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Abstract CD8" T lymphocytes screen the surface of all
cells in the body to detect pathogen infection or oncogenic
transformation. They recognize peptides derived from
cellular proteins displayed at the plasma membrane by
major histocompatibility complex (MHC) class I mole-
cules. Peptides are mostly by-products of cytosolic
proteolytic enzymes. Peptidic ligands of MHC class I
molecules are also generated in the secretory and vesicular
pathways. Features of protein substrates, of proteases and
of available MHC class I molecules for loading peptides in
these compartments shape a singular collection of ligands
that also contain different, longer, and lower affinity pep-
tides than ligands produced in the cytosol. Especially in
individuals who lack the transporters associated with
antigen processing, TAP, and in infected and tumor cells
where TAP is blocked, which thus have no supply of
peptides derived from the cytosol, MHC class I ligands
generated in the secretory and vesicular pathways con-
tribute to shaping the CD8" T lymphocyte response.
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MHC class I ligands generated in secretory
and vesicular compartments

Major histocompatibility complex (MHC) class I mole-
cules continuously sample the proteome and present
peptides at the cell surface. In this way, cytotoxic CD8" T
lymphocytes can screen the external membrane of the cell
and sense the intracellular contents. Target cell elimination
by CD8* T lymphocytes contributes to pathogen clearance
and to tumor immunosurveillance while sometimes causing
immunopathology. A good fraction of the peptides pre-
sented by MHC class I molecules result from proteolysis in
the cytosol. These peptides are transported into the endo-
plasmic reticulum (ER) by TAP transporters, where they
meet nascent MHC class I molecules [1-3].

Complex viruses such as herpes and poxviruses encode
a variety of proteins that attenuate the cellular immune
response. This results in a balance that favors both host
survival and virus dissemination to new hosts. Specifically,
these viruses target the MHC class I antigen processing
pathway [4, 5]. As a consequence, CD8" T cell responses
are attenuated, which results in less virus control and in
less severe immunopathology. TAP appears to be a sig-
nificant step for virus control, as many viral functions
target TAP molecules [6]. Some tumor cells also lose TAP
expression [7]. This limits the supply of cytosolic peptides
to the presentation pathway. Very soon after the discovery
of TAP, it was recognized that some ligands can also be
generated in TAP-deficient cells [8, 9]. In addition, it was
noticed that TAP-independent pathways of antigen pre-
sentation appear to suffice to control viral infections in vivo
in persons genetically deficient in TAP. Indeed, TAP™/~
human beings are not abnormally susceptible to viral
infections [10] and have virus-specific CD8" T lympho-
cytes [11]. In a mouse model, TAP-deficient cDs8t T
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lymphocytes induced by TAP-independent MHC class I
ligands expressed by a virus can mediate effective elimi-
nation of epitope-bearing cells [12]. Recognition by
cytotoxic CD8" T cells of ligands generated in the secre-
tory pathway has been found to be relevant for induction of
diabetes in animal models [13]. Some of these ligands
derived from self proteins are not abundantly presented in
the presence of a large pool of higher affinity cytosolic
peptides. Because of this, in tumors that have lost TAP
expression they behave as neoantigens and can contribute
to tumor control [14]. A similar phenomenon may underlie
clearance of cells infected with viruses that target TAP, as
well as virus control in human TAP patients.

MHC class I ligands generated in the secretory and
vesicular compartments have been studied by a variety of
approaches. When cytosolic supply is impaired by inhib-
iting the proteasome, plasma membrane expression of
MHC class I molecules is reduced in an allotype-specific
way [15, 16]. However, using this approach, peptides
generated by supplementary cytosolic proteases can also be
loaded onto MHC class I molecules [2]. Therefore, in an
attempt to limit the analysis to secretory and vesicular

ligands, cells and animals deficient in TAP have been used.
Plasma membrane expression of most MHC class I allo-
types is also reduced to some extent in the absence of TAP.
This is probably caused by two deficits: first, there is a
marked reduction in supply from cytosolic peptides; sec-
ond, as the number of complexes that exit the ER is
reduced, any peptide exchange at later quality control sites
[16-18] is severely impaired, limiting the chance of bind-
ing of peptides generated in the secretory and vesicular
pathways. Epitopes presented by MHC class I molecules in
TAP-deficient cells comprise at least (1) peptides generated
in the secretory and vesicular pathways and (2) peptides
that manage to find their way from the cytosol into the ER
in a TAP-independent way (Fig. 1). As discussed below,
the second group of ligands appears to be unexpectedly
abundant.

