed in different individuals. During tissue



l of M

t
t
c
I
m
c
w
s
t
t
p
o
e
a
t
i
c

s
a
o
p
t
p
c
i
g
s

6
a

6
b

t
m
c
p
c
t
c
e
f
p
i
t
o
s
2
I
D
m
s
d
n

a
T
t
d

6
I

e
s
c
b
E
f
i
m
r
s
t
p
I
e
t
t
t
p
o

6
t

p
p
a
m
t
a
t
t
c
E
i
p
s
h
t
i
n
s
p
m
i

V.H. Engelhard / International Journa

ransplantation, these can be distinguished as “foreign”, leading
o graft rejection or graft-versus-host disease [11,81]. In most
ases, the allelic forms of the peptides differ by 1–2 residues.
n some cases, both peptides bind well to the relevant MHC
olecule, but the substitutions are distinguishable by T lympho-

ytes [50,52,53]. For other mHAgs, both allelic peptides bound
ell to the MHC molecule and were well recognized by the

ame T lymphocytes when added as exogenous synthetic pep-
ides [53,55,56,82]. However, mass spectrometry analysis failed
o identify the “negative” peptide at the cell surface when it was
roduced by intracellular degradation of the source protein. In
ne case this was due to the failure of the negative peptide to be
fficiently transported by TAP [55], while in another, the amino
cid substitutions in the negative peptide enhanced its destruc-
ion by the proteasome [56]. This work helped to establish the
mportance of the class I MHC antigen processing pathway in
ontrolling the display of structurally similar peptides.

Subsequently, mass spectrometry has been used to demon-
trate how variations in the structure and activity of proteasomes
nd TAP transporters affect the repertoire of peptides displayed
n cells by class I MHC molecules [83–85], and to analyze the
roducts of proteasome proteolysis in vitro [86–89]. The lat-
er efforts have led to the creation of algorithms that predict
roteasome cleavage sites [90,91]. These algorithms have been
ombined with those for class I MHC peptide binding [92], and
n some cases for TAP transport [93], to predict the peptide anti-
ens most likely to be displayed. This approach has led to the
uccessful identification of several antigens [94–96].

. Definition of antigen processing pathways for MHC
ssociated peptides

.1. Involvement of HLA-DM/H-2M in antigen presentation
y class II MHC molecules

Newly synthesized class II MHC molecules bind to pep-
ides in endosomal compartments, rather than in the endoplas-

ic reticulum. A protein called invariant chain (Ii) binds to
lass II molecules immediately after synthesis, occluding the
eptide-binding site and diverting the complex to endosomal
ompartments within the cell. The Ii molecule is degraded at
his point, allowing the class II MHC molecules to move to the
ell surface. In the early 1990s, mutant cell lines were discov-
red in which the class II MHC molecules appeared partially
olded, suggesting that there was a defect in some part of this
athway. By using mass spectrometry [97] and Edman sequenc-
ng [98], it was discovered that the peptides associated with
hese molecules were dominated by a nested set derived from
ne portion of Ii, called CLIP. Soon thereafter, several groups
howed that a molecule called HLA-DM in humans and H-
M in mice catalyzed the displacement of these remnants of
i to allow binding of other peptides [99–101], and that HLA-
M was defective in the mutant cells [102,103]. Subsequently,

ass spectrometry analysis of peptide repertoires has demon-

trated that HLA-DM/H-2M functions as a “peptide editor”,
isplacing not only CLIP peptides but poorly fitting endoge-
ous peptides [104]. A related molecule, HLA-DO/H-2O, serves
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similar function [105,106], although its specificity is distinct.
hus, mass spectrometry has played a central role in uncovering

he existence of molecules that fine-tune the peptide repertoire
isplayed by class II MHC molecules.

