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Proteasome-mediated proteolysis plays a crucial role in
many basic cellular processes. In addition to constitutive
proteasomes (CPs), which are found in all eukaryotes,
jawed vertebrates also express immunoproteasomes
(IPs). Evidence suggests that the key role of IPs may hinge
on their impact on the repertoire of peptides associated to
major histocompatibility complex (MHC) I molecules. Us-
ing a label-free quantitative proteomics approach, we
identified 417 peptides presented by MHC I molecules on
primary mouse dendritic cells (DCs). By comparing MHC
I-associated peptides (MIPs) eluted from primary DCs and
thymocytes, we found that the MIP repertoire concealed a
cell type-specific signature correlating with cell function.
Notably, mass spectrometry analyses of DCs expressing
or not IP subunits MECL1 and LMP7 showed that IPs
substantially increase the abundance and diversity of
MIPs. Bioinformatic analyses provided evidence that pro-
teasomes harboring LMP7 and MECL1 have specific
cleavage preferences and recognize unstructured protein
regions. Moreover, while differences in MIP repertoire
cannot be attributed to potential effects of IPs on gene
transcription, IP subunits deficiency altered mRNA levels
of a set of genes controlling DC function. Regulated genes
segregated in clusters that were enriched in chromo-
somes 4 and 8. Our peptidomic studies performed on
untransfected primary cells provide a detailed account of
the MHC I-associated immune self. This work uncovers
the dramatic impact of IP subunits MECL1 and LMP7
on the MIP repertoire and their non-redundant influence
on expression of immune-related genes. Molecular &
Cellular Proteomics 9:2034–2047, 2010.

Proteasomes are the main proteases responsible for pro-
tein degradation and the production of major histocompati-

bility complex I (MHC I)1 ligands (1–4). Proteasomes are much
more ancient than MHC molecules. Whereas proteasomes
are found in all eukaryotes, the MHC appeared only in jawed
vertebrates. Proteasomal degradation regulates many basic
cellular processes such as cell cycle and division, differenti-
ation and development, response to stress and extracellular
effectors, modulation of cell surface receptors, DNA repair,
transcriptional regulation and biogenesis of organelles (5, 6).
The 20S proteolytic core of the proteasome is hollow and
provides an enclosed cavity open at both ends in which
proteins are degraded (7). The eukaryotic 20S particle is com-
posed of 14 different subunits organized in a barrel-shaped
complex with the stoichiometry �7�7�7�7. Three subunits of
the two inner �-rings (�1, �2, and �5) participate directly in
peptide bond cleavage.

While all eukaryotes express the above-described consti-
tutive proteasome (CP), gnathostomes (jawed vertebrates)
also express another form of proteasome, the immunoprotea-
some (IP). In IPs, the three catalytic �-subunits expressed in
CPs are replaced by three interferon-�–inducible homologues
(immunosubunits): low molecular weight protein (LMP)-2
(or �1i) for �1, multicatalytic endopeptidase complex-like
(MECL)-1 (or �2i) for �2, and LMP7 (or �5i) for �5. In gnatho-
stomes, most cells express only CPs under steady state
conditions and harbor IPs when exposed to interferon-� (8). In
contrast, dendritic cells (DCs) constitutively express both CPs
and IPs. IPs represents half of the proteasome population in
immature DCs, and lipopolysaccharide (LPS)–triggered DC
maturation slightly increases the IP:CP ratio (9). Hence, in all
circumstances, that is, in the absence or presence of infec-
tion, DCs express both CPs and IPs (9). IPs are closely linked
to the adaptive immune system, being present in all gnatho-
stomes but absent in invertebrates. Phylogenetic analyses
revealed that proteasome immunosubunits evolved faster
than their constitutive counterparts (10, 11). This finding indi-
cates a functional differentiation between IPs and CPs. How-
ever, the ultimate role of IPs, that is, their ecologically relevant
and evolutionarily selected function, remains elusive.
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It has been assumed that the key role of IPs may hinge on
their impact on the repertoire of peptides associated to MHC
I molecules. Indeed, cell surface levels of MHC I molecules
are reduced in spleen cells from Lmp7�/� and Lmp7�/�

Mecl1�/� mice (12). Furthermore, studies of selected epi-
topes revealed that some MHC I-associated peptides can be
generated only by CPs, some only by IPs, and others by both
types of proteasomes (7, 13–18). In vitro proteasome diges-
tion experiments suggest that, compared with CPs, IPs have
greater efflux and cleavage rates, and generate more N-ex-
tended versions of MHC I epitopes (19, 20). In addition, im-
munosubunits alter proteasome structure and cleavage site
preferences (7, 21). Nevertheless, the aforementioned studies
cannot predict the overall impact of IPs on the MHC I peptide
(MIP) repertoire in vivo, mainly for three reasons. First, in vitro
proteasomal digestion may not reproduce in vivo conditions,
where most (MIPs) derive from rapidly degraded proteins that
translocate into the endoplasmic reticulum a few seconds
after cleavage by proteasomes (22, 23). Second, MIP presen-
tation is orchestrated by several steps downstream of protea-
somal digestion so that only a small fraction of peptides
generated by proteasomes are presented by MHC I molecules
(24–26). Finally, previous studies did not take into account
potential differences in transcription regulation by CPs and
IPs. Whereas CPs clearly regulate transcriptional activation
(27–30), the potential impact of IPs on transcription remains
unexplored. Conceivably, IPs and CPs might differentially
regulate MHC I presentation of a given peptide not only by
affecting degradation of the peptide’s source protein but
also by modulating transcription of the gene encoding that
peptide. In this perspective, the goal of our work was to
obtain a direct and global evaluation of the impact of IPs on
the repertoire of MIPs. To this end, we used a recently
described label-free quantitative approach to analyze the
MIP repertoire of DCs expressing or not expressing IP sub-
units MECL1 and LMP7 (31). Also, we analyzed the gene
expression profile of those two DC populations using
microarrays.

