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Class II MHC molecules survey the endocytic compartments of APCs and present antigenic peptides to CD4 T cells. In this context,
lysosomal proteases are essential not only for the generation of antigenic peptides but also for proteolysis of the invariant chain
to allow the maturation of class II MHC molecules. Recent studies with protease inhibitors have implicated the asparagine
endopeptidase (AEP) in class II MHC-restricted Ag presentation. We now report that AEP-deficient mice show no differences in
processing of the invariant chain or maturation of class II MHC products compared with wild-type mice. In the absence of AEP,
presentation to primary T cells of OVA and myelin oligodendrocyte glycoprotein, two Ags that contain asparagine residues within
or in proximity to the relevant epitopes was unimpaired. Cathepsin (Cat) L, a lysosomal cysteine protease essential for the
development to CD4 and NK T cells, fails to be processed into its mature two-chain form in AEP-deficient cells. Despite this, the
numbers of CD4 and NK T cells are normal, showing that the single-chain form of Cat L is sufficient for its function in vivo. We
conclude that AEP is essential for processing of Cat L but not for class II MHC-restricted Ag presentation. The Journal of
Immunology, 2005, 174: 7066–7074.

T hrough display of antigenic peptides, class II MHC prod-
ucts are involved in T cell recognition, not only to allow
elaboration of a functional CD4 T cell repertoire, but also

for the initiation and effector phases of a CD4 T cell response. Ag
presentation by class II MHC molecules is controlled by proteolysis
minimally at three levels. First, the trafficking and maturation of class
II MHC products involves a chaperone, the invariant chain (Ii)3,
whose destruction by proteolysis is essential to liberate the peptide-
binding pocket of the class II MHC products. Second, the generation
of antigenic peptides requires proteolysis of the polypeptides that
contain the requisite peptide epitope(s). By the same logic, presenta-
tion of peptide epitopes is prevented if proteolysis destroys these
peptides before interaction with class II MHC products. Third, the
maturation of lysosomal proteases involved in Ag presentation from
their inactive zymogens into active proteases requires proteolysis.

Studies with protease inhibitors and protease-deficient mice
have demonstrated that the degradation of Ii occurs in stepwise
fashion (reviewed in Refs. 1–3). Studies with broad spectrum cys-
teine protease inhibitors such as leupeptin suggested the involve-
ment of both cysteine and noncysteine proteases (4–6). The final
cleavage of Ii generates the class II Ii peptide (CLIP) bound to
class II MHC molecules from the larger Ii precursor, p10, in a
reaction catalyzed by cysteine proteases of the cathepsin (Cat)
family. The proteases involved can be cell type specific. For ex-
ample, Cat S mediates the final step in the conversion of Ii in B
cells and dendritic cells (7–10). In Cat L-deficient mice, this cleav-
age is impaired in cortical thymic epithelial cells (11). Cat F can
compensate for loss of Cat L and Cat S in macrophages (12). The
initial proteolytic steps in the degradation of Ii are less well un-
derstood. Asparagine (Asn) endopeptidase (AEP) has been con-
sidered an attractive candidate because a peptide-based inhibitor of
AEP delayed early events in degradation of Ii in human B cell lines
and monocyte-derived dendritic cells (13). Furthermore, the ex-
pression of AEP has been reported in other APCs, such as murine
B cell lines, splenocytes, murine thymic dendritic cells, and bone
marrow-derived dendritic cells (BMDCs) (14–16).

AEP, also called mammalian legumain, is a cysteine protease
that hydrolyzes substrates C-terminal of Asn residues (17, 18). It
shares homology with a family of proteases that includes caspases
and separase (19) but not with the papain-fold lysosomal proteases.
AEP is insensitive to leupeptin and E-64 (20, 21) and therefore
may be responsible for Ii intermediates generated in the presence
of leupeptin (3, 13). In addition to its role in Ii processing, AEP
may be involved in proteolysis of Ags relevant for class II MHC
presentation. For example, degradation of tetanus toxin requires
AEP (21), whereas generation of the myelin basic protein (MBP)
immunodominant epitope, potentially presented by HLA-DR2, is
destroyed by AEP (14). These experiments primarily used purified
AEP to attack the respective purified Ags in vitro or relied on
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peptide-based inhibitors to block AEP activity. The demonstration
that a purified enzyme can generate class II MHC-restricted
epitopes or cleave Ii in vitro cannot simply be extended to its
involvement in these processes in living cells. The use of pharma-
cological inhibitors further entails the unavoidable risk of off-tar-
get inhibition. A genetic disruption of the AEP gene would in
principle allow a less ambiguous demonstration of AEP involve-
ment in class II MHC biosynthesis and in Ag presentation.

AEP-deficient mice exhibit a defect in maturation of Cat B, Cat
H, and Cat L in kidney cells (15). These lysosomal proteases reach
endocytic compartments as proforms or zymogens. It is here that the
propeptide is removed proteolytically. The resulting single-chain form
is then cleaved into the two-chain form (22). AEP mediates the latter
cleavage event in kidney cells (15). Identification of Cats as substrates
for AEP in APCs represents an additional step that might control
protease activity and hence Ag presentation.

In the present study, we investigate class II MHC Ag processing
and presentation in AEP-deficient mice. We find no abnormalities
in class II MHC biosynthesis and maturation in primary APCs
from AEP-deficient mice compared with wild type. Such anoma-
lies are readily seen in animals deficient for Cat S (9, 10). More-
over, the presentation to primary T cells of two protein Ags occurs
with similar efficacy in AEP-deficient and wild-type APCs. Al-
though the processing of Cat L is blocked in AEP mutant mice, the
number of CD4 and NK T cells, although dependent on a func-
tional Cat L gene, are normal. We suggest that AEP is not essential
for Ag presentation, at least in mice, and that the Cat L single-
chain form suffices to function in generation of CD4 and NK T
cells.

