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Degradation of intracellular proteins is a constitutive physiological 
process that ensures maintenance of cellular integrity. This highly reg-
ulated process essentially occurs along two pathways: the ubiquitin-
proteasome pathway and the autophagy pathway1. The proteasome 
is a self-compartmentalizing protease that degrades proteins tagged 
for degradation by covalent binding of ubiquitin. Autophagy is the 
degradation of cellular components in the lysosomal compartment. 
Peptides derived from proteins degraded by autophagy can be pre-
sented to CD4+ T lymphocytes by MHC class II molecules2, whereas 
peptides presented to CD8+ T lymphocytes by MHC class I molecules 
mainly result from cytosolic degradation of intracellular proteins 
by the proteasome3,4. The latter is considered as the main enzyme 
responsible for producing the C terminus of antigenic peptides pre-
sented by MHC class I molecules5. However, such peptides may be 
produced as N-terminally extended precursors that may be further 
cleaved by various aminopeptidases both in the cytosol and in the 
endoplasmic reticulum6. By studying the processing of a peptide 
presented by human leukocyte antigen (HLA) class I molecules, we 
show here that a cytosolic metallopeptidase—IDE, or insulysin—has 
a critical role in the production of this peptide. IDE can produce both 
the C terminus and the N terminus of the peptide and appears to be 
involved in the degradation of the parental protein.

RESULTS
Proteasome-independent processing of a MAGE-A3 peptide
The peptide we studied is derived from MAGE-A3, a cytosolic pro-
tein expressed in human tumor cells7,8. It is presented by HLA-A1 
and recognized by antitumor CD8+ cytotoxic T lymphocytes (CTLs), 
such as CTL clone A10, which can be isolated from individuals with 

cancer8,9. This peptide, which corresponds to positions 168–176 
(EVDPIGHLY) of the MAGE-A3 protein, has been widely used to 
immunize people with melanoma in clinical trials of cancer immuno-
therapy10. To investigate the processing of this antigenic peptide, 
we examined whether recognition of tumor cells was affected by 
inhibition of the proteasome, which produces the majority of anti-
genic peptides presented to CTLs by MHC class I molecules4. We 
observed that proteasome-inhibited melanoma cells (CP50-MEL) 
were still recognized by CTL clone A10, whereas they were no 
longer recognized by CTL clone 246/15, which is directed against 
a proteasome-dependent melanoma antigen derived from Melan-A  
(ref. 11). This was observed using three different proteasome 
 inhibitors: epoxomicin (Table 1), lactacystin and Ada(Ahx)3(Leu)3- 
vinylsulfone (data not shown).

Antigenic peptides are usually produced in the cytosol and trans-
ported into the endoplasmic reticulum by a dedicated transporter 
named TAP (transporter associated with antigen processing), where 
they associate with newly synthesized MHC class I molecules. Previous 
examples of proteasome-independent antigenic peptides correspond 
to peptides derived from the signal sequence of secretory proteins. 
These peptides are produced directly in the endoplasmic reticulum 
and therefore require neither TAP nor the proteasome for their 
processing12. We observed that the inhibition of TAP prevented the 
presentation of peptide MAGE-A3168–176 to CTL A10 (Supplementary 
Fig. 1), indicating that the production of this peptide occurred in the 
cytosol. This is in line with the lack of a signal sequence and the 
cytosolic location of the MAGE-A3 protein13, and it suggests that a 
cytosolic peptidase different from the proteasome was responsible for 
the processing of the MAGE-A3168–176 peptide.
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Production of an antigenic peptide by insulin-
degrading enzyme
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Most antigenic peptides presented by major histocompatibility complex (MHC) class I molecules are produced by the proteasome. 
Here we show that a proteasome-independent peptide derived from the human tumor protein MAGE-A3 is produced directly by 
insulin-degrading enzyme (IDE), a cytosolic metallopeptidase. Cytotoxic T lymphocyte recognition of tumor cells was reduced 
after metallopeptidase inhibition or IDE silencing. Separate inhibition of the metallopeptidase and the proteasome impaired 
degradation of MAGE-A3 proteins, and simultaneous inhibition of both further stabilized MAGE-A3 proteins. These results 
suggest that MAGE-A3 proteins are degraded along two parallel pathways that involve either the proteasome or IDE and produce 
different sets of antigenic peptides presented by MHC class I molecules.
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A cytosolic metalloendopeptidase produces MAGE-A3168–176
Several other peptidases were found to have a role in the processing 
of antigenic peptides presented by class I molecules, but this role is 
 usually limited to the trimming of the N terminus of peptide pre-
cursors produced by the proteasome14,15. The proteasome is the only 
cytosolic enzyme identified so far that is able to produce the C terminus 
of antigenic peptides5. The only exception is the tripeptidyl peptidase 
II (TPPII), a cytosolic aminopeptidase with some endoproteolytic 
activity that was found to produce two proteasome-independent  
viral peptides16,17. However, the role of this enzyme in antigen 
processing was recently questioned, and its function may be limited 
to N-terminal trimming or even destruction of peptides produced 
by the proteasome18,19. We excluded a role of TPPII in the process-
ing of MAGE-A3168–176 by showing that CP50-MEL melanoma cells 
were still recognized by CTL A10 after treatment with AAF-CMK or 
butabindide, two inhibitors of this peptidase (Table 1). As expected, 
inhibitors of autophagy also failed to prevent recognition of CP50-
MEL melanoma cells by CTL A10, which is in line with the fact that 
peptides produced in the lysosomal compartment are presented by 
MHC class II molecules and not by MHC class I (Table 1).