EXPERIMENTAL PROCEDURES

Mice—Mouse cells were prepared on a C57BL/6 background and
maintained in a specific pathogen free environment. Wild-type (WT)
and �2-microglobulin (�2m)�/� 1 mice were obtained from The Jack-
son Laboratory. Lmp7�/�Mecl1�/� (dKO) mice were generously pro-
vided by Dr T.A. Griffin from the Medicine College of the University of
Cincinnati.

Preparation of Bone Marrow-Derived DCs—DCs were generated
from WT, double knockout (dKO) and �2m�/� mice bone marrow as
previously described (32, 33). Bone marrow cells were extracted from
tibia and femur bones of 7- to 9- week-old male mice and plated in
10-cm non tissue culture-treated Petri dishes (BD Bioscience, Mis-
sissauga, ON, Canada) at 3 � 106 cells per plate, in 10 mL of
complete RPMI 1640 medium (0.048 mmol/L �-mercaptoethanol, 2
mmol/L L-glutamine, 10% fetal bovine serum, 2 mmol/L penicillin-
streptavidin) supplemented with 10 ng/mL granulocyte macrophage–
colony stimulating factor (GM-CSF, Invitrogen, Burlington, ON, Can-
ada). At days 3 and 6 of culture, 10 mL of cRPMI 1640 medium with
10 ng/mL GM-CSF and 5 mL of cRPMI 1640 medium with 20 ng/mL
GM-CSF, respectively, were added. To further induce DC maturation,
1 �g/mL lipopolysaccharide (LPS, Sigma-Aldrich) was added 24 hours
before harvesting the non-adherent cells at day 8.

Flow Cytometry—Antibodies used were purchased from BD Bio-
science unless stated otherwise. For DC phenotyping, cells were
harvested and stained with PECy7-conjugated or FITC-conjugated
anti-CD11c (HL3), APC-conjugated anti-CD86 (PO3; BioLegend, San
Diego, CA), PE-conjugated anti-IAb (AF6–120.1), APCCy7-conju-
gated anti-CD11b (AF6–120.1) and PECy5-conjugated anti-CD8�

(53–6.7). For MHC I labeling, cells were stained with pure anti-H2Db

(B22–249.R1; Cedarlane, Hornby, ON, Canada), pure anti-H2Kb (Y3;
ATCC, Manassas, VA), and biotin-conjugated anti-Qa2 (1–1-2) and
anti-Qa1b (6A8.6F10.1A6) followed with APC-conjugated streptavi-
din. H2Kb and H2Db antibodies were coupled with Alexa 647 fluoro-
chrome using the Alexa Fluor 647 Monoclonal Antibody Labeling Kit
(Molecular Probes from Invitrogen, Eugene, OR). Cells were incu-
bated with mouse Fc Block CD16/CD32 (BD Bioscience, 2.4G2)
before staining. Dead cells were excluded based on propidium iodide
staining. Analyses were performed on a BD LSR II flow cytometer
using FACSDiva (BD Bioscience) and FCS v.3.0 (De Novo Software,
Los Angeles, CA) software.

Immunoblot Analyses—Mature DCs were harvested and lysed in
RIPA buffer (50 mmol/L Tris-HCl pH 7.4, 1% Nonidet P-40, 0.25%
Na-deoxycholate, 150 mmol/L NaCl, 1 mmol/L EDTA) containing a
protease inhibitor mixture (Complete; Roche), 1 mmol/L Na3VO4 pH 9
and 5 mmol/L NaF. Samples were resolved by SDS-PAGE and im-
munoblotted with the following antibodies: anti-�1, anti-�5, anti-
LMP2, anti-LMP7 and anti-�5 from Abcam, anti-�2 and anti-MECL1
from Biomol International (Enzo Life Sciences, Plymouth Meeting,
PA), anti-calnexin and anti-�-actin (AC-15) from Sigma-Aldrich and
anti-H2Kb/H2Db (2G5) from Thermo Scientific (Rockford, IL). After
incubation with anti-mouse (BD Bioscience) or anti-rabbit (Cell Sig-
naling, Danvers, MA) horseradish peroxidase–conjugated secondary
antibodies, chemiluminescent signal was detected using the GE
Healthcare Detection Kit and a LAS-3000 imaging system (Fujifilm,
GE Healthcare, Baie d’Urfe, QC, Canada). Band intensities were
quantified using the Multi Gauge V3–0 (Fujifilm) software.