Materials and Methods
Mice and cell preparation

C57BL/6J and class II MHC-deficient mice were obtained from The Jack-
son Laboratory. Generation of class II MHC-, Cat B-, Cat L-, Cat S-, and
AEP-deficient mice has been described previously (9, 15, 23–25). Cat L-
and Cat B-deficient mice were backcrossed to the C57BL/6J background
for five to six generations. Cat S-deficient animals on the C57BL/6J back-
ground were a kind gift from R. Riese (Brigham and Women’s Hospital,
Boston, MA). Transgenic mice that express an OVA-specific TCR (OT-II)
have been described previously (26). Myelin oligodendrocyte glycoprotein
(MOG)-specific transgenic 2D2 mice (27) were a kind gift from V.
Kuchroo (Harvard Medical School, Boston, MA). Animals were bred in a
pathogen-free environment in accordance with Harvard Medical School
guidelines.

Single-cell suspensions from spleen, lymph node, liver, and thymus
were generated by mechanical disruption of the tissues. RBCs were elim-
inated by hypotonic lysis. Mononuclear cells were enriched from liver over
a Percoll gradient as described previously (28, 29). Bone marrow cells
were harvested by flushing the femur and tibia of wild-type, AEP-deficient,
or class II MHC-deficient mice using a 25-gauge needle. To generate BM-
DCs, bone marrow cells were plated at 1–2 � 106 cells/well (12-well plate)
in complete DMEM (10% FCS) supplemented with 1 ng/ml IL-4 (Roche)
and 10 ng/ml GM-CSF (PeproTech). Fresh media was replenished on days
2 and day 4. Immature BMDCs were generated after 5–6 days of culture.

Immunostaining and fluorescent confocal microscopy

Five-day-old BMDCs on coverslips were fixed in 3.7% paraformaldehyde
in PBS for 10 min at room temperature. For costaining with transferrin,
cells were incubated with Alexa594-conjugated transferrin (Molecular
Probes) in serum-free media for 15 min at 37°C before fixation. Dendritic
cells were then permeabilized for 10 min with 0.05% saponin in PBS
(PBS-S) and incubated with 5% BSA in PBS-S for 30 min at room tem-
perature. The cells were stained with rat mAb M5/114.15.2 (BD Bio-
sciences) or hamster mAb N22 for class II MHC (I-A), rabbit polyclonal
Ab JV11 for Ii, and rat mAb 1D4B for lysosome-associated membrane
protein 1 (LAMP-1) for 1 h at room temperature, followed by incubation
with Alexa488- or Alexa594-conjugated secondary Abs for 30 min at room
temperature. After extensive washing, coverslips were mounted on glass
slides using SlowFade Light Antifade kit (Molecular Probes). The cells
were imaged with a CFI Plan Apo �100 oil objective lens using a Nikon

TE2000U inverted fluorescent microscope equipped with a PerkinElmer
UltraVIEW LCI spinning disk confocal head, a Kr-Ar laser, and a
Hamamatsu orca ER-cooled charge-coupled device camera (12 bit) in the
Nikon Imaging Center at Harvard University.

Pulse-chase and immunoprecipitation

Pulse-chase experiments were conducted as described previously (8).
Briefly, single-cell suspensions were maintained in methionine-free me-
dium for 1 h. Where indicated, leupeptin (Roche), pepstatin A (Sigma-
Aldrich), or MV026630 (AEP inhibitor (AEPi)), synthesized as previously
described (30), was added to final concentrations as indicated at 10 min
before onset of the pulse and throughout the reminder of the experiment.
Splenocytes were pulsed with 0.5 mCi of [35S]methionine and BMDCs
with 1 mCi of [35S]methionine for 30 min and chased for the times indi-
cated. At the end of the chase, the cells were washed with PBS and lysed
in buffer A (50 mM Tris (pH 7.4), 5 mM MgCl2, and 0.5% Nonidet P-40
with complete protease inhibitor mix (Roche)). After preclearing with
normal rabbit and mouse serum together with staphylococcus aureus
protein A, class II MHC molecules were immunoprecipitated with N22
Ab. Samples were either boiled in sample buffer or simply dissolved in
sample buffer at room temperature to examine SDS-stable dimer for-
mation. Where indicated, reimmunoprecipitation for Ii was conducted
after dissociation of the complex in PBS/1% SDS by boiling and sub-
sequent dilution of the SDS. Ii was immunoprecipitated using the poly-
clonal Ab JV5 recognizing the N terminus of Ii (31).

Protease assays and immunoblot

Postnuclear lysates from BMDCs (20 �g of protein, determined by BCA
assay; Pierce) were incubated with 100 �M protease substrates (AEP: Z-
Ala-Ala-Asn-AMC, Cat B/L: Z-Phe-Arg-AMC, Cat B: Z-Arg-Arg-AMC,
Cat S: Boc-Val-Leu-Lys-AMC, Cat H: H-Arg-AMC, BACHEM) for 1 h at
37°C. The following buffers were used for AEP (20 mM citric acid, 60 mM
Na2HPO4, 0.1% CHAPS (pH 5.5), 1 mM EDTA, and 1 mM DTT), Cat B/L
and Cat B (50 mM Na2HPO4 (pH 6.25), 1 mM EDTA, and 1 mM DTT),
Cat H (100 mM Bis-Tris propane, 1% polyethylene glycol 8000 (pH 7.5),
1 mM EDTA, and 1 mM DTT), and Cat S (100 mM Na2HPO4, 100 mM
NaCl (pH 6.5), 1 mM EDTA, and 1 mM DTT). DTT was added immedi-
ately prior for all assays. Reactions were performed in black-walled 96-
well plates (Nunc) in a total volume of 200 �l. Release of 7-amido-4-
methyl coumarin (AMC) was measured at 460 nm with a Wallac
fluorescence plate reader. For the evaluation of AEPi in cells, BMDCs
were treated with AEPi (20 �M) or DMSO vehicle for 1 h at 37°C before
preparation of postnuclear lysates.