Features of parental proteins and of ligands produced

Initial peptides identified in cells lacking the TAP trans-
porters were derived from signal sequences and were
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Fig. 1 Generation of MHC class I ligands in the secretory and
vesicular compartments. Peptides generated by proteasomes and other
cytosolic proteases are transported to the ER via TAP. In cells
deficient in TAP, membrane (/@) and secretory proteins (/b) are
translocated into the ER because of their signal or transmembrane
sequences. Several putative mechanisms might allow cytosolic
proteins and peptides to gain access to secretory and vesicular
compartments: diffusion through membranes (/c); transport through
an altered ER translocon or an unidentified ER transporter (/d);
transport through an unidentified endolysosomal transporter (/e); and
autophagy (/f). Endoproteolytic antigen processing in the ER relies
on signal peptidase and other undefined endoproteases (2a). Two
proprotein convertases have been shown to process antigens in the
absence of TAP: furin, located in the trans-Golgi network (2b), and
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PC7, located in trans-Golgi network and endocytic vesicles (2b, 2c).
Cathepsins have been involved in the generation of MHC class I
ligands in endolysosomal compartments (2c). Most of the products
generated by these endoproteases require trimming by aminopepti-
dases like ERAP and by a putative carboxypeptidase in the secretory
pathway (3). The canonical binding site for MHC class I ligands is the
ER (4a). Alternatively peptides might be exchanged at quality control
sites in the Golgi (4b) or at endosomes containing MHC class I
molecules that undergo constitutive recycling (4c). Finally, MHC
class I ligands generated in the secretory and vesicular routes are
presented to CD8"' T lymphocytes (5). White arrows indicate forward
and retrograde transport of antigens across membranes, and grey
arrows indicate putative transport. Potential proteases are in lower
case
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Box 1 Features of MHC class I ligands and epitopes produced in the
absence of TAP

. Fit less well to binding motifs

. Some are slightly longer and have lower binding affinity

. Derived from membrane and secreted proteins

. Unexpectedly, many derived from cytosolic and nuclear proteins
. Variable numbers derived from signal sequences

. Profit from amino terminal trimming

. Unexpectedly, carboxy terminal trimming is very frequent

(o N e Y R N S

. Some are the exact carboxy termini of parental proteins

biochemically isolated from HLA-A2, an allotype that
preferentially selects rather hydrophobic peptides [8, 9].
Later studies concentrated on functional assays using spe-
cific CD8" T lymphocyte lines to study antigen
presentation of selected epitopes in TAP-deficient living
cells. These studies greatly contribute to identifying pro-
teases and shed light on the mechanisms involved.
Recently, the sensitivity of large-scale mass spectrometry
analyses has greatly improved and has allowed the study of
large collections of natural peptide ligands presented by
MHC class I molecules in the absence of TAP. A summary
of the features of ligands and epitopes, which are detailed
below, is found in Box 1.

Analysis of selected protein antigens and MHC class 1
epitopes

Defective ribosomal products, DRiPs, including errors in
translation and folding and the rapidly degraded fraction of
proteins, probably constitute a major source for proteaso-
mal processing [3], although not the only one [2]. Nascent
membrane proteins enter the secretory pathway en route to
vesicular organelles such as the ER, Golgi apparatus, en-
dosomes, lysosomes, plasma membrane, or on their way to
the extracellular space. Cytosolic processing of these pro-
teins by cytosolic proteasomes and auxiliary trimming
enzymes poses no problem, as their DRiPs also reach the
cytosol. Accordingly, many epitopes derived from these
proteins are presented following the classical proteasome-
and TAP-dependent pathway of antigen processing. In
addition, supplementary proteases in the vesicular com-
partments they traverse have the chance to process these
membrane proteins and provide an additional assortment of
MHC class I ligands to CD8 T lymphocytes.