.2. Involvement of tapasin in antigen presentation by class
MHC molecules

Peptide binding to class I MHC molecules in the ER is nec-
ssary for them to fold stably and be expressed at the cell
urface. Several additional proteins assist in this folding pro-
ess. Of particular interest is tapasin, which is associated with
oth TAP and partially folded class I MHC molecules in the
R, and dissociates upon peptide binding. One suggested role

or tapasin is as an “editor” to augment removal of low affin-
ty peptides, analogous to that of HLA-DM for class II MHC
olecules. This hypothesis was addressed by using the high-

esolution accurate mass capabilities of Fourier Transform mass
pectrometry instrumentation, coupled with software to display
hree-dimensional peptide profiles from two samples and com-
are them [107]. The repertoire of peptides displayed by class
MHC molecules was substantially altered in cells that did not
xpress tapasin. However, the class I MHC binding affinity of
he peptides from the tapasin negative cells was actually higher
han that from the tapasin positive cells. These results suggested
hat tapasin does not function as an editor, but instead stabilizes
artially folded class I MHC molecules to accept a larger array
f peptides with a broader range of binding affinities.

.2.1. Processing and presentation of membrane proteins in
he ER and cytosol

The use of mass spectrometry to analyze MHC associated
eptides in mutant cell lines also led to the discovery of a distinct
athway of peptide generation, which has subsequently led to
dditional insights into the processing of peptides derived from
embrane associated and secreted proteins. In cell lines lacking

he TAP transporter, most class I MHC molecules are expressed
t extremely low levels, indicative of the critical role of peptide in
heir folding. The remaining class I MHC molecules present pep-
ides derived from the signal sequences domains responsible for
o-translational translocation of proteins into the lumen of the
R [51,108]. These peptides are also presented in cells express-

ng TAP [51], indicating that they are a normal component of the
eptide repertoire. Numerous antigenic peptides derived from
ignal sequences and presented in a TAP-independent manner
ave since been reported [48,109–112]. Conversely, presenta-
ion of several peptide antigens derived from signal sequences
s dependent on TAP function [113–115] and carboxyl termi-
al trimming in the cytosol [116], indicating the existence of a
till poorly characterized mechanism for retrograde transport of
eptides from the ER to the cytosol. ER proteolytic activity is pri-
arily that of aminopeptidase while carboxypeptidase activity

s limited [117]. An interesting adaptation of this pathway came

o light with the demonstration that two unusual class I MHC

olecules, HLA-E in human and Qa-1b in mice, are special-
zed to present a signal sequence derived peptide that is highly
onserved among all class I MHC molecules [113,118,119].
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his system serves as a sensor for viruses that attempt to evade
he immune response by inhibiting expression of class I MHC

olecules. Under these circumstances, the loss of HLA-E/Qa-1b
xpression renders the cells susceptible to an alternative mech-
nism of destruction mediated by NK cells.

. Identification of post-translationally modified
eptides presented by MHC molecules

The use of mass spectrometry for direct sequencing of MHC
ssociated peptides also led to the surprising observation that
any have undergone structural alteration or postranslational
odification. The first such modification was detected by Hunt

nd coworkers as asparagine deamidated to aspartic acid in
peptide antigen derived from tyrosinase [58]. In melanoma

ells expressing full-length tyrosinase, the deamidated (Asp-
ontaining) form of this peptide is presented at high copy num-
er by class I MHC molecules, while the Asn-containing form
ncoded by the gene is not detectable using either T cells or mass
pectrometry [58,120]. Subsequently, three additional deami-
ated peptide antigens from viral proteins has been reported
121–123]. In all four cases, the modified residues are Asn-
inked glycosylation sites, and it has subsequently been shown
hat deamidation is a consequence of the removal of the carbo-
ydrate by peptide-N-glycanase [124], which normally accom-
anies protein degradation [125–127].

Additional work has identified a wide range of enzymatic
odifications in peptides associated with class I and II MHC
olecules (reviewed in [128]. Among these, O-linked glycosy-

ation of Lys [129], N-linked glycosylation of Asn [124,130],
-terminal acetylation [131], methylation of Arg [130], and
hosphorylation of Ser and Thr [61,129] have all been identi-
ed through the use of mass spectrometry. Hunt and colleagues
ave also identified several peptides containing cysteine residues
hat have been altered by the attachment of another cysteine
esidue via a disulfide bond [53,132,133]. This non-enzymatic
eaction is due to disulfide exchange involving cystine, a nor-
al component of serum. Most of these modifications have been

hown to significantly affect recognition by T cells (reviewed in
128]. Thus, depending on the extent to which it occurs, and its
nfluence on antigen processing, an individual post-translational

odification may alter the repertoire of peptides displayed by
HC molecules by simply substituting one peptide for another,

reating a more diverse collection, or enhancing the processing
f a peptide sequence. Many post-translational modifications
nown to occur in proteins have yet to be identified on MHC-
ssociated peptides, and others are represented as yet only by
ingle examples. Mass spectrometry can play a central role in
stablishing the range of modifications present on these peptides,
s well as their representation in the total repertoire.

