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Abstract: Endocytic proteolysis represents a ma-
jor functional component of the major histocom-
patibility complex class II antigen-presentation ma-
chinery. Although transport and assembly of class
II molecules in the endocytic compartment are well
characterized, we lack information about the pat-
tern of endocytic protease activity along this path-
way. Here, we used chemical tools that visualize
endocytic proteases in an activity-dependent man-
ner in combination with subcellular fractionation
to dissect the subcellular distribution of the major
cathepsins (Cat) CatS, CatB, CatH, CatD, CatC,
and CatZ as well as the asparagine-specific endo-
protease (AEP) in human B-lymphoblastoid cells
(BLC). Endocytic proteases were distributed in two
distinct patterns: CatB and CatZ were most prom-
inent in early and late endosomes but absent from
lysosomes, and CatH, CatS, CatD, CatC, and AEP
distributed between late endosomes and lysosomes,
suggesting that CatB and CatZ might be involved in
the initial proteolytic attack on a given antigen.
The entire spectrum of protease activity colocal-
ized with human leukocyte antigen-DM and the
C-terminal and N-terminal processing of invariant
chain (Ii) in late endosomes. CatS was active in all
endocytic compartments. Surprisingly and in con-
trast with results from dendritic cells, inhibition of
CatS activity by leucine–homophenylalanine–vinyl-
sulfone-phenol prevented N-terminal processing of
Ii but did not alter the subcellular trafficking or
surface delivery of class II complexes, as deferred
from pulse-chase analysis in combination with sub-
cellular fractionation and biotinylation of cell-sur-
face protein. Thus, BLC contain distinct activity
patterns of proteases in endocytic compartments
and regulate the intracellular transport and sur-
face-delivery of class II in a CatS-independent
manner. J. Leukoc. Biol. 75: 844–855; 2004.
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INTRODUCTION

Antigen presentation by major histocompatibility complex
(MHC) class II molecules relies on the coordinated interaction
of class II complexes and their associated molecules [human
leukocyte antigen (HLA)-DM, HLA-DO] with trafficking and
proteolysis along the endocytic route. The class II-associated
invariant chain (Ii) and antigenic protein must undergo proteo-
lytic processing during their endocytic transport before class II
peptide loading and presentation of immunogenic epitopes to
antigen-specific T cells can occur. As limited proteolysis rather
than total breakdown is the rule in both proteolytic pathways,
a well-balanced proteolytic environment is required to ensure
proper class II function [1, 2].

In contrast to the cytosolic MHC class I-associated process-
ing pathway dominated by the proteasome, class II-associated
endocytic compartments of antigen-presenting cells (APC) con-
tain a multitude of active proteolytic enzymes that can partic-
ipate in proteolytic destruction. The major portion of these
proteases belongs to the cathepsin (Cat) family, whose mem-
bers mostly share the structural and functional properties of
papain-like cysteine proteases (CatS, CatL, CatB, CatH, CatZ,
CatC), although noncathepsin endocytic proteases such as the
asparagine-specific endopeptidase (AEP) are likely to be
equally important [3, 4]. In contrast to AEP, which exclusively
cleaves after asparagine residues, cysteine–cathepsins lack
narrowly defined substrate specificities but show partially over-
lapping cleavage preferences within hydrophobic regions of a
given protein [5, 6]. In spite of this low-substrate specificity,
which implicates a high degree of functional redundancy,
individual cathepsins are essential in mediating discrete, pro-
teolytic steps during breakdown of Ii and exogenous protein in
intact APC in a nonredundant manner [7–11]. Thus, to mediate
limited proteolysis, proteolytic activity is likely to be guided by
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cellular mechanisms other than the mere substrate specificity
of the proteases present in the endocytic tract.

Individual endocytic proteases differ in their pH optima as
well as their affinity for endogenous protease inhibitors and are
subject to transport along the endocytic pathway. As local pH
and redox conditions gradually change during the transit from
early endosomes to late endosomes and lysosomes, individual
activity patterns of endocytic proteases might be present at
different endocytic locations and activation stages, which in
turn, could represent a key element in regulating class II
function [12]. Such differential content and activity of endo-
cytic proteases have been demonstrated for the phagosome of
murine macrophages, which gradually acquires different endo-
cytic enzymes during its maturation [13]. In these cells, exog-
enous material ingested by phagocytosis encountered CatZ and
CatB early after incorporation into the phagosome, and only
further maturation of the phagosome exposed the internalized
material to the remaining papain cathepsins.