For active site labeling, cells were lysed in buffer B (50 mM sodium
acetate (pH 5), 5 mM MgCl2, and 0.5% Nonidet P-40) on ice. After re-
moval of cell debris and nuclei by centrifugation, 25 �g of protein were
labeled with 5 �M DCG-04 in 50 �l of buffer B for 1 h at 37°C. For
immunoprecipitation of Cat B and Cat L, 100 �g of protein were labeled
with 10 �M DCG-04 in 100 �l of buffer B for 1 h at 37°C. The reaction
was stopped by adding SDS to a final concentration of 1% and boiled.
Rabbit anti-Cat L antiserum and staphylococcus aureus protein A was used
to immunoprecipitate Cat L. For analysis of DCG-04 labeling, HRP-coupled
streptavidin (Amersham Biosciences) was used. The synthesis of DCG-04 has
been described previously (32). The polyclonal anti-gp96 antiserum was raised
in our lab according to standard procedures. The polyclonal antiserum against
Cat L was a kind gift from A. Erickson (University of North Carolina, Chapel
Hill, NC).

For analysis by immunoblotting, cells were lysed in buffer A. Samples
were analyzed by SDS-PAGE and immunoblot according to standard pro-
cedures. The secondary anti-rabbit Ab coupled with HRP was obtained
from Southern Biotechnology Associates.

Cytofluorimetry

Single cell suspensions were stained on ice with the indicated Abs conju-
gated to FITC, PE, APC, PerCP, or biotinylated. Biotinylated Abs were
detected by fluorophore-conjugated streptavidin (BD Pharmingen). Stained
cells were acquired on a FACSCalibur followed by analysis using
CellQuest software. Where indicated, dead cells were labeled with TO-
PRO3 (Molecular Probes) for subsequent exclusion from analysis. The Abs
used for FACS analysis, anti-I-Ab (AF6-120.1), -TCR� (H57-597), -CD4
(RM4-5), -CD8� (53-6.7), -CD11c (HL3), -CD19 (1D3), -CD69 (H1.2F3),
-V�5.1,5.2 (MR9-4), and -V�11 (RR3-15), were obtained from BD
Pharmingen. CD1d tetramers were generated as previously described (29,
33), using �-galactosylceramide synthesized in our laboratory, as will be
described elsewhere.
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Ag presentation

BMDCs day 5 of culture were pulsed with either OVA (Sigma-Aldrich) or
MOG for 6 h and washed to remove excess Ag. Recombinant MOG protein
was expressed and purified as described previously (34). Transgenic OT-II
or 2D2 CD4 T cells were harvested from the peripheral lymph nodes of
TCR-transgenic mice. Lymph node cells were depleted of class II-positive
cells by negative selection using anti-mouse class II MHC-magnetic mi-
crobeads (Miltenyi Biotec). Depletion of class II MHC-expressing cells
was confirmed by flow cytometry. Three to 9 � 105 class II MHC-negative
lymph node cells were added to Ag-pulsed BMDCs and incubated over-
night. Cells present in suspension were harvested in PBS supplemented
with 5% FCS/0.02% sodium azide and analyzed by flow cytometry. OT-II
T cells were detected as CD4- and V�5-expressing cells. 2D2 T cells were
detected as CD4- and V�11-expressing cells. T cell activation was assessed
as the percentage of transgenic CD4 T cells expressing the early activation
molecule, CD69, in response to Ag presented by class II MHC.

Results
Class II MHC molecules display normal localization in AEP-
deficient cells

Alterations in protease activity of APCs can affect the steady-state
distribution of class II MHC by influencing degradation of Ii, as
readily seen by incubation of cells with leupeptin (4, 5, 35). Re-
portedly, AEP colocalizes with class II MHC molecules in endo-
cytic compartments of BMDCs (16) and can use Ii as a substrate
(13). Thus, we examined the role of AEP on distribution of class
II MHC molecules in murine APCs derived from AEP-deficient
mice and compared them to wild-type mice. By cytofluorimetry,
surface expression of class II MHC molecules on splenic B cells
(CD19�), dendritic cells (CD11c�), and BMDCs were comparable
to wild type (Fig. 1A). The low class II MHC-expressing BMDC
population most likely represents immature dendritic cells because
LPS treatment led to disappearance of this population (data not
shown). Confocal microscopy of BMDCs showed that in immature
dendritic cells, class II MHC molecules localize to late endocytic
compartments in both AEP-deficient and wild-type mice, as judged
by colocalization with the late endosomal/lysosomal marker,
LAMP-1, but not the early endosomal marker transferrin (Fig. 1, B
and C). Therefore, neither cell surface expression nor overall in-
tracellular localization of class II MHC molecules was obviously
perturbed by the lack of AEP.