Detailed analysis of individual epitopes or proteins
(reviewed in [19]) has identified a number of peptides that
are presented by MHC class I molecules independently of
TAP. These studies not only analyze the presence of a
given MHC class I ligand, but also functionally demon-
strate its presentation to specific CD8" T lymphocytes.

Many studies relate to source proteins or constructs that
either contain a signal sequence or are based on natural
type II, IIT and IV membrane proteins. Thus, they are tar-
geted for ER insertion, and it is expected that these
epitopes are generated in the secretory pathway if they are
presented in TAP-deficient cells. In some of these reports,
the proteases involved were identified. These included the
ER signal peptidase [8, 9, 20-23], the trans Golgi network
protease furin [24-26], proprotein convertase 7 located in
the trans Golgi network and vesicles, and in endocytic
vesicles [16] and endolysosomal cathepsins [26] (Fig. 1,
steps 2a, 2b, 2¢). In other reports the protease could not be
identified [27-35]. Frequently, some epitopes from a given
protein required TAP, whereas others from the same pro-
tein were presented independently of TAP [28, 29, 31]. In
some cases, the same epitope could follow both types of
pathways [30]. Finally, when natural peptides have been
extracted from cells involved in these functional assays,
trimming at both amino and carboxy termini are found
[24].

A less expected and less frequent observation was that
epitopes that were presented independently of TAP pre-
viously required some type of proteolytic processing in
the cytosol, for example by proteasomes [29, 31, 33]. In
some instances, the puzzling observation was reported
that cytosolic proteins were presented in cells lacking
TAP [30, 36-38]. Clearly, this type of peptides requires a
means to enter vesicular compartments in a TAP-inde-
pendent way (Fig. 1, steps lc, 1d, le, 1f). In one instance,
a good correlation was found between hydrophobicity and
TAP-independency, suggesting that peptides with a spe-
cific ability to traverse membranes have the chance to
enter some type of vesicles and bind to MHC class I
molecules [31, 39]. Passive diffusion, Sec61 translocon
and an unidentified transporter were proposed as mecha-
nisms [31]. It has been suggested that large amounts of
hydrophobic peptides are required in the cytosol for suf-
ficient delivery to the ER [40]. Maybe for this reason,
when large-scale analyses of ligands from TAP-deficient
cells have been performed, or when pathogen-derived
epitopes have been defined in TAP-deficient infected
cells, such a clear trend towards hydrophobicity or
towards another particular biochemical feature of the
ligands has not been found. This may reflect a major
contribution to the pool of TAP-independent ligands of
peptides actually generated in the vesicular compartments
after the parental proteins have reached them. Alterna-
tively, it may reflect the existence of a substitute peptide
transporter that performs functions related to those of
TAP and that has a relaxed specificity, accommodating
peptides with diverse biochemical properties. TAPL at the
lysosomal membrane has recently been put forward as a
candidate [41].
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Large-scale analyses of MHC class I ligand repertoires

Large-scale proteomic analysis of natural peptides isolated
from cells offers an unbiased identification of MHC class I
ligands generated in the secretory pathway of TAP-defi-
cient cells. Ligands from three classical MHC class I
molecules, K¢, HLA-A2 and HLA-B51, and from one class
I-like molecule, Qa—lb, were recently analyzed [42-44].
Unexpectedly, no common picture emerges from these
reports.

A first consistent observation is that TAP-independent
ligands do not conform well to binding motifs deduced
from large-scale analysis of cytosolic ligand repertoires.

A second finding concerns peptide length. Peptides one
or two amino acids longer than canonical optimal 8mers or
9mers are frequently found. Exceptionally, several residue
longer ligands are also detected. When binding is analyzed,
longer peptides frequently have lower affinities. This does
not mean that they are less physiologically relevant, as
such weak peptides generated in the secretory pathway
from insulin can trigger pancreatic f-cell destruction in
diabetic patients [22].

A third expected observation is that epitopes derived
from luminal or transmembrane portions of parental pro-
teins are found (Fig. 2). This source of epitopes is expected
to be most easily accessible to vesicular proteases, which
could process nascent or mature proteins. These ligands
represent from 10 to 70% of all TAP-independent ligands
for the different allotypes (10% for Qa-1°, 20% for K,
40% for HLA-B51, 70% for HLA-A2) (Fig. 2a). It is
unclear why this fraction is so variable. It is also note-
worthy that, with the exception of HLA-A2 ligands, the
fraction of luminal or transmembrane ligands is not far
from the estimated 25% of source proteins that cotransla-
tionally enter the ER of mammalian cells.