Highly specialized, late endosomal/prelysosomal compart-
ments for class II processing and peptide loading, termed MHC
class II-associated compartment (MIIC; refs. [14–18]), charac-
terize the endocytic machinery of human B cells. The analysis
of Ii processing in human B-lymphoblastoid cells (BLC) has led
to major insights into the function of endocytic proteases as
well as the architecture of this endocytic compartment. Deg-
radation of Ii is initiated by C-terminal processing in a late
endosomal/prelysosomal compartment [16, 18, 19]. It involves
cysteine proteases, an aspartate protease, and AEP activity,
leading ultimately to the generation of Iip10, a fragment that
consists of the class II-binding portion of Ii [termed class II
Ii-associated peptide (CLIP)] attached to the intact N terminus
of Ii, including the transmembrane domain and the cytoplas-
mic-sorting signal [2, 18, 20, 21]. Iip10 is then converted to
CLIP by proteolytic processing by CatS, CatL, CatF, or CatV,
allowing for interaction with HLA-DM, peptide exchange, and
ultimately, the activation of specific T cells by surface-dis-
posed MHC II-peptide complexes [22]. Although human BLC
as well as primary B lymphocytes contain active CatS and
CatB, they are negative for CatL activity [7, 23–26]. Very little
is known, however, about the distribution of protease activity
along the endocytic route of human BLC, including possible
activity variations of selected proteases at different locations.
Mature CatB is present in the Ii-processing compartments in
human BLC, in contrast to lysosomes [27] and has also been
suggested to uniquely mark the MIIC compartment in a murine
B cell line [28].

The generic inhibition of cysteine proteases using leupeptin
blocks the intracellular breakdown of Ii. It arrests class II
molecules in late endosomal/lysosomal compartments and im-
pairs the endocytic transport and surface deposition of MHC
class II molecules in an Ii-dependent manner, in human BLC
as well as in other types of MHC II-positive cells [20, 29–31].
In most peripheral APC, such as B cells or dendritic cells (DC),
elimination of CatS activity blocks conversion of Iip10 into
CLIP and results in impaired peptide loading and class II
function [7, 32]. Facultative APC, such as human myoblasts
stimulated with interferon-� (IFN-�), by contrast, do not rely
on CatS activity for elimination of Iip10 [33]. Further studies
with murine and human DC demonstrated that the conversion

of Iip10 into CLIP regulates the egress of class II to the cell
surface: Immature DC containing lower CatS activity, and
mature DC from CatS-deficient mice accumulated newly syn-
thesized class II complexes attached to Iip10 in lysosomal
compartments [34, 35]. Although this suggests that DC rely on
the generation of CLIP for the surface delivery of class II, it is
presently unknown whether such conversion of Iip10 is simi-
larly required in APC other than DC or to what extent this may
be a cell-specific, regulatory mechanism of DC, whose endo-
cytic compartment undergoes major morphological changes
unlike any other type of APC during activation [36, 37].

We here use activity-based chemical probes in conjunction
with subcellular fractionation to dissect the subcellular pattern
of cathepsin activity along the endocytic route of human BLC
and relate it to the maturation and subcellular transport of
MHC II. Our data demonstrate that individual patterns of
cathepsin activity are present in different endocytic compart-
ments and suggest that the transport of newly synthesized class
II molecules to the plasma membrane of human BLC is inde-
pendent from the conversion of Iip10 into CLIP by CatS.

MATERIALS AND METHODS

Cells, antibodies, and proteases

DC were generated from adherent monocytes in vitro using granulocyte mac-
rophage-colony stimulating factor and interleukin-4 [36]; primary human B
lymphocytes were isolated from buffy coats using CD22-specific magnetic
beads (Miltenyi Biotec, Auburn, CA), according to the manufacturer’s advice.
The human BLC lines WT51 and Yesthom (homozygous for DRB1*0401) were
cultured in complete RPMI-1640 medium [10% fetal calf serum (FCS); 70
�g/ml gentamycin].

Anticathepsin antisera were generated by E. Weber against recombinant
cathepsins; anti-rab5 and -rab7 antibodies were generated by immunizing
rabbits with appropriate peptides followed by affinity purification. The poly-
clonal serum against protein disulfide isomerase (PDI) was a gift from Hidde
L. Ploegh (Harvard Medical School, Boston, MA). The rabbit anticystatin C
(anti-CysC) antiserum was purchased from Upstate Biotechnologies (Lake
Placid, NY). The sheep antiserum against AEP was a generous gift from Colin
Watts (University of Dundee, UK).