AEP has been reported to be involved in the cleavage of Ii
C-terminal to CLIP (13). Cleavage of human Ii was proposed to
occur at Asn residues 132 and 155 (3). In mice, cleavage at Asn
residues 105, 147, 153, or 159 might result in the Ii remnants p10

or p22 by release of a C-terminal Ii fragment (Fig. 2A). Inhibition
of this cleavage event could lead to a prolonged association of this
C-terminal Ii fragment with the class II MHC molecule. To ex-
amine whether the lack of AEP alters the colocalization of the
class II molecules with the relevant portion of Ii, we used a poly-
clonal anti-Ii serum raised against an epitope encoded in the C-
terminal region of Ii (Fig. 2A; Ref. 31). We observed similar partial
colocalization of class II MHC molecules with this region of the Ii
in AEP-deficient and wild-type BMDCs (Fig. 1D). In addition, no
change in localization of the N-terminal portion of Ii was observed
(data not shown). We conclude that the steady-state distribution of
class II MHC is not affected by the loss of AEP.

Processing of Ii proceeds normally in primary AEP-deficient
cells

We next examined the maturation of class II MHC molecules to
explore the possibility of more transient or subtle defects caused
by the AEP deficiency. AEP was ascribed a role in generation of
SDS-stable dimers (13), a hallmark of peptide-loaded class II
MHC molecules (36). To address whether AEP plays a role in the
generation of such complexes in murine dendritic cells, we used
BMDCs to conduct pulse-chase experiments for class II MHC
maturation. Radiolabeled class II MHC molecules were immuno-
precipitated with N22, an Ab that recognizes properly folded class
II MHC molecules. Peptide-loaded SDS-stable class II MHC mol-
ecules (��p) could be detected in wild-type and AEP-deficient
BMDCs as early as after 1 h of chase (Fig. 2B, left panels). The
role of AEP in class II MHC maturation has been assessed in
human B cell lines by using the AEP-specific inhibitor MV026630
(AEPi, see Fig. 5B) (13). To address whether treatment with AEPi
might have a differential effect on class II MHC maturation from
the genetic disruption of AEP activity, we conducted pulse-chase
experiments in the presence of AEPi. Addition of AEPi during the
pulse-chase also did not influence formation of SDS-stable dimers
in BMDCs when compared with control cells (Fig. 2B, right
panels).

To examine whether other cysteine proteases might compensate
for the loss of AEP, we analyzed the maturation of class II MHC
molecules in BMDCs treated with leupeptin, a broad spectrum
cysteine protease inhibitor. Addition of leupeptin led to accumu-
lation of Ii remnants (p22, p18, and p10) in wild-type BMDCs that
are also present in similar quantities in AEP-deficient BMDCs
(Fig. 2C, left panels). BMDCs treated with leupeptin and AEPi or

FIGURE 1. Intracellular distribution of class II
MHC molecules is normal in AEP�/� mice. A,
FACS analysis of class II MHC (I-A) surface ex-
pression on splenic dendritic cells (CD11c�, upper
left panel) and B cells (CD19�, upper right panel)
or BMDCs (lower panel). B cells were gated on a
lymphocyte gate, whereas dendritic cells were gated
on larger CD11c� cells based on forward and side
scatter. The dendritic cells could be divided into
populations with high and low class II MHC surface
expression, most likely a reflection of their matura-
tion and activation status. B–D, Confocal micros-
copy analysis of colocalization of class II MHC mol-
ecules with transferrin (Tfn), LAMP-1, or the
luminal domain (COOH terminus) of Ii.
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leupeptin and DMSO afforded similar Ii intermediates associated
with class II MHC (Fig. 2C, right panels). Neither the genetic
disruption nor the chemical inhibition of AEP indicated a signif-
icant role for this enzyme in the class II MHC maturation in BM-
DCs, even upon inhibition of leupeptin-sensitive proteases. In con-
trast, inactivation of the Cat S gene or inhibition of Cat S activity
results in accumulation of the p10 Ii intermediate in primary
APCs (8–10).

A role for AEP in processing of Ii as well as in the generation
of SDS-stable dimers was reported for human B cell lines (13).

Thus, we used murine splenocytes as a source of primary B cells
to conduct pulse-chase experiments for class II MHC maturation.
As shown in Fig. 3A, the amount of Ii-associated class II MHC
complexes (��Ii) decreased with time equally in both wild-type
and AEP-deficient splenocytes, giving rise to SDS-stable peptide
class II MHC complexes. After 1 h of chase, SDS-stable peptide
class II MHC complexes and the p10 Ii intermediate were readily
detectable in both cases. Therefore, the loss of AEP alone does not
block class II MHC maturation in murine B cells. Similarly, the
treatment of splenocytes with AEPi did not block the formation of
SDS-stable dimers when compared with DMSO vehicle-treated
cells (Fig. 3B). Furthermore, the Ii intermediates p22, p18, and p10
were readily detectable in both wild-type and AEP-deficient
splenocytes treated with leupeptin (Fig. 3C). Therefore, the gen-
eration of these intermediates is not dependent on AEP and leu-
peptin-sensitive proteases. We performed reimmunoprecipitation
experiments with the JV5 antiserum, directed against the cytoplas-
mic N-terminal portion of Ii, to unambiguously identify the Ii frag-
ments indicated in the figure (data not shown).

To examine whether aspartyl proteases might compensate for
the loss of AEP in the early steps of Ii processing, we conducted
pulse-chase experiments in the presence of the broad spectrum
aspartyl protease inhibitor pepstatin A together with leupeptin. The
generation of the p22, p18, and p10 Ii fragments was reduced to
the same extent in AEP-deficient and in wild-type splenocytes
treated with leupeptin and pepstatin A (Fig. 3C). Maturation of
class II MHC � subunits into complex-type oligosaccharide-bear-
ing species was identical for cells treated with leupeptin alone or
cells treated with both leupeptin and pepstatin A (Fig. 3C). There-
fore, the effects of pepstatin A on Ii processing are not simply due
to interference with intracellular transport of class II MHC prod-
ucts before arrival in endocytic compartments. Thus, even when
leupeptin and pepstatin A-sensitive proteases were inhibited, the
lack of AEP did not yield a block at any stage of Ii processing
compared with wild type.