A fourth consistent finding is that, conversely, a var-
iable but high fraction of ligands is unexpectedly derived
from cytosolic, nuclear or mitochondrial proteins, or
from the cytosolic domains of membrane proteins
(Fig. 2a, b). This source of epitopes would not have
access to vesicular proteases. As with wild-type cells,
TAP-deficient cells are lysed to isolate MHC class I
ligands, either directly or after purification of MHC class
I molecules. These cells have a limited supply of pep-
tides to the ER, and thus a larger number of peptide-
receptive MHC class I molecules. During the purification
procedures, soluble peptides present in any cell com-
partment might have the chance to artificially bind to
MHC class I molecules. This has been difficult to control
up till now. Efficiency of binding may be low, but with
increasingly sensitive techniques, these peptides may turn
up in the MHC class I ligand pool in the absence of
TAP. This might be the source of peptidic ligands
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derived from cytosolic proteins and found in the absence
of TAP. Still, these peptides might indeed gain access to
vesicular compartments in the absence of TAP in living
cells, maybe by using other undefined peptide trans-
porters. Autophagy, which has recently been shown to
enhance antigen processing for MHC class I presentation,
may also be a potential mechanism for cytosolic sub-
strates to gain access independently of TAP to
compartments containing MHC class I molecules [45-
47]. Free diffusion across membranes appears more
unlikely, as most of these ligands are not hydrophobic.
Interestingly, ligands isolated from cells treated with
proteasome inhibitors were also abundantly derived from
cytosolic or nuclear parental proteins [48]. This puzzling
finding is reminiscent of peptides of cytosolic origin also
found in large-scale analyses as ligands to MHC class 11
molecules [49] and may indicate a common pathway.

Fifth, signal sequences appear as a major source for
MHC class I ligands in TAP-negative cells only in the
study involving HLA-A2 and -B51 [44]. The finding for
HLA-A?2 follows the seminal reports on TAP-independent
peptides [8, 9]. Ligands derived from signal sequences
constitute more than 80% of all luminal ligands identified
for these two allotypes. In contrast, only 20% of similar
ligands for K* and Qa-1® derive from this region (Fig. 2c).
A low proportion was also found in cells treated with
proteasome inhibitors [48]. It is unclear whether the more
recent use of higher sensitivity techniques that allow
detection of lower abundance ligands accounts for the
abundant detection of peptides not derived from signal
peptides.

The sixth observation relates to the information gained
on the potential processing proteases. Signal peptidase
cleaves on the carboxyl side of small and nonpolar resi-
dues, most frequently after alanine. HLA-A2 can
accommodate alanine at the carboxy-terminal position of
its ligands. Accordingly, signal peptidase appears to have
directly produced the carboxyl termini of 75% of all signal
sequence derived HLA-A2 ligands. The remaining 25%
HLA-A2 ligands needed subsequent carboxy terminal
trimming. For the other three MHC class I alleles, which do
not share this carboxy terminal anchor motif, surprisingly
all signal sequence-derived ligands had been trimmed at
the carboxy terminus. On the other hand, as expected,
almost all signal sequence-derived peptides showed evi-
dence of amino-terminal trimming (Fig. 2c). On average,
TAP-independent MHC class I ligands are located in the
middle of the signal peptides, with HLA-A2 ligands con-
centrated on the carboxy terminus of the signal peptides
and ligands for the remaining allotypes closer to the amino
terminus.