Western blot

Cells/fractions lysed in Nonidet P-40 (NP-40)/pH 7 lysis buffer (50 mM sodium
acetate, 5 mM MgCl2, 0.5% NP-40) were resolved by 12.5% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to polyvi-
nylidene difluoride membrane (Millipore, Bedford, MA), blocked, and probed
with appropriate dilutions of the respective primary antibody, followed by a
secondary anti-rabbit immunoglobulin G antibody coupled with peroxidase
(Southern Biotech, Birmingham, AL). An enhanced chemiluminescence de-
tection kit (Amersham Pharmacia, Little Chalfont, UK) was used to visualize
the antibody-reactive proteins.

Active site-directed labeling

JPM565 was synthesized essentially as described [38, 39]. Radioiodination
was achieved using the iodogen method (Pierce, Rockford, IL), according to the
manufacturer’s advice using a disposable C18 matrix (Waters) for purification
[34]. Enriched, subcellular fractions were lysed in NP-40/pH 5 lysis buffer (50
mM sodium acetate, 5 mM MgCl2, 0.5% NP-40) and analyzed for protein
concentration using the Bio-Rad (Hercules, CA) Bradford reagent. Lysates
were incubated with 1 mM 125I-JPM-565 for 1 h at 37°C. Reactions were
terminated by addition of SDS-reducing sample buffer and immediate boiling.
Samples were resolved by 12.5% SDS-PAGE gel and autoradiography [26].
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Metabolic labeling

Equal numbers of BLC were incubated in 1 ml methionine/cysteine (Met/Cys)-
free medium supplemented with 10% FCS, 2 mM L-glutamine, penicillin
(1:1000 dilution U/ml), and 100 mg/ml streptomycin for 30 min. Cells were
pulsed for 30 min with 0.5 mCi/ml 35S Met/Cys (80/20, Pharmacia, Uppsala,
Sweden) and chased in 15 vol complete RPMI supplemented with FCS,
L-glutamine, penicillin, and streptomycin as above for the times indicated.
N-Morpholinurea–leucine–homophenylalanine–vinylsulfone-phenol (LHVS;
synthesized as published in ref. [40]) was added to the pulse medium (20 min
before the addition of 35S Met/Cys) and the chase medium at a final concen-
tration of 10 nM.

Subcellular fractionation

Subcellular fractions were prepared and characterized exactly as described
[34, 36, 41]; all steps were performed at 4°C. At each time-point, cells were
washed with phosphate-buffered saline (PBS) and 0.25 M sucrose, taken up in
2.2 ml homogenization buffer (0.25 M sucrose, 1 mM EDTA, pH 7.4, 1 mM
phenylmethylsulfonyl fluoride), homogenized by six passes in a ball-bearing
homogenizer (10 �m gap), and spun at 1000 g for 10 min to obtain postnuclear
supernatants (PNS). A 27% Percoll (Pharmacia) solution (9 ml) in 0.25 mM
sucrose was layered on top of a 1-ml cushion of 2.5 M sucrose and overlaid with
2 ml PNS (containing equal amounts of total incorporated radioactivity for each
individual sample, as described). After 1 h centrifugation at 34,000 g (4°C), 1
ml fractions were collected from the bottom of the tube. Fractions containing
the low-density peak of N-acetyl-glucosaminidase (NAG) activity (fractions 9
and 10) were pooled, applied to a 10% Percoll gradient, and fractionated by
centrifugation as described for the 27% gradient. After fractionation, or-
ganelles were recovered by 100,000 g for 10 min.

Crude endocytic fractions for visualization of total protease content were
generated from postnuclear supernatants by ultracentrifugation [42].

Characterization of subcellular fractions

For untreated or LHVS-treated BLC, the first gradient (27% Percoll) yielded
two peaks of activity of the endocytic marker enzyme NAG (high-density peak:
fractions 1�2, referred to as peak A). To distinguish between early and late
endosomal compartments, the low-density peak of the NAG activity in the 27%
Percoll gradient was applied to a subsequent 10% Percoll density gradient.
This separation resulted in a predominant intermediate density peak of NAG
activity at the bottom of the gradient, peak B (fractions 1�2 of the 10%
gradient). Peak C (fractions 11�12) was defined based on distribution of
protein, although a small amount of NAG activity was detected reproducibly.
The marker profile showed that peak A contains mature lysosomes, based on
its density of 1.09 g/ml, its NAG activity, and the presence of the late
endosomal/lysosomal marker CatD. Nonlysosomal characteristics [the endoso-
mal markers rab5 and rab7; the endoplasmic reticulum (ER) marker PDI] were
absent from peak A. The intermediate density peak of the 10% Percoll gradient
(peak B) represents late endosomes (density 1.05 g/ml, positive for NAG,
accumulation of rab7). The low-density peak (peak C) consists of a mixture of
compartments, namely ER/Golgi and early endosomes, in agreement with
published observations [43]. For every fraction of each individual experiment,
the distribution of the endocytic marker NAG was assayed as described [42].