To characterize the cytosolic peptidase responsible for the pro-
duction of the MAGE-A3168–176 peptide, we set up an in vitro assay 
using a 20-amino-acid precursor peptide containing the 9-amino-acid 
antigenic peptide (FGIELMEVDPIGHLYIFATS). We incubated the 

 precursor peptide with various subcellular fractions from Epstein-
Barr virus (EBV)-transformed B lymphocytes (EB81-EBV) and 
measured the production of the antigenic peptide by loading the 
digests onto target cells and evaluating their ability to activate the 
anti-MAGE-A3168–176 CTL clone. The antigenic peptide was detected 
after digestion of the precursor peptide with the cytosolic fraction but 
not with the nuclear fraction and not with the fraction containing 
the other subcellular organelles (Fig. 1a). The amount of antigenic 
peptide produced with the cytosolic fraction was higher than with 
the unfractionated postnuclear extract, which is consistent with an 
enrichment of the activity in the cytosolic fraction. Presence of the 
9-amino-acid antigenic peptide in the digest was confirmed by high-
performance liquid chromatography (HPLC) coupled to tandem mass 
spectrometry (MS/MS) (data not shown). To check against lysosomal 
enzyme contamination, we confirmed the absence of cathepsin B 
and cathepsin H in the cytosolic fraction (Supplementary Fig. 2). 
To exclude the involvement of the proteasome in this experimental 
setting, we either treated the cytosolic fraction with a proteasome 
inhibitor, depleted the fraction of proteasomes by immunoaffinity, or 
both, before testing its ability to produce the antigenic peptide. The 
production of the antigenic peptide was not affected by these treat-
ments (Fig. 1a). The result obtained with the proteasome-depleted 
fraction was particularly important to definitely exclude the involve-
ment of the proteasome because proteasome inhibitors do not block 
all proteasome activities and may therefore lead to erroneous inter-
pretations20. These results confirm that a cytosolic protease, distinct 
from the proteasome, produces the MAGE-A3168–176 peptide.

We repeated the in vitro digestions of the precursor peptide, 
as described above, adding inhibitors of known catalytic types of 
peptidases, such as cysteine peptidases, aspartyl peptidases, serine 
peptidases and metallopeptidases. The production of the anti-
genic peptide was completely abolished after inhibition of metallo-
peptidases with ortho-phenanthroline (Fig. 1b). To confirm the 
involvement of a metallopeptidase in the production of the anti-
genic peptide in vivo, we treated CP50-MEL melanoma cells with 
ortho-phenanthroline and evaluated their recognition by CTLs.  
A clear reduction in recognition was observed with MAGE-A3–specific  
CTL A10, whereas recognition of the same melanoma cells by CTL 
clone 246/15 directed against the proteasome-dependent Melan-A 
antigen was not affected (Table 1).

Presentation of an antigenic peptide can also be achieved by intro-
ducing a precursor peptide into target cells by electroporation21 
(Supplementary Fig. 3). In this setting also, production of the MAGE-
A3168–176 peptide was blocked by treatment of target cells with ortho-
phenanthroline before electroporation (Supplementary Fig. 3). The 
metallopeptidase family contains endopeptidases and aminopeptidases. 
Treatment with the aminopeptidase inhibitors bestatin and leucinethiol 
did not affect the production of the antigenic peptide (Supplementary 
Table 1 and Supplementary Fig. 3). In addition, a precursor peptide 
containing an amide at the C terminus and an acetyl group at the  
N terminus to prevent the action of exopeptidases was processed into 
the antigenic peptide as efficiently as the nonmodified precursor fol-
lowing electroporation. The processing was abolished by treatment of 
cells with ortho-phenanthroline (Supplementary Fig. 3). These results 
confirm that the enzyme producing antigenic peptide MAGE-A3168–176 
is an endopeptidase of the metallopeptidase family.

Production of the MAGE-A3168–176 peptide by IDE
A limited number of cytosolic metalloendopeptidases have been 
described. They include thimet oligopeptidase (TOP), IDE, nardilysin 
and eupitrilysin22–25. Nardilysin is known to cleave at the N terminus 

Table 1 CTL recognition of CP50-MEL melanoma cells treated 
with protease inhibitors

Inhibition of CTL  
clone activation 

(%)b

Inhibitora
Concentration 

(µM) Specificity
Anti- 

MAGE-A3
Anti- 

Melan-A

None   0     0
Epoxomicin 0.06 Proteasome 16   49

0.12 17   84
0.25 18   98
0.50 32   99
1.00 30   95

AAF-CMK 5 Tripeptidylpeptidase II   8 −17
25   4 −39
50 17 −14

Butabindide 10 Tripeptidylpeptidase II   5 −24
100 11 −21
200   6 −23

3-Methyladenine 500 Autophagy −1 −11
5,000   2 −21
10,000 −6 −18

Bafilomycine-A1 0.025 Autophagy −2 −12
0.1   7 −4
0.5   5 −2

Chloroquine 25 Autophagy −6 −8
100 −2 −5
250 −6 −27

ortho-phenanthroline 25 Metallopeptidases 36 −1
50 57   7
100 68   3
200 70 −4

aCP50-MEL melanoma cells were treated with the inhibitor as indicated in the Online Methods 
and tested for their ability to stimulate the CTLs. In parallel, treated cells were loaded with 
synthetic antigenic peptide (5 µg ml−1) and tested similarly to check viability and functional-
ity of the treated cells. Cell viability evaluated by trypan blue exclusion was higher than 70%. 
bProduction of IFN-γ by specific CTL clones A10 (anti-MAGE-A3168–176 presented by HLA-A1) 
and 246/15 (anti-Melan-A26–35 presented by HLA-A2) was measured by ELISA. Percentages 
of inhibition of CTL activity were defined as (1 − (((activity against treated target cells)/(activity 
against peptide-pulsed treated target cells))/((activity against untreated target cells)/(activity 
against peptide-pulsed untreated target cells)))) × 100.
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of arginine residues in dibasic pairs26—a motif absent in the MAGE-
A3 protein sequence. In addition, nardilysin is inhibited by bes-
tatin, which did not prevent production of the MAGE-A3168–176  
peptide (Supplementary Table 1)24, indicating that nardilysin is 