Finally, it is noteworthy that a few peptides are found
that constitute the exact carboxy-terminus of the parental
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Fig. 2 Features of MHC class I ligands generated in the secretory
and vesicular pathways and identified in large-scale proteomic
analyses. a For the four different MHC class I allotypes indicated,
the fraction of ligands derived from luminal and transmembrane
regions of parental proteins is depicted in dark grey, while light grey
represents the fraction of ligands derived from non-vesicular proteins
(cytosolic, nuclear, mitochondrial). b Global analysis of the luminal
and non-vesicular ligands shown in a. Among luminal ligands, 90%
are derived from secretory and type I membrane proteins, while 10%
are derived from type II, III or IV membrane proteins. ¢ Depending on
the MHC class I allotype, signal sequence-derived ligands account for
20 to 90% of the secretory and type I ligands (20% for K®, 25% for
Qa—lb, 80% for HLA-B51 and 90% for HLA-A2). Within signal

proteins (Fig. 2d). This was already detected a decade ago
in living cells with functional assays [34], although the
endopeptidase involved has not been identified yet. In
comparison, one ligand is derived from the exact amino-
terminus of the parental protein, and two ligands are
derived from the exact amino-terminus of the mature pro-
tein after the signal sequence has been removed (Fig. 2c).

Proteases that generate the ligands

The classical pathway of antigen processing generates
peptides in the cytosol that are derived from newly syn-
thesized proteins and from protein turnover. The cytosol is
a very degradative compartment, having endoproteases that
produce internal cleavages, such as the proteasome, exo-
peptidases that operate from either terminus and
dipeptidases that deal with dipeptides [50]. If no special
sequence features preclude it, the final products are amino
acids. A sample of intermediate products of degradation is
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peptides, signal peptidase generates the exact carboxy terminus of the
ligands in almost half of the cases (all 15 of them presented by HLA-
A2), whereas carboxy terminal trimming is required for the other half
(presented by all four allotypes). In all cases amino terminal trimming
is necessary. Ligands derived from luminal regions of the proteins
other than the signal sequence also require amino terminal trimming
except in two cases in which signal peptidase generates the exact
amino terminus of the ligand. Dotted lines represent signal peptidase
cleavage, and scissors indicate exopeptidase trimming. d The local-
ization of ligands derived from type II, III or IV transmembrane
proteins is shown. They frequently constitute the exact carboxy
terminus of the parental protein. Original data from [42-44]

rescued by transport to the ER by TAP transporters [2]
(Fig. 1). Proteins that reach the lysosomes are also heavily
exposed to a different set of degradative proteases that
operate at lower pH. In contrast to the cytosol and to
lysosomes, other vesicular compartments and the secretory
pathway are clearly less degradative.

The fact that the cytosol and the endolysosomal com-
partment are better equipped for protein degradation
correlates with the fact that these are the major sites for
generation of peptides for presentation by MHC class I and
class II molecules, respectively. However, for a growing
number of MHC class I epitopes, the action of the pro-
teasome is mainly destructive rather than productive as the
efficiency of presentation increases in the presence of
inhibitors of the proteasome [51-55]. It is probable that
still many other potential epitopes are never presented
because they are completely wiped out. Exopeptidases
further cleave the peptides, usually to amino acids. Not
surprisingly, while some precursor peptides profit from a
mild exposure to them in vitro, longer incubation times
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usually lead to cleavage within the epitopes [56]. Peptides
produced at lysosomes and presented by MHC class 11
molecules to CD4™ helper T lymphocytes also occasionally
show this behavior [57].

In contrast, the secretory pathway is a less degradative
environment. This has advantages and disadvantages.
Peptides that are generated here are expected to be longer,
less diverse and more stable, maybe accumulating to higher
quantities. Although perhaps not many optimal epitopes are
produced or correctly trimmed in these regions, these
characteristics can add up and give them a good chance to
bind to MHC class I molecules.

Endoproteases

Proteases in the secretory and vesicular compartments
mostly belong to two categories, maturing and degradative
proteases. Maturing proteases are involved in performing
selective cleavages on selected substrates, often involving
their maturation or activation. Signal peptidase, furin and
proprotein convertases belong to this sort. They have been
shown to process antigens in the absence of TAP [8, 9, 16,
20-26] (Fig. 1, steps 2a, 2b, 2¢). The former enzyme rec-
ognizes and cleaves a sequence pattern common to signal
peptides. The latter enzymes preferentially cleave at poly-
basic sites on protein substrates. This restricted cleavage
specificity may limit the diversity of epitopes they can
contribute to generating. This may be compensated, how-
ever, by a close to complete efficiency of cleavage at these
sites, permitting the generation of close to one potential
precursor peptide from each one molecule of the parental
protein. In contrast, cytosolic efficiency has been measured
to produce one MHC class I-peptide complex for each
500-5,000 viral translation products degraded [58, 59]. As
expected, however, antigen processing by these maturing
proteases liberates long peptides and thus strongly depends
on trimming peptidases working processively from either
end of the oligopeptides. In one instance where this has
been quantitated, when furin products no longer required
amino-terminal refinement, efficiency of antigen process-
ing was increased by some 20-fold. More dramatically,
when the products no longer required carboxy-terminal
trimming, efficiency of antigen presentation in living cells
was raised by over 1,000-fold [12].