Immunoprecipitation

Immunoprecipitation experiments were performed exactly as described [34].

Cell-surface biotinylation and
immunoprecipitation

BLC labeled in a pulse-chase experiment were washed three times in ice-cold
PBS and incubated for 30 min at 4°C in PBS containing 0.5 mg/ml NHS-
Sulfo-Biotin (Pierce). For each time-point, the biotinylated cells were lysed in
NP-40 lysis buffer, and class II molecules were immunoprecipitated with the
Tü36 antibody. Staph A pellets were resuspended in 50 �l PBS containing 1%
SDS and boiled 10 min. One-tenth of each precipitate was retained for later
comparison with reimmunoprecipitates in SDS-PAGE. Lysis buffer (1 ml)
containing 0.1% bovine serum albumin was added to the remaining nine-tenth
of the precipitate. After centrifugation, the supernatant was precleared once,

reimmunoprecipitated with streptavidin-agarose beads as above, and analyzed
by SDS-PAGE.

Isolation and identification of labeled
polypeptides
Cell lysates from bulk cultures of BLC were incubated with 5 �M DCG04, a
biotinylated derivative of JPM565, which shows a virtually identical labeling
specificity and allows direct retrieval of the labeled polypeptides, as published
[13]. As control, a parallel sample was heated to 95°C 5 min before labeling
to functionally inactivate proteases. After elimination of excess DCG04 using
a PD-10 column in the presence of SDS 0.5%, DCG04-labeled polypeptides
were purified with streptavidin-sepharose beads, followed by extensive wash-
ing, as described [13]. The polypeptides retrieved were resolved by SDS-PAGE
and visualized by staining with colloidal Coomassie. A small-size, 10 � 10 cm,
commercial minigel format was necessary to be able to visualize the limited
amounts of protein retrieved, which shows a lower degree of resolution in the
25–35 kD range, compared with the larger size gels (35�25 cm) used in all
other experiments.

To identify the visualized polypetides, in-gel digestion was performed as
described [44] with minor modifications. The protein bands of interest were
excised from the gel and washed with Millipore-purified water and with 50%
acetonitrile/water. After drying, trypsin (sequencing grade, Promega, Mann-
heim, Germany) was added to the sample. Tryptic protein fragments were
sequentially extracted from the gel matrix using 5% formic acid and 50%
acetonitrile/5% formic acid. The extracts were pooled and concentrated in a
speed vac concentrator. After purification using ZipTips (C18-ZipTip, Milli-
pore), aliquots were deposited on spots of �-cyano-4-hydroxycinnamic acid/
nitrocellulose and were analyzed using a Reflex III matrix-assisted laser
desorption ionization-time-of-flight mass spectrometer (MALDI-TOF-MS;
Bruker Daltonic, Bremen, Germany). The sequences of peptides were analyzed
using nanoelectrospray tandem MS on a hybrid quadrupole orthogonal accel-
eration TOF MS (QSTAR Pulsar i, Applied Biosystems/MDS Sciex, Foster
City, CA), equipped with a nanoflow electrospray ionization source and nano-
electrospray needles (BioMedical Instruments, Zoellnitz, Germany). The in-
strument was calibrated externally. Tandem mass spectra were obtained by
means of collision-induced decay of selected precursor ions.

Database searches (NCBInr) were performed using the MASCOT software
from Matrix Science (Beachwood, OH) [45] with methionine oxidations as
variable modifications based on a probability value of P � 0.05. The following
peptide masses are all given in the monoisotopic 1� protonated form.

CatC

Two relevant peptide masses of 1053.56 Da and 1338.71 Da were detected
using peptide mass fingerprinting. The sequence of the 1338.71 Da peptide
was clearly determined as NVHGINFVSPVR, derived from CatC. In addition,
we also detected the y4, y5, and y6 ions of the 1053.56 Da peptide of the
CatC-derived sequence GIYHHTGLR.