unlikely to be involved in MAGE-A3 peptide processing. Using size-
exclusion chromatography, we separated the cytosolic proteins and 
tested the fractions for their ability to produce the antigenic peptide 
after incubation with the 20-mer precursor peptide. A peak of activity 
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Figure 1 Characterization of the cytosolic protease producing MAGE-A3 peptide EVDPIGHLY. (a) Activation of MAGE-A3–specific CTLs by digestion 
products resulting from incubation of precursor peptide 162-FGIELMEVDPIGHLYIFATS-181 (5 µg) with detergent-treated unfractionated postnuclear 
extract or subcellular fractions of EB81-EBV cells (5 µg of proteins each). The digests obtained at the indicated time points were loaded onto EB81-EBV 
target cells and tested for recognition by MAGE-A3–specific CTL clone 12.23. The MLP fraction contains mitochondria, lysosomes, microsomes, plasma 
membranes and peroxysomes. Cytosolic fractions were untreated, depleted of proteasomes by immunoaffinity, or supplemented with lactacystin (20 µM, 
30 min before the precursor peptide) as indicated. (b–d) Activation of CTL clone A10 by CP50-EBV target cells loaded with digestion products obtained 
by incubating the precursor peptide with the cytosolic fraction of CP50-EBV cells as in a. (b) Inhibitors of cysteine peptidases (E-64, 100 µM), aspartyl 
peptidases (pepstatin-A, 5 µM), serine peptidases (AEBSF, 200 µM) and metallopeptidases (ortho-phenanthroline, 1 mM) were included in the digestion 
mixture as indicated. Inset: antigenic peptide EVDPIGHLY was incubated with the inhibitors, loaded onto target cells and tested in the same conditions as 
the digests, to exclude an effect of the inhibitors on CTL activity. (c) The cytosolic fraction from CP50-EBV cells was size-separated by gel filtration, and the 
fractions were incubated 180 min with the precursor peptide. Bottom: immunoblots of fractions using IDE- and TOP-specific antibodies. (d) The cytosolic 
fraction was depleted of IDE by immunoaffinity before incubation with the precursor peptide. Bottom: IDE immunoblot of the indicated fractions. Data are 
representative of three (a,c) or two (b,d) experiments (mean ± s.e.m. of duplicates).
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Figure 2 Production of peptide EVDPIGHLY by recombinant IDE  
in vitro. (a) Activation of CTL clone A10 by digestion products resulting 
from incubation of precursor peptide FGIELMEVDPIGHLYIFATS 
with recombinant human IDE. The digests obtained at the indicated 
time points were loaded onto CP50-EBV target cells and tested 
for recognition by CTL clone A10. (b) Peptide fragments detected 
by HPLC-MS analysis of a digest obtained as in a after 60 min of 
incubation (85% of the precursor peptide degraded). Top: horizontal 
lines indicate peptide fragments; thickness indicates the abundance 
of the fragment. Numbers above the lines indicate MS estimates 
of the amount of each fragment in arbitrary units. Arrows indicate 
cleavage sites. The sequence of the antigenic peptide is written 
in bold. A similar pattern was observed at various digestion times. 
Bottom: reconstructed ion current (RIC) chromatograms for the 
HPLC-MS analysis of the same digest. The digest was separated by 
HPLC and analyzed on-line by MS. The amount of peptide fragments 
was estimated by integrating the area of the relevant peaks on 
chromatograms plotting the current measured for ions with relevant 
m/z. Fragments with a methionine were estimated by summing the 
signals of ions with an oxidized methionine (m) and those of ions with 
a non-oxidized methionine (M). The ordinate is normalized to the 
most abundant peptide fragment (FGIELMEVDPIGHLY). (c) Detection 
of the antigenic peptide by HPLC-MS/MS in the same digest as in b. 
The fragments detected by MS/MS are indicated above the peptide 
sequence for N-terminal b-H2O ions and below the sequence for  
C-terminal y ions. Top: RIC chromatogram for the HPLC-MS/MS 
analysis of the digest. The chromatogram was obtained by plotting the 
current measured for ions with m/z 536 and 489 obtained after MS/MS 
analysis of ion with m/z 521.8, which corresponds to the doubly charged 
ion of EVDPIGHLY. These two ions are the most abundant ions obtained 
after fragmentation of the synthetic antigenic peptide, as shown in 
the bottom panel. AU, arbitrary units. Middle: fragmentation spectrum 
of the doubly charged ion with m/z 521.82+ detected in the digest 
between retention times 8.5 and 9.1 min. Bottom: fragmentation spectrum of the synthetic antigenic peptide EVDPIGHLY. Ion with m/z 5132+ is the 
dehydrated derivative of precursor ion with m/z 521.82+. Data are representative of three experiments (mean ± s.e.m. of duplicates).
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was detected in fractions containing proteins of about 230 kDa (Fig. 1c).  
As assayed by immunoblotting, these fractions contained IDE but 
not TOP, which was found in fractions of lower molecular weight, 
as expected (Fig. 1c). The involvement of TOP was also excluded by 
the lack of inhibitory effect of phosphoramidon or Cpp-AAF-pAB on 
presentation of the antigen by melanoma cells or precursor peptide–
electroporated cells (Supplementary Table 1 and Supplementary 
Fig. 3), and because treatment of the cytosolic fraction with Cpp-
AAF-pAB failed to prevent the production of the antigenic peptide 
(Supplementary Table 2)22,27. Although the size of IDE observed by 
western blot is around 115 kDa, we detected IDE, as well as the activity 
producing the MAGE-A3 peptide, in fractions containing proteins of 
100 to 400 kDa, indicating that native IDE exists as a mixture of oli-
gomers, as already reported28,29. These results suggested that IDE was 
responsible for the production of the antigenic peptide by the cytosolic 
fraction. This was confirmed by the observation that immunodepletion 
of IDE from the cytosolic fraction abolished the capacity to produce 
the antigenic peptide (Fig. 1d).