It is not difficult to assume that the most abundant TAP-
independent ligands would be those generated in the ER, as
it contains trimming exopeptidases and the peptide loading
complex [60, 61]. Thus, peptide products generated in the
ER are optimally situated to intersect the classical antigen
presentation pathway. Among the endoproteases, signal
peptidase has been a frequent processing enzyme in TAP-
negative cells. Signal sequences are liberated from nascent
proteins by signal peptidase. In general, they have no

@ Springer

known function and many make their way to the ER
membrane or lumen. TAP-independent ligands derived
from signal sequences have been mostly detected in large-
scale mass spectrometric studies of peptide repertoires, but
there are also reports where the implication of signal
peptidase has been shown with functional assays in living
cells [21, 22, 62]. Signal peptidase has an additional
advantage for antigen processing among other maturing
proteases, as it generates short peptides—the signal pep-
tides—which require little subsequent trimming. A
different enzyme, signal peptide peptidase, an ER endo-
protease that cleaves transmembrane sections of proteins,
has been shown to further process one signal peptide and
favor its presentation by the classical proteasome and TAP-
dependent pathway [63]. It is interesting to speculate that
this activity might also contribute to trimming of some
signal peptides for TAP-independent presentation.
Lysosomal proteases are powerful pH-dependent deg-
radative enzymes, having little sequence selectivity and
acting on numerous substrates. These features resemble
those of the proteasome and enable them to generate most
of the ligands presented by MHC class II molecules to
CD4" T lymphocytes. Accordingly, there are also exam-
ples of the involvement of cathepsins on the generation of
MHC class I ligands from newly synthesized proteins [26].
It remains to be established whether this is a more general
fact. Potential limiting steps in obtaining ligands derived
from products of lysosomal hydrolases include availability
of additional trimming enzymes, as MHC class I affinity is
more sensitive than that of MHC class II to the presence of
residues flanking the optimal core peptide. In addition, the
balance between extensive degradation and time required
to reach suitable peptide receptive MHC class I molecules
could also severely limit the number of peptides presented.

Exoproteases
Aminopeptidases

Trimming at the amino terminus is the common observa-
tion for peptides that originate in the cytosol and are
isolated from TAP-positive cells. There are a number of
aminopeptidases in the increasingly mature compartments
along the secretory pathway. The ER of human cells con-
tains ERAP1 and ERAP2, whereas mouse cells contain the
single ortholog of ERAP1 [50]. So far, ERAPI is the only
murine aminopeptidase that has been shown to be critical
for the antigen processing pathway [61, 64]. Its absence in
genetically deficient mice leads to the production of a
greatly different repertoire of peptides [64].

Peptides generated in vesicular compartments in the
absence of TAP may also have access to ERAPs. Those
generated in the ER will profit most from it. Not
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surprisingly, a good number of TAP-independent ligands
originate from signal sequences (Fig. 2c). These sequences
are longer than most MHC class I ligands. Accordingly, all
signal sequence derived ligands identified in large-scale
proteomic analysis appear to have been trimmed at the
amino terminus (Fig. 2c¢). Trimming of these TAP-inde-
pendent ligands generated in the ER is most likely
performed by ERAPs.

Peptides generated in vesicular compartments other than
the ER may also have access to ERAPs. ERAPs are ER-
resident luminal proteins. They have been almost exclu-
sively detected in the ER. However, it is expected that, like
all luminal proteins, they may leak from the ER and be
taken back by the retrieval machinery. With limited effi-
ciency due to the small number of molecules, they thus
may have the chance to trim peptides generated in more
distal cisternae of the secretory pathway.