Peptide Extraction and MS Analyses—Three biological replicates
(5 � 108 DCs per replicate) were prepared from a total of 28 WT mice,
28 dKO mice and 47 �2m�/� mice. MIPs were analyzed as previously
reported (31) with minor modifications. MIPs obtained after acid elu-
tion (34) were separated using an off-line 1100 series binary LC
system (Agilent Technologies, Mississauga, ON, Canada) to remove
contaminating species. Peptides were loaded on a homemade SCX
column (0.3 mm internal diameter x 45 mm length) packed with strong
cation exchange (SCX) bulk material (Polysulfoethyl A™, PolyLC).
Peptides were fractionated with a gradient of 0–25% B after 33
minutes, 25–60% B after 35 minutes (Solvent A � 5 mmol/L ammo-
nium formate, 15% acetonitrile, pH3; Solvent B � 2 mol/L ammonium
formate, 15% acetonitrile, pH3). MIPs were collected in five consec-
utive fractions and brought to dryness using a speedvac. MIP frac-
tions were resuspended in 2% aqueous acetonitrile (0.2% formic

1 The abbreviations used are: MHC, major histocompatibility com-
plex; �2m, �2-microglobulin; CFSE, carboxyfluorescein succinimidyl
ester; CP, constitutive proteasome; DC, dendritic cell; dKO,
Lmp7�/�Mecl1�/� double-knockout mice; IP, immunoproteasome;
LPS, lipopolysaccharide; MHC, major histocompatibility complex;
Lmp, low molecular weight protein; nanoLC-MS/MS, nano-LC com-
bined with tandem MS; Mecl, multicatalytic endopeptidase com-
plex–like; MIP, MHC I-associated peptide; SCX, strong cation ex-
change; WT, wild-type.
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acid) and analyzed by nanoLC-MS/MS on a LTQ-Orbitrap mass spec-
trometer (Thermo Fisher Scientific) (31). Full mass spectra were ac-
quired with the Orbitrap analyzer operated at a resolving power of
60,000 (at m/z 400) and collision-activated dissociation tandem mass
spectra were acquired in data-dependent mode with the quadrupole
linear ion trap analyzer. Mass calibration used either an internal lock
mass [protonated (Si(CH3)2O))6; m/z 445.12057] or external calibration
using Calmix (caffeine, MRFA and ultramark) and typically provided
mass accuracy within 5 ppm for all nanoLC-MS/MS experiments.

MS/MS Sequencing and Peptide Clustering—Data were analyzed
using Xcalibur software and peak lists were generated using Mascot
distiller (version 2.1.1, www.matrixscience.com). Database searches
were performed against an International Protein Index mouse data-
base (version 3.23 containing 51,536 sequences and 24,497,860
residues) using Mascot (version 2.2, www.matrixscience.com) with a
mass precursor tolerance of � 0.05 Da and a fragment tolerance of �
0.5 Da. Searches were performed without enzyme specificity and a
variable modification of oxidized Met. All search results were filtered
using an MHC motif filter based on the predicted mouse MHC I allele
motifs. Raw data files were converted to peptide maps comprising
m/z values, charge state, retention time and intensity for all detected
ions above a threshold of 15,000 counts using in-house software
(Mass Sense) (31). Peptide maps were aligned and clustered together
to profile the abundance of Mascot identified peptides using hierar-
chical clustering with criteria based on m/z and time tolerance (�0.01
m/z and �1.5 min). This resulted in a list of non-redundant peptide
clusters for all replicates of all samples to be compared. MIPs were
further inspected for mass accuracy and MS/MS spectra were vali-
dated manually. The Sidekick resource (http://www.bioinfo.iric.ca/
sidekick/Main) was used to identify MIP source proteins. The
InnateDB resource (35) was used to identify significantly enriched
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways asso-
ciated to peptide source genes from DCs and thymocytes. The list of
MIPs reported in the present work has been provided to The Immune
Epitope Database and Analysis Resource (http://beta.immuneepitope.
org/) (36).

Cytotoxicity Assays—In vitro carboxyfluorescein succinimidyl ester
(CFSE)-based cytotoxicity assays were performed as previously de-
scribed with minor modifications (31). CFSE-based assays are more
sensitive than classic 51Cr-release cytotoxicity assays (37–39). Briefly,
106 WT and dKO DCs were injected intravenously into mice from both
genotypes on days 0 and 7. On day 14, splenocytes from the four
immunized mice (WT mice injected with WT or dKO DCs, dKO mice
injected with WT or dKO DCs) were used as effector cells in cytotoxicity
assays (39). Target cells were concanavalin A treated WT and dKO
splenocytes. The percentage of specific lysis was measured as follows:
[(number of remaining CFSE� cells after incubation of target cells
alone � number of remaining CFSE� cells after incubation with effector
cells)/number of CFSE� cells after incubation of target cells alone] � 100.

Bioinformatic Analysis of Cleavage Motifs—All 417 peptides ex-
tracted from DCs were used in studies of amino acid usage in MIPs.
In analyses of flanking regions, we eliminated peptides that can
originate from multiple source proteins with different N- or C-terminal
flanking sequences. Peptides used for further analyses of flanking
regions (376 for upstream regions, 369 for downstream regions) were
ranked according to their WT/dKO fold difference in abundance as
determined by MS analyses. We next generated a Euclidean distance
matrix to compare amino acid usage at each position. We thereby
compared amino acid usage by MIPs located at the left versus the
right of each ranked peptide. A bootstrap procedure (100,000 itera-
tions) was performed to evaluate whether the distance measured was
significant (p � 0.05 was considered significant). The analysis was
performed for each position of the MHC peptides as well as for 10
residues upstream of the peptide N terminus and downstream of the

C terminus. For positions that gave a p value � 0.001, we used the
Kolmogorov-Smirnov statistical test to determine which specific
amino acids were over- or under-represented in WT as opposed to
dKO DCs. The R software was used to visualize amino acid distribu-
tions (http://www.R-project.org), and the program SEG (http://mendel.
imp.ac.at/METHODS/seg.server.html) to determine unstructured re-
gions in source proteins (window size � 12, low complexity � 2.5,
high complexity � 2.8) (40). The number of MIPs from unstructured
regions in presence or in absence of IP was measured using a
Chi-squared test (with p value � 0.05).