IDE is a ubiquitous zinc metalloendopeptidase that is also called 
insulysin, insulinase and insuline protease. It belongs to the inver-
zincin family, which is also called the M16 family in the MEROPS 
database23,30. IDE was initially described for its ability to degrade 
insulin; however, its ubiquitous expression, its predominant cytosolic 
location and its high degree of conservation through evolution suggest 
that its main function might be different from insulin degradation.

To directly assess the ability of IDE to produce the antigenic pep-
tide, we incubated the precursor peptide with recombinant human 
IDE (rhIDE, more than 95% purity) and measured the production 
of the antigenic peptide using CTL A10. The digests were strongly 
recognized by CTL A10, indicating that rhIDE was able to produce the 
antigenic peptide in vitro (Fig. 2a). rhIDE digestions of the precursor 
peptide in the presence of different inhibitors resulted in an inhibition  
profile identical to that obtained with the cytosolic fraction— 
that is, the production of the antigenic peptide was sensitive to ortho-
phenanthroline and N-ethylmaleimide and resistant to phosphoramidon  

and Cpp-AAF-pAB (Supplementary Table 2). We also analyzed the 
digests by HPLC-MS and identified the fragments produced (Fig. 2b). 
The stronger cleavage occurred at the C terminus of the antigenic pep-
tide, as indicated by the abundance of fragment FGIELMEVDPIGHLY. 
The final antigenic peptide EVDPIGHLY was clearly detected in the 
digest (Fig. 2c), indicating that rhIDE was able to produce not only 
the C terminus but also the N terminus of the antigenic peptide. These 
results suggest that IDE might also produce the final antigenic peptide 
in cells—a notion in line with the failure of leucinethiol, an inhibitor 
of trimming aminopeptidases including ERAP, to block presentation 
of the antigen by tumor cells (Supplementary Table 1).

To confirm the involvement of IDE in the production of peptide  
MAGE-A3 by tumor cells, we used RNA interference to reduce 
 expression of IDE in tumor cells. We electroporated IDE-specific 
RNAi into HLA-A1+ tumor cells that do not express MAGE-A3. Three 
days later, at the time of lowest IDE expression, we infected the electro-
porated cells with a recombinant vaccinia virus encoding MAGE-A3, 
and we tested the cells for recognition by CTL A10 in a lysis assay. We 
observed a clear reduction in CTL recognition of IDE RNAi–treated 
cells compared to control RNAi–treated cells (Fig. 3a). A parallel 
reduction of IDE protein expression was observed by immunoblot 
in IDE RNAi–treated cells (Fig. 3b). The remaining CTL recognition 
of IDE RNAi–transfected cells resulted presumably from residual 
IDE expression, as it was further reduced by ortho-phenanthroline  
treatment but not by epoxomicin. These results confirm the role of 
IDE in the production of MAGE-A3168–176 in tumor cells.

IDE is involved in MAGE-A3 protein turnover
The MAGE-A3 protein comprises other antigenic peptides, and the 
processing of at least one of them, MAGE-A3114–122 presented by 
HLA-B40, depends on the proteasome31. Metallopeptidase inhibition 
did not prevent presentation of this peptide by CP50-MEL melanoma 
cells, as opposed to proteasome inhibition, which indicates that IDE is 
not involved in the processing of MAGE-A3114–122 (Supplementary 
Fig. 4). The involvement of two distinct proteases in the production 
of two antigenic peptides from the MAGE-A3 protein suggests that 
both proteases have a role in the breakdown of this protein. Their 
roles could be sequential (one protease acting on the products of the 
other) or parallel (each protease being involved in the degradation of 
a fraction of the MAGE-A3 proteins). To distinguish between these 
possibilities, we studied the degradation of the MAGE-A3 protein in 
CP50-MEL melanoma cells treated with epoxomicin (to block the 
proteasome) or with ortho-phenanthroline (to block IDE) (Fig. 4). 
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epoxomicin (1.5 µM) and ortho-phenanthroline (1 mM) as indicated, 
washed and incubated for the indicated time. MAGE-A3 signals were 
corrected based on the loading controls (α-tubulin, β-actin and IDE) and 
expressed in % relative to the untreated condition. Data are representative 
of seven experiments, four of which included Melan-A and p21 (controls).
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MAGE-A3 protein degradation was already clear 8 h after blocking 
protein synthesis with cycloheximide and was complete after 16 h. 
It was partly prevented by the addition of epoxomicin but also by 
the addition of ortho-phenanthroline. In contrast, the degradation of 
melanocytic protein Melan-A, and that of p21, a known proteasome 
substrate, were prevented by epoxomicin but not by ortho-phenan-
throline. These results confirmed the role of a metallopeptidase, most 
likely IDE, in MAGE-A3 protein degradation. Moreover, an additive 
effect was observed when epoxomicin and ortho-phenanthroline were 
added together, resulting in complete protection of MAGE-A3 from 
degradation. Identical results were obtained using another melanoma 
cell line: CP64-MEL (Supplementary Fig. 5).