Many of the modifications so far described occur constitu-
tively (for example, N-linked glycosylation), but others (phos-
horylation, methylation) are regulated by alterations in cell

rowth/signaling inflammation, necrosis/apoptosis, or disease
134–138]. This category of modified MHC-associated peptides
s of particular interest. They may represent important antigens
isplayed on infected cells as a consequence of inflammatory
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eactions [139,140], or may create new targets for immune
ecognition of cancer cells [61,129,141,142]. They have been
hown to be involved in the development of autoimmune dis-
ases [143]. These create new possibilities for neoantigens to
e presented, and new opportunities for the development of
herapies against pathogens, transformed cells and autoimmune
iseases.

. Future directions and challenges

The direct analysis of naturally processed peptides displayed
y MHC molecules has offered several important insights into
he characteristics and origin of this repertoire. In moving for-
ard, continued improvements in mass spectrometry instrumen-

ation and bioinformatic software offer the possibility to push
o new levels of comprehensiveness and understanding. The use
f ion trap mass spectrometers, coupled with data-dependent
S/MS analysis [144] and database searching algorithms such

s SEQUEST [145], has enabled the identification of as many as
00–900 MHC-associated peptides in 1 or 2 runs (refs. [24,146],
nd unpublished work). The use of Fourier Transform instru-
entation in combination with the ion trap promises to increase

hese numbers still further. Fourier Transform instrumentation
lso enables estimation of relative abundance of different pep-
ides [24,25], providing an additional dimension of information
or use in understanding how the immune system discrimi-
ates important antigens. Combined ion-trap and Fourier trans-
orm instrumentation also makes it possible to compare the
ominant peptides in two samples, identify differences, and
equence them—a true “differential peptide display” technique
66,85,147]. This approach has been substantially enhanced
hrough the use of stable isotope labeling, enabling the iden-
ification of peptides selectively displayed by MHC molecules
n cancer and infected cells [148–152]. It promises to yield
ubstantial new information about how changes in cell status
lter the overall peptide repertoire, and to identify a large cohort
f candidate peptide antigens for vaccine and immunotherapy
evelopment.

Robust application of these new technologies requires over-
oming hurdles in other areas. A most immediate problem is
ample handling, which can result in significant losses of pep-
ide when the amount of starting material is small. Automated
ample handing, augmented by protein chip technologies, are an
mportant avenue for further development. Also, because MHC
ssociated peptides are relatively short, their fragmentation spec-
ra frequently do not allow unambiguous matches to database
equences. Melding algorithms that predict the characteristics
f MHC-associated peptides with programs such as SEQUEST
ay help to overcome this limitation. Finally, it is important to

egin to understand how changes in expression of MHC asso-
iated peptides reflect the nature of their source proteins and
heir metabolism as a function of cell status. The development
f bioinformatic tools that rapidly provide comprehensive infor-

ation about the source proteins for MHC-associated peptides is

mportant in assessing how these changes may enable effective
mmune recognition of cancer cells or underlie the development
f autoimmune disease.
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In the past 15 years, mass spectrometry has provided a wealth
f information about the antigens recognized by T lymphocytes,
lluminating fundamental immunological processes and iden-
ifying targets for therapeutic intervention in human disease.
owever, this information has led to a new round of outstand-

ng immunological questions that require more robust analytical
pproaches. Ideally, the immunological questions help to drive
he development of those technologies, and new capabilities in

ass spectrometry rekindle old questions that had been dis-
issed as too difficult. That synergy develops in environments
here both groups of scientists work to understand what the
ther has to offer. In such environments, the intersection of mass
pectrometry and immunology should continue to be fertile sci-
ntific ground for many years to come.
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