To test whether AEPi affects class II MHC maturation in murine
splenocytes in the absence of leupeptin-sensitive protease activi-
ties, we conducted pulse-chase experiments in the presence of leu-
peptin combined with AEPi. SDS-stable dimers were observed af-
ter 1 h of chase in control cells (Fig. 3D). As expected, the
generation of peptide-loaded SDS-stable dimers was blocked by
leupeptin alone (4, 35, 37), as well as in the presence of leupeptin
combined with AEPi (Fig. 3D). Moreover, the accumulation of Ii
fragments p10, p18, and p22 was indistinguishable for leupeptin-
treated cells with or without added AEPi (Fig. 3D). Taken to-
gether, our data indicate that AEP is dispensable for processing of
Ii and maturation of class II MHC molecules into peptide-loaded
complexes in murine BMDCs and splenocytes.

AEP is dispensable for Ag presentation of OVA and MOG

Class II MHC Ag presentation requires processing of proteins into
antigenic peptides, whose generation or abundance might be al-
tered by the loss of AEP. Indeed, AEP has been implicated in
epitope generation from tetanus toxin and in the destruction of an
immunodominant epitope from MBP (14, 21). To assess the role of
AEP in class II MHC Ag presentation, we used OVA and MOG as
protein Ags for which Ag-specific primary CD4 T cells were
readily available from OT-II (26)- and 2D2 (27)-transgenic mice,
respectively. The core epitope recognized by OT-II T cells (OVA
329-337: AAHAEINEA, (38)) contains an Asn (OVA: Asn335),
whereas the peptide relevant for 2D2 recognition (MOG 38-51)
(39) lies in close proximity to an Asn (MOG 38-55: GWYRSPF-
SRVVHLYrngk). We considered several possibilities. The OVA

FIGURE 2. AEP is not essential for maturation of class II MHC mol-
ecules in BMDCs. A, Schematic overview of the Ii processing. Full-length
Ii (p31) and its degradation products p22, p10, and CLIP are depicted.
Epitopes for the anti-Ii antisera JV5 and JV11 are indicated. Conversion of
p31 to CLIP can be blocked at different stages by the inhibitor leupeptin.
Processing of the Ii intermediate p10 to CLIP is mediated by the leupeptin-
sensitive protease Cat S in B cells and dendritic cells. Proteases involved
in earlier cleavage events remain to be identified. Asn residues (N105,
N147, N153, and N159) that might be a recognized by AEP are depicted.
Asn residues 113 and 115 act as N-linked glycosylation sites. B and C,
Radiolabeled pulse-chase experiments on BMDCs with a 30-min pulse and
indicated chase times followed by recovery of class II MHC molecules and
associated proteins by immunoprecipitation with N22. B, Generation of
SDS-stable complexes is analyzed in wild-type (AEP�/�) and AEP-defi-
cient (AEP�/�) BMDCs (left panels) or in BMDCs treated with 40 �M
AEPi or control amount of DMSO (right panels). The samples were loaded
under mildly denaturing conditions (nonboiled). C, Generation of Ii rem-
nants was analyzed in presence of 1 mM leupeptin present during the
pulse-chase. Samples were loaded after boiling.
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epitope might be (partially) destroyed by AEP activity, and con-
sequently, the absence of AEP might improve its presentation. If
an initial cleavage of OVA by AEP, somewhere outside the
epitope presented, were required to facilitate subsequent excision
of the epitope by other proteases, then the AEP deficiency might
impair presentation. It is not possible to choose a priori between
these two possibilities. Although the MOG epitope lacks an Asn
residue, an Asn residue is present in close proximity to the epitope
proper. Excision of the MOG epitope might be favored by a prior
cleavage involving AEP or be compromised if the hierarchy of
cleavages that generates the MOG epitope would critically depend
on the action of AEP.

BMDCs from AEP-deficient and wild-type mice were chal-
lenged with OVA or MOG protein and evaluated for class II MHC
Ag presentation by activation of OT-II or 2D2 T cells, respec-
tively. Class II MHC presentation of OVA and MOG by AEP-
deficient BMDCs was comparable to that of wild-type BMDCs, as
assessed by up-regulation of the early T cell activation marker
CD69 (Fig. 4). Presentation of OVA or MOG protein by BMDCs
derived from class II MHC-deficient mice yielded values for CD4
T cell activation of �9%, even at the highest Ag concentrations
(Fig. 4 and data not shown), confirming specificity and class II
MHC dependency of the assay. Although AEP might be involved
in processing of some Ags as shown in human B cell lines (14, 21),
it is not essential for the generation of the peptide epitopes
examined here.

AEP deficiency leads to absence of the two-chain form of Cat L

Endocytic proteases are synthesized as zymogens, which are then
activated by proteolytic processing to their mature forms. There-
fore, regulation of this maturation might have consequences for the
class II MHC Ag presentation pathway. To examine whether AEP
deficiency might alter cysteine protease activity in APCs, we used
fluorogenic substrates selective for the different proteases. BMDC
lysates from AEP-deficient mice failed to cleave a fluorogenic sub-
strate selective for AEP (Fig. 5A), demonstrating that AEP is the
predominant activity capable of hydrolyzing this substrate. In con-
trast, we did not find notable differences in the hydrolysis of Cat
B/L-, Cat B-, or S-specific substrates between AEP-deficient and
wild-type BMDC lysates. A modest reduction in the hydrolysis of
a Cat H-selective substrate was observed in AEP-deficient BM-
DCs. The activity of the AEP-specific substrate was reduced in
lysates from AEPi-treated BMDCs, whereas the activity toward
the CatB/L-specific substrate was not affected (Fig. 5C). This con-
firms the previously reported (13) potent and selective activity of
AEPi in intact cells.