Microarrays and Genomic Analyses—Total RNA was extracted
from WT and dKO DCs with TRIzol RNA reagent (Invitrogen) as
instructed by the manufacturer. Samples were purified using DNase
(Qiagen, Mississauga, ON, Canada) and the RNeasy Mini kit (Qia-
gen), and the overall quality was analyzed with the 2100 Bioanalyzer
(Agilent Technologies). Purified RNA (10 �g/sample) was hybridized
on MM8 385K NimbleGen chips at the Genomics core facility of the
Institute for Research for Immunology and Cancer according to
the manufacturer’s instruction. Arrays were scanned using a
GenePix4000B scanner (Axon Instruments, Molecular Devices,
Sunnyvale, CA) at 5 �m resolution. Data were extracted and nor-
malized using the NimbleScan 2.4 extraction software (NimbleGen
Systems, Madison, WI). Further microarray analyses were per-
formed using GeneSpring GX 7.3.1. The complete microarray data-
sets have been deposited in ArrayExpress (http://www.ebi.ac.uk/
arrayexpress) under accession number E-TABM-750. Two-sided
Student t test was used to compare transcript abundance in WT
versus dKO DCs. Spearman’s rank correlation was used to evaluate
the relation between MIP abundance and source mRNA expression.
The Gene set organization/visualization module of the Web-Based
Gene Set Analysis Toolkit (WebGestalt) (41) was used to represent
the chromosomal localization of the differentially expressed genes,
and the gene enrichment on specific chromosomes was measured
using the Database for Annotation, Visualization, and Integrated
Discovery (DAVID) Bioinformatics Resource (42).

RESULTS

Experimental Design of Peptidomic Studies—To evaluate
the impact of IPs on the MIP repertoire, we elected to study
DCs because they are quintessential antigen-presenting cells
and constitutively express IPs. Using a recently described
label-free quantitative proteomics method (31), we analyzed
MIPs eluted from mature WT and double knockout (dKO) DCs
(Fig. 1A). WT DCs express both CPs and IPs (alike mature
DCs under physiological in vivo conditions (9)) whereas dKO
DCs do not express the IP-subunits LMP7 and MECL1 (Fig.
1D). IP subunits are cooperatively incorporated into protea-
somes, thereby curtailing the formation of mixed protea-
somes containing IP and CP subunits (43). In line with this
result, we noted a 50% decrease in the amount of LMP2
protein in dKO cells, suggesting that LMP2 is unstable in the
absence of the two other immunosubunits (Fig. 1D). As a
negative control we analyzed DCs derived from �2m-defi-
cient mice. Since �2m is essential for formation of stable
peptide–MHC I complexes, cells lacking �2m are MHC
I–deficient. DCs generated from WT, dKO, and �2m-defi-
cient mice shared a mature (CD11c�CD86�IAb�) myeloid
(CD8��CD11b�) phenotype (Fig. 1B,C).

Peptides eluted from DCs were fractionated by off-line LC
using a SCX column, then analyzed by nano-LC combined
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FIG. 1. Design of peptidomic studies and characterization of DC populations. (A) Experimental design for isolation and identification of
DC MIPs. DCs were generated from the bone marrow of WT, Lmp7�/�Mecl1�/� (dKO) and �2m�/� mice. MIPs were eluted in a mild acid
buffer, separated by off-line HPLC, and collected fractions were analyzed by nanoLC-MS-MS/MS. Heat maps displaying m/z, retention time
and abundance were generated and analysis of �2m�/� negative controls allowed us to discriminate MIPs from contaminants. Three biological
replicates were analyzed for each group. (B) Flow cytometry analysis of bone marrow derived DCs. (C) Expression of CD11b and CD8� on DCs
(gated on CD11c� cells). (D) Immunoblot analysis of proteasomes subunits in total DC lysates. Data are representative of three (C) or four (B,
D) independent experiments.
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with tandem MS (nanoLC-MS/MS). Peptide maps were gen-
erated from each analysis to define the coordinates (m/z,
retention time, ion abundance) of identified ions. The cor-
responding peptide maps were then clustered across con-
ditions and replicate analyses to identify unique peptide
ions and profile their changes in abundance. Subtraction of
“contaminant peptides” eluted from �2m-deficient cells al-
lowed specific identification of genuine MIPs (Fig. 1A) (31).
MS/MS spectra were manually verified for all MIPs. The
following softwares were used to associate peptide se-
quences with specific MHC I allelic products: smm,
SYFPEITHI (H2Db and H2Kb), and Rankpep (Qa2) (31). This
resulted in the identification of 417 unique MIPs (derived
from 389 source proteins) in WT DCs (supplemental Table
S1, Fig. S2).