Because ortho-phenanthroline blocks not only IDE but also 
other metallopeptidases, we evaluated MAGE-A3 protein turn-
over in IDE RNAi–silenced human embryonic kidney (HEK) 293 
cells. Although IDE silencing was not optimal in these cells, the  
MAGE-A3 protein was partly protected from degradation, which 
is in line with the notion that the effect of ortho-phenanthroline  
in the above experiments was due to IDE inhibition (Fig. 5).  
Problems with cell viability prevented us from testing protea-
some inhibitors in combination with IDE RNAi. However, these 
results indicate that IDE and the proteasome can act in two parallel  
pathways for degradation of the MAGE-A3 protein.

DISCUSSION
Although IDE was initially described for its ability to degrade insulin, 
its actual involvement in insulin turnover is debated, mostly because 
of its predominant cytosolic location32. It was suggested that IDE 
might be part of a second cytosolic protein breakdown pathway, 
with preference for substrates that are not efficiently targeted to or 
degraded by the proteasome33. Several IDE substrates were described, 
including glucagon, atrial natriuretic peptide, transforming growth 
factor-α, amyloid-β peptide and oxidized proteins23,34–36. The obser-
vation that IDE can degrade amyloid-β peptide stimulated numer-
ous studies looking for a potential link between IDE activity and 
Alzheimer’s disease. Genetic studies implicate the IDE locus in sus-
ceptibility to both Alzheimer’s disease and type 2 diabetes mellitus37. 
Accordingly, IDE-deficient mice show accumulation of amyloid-β 
protein, hyperinsulinemia and glucose intolerance38.

Structural studies have indicated that the IDE catalytic site accom-
modates substrates of relatively small size within a pocket that shifts 
from an open conformation, to allow for substrate entry, to a closed 
conformation required for optimal catalysis39. However, large oxidized 
proteins are degraded by IDE, suggesting that the basal activity of the 
IDE catalytic pocket in the open conformation suffices to degrade such 
substrates35,36. Whether the full-length MAGE-A3 protein is directly 
taken up by IDE or whether other enzymes are involved remains to 
be established.

The cleavage specificity of IDE is poorly defined, and known 
substrates are diverse in sequence and structure. Structural studies 
of IDE-substrate complexes suggest that positively charged residues 
at the C terminus of the substrate prevent its interaction with IDE39. 

These studies also showed that substrates bound in the catalytic 
pocket of IDE locally adopt a β-sheet secondary structure39. A com-
mon feature of many IDE substrates is a tendency to form amyloid 
fibrils, and IDE was therefore suggested to act in the degradation of 
amyloidogenic proteins, possibly by recognizing secondary struc-
tures enriched in β-sheets40. A function of IDE might be to protect 
the cell from aggregation of such substrates in amyloid deposits. 
Because the structure of MAGE-A3 has not been solved, it is dif-
ficult to determine whether such features apply to MAGE-A3.

Our data implicate IDE in the production of antigenic pep-
tides, exemplified by the MAGE-A3 peptide presented by HLA-A1.  
A fraction of the MAGE-A3 proteins is probably degraded by the 
proteasome, resulting in the production of one set of antigenic 
peptides, and another fraction is degraded by IDE, contributing 
to a second set of antigenic peptides. Inhibitors of autophagy, 
the other main pathway for degradation of intracellular proteins, 
did not block MAGE-A3 protein degradation or presentation 
of MAGE-A3168–176. Notably, IDE was able to produce both the  
C terminus and the N terminus of this antigenic peptide, which 
therefore does not need N-terminal trimming. Whether IDE  
produces many other antigenic peptides and contributes signifi-
cantly to the class I peptide repertoire remains to be established.

Besides the proteasome, the only protease found able to produce 
the C terminus of an antigenic peptide is TPPII, which was shown to 
produce two viral peptides16,17. These results initiated large efforts to 
study the role of TPPII in antigen processing. Although no further evi-
dence for a role of TPPII in C-terminal processing has emerged, TPPII 
was found to contribute to N-terminal trimming of N-extended pep-
tide precursors18,41. Such extended precursors can be produced by the 
proteasome and need to be trimmed to achieve their final length. This 
trimming may occur in the endoplasmic reticulum through the action 
of dedicated aminopeptidases called ERAP1 and ERAP2 (refs. 6,14,15).  
Trimming in the endoplasmic reticulum is thought to allow the pres-
entation of certain peptides, such as those with a proline in position 2, 
which are more efficiently transported by TAP as N-extended precursors 
than in their final size. In other cases, the N-extended precursor may 
be trimmed in the cytosol by apparently redundant aminopeptidases 
including TPPII, leucine aminopeptidase, bleomycin hydrolase and 
puromycin-sensitive aminopeptidase6. Free peptides are potentially 
harmful within the cytosol; they have a very short half-life, most of them 
being rapidly cleaved by a number of cytosolic peptidases, including to 
a certain extent some of those mentioned above6. A major peptidase 
involved in peptide destruction is TOP—one of the few other cytosolic 
metallopeptidases. Reducing TOP expression with siRNA was found to 
enhance presentation of antigenic peptides42. Cytosolic destruction of 
antigenic peptides therefore competes with their production and con-
tributes to the generally low efficiency of class I antigen processing.