In previous work, we had identified the active forms of Cats
in BMDC lysates by taking advantage of their reactivity with
the cysteine-protease mechanism-based probe, DCG-04 (40).
Using DCG-04 (Fig. 5D), we determined the activity profile of
cysteine proteases in AEP-deficient and wild-type BMDC ly-
sates. A polypeptide species, previously identified as Cat L

FIGURE 3. AEP is not essential for generation of Ii intermediates in splenocytes. A–D, Radiolabeled pulse-chase experiments on splenocytes with a
30-min pulse and indicated chase times. AEP-deficient (AEP�/�) or wild-type control (AEP�/�) cells (A) or wild-type splenocytes (B) treated with 40 �M
AEPi or control amounts of DMSO were analyzed for SDS-stable dimer formation. Class II MHC molecules and associated proteins were recovered by
immunoprecipitation with N22 and loaded under denaturing (boiled) or mildly denaturing (nonboiled) condition. C, Processing of class II MHC-associated
Ii was examined in the presence of 1 mM leupeptin and 10 �M pepstatin A. The samples were loaded under denaturing conditions. p31, its splice variant
p41, and the degradation intermediates p22, p18, and p10 are indicated. SDS-stable class II MHC complexes are found as class II MHC subunits � and
� in association with full-length Ii (��Ii), p10 (��p10), or peptide (��p). D, Pulse-chase experiment of protease inhibitor treated wild-type splenocytes.
A total of 1 mM leupeptin and 40 �M AEPi was used where indicated. Control cells were treated with DMSO.
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(40), was absent in AEP-deficient compared with wild-type
BMDCs (Fig. 5E). Instead, a polypeptide of higher molecular
mass was present in AEP-deficient mice. In the kidney, AEP-
deficient mice exhibit a defect in the generation of the Cat L
two-chain form (Fig. 5F; Ref. 15). To determine whether a
similar defect occurs in APCs, BMDC lysates labeled with
DCG-04 were immunoprecipitated for Cat L. Both the Cat L
single-chain and two-chain form were labeled with DCG-04 in
wild-type and Cat B-deficient lysates (Fig. 5G). However,
BMDC lysates from AEP-deficient mice contained only the sin-
gle-chain and not the two-chain form. These data show a defect
in processing of Cat L in AEP-deficient BMDCs and reveal the
Cat L single-chain form as enzymatically active based on its
labeling with the mechanism-based probe DCG-04.

To examine whether the generation of the mature Cat L two-
chain form was blocked only in AEP-deficient mice, we performed
Cat L immunoblots on samples from other available protease-de-
ficient mice. Whereas the two-chain form of Cat L was present in
wild-type, heterozygous, Cat S-deficient, and Cat B-deficient an-
imals, only the single-chain and the pro-Cat L form could be de-
tected in AEP-deficient animals (Fig. 5H). BMDC lysate from a
Cat L-deficient mouse is included to demonstrate the specificity of
the anti-Cat L sera. In addition, we analyzed lysates generated
from spleen and thymus for expression of different Cat L isoforms.
The amount of the Cat L single-chain form in AEP-deficient ly-
sates was increased compared with wild-type and Cat B-deficient
animals, whereas the Cat L two-chain form was undetectable es-
sentially in AEP-deficient mice (Fig. 5I). Interestingly, the pro-Cat
L isoform was increased markedly in thymic extracts of
AEP-deficient mice.

Generation of CD4 and NK T cells is independent of AEP

The presence of Cat L is essential for the normal numbers of CD4
as well as NK T cells (11, 41). If Cat L function was compromised
in AEP-deficient mice, as inferred from the inability to process the
single-chain form, this deficiency might impair CD4 T cell gen-
eration. However, we observe normal CD4 and CD8 single-posi-
tive T cell numbers in the thymus of AEP-deficient mice in com-
parison to wild-type and heterozygous controls (Fig. 6A, upper
panel; Table I). In addition, peripheral CD4 and CD8 T cell num-
bers were also normal in AEP-deficient mice (Fig. 6A, middle and
lower panels; Table I). Wild-type, AEP-deficient, and Cat L-defi-

cient mice were also analyzed for generation of NK T cells by
staining with �-galactosylceramide-loaded CD1d tetramers (33).
Although NK T cells were generated efficiently in the thymus of
AEP-deficient and wild-type mice, a severe defect was observed in
Cat L-deficient mice (Ref. 41; Fig. 6B, upper panel). Moreover,
the percentage of NK T cells in peripheral organs such as spleen
and liver in AEP-deficient and wild-type was comparable but
strongly diminished in Cat L-deficient mice (Fig. 6B, middle and
lower panels). CD4 as well as NK T cells are generated in normal
numbers in AEP-deficient mice, suggesting that AEP interferes
neither directly nor indirectly with the generation of these cell
populations, despite the inability to generate the two-chain form of
Cat L.

Discussion
The identification of the specific protease(s) involved in class II
MHC Ag presentation may provide targets for therapeutic inter-
vention. In this regard, AEP, a cysteine protease with a unique and,
apparently nonredundant (Fig. 5), substrate specificity has at-
tracted considerable attention. Initially, the role of AEP in Ag pre-
sentation was inferred from the ability of purified AEP to execute
the early cleavages of tetanus toxin Ag (21). Furthermore, destruc-
tion of an immunodominant MBP epitope relevant for multiple
sclerosis suggested the potential for intervention by inhibition of
AEP activity (14). More recently, the use of a cell-permeable AEPi
has suggested the involvement of AEP in class II MHC maturation
through proteolysis of Ii (13). Proteolysis of Ii might influence
timing and location of peptide loading onto class II MHC mole-
cules and therefore may affect initiation of an immune response.
We used AEP-deficient mice and AEPi to address the role of this
cysteine protease on class II MHC maturation and Ag processing
in primary APCs.