The MIP Repertoire of DCs Conceals a Unique Signa-
ture—We reported previously that MIPs eluted from thymo-
cytes derived preferentially from transcripts whose abun-
dance was higher in the thymus than in other tissues (31). This
suggested that the MIP repertoire might conceal a cell type-
specific signature. To directly test this concept, we compared
the MIP repertoire of DCs (reported herein) to that of thymo-
cytes (31) derived from the same strain of mice (WT, C57BL/
6). We identified more peptides in DCs than in thymocytes
(417 versus 189; Fig. 2A). This discrepancy can be attributed,
at least in part, to the fact that MHC I molecules are much
more abundant on DCs than thymocytes (Fig. 2B). In both cell
types we found more peptides associated to MHC Ia (H2Kb,
H2Db) than to MHC Ib (Qa1, Qa2) allelic products (Fig. 2C). Of
note, the proportion of peptides with a Qa2-binding motif was

FIG. 2. The MIP repertoire conceals a cell–type specific signature. (A) Venn diagram representation of the relation between MIPs (and
their source proteins) eluted from C57BL/6 thymocytes and DCs. (B) Cell surface expression of MHC I allelic products was evaluated by flow
cytometry. Histogram shows the DC/thymocyte mean fluorescence intensity ratio for H2Db (p � 6 � 10�5; Student t test), H2Kb (p � 6 � 10�7),
Qa1 (p � 7 � 10�6) and Qa2 (p � 3 � 10�2) (mean � S.D. of triplicate experiments). (C) Proportion of peptides associated to different MHC
I allelic products in DCs and thymocytes. (D) Pie charts represent the relations between peptide source genes (389 for DCs, 186 for thymocytes)
and KEGG pathways. Examples of pathways enriched in the gene datasets are depicted (with p value for enrichment in parentheses).
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greater in DCs than in thymocytes (p � 0.01; chi-square test).
However, the key finding was that 72 of 189 peptides eluted
from thymocytes were not detected in DC eluates, although
we recovered less peptides from thymocytes (189) than from
DCs (417) (Fig. 2A). This means that about 60% of MIPs
present at the surface of thymocytes are also present on DCs
whereas 40% are thymocyte-specific. Of 417 peptides recov-
ered from DCs, 117 were shared with thymocytes, whereas
300 were DC-specific.

To further evaluate whether the MIP repertoire might reflect
cell type-specific intracellular signaling events, we used the
InnateDB resource (35) to analyze pathways catalogued in the
KEGG database. We specifically evaluated whether specific
KEGG pathways were overrepresented in the group of genes
encoding peptides eluted from DCs and/or thymocytes (Fig.
2D). In each dataset (DCs and thymocytes), about 28% of
peptide source genes were linked to specific KEGG path-
ways. Notably, 45% of pathway-connected genes (12.5% of
the whole dataset) were associated with pathways signifi-
cantly overrepresented in the DC and/or thymocyte gene
dataset. Many MIP source genes were connected to path-
ways overrepresented in both DCs and thymocytes (e.g., p53
signaling and ribosome biogenesis). Of special interest, pep-
tide source genes belonging to specific pathways were en-
riched uniquely in DCs or thymocytes. Many of these path-
ways reflected the function and differentiation of DCs and
thymocytes. For instance, the MIP repertoire of DCs was
enriched in peptides whose source genes are involved in
myeloid differentiation, proteasome function and Toll-like re-
ceptor signaling. Besides, peptide source genes involved in
tight junction, purine metabolism and cell cycle were overrep-
resented in the thymocyte MIP repertoire. For DC and thy-
mocyte gene datasets, a complete list of overrepresented
pathways and their constituent genes can be found in sup-
plemental Table S2. Together, these results show that the MIP
repertoire conceals a cell type-specific signature that reflects
singular functional properties.

IPs Increase the Abundance and Diversity of MIPs at the
Surface of DCs—To evaluate the impact of IPs on the MIP
repertoire, we compared MIPs eluted from WT and dKO DCs
by MS analysis as depicted in Figure 1A. In accordance with
previous studies (31), we found that 95% of peptide ions
showed a variation of less than � 3-fold in abundance across
biological replicates (n � 3). Therefore, we considered that
peptides were differentially presented by MHC I molecules
when the fold difference in abundance between WT and dKO
DCs was greater than 3. Of the 417 peptides eluted from WT

DCs, 212 were expressed at similar levels (within 3-fold) in
dKO DCs (Fig. 3A). Remarkably, 199 peptides were overex-
pressed in WT relative to dKO DCs. Among those 199 pep-
tides, 60 were detected exclusively in WT DCs. Only six
peptides were slightly overexpressed (3- to 5-fold) in dKO
relative to WT DCs and none were unique to dKO DCs.
Peptides with the largest fold differences in abundance are
listed in Table I, and the full list of peptides is available in
supplemental Table S1. In accordance with our data on MIP
abundance, flow cytometry analyses revealed that, as previ-
ously shown using WT versus dKO spleen lymphocytes (12),
expression of cell surface H2Db and H2Kb was higher by
approximately 2.1-fold on WT than dKO DCs (Fig. 3B). How-
ever, protein immunoblot analyses on whole cell lysates
showed that total cellular amounts of H2Db and H2Kb heavy
chains were similar in both types of DCs (Fig. 3C), suggesting
that the lower level of surface expressed MHC I on dKO DCs
was caused by a limited peptide supply and not an altered
level of MHC I molecules available.

After immunization with WT DCs, dKO mice generated WT-
specific cytotoxic T cells (Fig. 3D,G). However, WT mice did
not generate cytotoxic effectors against dKO cells (Fig. 3E,F).
That unidirectional immunogenicity supports our peptidomic
analyses showing that numerous peptides were uniquely de-
tected on WT DCs, whereas no peptides were found only on
dKO DCs (Fig. 3A). Furthermore, it is consistent with the
previous demonstration that WT splenocytes were immuno-
genic for Lmp7�/� mice, but not vice versa (44). However,
dKO DCs may not be optimal antigen-presenting cells. In-
deed, when dKO and WT DCs were coated with exogenous
SIINFEKL and injected in mice bearing Kb/SIINFEKL-specific
T cells, dKO DCs proved to be immunogenic but less so than
WT DCs (supplemental Fig. S1). Collectively, these results
show that the presence of IPs has a major impact on the
global MIP repertoire, by increasing both the abundance and
the diversity of MIPs.