In addition to ERAPs, aminopeptidases abound in the
secretory pathway and in vesicular compartments. They
enter the ER as nascent proteins and then travel to their
organelle of destination or to the extracellular medium
[65]. Their activity is generally not regulated so that they
may trim peptides they find on their route. Further work on
their possible involvement in trimming of MHC class I
ligands is needed.

Carboxypeptidases

Carboxypeptidases to finely trim the carboxy terminus
of peptides would also help in sampling the vesicular
compartment by MHC class I molecules. Some carboxy-
peptidases also enter the ER as nascent proteins and, as
aminopeptidases, their enzymatic activity is not strictly
regulated. Most are secreted and perform their action in the
extracellular medium, either as digestive enzymes or pro-
cessing bioactive peptides [65]. However, contrary to what
happens with aminopeptidases, no individual carboxypep-
tidase has been implicated in antigen processing in the
vesicular pathway. Consistent with this, some secretory and
vesicular MHC class I ligands correspond to the exact
carboxy termini of proteins (Fig. 2d) [34, 42—44]. There is
an advantage for this type of peptides as it is easy to
generate them by a single amino-terminal endoproteolytic
cleavage, followed by trimming optimization. This is par-
ticularly important when cleavages are expected to result
from non-proteasomal supplemental proteases in vesicular
compartments.

In the cytosol, most carboxy termini are produced by the
endoproteolytic activity of the proteasome [66], and no role
for carboxypeptidases becomes evident in the classical TAP-
dependent antigen-processing pathway [67]. This has dis-
couraged the search for such enzymes (however, see [50] for
a discussion of the recently discovered role of thimet

oligopeptidase as cytosolic carboxypeptidase). In contrast,
however, carboxy terminal trimming does contribute to the
generation of secretory MHC class I ligands. Most evidence
indirectly comes from identification of natural peptides. For
a few natural pathogen-derived peptides, it has been shown
that trimming at both peptide ends has taken place and that
the exact optimal peptide has been generated [24]. Signal
sequence-derived peptides isolated from TAP-deficient cells
constitute a second piece of evidence. All signal sequence-
derived ligands for all studied MHC class I molecules but one
appear to have been trimmed at the carboxy terminus [42-
44] (Fig. 2c, where they are included in the set of 12 pep-
tides). The exception is HLA-A2, as it can accommodate the
carboxy terminal alanine directly provided by signal pepti-
dase cleavage (the set of 15 peptides in Fig. 2c). Assuming
that TAP-independent epitopes derive more easily from
signal peptides that are released by signal peptidase into the
ER lumen or membrane and that are not exposed to cytosolic
enzymes, this strongly implies a very frequent optimization
of secretory ligands also at the carboxy end. It remains to be
established whether this carboxy terminal trimming also
contributes to optimization of the peptide supply arriving
from the cytosol in cells expressing TAP.

Finally, it is not excluded that generation of the exact
carboxy terminus may involve endopeptidases rather than
carboxypeptidases. This would parallel the proteasome
endoproteolytic activity that generates the correct carboxy
termini of most peptides in the cytosol.

Location of peptide loading to MHC class I molecules

The ER is endowed with sophisticated machinery for
optimizing ligand length and quality, and for facilitating
peptide loading onto nascent MHC class I molecules. This
includes aminopeptidases as well as folding chaperones
and editing molecules in the peptide loading complex [60,
61]. Peptides generated in the ER, for example by signal
peptidase, can directly benefit from this machinery. How-
ever, there is indirect evidence for peptide generation in
other more distal compartments of the secretory pathway
(Fig. 1, steps 2b, 2c). Subcellular localization of the pro-
cessing proteases provides some clues. Cathepsins are
active in endolysosomal compartments [26], while furin
and protein PC7 turn fully active in the trans Golgi network
and primarily reside in this organelle, in post trans Golgi
network vesicles or in the endocytic system [16, 24-26],
but none of them can efficiently cleave substrates in the
ER. One possibility is that peptides are generated where the
enzymes are active and then travel back to the ER in suf-
ficient amounts for binding. They may use retrograde
vesicular transport anywhere from the cell surface to the
ER along the secretory pathway [68].
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Still, peptide stability provides an additional clue
suggesting the possibility of an additional peptide-load-
ing location. As the overwhelming majority of natural
peptides that have been studied, and as initially observed
by Rammensee [69], the CMV 9pp89 natural peptide can
only be isolated from cells that express the presenting
molecule LY [70]. This is explained by assuming that
peptides are degraded in the strongly degradative envi-
ronment of the cytosol if not rescued to the ER by TAP,
and even so, if they do not bind in the ER they will
eventually end up back in the cytosol after retrotranslo-
cation through the Sec61 translocon [71]. However, this
strong dependence on the presenting molecule is true
only if the cells express TAP. When this CMV 9pp89
epitope is liberated by the trans Golgi network protease
furin in a TAP-independent way, the natural peptide can
be isolated from cells that have or do not have the
appropriate MHC class I molecule [24]. Importantly,
similar amounts are found regardless of MHC presence.
This suggests that most of the peptide is not in a highly
degradative compartment. Further, it suggests that most
of the peptide is not in the ER, as it would be retro-
translocated to the cytosol. It follows that MHC class 1
molecules in TAP-deficient cells can bind this ligand
even if it may not get back to the ER.