The distribution and maturation of class II MHC molecules are
normal in AEP-deficient mice. As measured by flow cytometry,
the loss of AEP did not adversely affect the amount of cell surface
class II MHC molecules. Intracellular distribution of class II MHC
molecules and Ii were also identical for AEP-deficient and wild-
type mice. In the absence of AEP activity, neither formation of
SDS-stable dimers nor the processing of Ii intermediates was im-
paired in murine BMDCs and splenocytes. Even in the presence of
broad spectrum cysteine and aspartyl protease inhibitors, the AEP
deficiency did not reveal significant differences in class II MHC
maturation, ruling out compensatory effects of leupeptin- and pep-
statin A-sensitive proteases. Furthermore, pharmacological inhibi-
tion of AEP with the cell-permeable inhibitor AEPi (13, 30) af-
forded no differences in class II MHC maturation. The reduction in
leupeptin-induced Ii intermediates by additional treatment with as-
partyl protease inhibitors has been described previously for human
B-lymphoblastoid cells (42) and demonstrates that additional pro-
teases in the processing of Ii remain to be identified. However,
from our data, we conclude that AEP is not essential for class II
maturation or proteolysis of Ii in murine BMDCs and splenocytes,
where the most abundant class II MHC-positive cells are B cells.

Table I. Total cell numbers (mean � SD) calculated from living cells
for indicated cell populations

Spleen Thymus

CD4 CD8 CD4SP CD8SP

Wild type
n � 8–9

9.1 (� 2.0) 5.8 (� 1.2) 5.4 (� 3.8) 1.9 (� 1.4)

AEP�/�

n � 10
12.3 (� 4.3) 7.3 (� 2.8) 8.1 (� 2.6) 2.5 (� 0.8)

FIGURE 4. Normal Ag presentation of OVA and MOG to T cells. AEP-
deficient BMDCs present MOG (left panel) and OVA (right panel) protein
to Ag-specific CD4 T cells. AEP-deficient (AEP�/�), wild-type (AEP�/�),
and class II MHC-deficient (MHC-II�/�) BMDCs were pulsed with the
indicated concentrations of proteins for 6 h. Following washing, the pulsed
BMDCs were incubated together with class II MHC-depleted CD4 T cell
preparations overnight. CD4 T cell activation was assessed by flow cy-
tometry as the up-regulation of the early activation marker CD69 on CD4-
positive V�5 (OT-II) or V�11 (2D2) cells.
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To evaluate the role of AEP in Ag presentation, we used two
protein Ags, OVA and MOG, for which Ag-specific, TCR-trans-
genic T cells are readily available. The OVA core epitope (OVA
329-339: VHAAHAEINEA) recognized by OT-II T cells in the
context of I-Ab molecules contains an Asn at position 335 (38).
This situation is similar to that seen for the HLA-DR2-associated
MBP epitope reportedly destroyed by AEP (14). Although the
Asn53 of the MOG protein is not in the core epitope (MOG 40-48)
(43) and lies in a region not required for optimal 2D2 T cell ac-
tivation (MOG 38-55: GWYRSPFSRVVHLYrngk) (39), it might
be important in generation of the recognized peptide from a whole
protein because it is located close to the relevant epitope. OVA and
MOG were presented efficiently on class II MHC molecules (I-Ab)
by AEP-deficient and wild-type BMDCs, indicating that AEP has
neither a positive nor a negative effect on the presentation of these
epitopes. The presence of an Asn in a given T cell epitope does not
necessarily render it susceptible to destruction by AEP. This is the
case for the OVA class II MHC epitope examined. In addition,
although AEP may cleave Asn residues distant from the peptide

epitope and consequently alter recognition by T cells, this is not
the case for the MOG class II MHC epitope. Therefore, AEP does
not critically determine the MHC class II presentation of the pro-
tein Ags used in this study.

Collectively, our experiments suggest AEP is not essential for
class II MHC maturation and Ag presentation per se in the mouse.
This is contrary to earlier reports on AEP in human B cell lines,
which suggested that AEP was crucial for class II MHC maturation
(13) and presentation of exogenous Ags, such as tetanus toxin Ag
(21) and MBP (14). These discrepancies may be explained by dif-
ferent protease activities among tissues or among the similar tis-
sues from different species (44). Additionally, the previous studies
were performed in B cell lines that might have different protease
activity compared primary B cells used in this study. For example,
Cat G instead of AEP was identified as a protease that controls
MBP processing in human peripheral blood B lymphocytes (45).
Compared with EBV-transformed human B cell lines, peripheral
blood B lymphocytes exhibit 10-fold lower AEP activity and lower
RNA levels, which may explain the observed differences for MBP