In conclusion, this report describes a new role for IDE in the produc-
tion of antigenic peptides presented by MHC class I molecules. Our 
data also suggest a new substrate for IDE and point to a role for IDE in 
degrading some intracellular proteins, indicating the presence, besides 
the proteasome, of a second nonlysosomal pathway for degradation of 
intracellular proteins, with IDE as the responsible protease. This path-
way may be particularly suited to degradation of proteins that are poor 
proteasome substrates and/or tend to form aggregates or amyloid depos-
its. Degradation of intracellular proteins by IDE would occur along a 
pathway parallel to that of the proteasome. Because of their different 
specificity, IDE and the proteasome would produce a different set of 
peptides, which together contribute to the large diversity of peptides 
displayed at the cell surface by MHC class I molecules for scrutiny by 
CD8 T lymphocytes.

IDE

MAGE-A3

α-tubulin

Cycloheximide ++– –

siRNA ctrl siRNA IDEFigure 5 IDE silencing reduces MAGE-A3 
protein degradation. Immunoblot analysis  
of MAGE-A3 and IDE expression in HEK 
293 cells stably expressing MAGE-A3  
and transfected with IDE-specific or  
control siRNA. Protein expression was 
analyzed 16 h after cycloheximide 
treatment (100 µg ml−1) for 1 h to inhibit protein synthesis. Loading 
control: α-tubulin. Data are representative of two experiments.
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METHODS
Methods and any associated references are available in the online version 
of the paper at http://www.nature.com/natureimmunology/.

Note: Supplementary information is available on the Nature Immunology website.
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ONLINE METHODS
Cellular reagents and cell culture. Melanoma cell line CP50-MEL and EBV-
transformed B cell line CP50-EBV were obtained from HLA-A1 melanoma 
patient CP50. EBV-transformed B cell line EB81-EBV was obtained from HLA-A1  
melanoma patient EB81. All human samples were obtained from patients 
who provided informed consent, and the experiments were approved by the 
Commission d’Ethique biomédicale hospitalo-facultaire of the Université 
catholique de Louvain. These cell lines were grown in Iscove’s medium 
(Invitrogen) supplemented with 10% (vol/vol) FCS (Hyclone), amino 
acids and antibiotics. Colon carcinoma cell line HT-29 was obtained from  
ATCC and was grown in DMEM (Invitrogen) supplemented as above.  
MAGE-A3168–176–specific CTL clone LB1965-659/12.23, which was used in 
Figure 1a, was isolated as described10. In all the other experiments, we used the 
MAGE-A3168–176–specific CTL clone LAU147-810/A10 (called A10 through-
out), which had been isolated from an HLA-A1 melanoma patient vaccinated 
with a recombinant canarypox virus encoding the MAGE-A3168–176 peptide. 
Melan-A–specific CTL clone 246/15 and tyrosinase-specific CTL clones IVSB 
and 210/9 were described11,12. CTL clones were stimulated every 3 to 4 weeks 
with 3 × 105 irradiated (100 Gy) CP50-EBV cells pulsed with 5 µg ml−1 of 
antigenic peptides for 30 min, 106 irradiated LG2-EBV cells as feeder cells, 
human recombinant IL-2 (50 U ml−1), and the indoleamine 2,3-dioxygenase 
inhibitor 1-methyl-l-tryptophan (200 µM, Sigma) in Iscove’s medium with 
10% (vol/vol) human serum43. The recombinant MAGE-A3 vaccinia virus was 
provided by V. Cerundolo (University of Oxford).

Reagents. All inhibitors were from Sigma, except butabindide (Tocris), Cpp-
AAF-pAB (Bachem) and lactacystin (Biomol Int.). Recombinant interferon-γ 
was from Preprotech. All antibodies used were mouse monoclonal antibodies: 
IDE (clone 9B12.221, Covance, further purified on HiTrap protein G), TOP 
(4D6, Upstate), p21 (2946-1, Cell Signaling), Melan-A/MART-1 (A103, Dako), 
β-actin (AC-15, Sigma), α-tubulin (58666, Santa Cruz). The monoclonal 
antibody against MAGE-A3 (57B) was provided by G. Spagnoli (University 
of Basel)44. Horseradish peroxidase (HRP)-linked goat anti-mouse IgG anti-
bodies (2302) were from Santa Cruz. Peptides were synthesized on solid phase 
using Fmoc chemistry and purified by reversed phase HPLC, lyophilized and 
conserved in DMSO at 10–20 mg ml−1. Recombinant human IDE, which was 
produced in insect cell line Sf21, was more than 95% pure (R&D Systems).

TAP inhibition. ICP-47 cloned in PBJ1-Neo was a gift from H.-G. Rammensee 
(University of Tübingen). 293-EBNA cells (Invitrogen) were transiently trans-
fected with MAGE-A3 (cloned in pEF-BOS-puro), tyrosinase (pCDNA3), 
HLA-A1 (pCDNA1), HLA-A2.1 (pCDNA3) and ICP47 using lipofectamin 
(Invitrogen). We resuspended cells 24 h later in complete medium with  
β2-microglobulin (2.5 µg ml−1) and used them for the CTL assay.

Protease inhibition in CP50-MEL melanoma cells. For proteasome 
 inhibition, cells were incubated 1 h with 0.06 to 1 µM epoxomicin, then 
overnight with 0.012 µM epoxomicin. We loaded half of them with the anti-
genic peptide (2 µg ml−1) in the presence of β2-microglobulin (2 µg ml−1) 
for 30 min before the CTL assay. For metallopeptidase inhibition, we treated 
cells overnight with ortho-phenanthroline (25 to 200 µM). Half of them were 
loaded with the antigenic peptide (5 µg ml−1, 1 h) before the CTL assay. 
For treatments with AAF-CMK, butabindide, bestatin, phosphoramidon,  
Cpp-AAF-pAB, leupeptin, E64d, PMSF and pepstatin-A, we first treated 
cells at pH 3 for 3 min at 25 °C with a glycine buffer to elute MHC-bound  
peptides, and then we incubated them overnight with the lowest concentra-
tion of inhibitor indicated in the table, in Iscove’s medium without FCS. Three 
hours before the CTL assay, we added the actual concentration of inhibitor as 
indicated in the table. For treatment with leucinethiol, cells were acid-eluted 
as above and treated for 5 h with the indicated concentration of leucinethiol 
(stock solution containing 1 mM Tris (2-carboxyethyl)phosphine). For  
treatment with 3-methyladenine, bafilomycine-A1 and chloroquine, cells 
were acid-eluted as above, then treated 1 h with the dose indicated in  
Table 1 and further incubated overnight with the lowest dose indi-
cated in Table 1. Half of the cells were loaded with the antigenic peptide  
(2 µg ml−1) 30 min before the CTL assay. For the CTL assay, we incubated 
cells (20–30,000 per well) with the relevant CTL clone (10,000 cells per well) 