IPs Have Specific Cleavage Preferences—Proteasomal
cleavage generates the final C terminus of MIPs whereas their
N terminus can be further trimmed by aminopeptidases in the
cytosol and the endoplasmic reticulum (22, 25). Proteasomal
cleavage can be influenced by approximately five to seven
residues flanking the cleavage site on either side (44, 45). To
determine whether the MIP repertoire generated in the pres-
ence or absence of IPs might reveal discrete cleavage pref-
erences, we analyzed the amino acid composition of MIPs
and their flanking residues. The 417 peptides extracted from
DCs were used in studies of amino acid frequencies in MIPs.

FIG. 3. IPs increase the abundance and diversity of MIPs. (A) Histogram representing the relative abundance in WT and dKO DCs of the
417 peptides identified by MS analyses. (B) WT DCs expressed higher cell surface levels of H2Db (p � 0.04, Student t test) and H2Kb (p � 0.02)
than dKO DCs. (C) Immunoblot analysis of H2Db and H2Kb heavy chains in whole DC lysates. Calnexin was used as a loading control. Data
are representative of three independent experiments. (D-G) Cytotoxic activity of splenocytes from dKO mice primed against WT DCs (D), from
WT mice primed against dKO DCs (E), from WT mice primed against WT DCs (F) and from dKO mice primed against dKO DCs (G) (mean and
S.D. for three mice per group).
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In analyses of flanking regions, we eliminated peptides that
can originate from multiple source proteins with different N- or
C-terminal flanking sequences. Remaining peptides were
ranked according to their WT/dKO fold difference in abun-
dance as determined by MS analyses. Peptides with high
WT/dKO ratios are IP-dependent. We next generated a Eu-
clidean distance matrix to compare amino acid usage at each
position. Each ranked peptide was used consecutively as a
reference. We thereby compared amino acid usage by MIPs
having higher versus lower WT/dKO ratios than the reference
peptide. A bootstrap procedure (100,000 iterations) was per-
formed to evaluate whether the distance measured was sig-
nificant. The analysis was performed for each position of the
MHC peptides as well as for 10 residues upstream of the
peptide N terminus and downstream of the C terminus.

We detected no bias in amino acid frequencies at various
positions of the MIPs per se (data not shown). However, we
found highly significant deviations of amino acid frequencies
at two peptide flanking positions: N-5 upstream of the N
terminus and C�2 downstream of the C terminus of MIPs
(Fig. 4A,B; p � 0.001). We performed a detailed analysis of
amino acid frequencies at positions N-5 and C�2 using the
Kolmogorov-Smirnov test. At position N-5, peptides overex-
pressed in WT cells showed decreased frequencies of glycine
and asparagine residues (Fig. 4C). It is not clear how cytosolic
and endoplasmic reticulum aminopeptidases processing MIP
precursors choose their substrates (46, 47). Therefore, further
work is needed to decipher the significance of the amino acid
bias at position N-5. For peptides that have high WT/dKO
ratios, deviation at position C�2 was particularly dramatic
and was characterized by an increased usage of proline and
polar residues [lysine and glutamine], with a decreased fre-
quencies of asparagine and hydrophobic residues [leucine
and isoleucine] (Fig. 4D). Asparagine and hydrophobic resi-
dues are enriched in �-helices and �-sheets, whereas proline
and polar residues are enriched in unstructured protein re-
gions, which represent 20–30% of the mammalian proteome
(48, 49). The program SEG, which computes sequence com-
plexity, has been used successfully to predict unstructured
regions (i.e., lacking secondary and tertiary structures) (40).
Using SEG, we found that amino acids C-terminal of IP-de-
pendent peptides (high WT/dKO ratio) derived more fre-
quently from unstructured protein regions than amino acids
C-terminal of IP-independent peptides (Fig. 4E). The IP bias
toward unstructured protein domains was specific for amino
acid residues next to the MIP C terminus (e.g., C�2), and was
not detected for the MIP themselves nor for residues up-
stream of their N terminus (data not shown). We conclude that
IPs display specific cleavage preferences and propose that
the presence of IPs leads to enhanced MHC I presentation of
peptide sequences adjoining the unstructured proteome.

IPs Have a Non-Redundant Impact on the Transcriptome of
DCs—Aside from their role in protein degradation, CPs also
regulate transcription (27–30). Whether IPs may regulate tran-

scription differently than CPs is unknown. Thus, we could not
assume a priori that peptide overexpression in IP-expressing
DCs was due solely to enhanced degradation of peptide
source proteins by IPs. Theoretically, IPs might also mold the
MIP repertoire by differential regulation of peptide source
genes. To test this assumption, we compared the transcrip-
tome of WT and dKO DCs using NimbleGen MM8 385K
microarrays. We found that 226 transcripts, representing 171
genes and corresponding to 0.5% of the transcriptome, were
differentially expressed between WT and dKO DCs (Fig. 5A;
Supplemental Tables S3 and S4). There was no correlation
between transcript and MIP abundance (Fig. 5B). We there-
fore conclude that differential expression of MIPs in WT ver-
sus dKO DCs cannot be ascribed to differential transcription
of peptide source genes. Nevertheless, a selected set of
transcripts was differentially expressed in the presence or
absence of IPs. The loci encoding those transcripts were not
randomly distributed in the genome. Somewhat unexpect-
edly, they were clustered in discrete regions located primarily
in chromosomes 4, 8, 9, and 17, and practically absent in
chromosomes 3, 10, 13, 14, 16, 19, and X. The gene clusters
were particularly enriched in chromosomes 4 and 8 (p �

10�12 and 10�8, respectively; Fig. 5C).
To evaluate whether differentially expressed genes might

be relevant to DC function, we focused on transcripts for
which functional annotation data was available (50% of dif-
ferentially expressed transcripts; Fig. 5D). Specifically, we
excluded transcripts for which no biological data were avail-
able, or when the sole available evidence was inferred from
electronic annotation that was not assigned by a curator (ND
and IEA GO codes) (Fig. 5D). Remarkably, 56% of functionally
annotated genes had a demonstrated or putative role in DC
function or immune signaling (Fig. 5D). Those 48 genes were
aggregated into six functional categories: resistance to infec-
tion, antigen presentation, phagocytosis, immune signaling,
DC maturation, and DC migration. A complete annotated list
of genes belonging to these categories is available in supple-
mental Table S3. We conclude that IPs have a non-redundant
impact on expression of a selected of set of genes that
regulate different aspects of DC function.

DISCUSSION

By using a label-free quantitative proteomics approach, we
gained valuable insights into the impact of IPs on the molec-
ular composition of the immune self. Our peptidomic studies
allowed us to generate a most comprehensive biochemical
definition of the MIP repertoire. Since we achieved this using
untransfected primary DCs, our data provide a broad and
faithful representation of the MHC I–restricted immune self.
The present work yielded three major observations. First, the
MIP repertoire conceals a cell type-specific signature. Though
the MIP repertoire of DCs and thymocytes partially overlap, no
less than 40% of their MIPs were cell type–specific. The large
proportion of cell type–specific MIPs observed herein argues
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against the notion that MIPs derive primarily from ubiquitously
expressed proteins (50, 51). MIPs unique to DCs or thymo-
cytes reflected cell function and differentiation. The DCs that
we studied were antigen-processing cells with a myeloid phe-
notype whose maturation was induced by LPS (a toll-like
receptor–4 ligand). Quite remarkably, the MIP repertoire of

those DCs was enriched in peptides encoded by genes reg-
ulating proteasome function, myeloid differentiation and toll-
like receptor signaling. Thymocytes have a high proliferation
index and undergo a myriad of sequential interactions with
subpopulations of stromal cells during their three-week jour-
ney in the thymus. Their MIP source genes were biased to-

FIG. 4. IPs have specific cleavage preferences. (A, B) Screen of N terminus (A) and C terminus (B) MIP flanking regions for identification
of amino acid preferences in presence or in absence of IPs. Peptides were ranked according to their fold change (WT/dKO intensity ratio). A
bootstrap procedure was used to detect significant differences between amino acids flanking peptides overexpressed or not in WT DCs. Color
code shows p values computed for each amino acid position, with the strongest p values indicated by a star. (C, D) Distribution of amino acid
frequencies at positions N-5 and C�2. Each dot corresponds to one MIP. Red stars represent the mean rank of peptides bearing a specific
amino acid residue, and can be compared with the mean rank of the entire peptide dataset (gray line). Relative enrichment of all 20 amino acids
as a function of peptides’ WT/dKO ratio was estimated with the Kolmogorov-Smirnov statistical test. (E) Amino acid residues located in protein
regions predicted to be unstructured by the SEG algorithm. Peptides were classified in three groups (colored bars) as a function of their
abundance in WT and dKO DCs (WT/dKO). Proportions were compared using the chi-square test (p � 0.029 and 0.037 for positions C�2 and
C�3, respectively).
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ward cell cycle regulation, purine metabolism and tight junc-
tion formation. The notion that a substantial proportion of
MIPs are cell type–specific leads us to infer that, at the orga-
nismal level, the composition of the MHC I–restricted immune
self is highly complex. The cell types studied herein (DCs and
thymocytes) are rather closely related in the cell lineage tree
because they both derive from hematopoietic stem cells. In
the future, it will be interesting to compare the MIP repertoire
of DCs to that of non-hematopoietic cells.

Second, our proteomics analyses of MIPs from WT and
dKO DCs show that IPs dramatically increase the abundance
and diversity of MIPs. In agreement with that, WT DCs were
immunogenic for dKO mice, but not vice versa. Our study
being based on comparison of WT and dKO DCs, it was
aimed specifically at discovering the non-redundant roles of
IPs, and not the non-redundant roles of CPs. If anything, our
results might slightly underestimate the impact of IPs on the
MIP repertoire because, in addition to CPs, DCs from dKO
mice may harbor a few mixed proteasomes containing LMP2
admixed with CP �2 and �5 catalytic subunits. It must be
realized, however, that eliminating all vestiges of IP activity is
not a trivial task. Since the Lmp2 and the Lmp7 genes are
closely linked, it is practically impossible to generate triple KO
mutants by breeding (LMP7�/�Mecl1�/�) dKO mice with