FIGURE 5. Generation of the mature Cat L two-chain form is abrogated in AEP-deficient mice. A, Postnuclear lysates of BMDCs from wild-type
(AEP�/�) and AEP-deficient (AEP�/�) mice were assayed for protease activity with AMC substrates for AEP (Z-Ala-Ala-Asn-AMC), Cat B/L (Z-Phe-
Arg-AMC), Cat B (Z-Arg-Arg-AMC), Cat S (Boc-Val-Leu-Lys-AMC), and Cat H (H-Arg-AMC). Bars represent the average of duplicate experiments.
Error bars represent high and low values. The residual hydrolysis of Z-Ala-Ala-Asn-AMC by AEP-deficient BMDC lysates can be abrogated by E-64 (data
not shown). B, Chemical structure of AEPi. C, Postnuclear lysates of wild-type BMDCs treated with 20 �M AEPi or corresponding volume of DMSO were
analyzed for protease activity with AMC substrates for AEP or Cat B/L. D, Chemical structure of the active site-directed probe DCG-04. E, Analysis of
BMDC postnuclear lysate for protease content reactive to the mechanism-based inhibitor DCG-04. The different polypeptide species are labeled based on
previous work (40). An additional prominent DCG-04-reactive polypeptide present in AEP-deficient mice is indicated (�). F, Schematic overview of Cat
L maturation (as reviewed in Refs. 22, 52). Cat L is synthesized as a preproenzyme, and the signal peptide is removed during the entry into the endoplasmic
reticulum. Pro-Cat L is processed in an autocatalytically Cat D- or metalloprotease-dependent manner to its single-chain (SC) form. The murine two-chain
(TC) form is generated by cleaving the SC form at Asn169 (N169). The amino acid residues Cys25 (C25), His159 (H159), and Asn175 (N175) are the basis
for the catalytic activity of the enzyme. The amino acid positions are indicated (�) and are based on papain numbering. G, DCG-04-reactive Cat L was
analyzed by immunoprecipitation (IP) for Cat L from DCG-04-labeled BMDC lysate and detection of the probe. Equal protein amounts were verified by
comparable DCG-04-reactive Cat S in the input material. H, Immunoblot analysis of BMDCs for Cat L. Pro-Cat L and Cat L SC and Cat L TC forms are
indicated. I, Immunoblot analysis of lysate from spleen and thymus for Cat L. Equal levels of gp96, as detected with a rabbit antiserum against gp96, served
as a loading control.
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processing. The processing of protein Ags used in this study (OVA
and MOG) may be less dependent on AEP compared with tetanus
toxin (21) and MBP (14), despite the presence of an Asn in or in
close proximity to the peptide epitope. Furthermore, the redun-
dancy among lysosomal proteases involved in class II MHC Ag
presentation may compensate for the AEP deficiency in
murine APCs.

Although AEP is not essential for the class II MHC maturation
and Ag presentation, we find a unique role for AEP in the pro-
cessing of Cat L in a variety of murine tissues. Active site labeling
experiments with the cysteine protease mechanism-based probe
DCG-04 demonstrated a block in Cat L processing from the single-
chain to the two-chain form in AEP-deficient BMDC lysates. Im-
munoblots of Cat L in splenic and thymic cell extracts from AEP-
deficient mice confirm that the two-chain form fails to be
generated in these tissues. The pattern of maturation of Cat L from
the zymogen (pro-Cat L) to the mature single-chain and two-chain
form is well established (22, 46), and the ratio between the Cat L
single-chain and two-chain form differs among tissues, as reported
for skin, liver, and kidney (47). It is less clear whether this con-
version regulates Cat L activity, but the present results suggest that
the single-chain form can carry out the essential functions of Cat
L. In wild-type BMDCs, both the single-chain and the two-chain
form of Cat L are active, as judged by their reactivity toward
DCG-04. Although the loss of AEP activity resulted in up-regu-
lation of lysosomal protease activity and inefficient processing of
Cat B, Cat H, and Cat L in kidney homogenates (15), the use of
fluorogenic peptide substrates selective for these proteases re-
vealed no dramatic changes in their protease activities in BMDCs
in vitro. The in vitro experiments with fluorogenic substrates and
mechanism-based probes demonstrate comparable levels of Cat L
activity in AEP-deficient and wild-type BMDCs. Although indic-
ative of enzymatic activity, these assays do not necessarily allow
an assessment of Cat L functionality in vivo.

To address the consequence of inefficient Cat L processing by
AEP in vivo, we determined the numbers of CD4 and NK T cells
in AEP-deficient and wild-type mice, given that Cat L is critical for
normal CD4 and NK T cell development (11, 41, 48). Neither
blockage of Cat L maturation by AEP deficiency nor the absence
of AEP itself affects overall numbers of CD4 and NK T cells. We
conclude that AEP is not essential for the generation of these cell
populations and therefore that the Cat L single-chain form must
suffice to carry out these function(s) of Cat L. It has been suggested
that proteolytic activity of Cat L can shape the peptide repertoire
bound to class II MHC products and by this means influence the

selection process of CD4 T cells (48). An assessment of the pro-
posed mechanism of action is not straightforward because Cat L
can be secreted from cells and has elastase activity (49, 50), can be
taken up by thymocytes (41), and might be involved in transcrip-
tional control through its presence in the nucleus (51). Cat L-de-
ficient mice exhibit periodic hair loss (25), a trait that has not been
observed for AEP-deficient mice. Unless Cat L is alternatively
processed in different tissues, the Cat L single-chain form is func-
tionally sufficient.

In summary, our experiments with AEP-deficient mice and a
cell-permeable AEP inhibitor demonstrate that AEP is dispensable
for class II MHC maturation in murine BMDCs and splenocytes.
Although AEP may determine the outcome of tetanus toxin and
MBP Ag processing in human cells, the generation of relevant
peptides from OVA and MOG is not blocked by loss of AEP
activity, highlighting the selectivity of lysosomal proteases for pro-
tein degradation. Although AEP is not essential for proteolysis of
Ii, we find that the generation of the Cat L two-chain form is
impaired in AEP-deficient mice. Taking the role of AEP in the
processing of Cat L as an example of a rather selective cleavage,
one could argue by analogy that the generation of some antigenic
peptides may strictly require AEP activity as well. Therefore,
AEP-deficient mice should serve as an important immunological
tool for identification and characterization of these Ags and the
epitopes derived from them.
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