in the presence of 25 U ml−1 IL-2, and we measured the production of IFN-γ 
by ELISA (Biosource-Invitrogen) after an overnight incubation.

Subcellular fractionation. We homogenized 150–200 × 106 cells from line  
CP50-EBV or EB81-EBV (MAGE-A3 negative) with a Dounce in sucrose 250 mM  
and imidazole 3 mM pH 6.9, as described45, except that we omitted EDTA to 
prevent inhibition of metallopeptidases. The postnuclear extract was separated 
from nuclei and cell debris (nuclear fraction) by four cycles of homogenization 
and centrifugation. The postnuclear extract was then centrifuged (112,000g,  
1 h, 4 °C) to separate the cytosolic fraction (nonprecipitable supernatant) from 
the MLP pellet. In the initial screening, we tested the fractions in the presence of 
0.5% (vol/vol) Triton X-100 to liberate the content of the organelles.

Assay for the peptidase activity producing peptide MAGE-A3168–176. The 
20-mer precursor peptide (FGIELMEVDPIGHLYIFATS, positions 162–181, 
where cysteine 181 is replaced by serine to prevent dimerization) (0.25 µg µl−1) 
was incubated at 37 °C with the cytosolic fraction (0.25 µg µl−1 proteins) in 
140–200 µl of Tris 50 mM, NaCl 100 mM, pH 7.5. We collected aliquots (20 µl) 
at different time points and stopped the reaction with 5% (wt/vol) trichloro-
acetic acid (final concentration). Proteins were precipitated by centrifugation 
(20,000g, 20 min, 4 °C). Supernatants were lyophilized and resuspended in  
55 µl serum-free medium (X-vivo 10, Invitrogen). We loaded 25 µl in duplicates  
on CP50-EBV cells (40,000 per microwell) during 30 min. We added CTL A10 
(10,000 cells per well in 25 U ml−1 IL-2) and measured IFN-γ production after 
an overnight incubation. The presence of antigenic peptide EVDPIGHLY was 
confirmed by mass spectrometry.

Depletions. For proteasome depletion, we incubated the cytosolic fraction (1 ml, 
4 h, 4 °C) with CNBr-activated sepharose beads (100 µl) saturated with mono-
clonal antibody MCP-21 directed against the α2 subunit of the proteasome. 
The efficiency of depletion was estimated to be between 75% and 87% using 
a quantitative ELISA as described31. For IDE depletion, the cytosolic fraction 
(180 µl) was incubated (2 h, 4 °C) with protein G–sepharose beads (Amersham) 
saturated with purified anti-IDE monoclonal antibody (80 µl). The supernatant 
was recovered after filtration on a Nylon membrane (10 µm). We analyzed the 
efficiency of IDE depletion by western blot (Nu-PAGE 15% Bis-Tris; nitro-
cellulose Hybond-C extra; semi-dry transfer). The membrane was saturated (1 h, 
phosphate-buffered saline, powdered skim milk (5% (wt/vol)), Tween 20 (0.1% 
(vol/vol))), incubated with anti-IDE purified monoclonal antibody (1/1000) 
and revealed with HRP-linked goat anti-mouse IgG antibodies (1/1000). We 
digested the 20-amino-acid precursor peptide (5 µg per time point) with 156 µl 
of depleted fractions, and we took aliquots after 0, 30, 60 and 180 min.

Gel filtration. A cytosolic fraction of CP50-EBV (25 mg proteins) was precipi-
tated with 40% (vol/vol) of a saturated (4 °C) ammonium sulfate solution, and 
the supernatant was concentrated with a second precipitation at 80% (vol/vol) 
of the same ammonium sulfate solution. We resuspended the pellet with the 
equilibrating buffer of the gel filtration (Tris 50 mM, NaCl 100 mM, pH 7.4). 
The separation was done on a Superdex 200 HR 10/30 (Amersham) with a 
flow rate of 0.5 ml min−1, and fractions (0.5 or 1 ml) were collected between 
3 ml and 21 ml of retention volume. We performed a digestion of the 20-mer 
precursor peptide (0.3 µg µl−1) with each fraction (100 µl) at 37 °C during  
3 h. The production of the MAGE-A3168–176 antigenic peptide was evaluated in 
a CTL assay. We analyzed 20 µl of the fractions between 6 and 17 ml of retention  
volume by immunoblot with IDE monoclonal antibody (1/1000), and we 
simultaneously added TOP monoclonal antibody (1 µg ml−1).