When peptidic ligands are generated and perhaps bind to
MHC class I molecules in secretory compartments other
than the ER, they may bind to MHC class I molecules that
have suboptimally bound peptides and may exchange them
at a second quality control check point in the Golgi [17, 18,
72], where peptide loading can occur closer to where these
TAP-independent peptides are generated.

Finally, peptides generated further away from the ER in
endolysosomal compartments may benefit from MHC class
I molecules that constitutively recycle from the plasma
membrane to early endosomes and back, and that upon
entering gradually acidic environments may exchange their
ligands [73]. As for other alternative locations for peptide
loading, conclusive evidence is still lacking.

It is clear that binding can take place regardless of
whether there is a supply of optimally loaded complexes
coming from cytosolic processing, as TAP-deficient cells
that do not have this supply of optimal ligands do present
ligands generated in the vesicular compartments. Still,
although conclusive evidence is lacking, it is likely that the
availability of suboptimally loaded MHC class I molecules
increases the efficiency of presentation of vesicular and
secretory MHC class I ligands.

In summary, as the origin of protein substrates and the
accessible proteases, the availability and special properties
of MHC class I molecules for loading peptides contribute
to shaping a singular collection of ligands in secretory and
vesicular compartments.
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Perspectives

Peptides derived from cellular, abnormal or pathogen
proteins can be processed in the vesicular and secretory
pathways and result in recognition by CD8" T lympho-
cytes. These ligands are often longer and have less affinity
to MHC class I molecules than those fully generated in the
cytosol. Yet, they can contribute to virus clearance, tumor
control and induce autoimmunity. A good number of
peptides derive from proteins that mature along the secre-
tory pathway and that are thus exposed to supplemental
proteases. However, peptides that have a cytosolic origin
and yet are presented independently of TAP are a recurrent
finding. They even constitute the majority of TAP-inde-
pendent MHC class I ligands in large-scale proteomic
approaches. There is some uncertainty about whether a
significant fraction of these cytosolic peptides may result
from post-lysate binding. Yet, TAP-independent presenta-
tion of cytosolic proteins is also detected by cell biology
approaches assaying presentation to CD8' T lymphocytes
of individual epitopes. The fact that the latter examples are
less frequent might lie in their unexpectancy. The genera-
tion mechanism is difficult to envisage, and future work is
needed to clarify it. In addition, there is a need to undertake
systematic studies in living cells of antigen presentation to
CD8" T cell lines of large collections of proteins from
complex pathogens, without selecting for membrane pro-
teins, to assess the frequency and relevance of TAP-
independent antigen presentation of cytosolic proteins and
peptides, as well as from regular membrane proteins.
Further, the knowledge gained about the biochemical fea-
tures of the MHC class I ligands suggests the existence of
more players in the secretory and vesicular pathway of
antigen presentation, notably peptidases that generate the
correct carboxy terminus of the ligands, aminopeptidases
located in distal regions of the secretory route and endo-
lysosomes, and novel transport mechanisms from the
cytosol. Advances in this field should contribute to
understanding the clinical presentation of TAP-deficient
patients and help design new strategies for control of virus
infections and tumors that interfere with TAP function.
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