LMP2�/� mice. A plausible alternative would be to treat dKO
cells with a pharmacologic LMP2 inhibitor (52). However, this
strategy would also be fraught with a caveat: pharmacological
inhibitors block the proteolytic activity of IP subunits but not
other conformational effects that individual IP subunits have
on IP function. Indeed, evidence suggests that incorporation
of immunosubunits results in structural changes of the whole
20S IP complexes and thereby influences their biologic prop-
erties. For example, a model HBV epitope is not generated in
LMP7-deficient cells but can be generated in the presence of
a catalytically inactive LMP7 subunit (in which Thr1 is mutated
to Ala) (7, 53). Thus, the generation of epitopes like that one
would not be blocked by pharmacological inhibitors. Our ob-
servation that IPs increase MIP abundance fits well with in
vitro proteasome digestion experiments suggesting IPs have
greater efflux and cleavage rates than CPs (19, 20) and with
the decreased cell surface levels of MHC I molecules on
Lmp7�/� and Lmp7�/�Mecl1�/� splenocytes (12). For rea-
sons presented in the Introduction, it was not possible to
extrapolate from previous in vitro proteasome digestion ex-
periments the overall impact of IPs on the diversity of the MIP
repertoire generated in vivo. Our work now provides a direct
and global evaluation of the impact of IPs on MIP diversity. Of
417 peptides eluted from DCs, 199 were overexpressed in WT

FIG. 5. IPs imprint on the transcriptome. (A) Volcano plot representation of the relative expression of 42,569 transcripts in WT and in dKO
DCs. Boxes show transcripts significantly overexpressed in WT (blue) and in dKO (red) DCs across three replicates (p � 0.05; two-sided t test).
(B) Spearman correlation between the relative cell surface expression of MIPs (WT/dKO intensity ratio) and the expression of their source
transcripts. (C) Chromosomal distribution of differentially expressed genes (red crosses). The number of genes localized on each chromosome
is shown in parentheses. Significance of enrichment on chromosomes was measured with a modified Fisher’s exact test using DAVID
Bioinformatics Resources. (D) Functional classification of differentially expressed genes obtained by a systematic literature review. The number
of genes included in each category is shown in parentheses.
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relative to dKO DCs and 60 were detected exclusively in WT
DCs. Thus, about 14% of MIPs (60 of 417) were totally
IP-dependent.

Third, our results also suggest that IPs possess distinct
cleavage properties that impinge on the MIP of primary DCs.
The most salient difference between IP-dependent and -inde-
pendent peptides was found at position C�2. For IP-depen-
dent peptides, deviation at C�2 was characterized by an
increased usage of proline and polar residues with decreased
frequencies of asparagine and hydrophobic residues. The
most significant difference was the decreased frequency of
leucine residues at C�2 in IP-dependent relative to IP-inde-
pendent peptides. That observation is remarkably coherent
with the seminal work conducted by Toes et al. who digested
yeast enolase-1 in vitro with CPs or IPs, analyzed fractionated
peptide fragments by MS, and found that leucine at C�2 was
disfavored by IPs (21). Furthermore, our bioinformatic analy-
ses predict that IPs have a bias toward unstructured protein
regions and lead to enhanced MHC I presentation of MIPs
adjoining the unstructured proteome. The lack of secondary
and tertiary structure confers several properties such as in-
creased interaction surface area, conformational flexibility
and accessible posttranslational modification sites (48). Con-
sequently, largely unstructured proteins are especially prone
to make promiscuous molecular interactions and their over-
expression is particularly dangerous for a cell as it frequently
leads to cell death or neoplastic transformation (48, 54). The
MIP repertoire allows presentation of only a tiny fraction of the
proteome to CD8 T cells (22, 55). Therefore, the bias of IPs
toward unstructured protein regions could be of considerable
relevance, for example in cancer immunosurveillance.

Integration of our peptidomic data with global profiling of
the DC transcriptome revealed that differential expression of
MIPs in WT versus dKO DCs cannot be ascribed to differential
transcription of peptide source genes. However, we found
that IPs have a non-redundant impact on expression of a
selected set of transcripts. Of note, IPs may affect expression
of numerous other genes redundantly with CPs, but our study
design was poised to selectively identify genes differentially
regulated by IPs and CPs. Recent evidence suggests that the
role of IPs is not limited to processing peptides for MHC
presentation (56). For instance, MECL1 is a T-cell–intrinsic
factor regulating homeostatic expansion, T cells from dKO
mice hyperproliferate in response to polyclonal mitogens, and
selective inhibition of LMP7 blocks cytokine production by
activated monocytes and T cells (12, 57, 58). The present
work suggests that these pleiotropic effects of IPs may be
mediated by a non-redundant effect of IPs on gene expres-
sion. Differential expression of immune genes could explain
why dKO DCs pulsed with optimal levels of exogenous
SIINFEKL peptide are less immunogenic than WT DCs (sup-
plemental Fig. S1). Further work is needed to discover how
IPs may regulate gene expression. Nevertheless, it is interest-
ing to note that genes on which IPs had a non-redundant

effect were clustered in the genome (Fig. 5C). Gene order in
eukaryotes is not random. In all well-studied genomes, genes
of similar and/or coordinated expression tend to be linked in
clusters that can extend up to many megabases (59). Gene
clustering often results from the sharing of regulatory ele-
ments (60). In line with this, proteasome 20S core particles
regulate transcriptional activation by controlling the localiza-
tion, abundances and activity of transcriptional activators and
repressors through proteolytic degradation (27–30). We there-
fore propose that the non-redundant effect of IPs on gene
expression may result from proteolysis of transcriptional mod-
ulators or their regulators. The overarching conclusion of our
work is that IP subunits MECL1 and LMP7 have more than
one non-redundant role. They have a dramatic impact on the
MIP repertoire and a heretofore unrecognized impact on ex-
pression of immune-related genes. Both of these effects are
probably of great importance in adaptive immune responses
and may be instrumental in the remarkable conservation of
IPs in gnathostomes.
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