Degradation of the precursor peptide by recombinant IDE. We digested the  
20-mer precursor peptide (0.25 µg µl−1) with rhIDE (2.5 ng µl−1) in 140–200 µl 
of Tris 50 mM, NaCl 100 mM pH 7.5. Aliquots of 20 µl were collected and stopped 
on dry ice. We added 35 µl of X-vivo medium, and we performed the CTL assay 
as above. For the mass spectrometry (MS) analysis, aliquots were injected on a 
reverse-phase chromatography PepMap C18 0.3/15 (LC Packings) and eluted 
with a 35 min linear gradient of acetonitrile in water (5–50% (vol/vol)) contain-
ing 0.05% (vol/vol) trifluoroacetic acid with a flow rate of 4 µl min−1. The MS 
analysis was performed on-line with an LCQ Deca XP ion-trap spectrometer 
equipped with an electrospray ionization source (ThermoFinnigan).
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Peptide electroporation. We treated (or did not treat) CP50-EBV cells (1.2 × 
107) for 2 h before the electroporation with o-phenanthroline (1 mM), bestatin 
(750 µM), Cpp-AAF-pAB (250 µM) or a mix of lactacystin and butabind-
ide (50 µM each) in medium X-vivo 10. Cells were washed with phosphate-
 buffered saline, resuspended in 2 × 400 µl of cytoporation buffer (Cyto Pulse 
Sciences Inc.) and transferred into 0.4 cm Genepulser cuvettes (Biorad), and 
peptides (100 µM) were electroporated (10 pulses, 5 ms, 480 V, 1 Hz). Cells 
were diluted in 6 ml of X-vivo 10 containing (or not) ortho-phenanthroline 
(25 µM), bestatin (10 µM), Cpp-AAF-pAB (10 µM) or a mix of lactacystin 
and butabindide (1 µM each). After 4 h, cells were washed (X-vivo 10) and 
used for the CTL assay.

Silencing of IDE by siRNA. We electroporated HT-29 cells (1.6 × 106, 300 V,  
150 µF, 90 ohms) with a pool of IDE-specific siRNA duplexes (50 nM each,  
IDE-HSS105-178, IDE-HSS105-179, IDE-HSS105-180, Invitrogen) or with 
control siRNA (150 nM, nontargeting control D-001210-01-20, Dharmacon) 
using gene pulser Xcell (Biorad). Cells were incubated 72 h in complete 
medium, labeled with 51Cr for 1 h and infected with a recombinant vaccinia 
virus encoding MAGE-A3 (MOI: 25) for 2 h. Where indicated, ortho-
 phenanthroline (1.5 mM) or epoxomicin (1 µM) was added 30 min before 
the end of infection. Cells were washed and plated for a lysis assay using  
CTL clone A10. In parallel, we loaded cells with the antigenic peptide (5 µg ml−1) 
and tested them similarly. An aliquot of target cells was collected before the  
CTL assay and tested by immunoblot with IDE monoclonal antibody 
(1/500) and MAGE-A3 monoclonal antibody (1/300) added simultaneously. 
Membranes were then acid-stripped (Restore buffer, Thermo) and probed  
with anti-α-tubulin monoclonal antibody (0.1 µg ml−1). Analysis of MAGE-A3  
protein degradation in IDE-silenced cells was performed in HEK 293  
stable transfectants expressing MAGE-A3, which were treated with siRNA as 
above, incubated 65 h, then treated 1 h with cycloheximide (100 µg ml−1),  
washed and analyzed by immunoblot 16 h later.

Study of MAGE-A3 degradation in melanoma cells. We treated CP50-MEL 
or CP64-MEL cells for 1 h with cycloheximide (100 µg ml−1) in X-vivo 10 

with or without epoxomicin (1.5 µM) and ortho-phenanthroline (1 mM). 
After washing, cells were incubated 4, 8 or 16 h in complete culture medium, 
then analyzed by immunoblot (Nu-PAGE 4–12% Bis-Tris) sequentially with 
monoclonal antibodies as follows: MAGE-A3 (1/300), p21 (1/800), Melan-A  
(25 µg ml−1), then a mix of IDE, α-tubulin and β-actin antibodies (1/800, 
0.1 µg ml−1, 0.2 µg ml−1), all revealed with anti-mouse IgG-HRP antibodies 
(1/2000). Note that the anti-MAGE-A3 antibody used also recognizes other 
members of the MAGE-A family, some of which may contribute to the  
signal measured46. Chemiluminesence was detected using G:BOX BioImaging 
System. Signals were quantified using Syngene Gene Tools software and  
analyzed as follows. In each blot, different volumes of the MAGE-A3–positive 
sample from cells treated with epoxomicin and ortho-phenanthroline were 
loaded. Signals of each sample were reported on this curve using the corres-
ponding equation, so as to determine a fold increase or decrease compared 
to the MAGE-A3–positive sample. α-tubulin, β-actin and IDE were used as 
loading controls because their half-lives largely exceeded the duration of the 
experiment. The signals obtained with each loading control were quantified 
and corrected similarly by reference to the dilution curve of the same sample as 
above. Each calculated value for MAGE-A3 was then converted to a ratio relative  
to the level of corrected loading control α-tubulin, β-actin or IDE in the same 
sample. The level of MAGE-A3 in each condition was finally expressed as a 
percentage relative to the MAGE-A3 level in the untreated sample.
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on tryptophan degradation by indoleamine 2,3-dioxygenase. Nat. Med. 9,  
1269–1274 (2003).

44. Rimoldi, D. et al. Anti-MAGE-3 antibody 57B and anti-MAGE-1 antibody 6C1 can 
be used to study different proteins of the MAGE-A family. Int. J. Cancer 86, 
749–751 (2000).

45. de Diesbach, P. et al. Identification, purification and partial characterisation of an 
oligonucleotide receptor in membranes of HepG2 cells. Nucleic Acids Res. 28, 
868–874 (2000).

46. Landry, C. et al. Monoclonal antibody 57B stains tumor tissues that express gene 
MAGE-A4. Int. J. Cancer 86, 835–841 (2000).
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