CatH

A peptide mass fingerprint of CatH (masses of 1089.58 Da, 1356.70 Da,
1458.63 Da, 1474.62 Da, and 1797.95 Da) was found by MALDI analysis.
Sequencing of the 1089.58 Da peptide revealed the sequence NGIPYWIBK,
the 1797.95 Da peptide revealed the partial sequence . . . VNHAVLAVGY-
GEK, and the 1458.63 Da peptide revealed the sequence GIMGEDTY-
PYQGK, all of which are derived from CatH.

CatS

The peptide masses 998.50 Da, 1066.55 Da, and 1357.68 Da were found using
peptide mass fingerprinting, indicating the presence of CatS. Sequencing the
998.50 Da peptide resulted in the sequence YTELPYGR, and a 956.50 Da
peptide resulted in the sequence GPVSVGVDAR, both derived from CatS.

RESULTS

Subcellular distribution of cathepsins in the
endocytic tract of human BLC

To dissect the endocytic pathway of BLC on a subcellular
scale, we subjected postnuclear supernatants of BLC to a
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stepwise fractionation procedure that has previously been used
to discriminate among lysosomes, late endosomes/MIIC, and
early endosomal compartments in B cells/BLC and DC [34, 36,
43, 46]. Briefly, postnuclear supernatants were first separated
by a 27% Percoll gradient, which separated a dense fraction
(peak A) from the remaining material. This unresolved portion
was applied to a subsequent 10% Percoll gradient, which again

resulted in a dense fraction (peak B) and unresolved material
on top of the gradient (peak C). Consistent with earlier data,
peak A was enriched for NAG activity and CatD (Fig. 1, a and
b), identifying it as lysosomal material, and peak B contained
NAG and rab7, consistent with its late endosomal character-
istics. In peak C, rab7 was present only in minute amounts,
whereas rab5 was continuously detected in low-density frac-

Fig. 1. (a) Distribution of endocytic marker proteins in subcellular fractions. Postnuclear supernatants from BLC were resolved on two consecutive Percoll
gradients as described, yielding three peaks of NAG activity and protein content, respectively (A–C). Results are expressed in percent of total of each gradient.
(b) Subcellular distribution of MHC I and II and endocytic marker proteins. Subcellular fractions (a) were analyzed for the distribution of MHC classes I and II
as well as HLA-DM and the endocytic marker rab5 (early endosomes), rab7 (late endosomes), and CatD (late endosomes and lysosomes) under steady-state
conditions by immunoblot using equal volumes from each subcellular fraction (top five panels). To asses the localization of cell-surface-derived proteins within
the fractionation scheme, MHC I complexes were selectively retrieved from the plasma membrane after surface biotinylation of cellular protein and sequential
immunoprecipitation with W6/32 and StaphA followed by streptavidin–sepharose (bottom panel). The signal obtained after autoradiography selectively represents
MHC class I molecules (HC, heavy chain; �2m, �-2-microglobulin) retrieved from the plasma membrane. (A–C) Major activity peaks referred to as lysosomes (A),
late endosomes/prelysosomes (B), and early endosomes (C) in good agreement with the published characteristics of the method. (c) Subcellular distribution of
cathepsins and their inhibitors. Subcellular fractions (a) were probed by immunoblot using appropriate antisera against cathepsins, AEP, and CysC, respectively,
to assess the steady-state distribution of CatS, CatH, AEP, CatB, CatZ, and CysC. Equal volumes from each subcellular fraction were assayed.

Lautwein et al. Cathepsin activity and class II transport in B cells 847



tions, demonstrating that early endosomal material cofraction-
ated in peak C, in agreement with published data. To relate the
distribution of cell-surface-derived molecules to this fraction-
ation scheme, BLC were pulse-labeled with 35S Met/Cys for 30
min at 37°C, followed by a 1-h chase in the presence of excess
cold Met/Cys. Cells were then transferred on ice for 30 min,
followed by biotinylation of cell-surface molecules as de-
scribed. Subsequently, cells were subjected to the fractionation
protocol and lysed, and total MHC class I complexes were
retrieved from individual fractions by immunoprecipitation.
After elution of the bound material from StaphA, the biotinyl-
ated (and surface-exposed) fraction of MHC I was reimmuno-
precipitated using streptavidin-sepharose beads, followed by
resolution by SDS-PAGE and autoradiography. In contrast to
total class I (top panel, visualized by Western blot), surface
class I was exclusively retrieved from peak B. Thus, although
the fractionation procedure enriched lysosomal (peak A), late
endosomal (peak B), and early endosomal material (peak C) in
distinct fractions, it did not separate plasma membrane-de-
rived protein from endosomal compartments.

During steady-state, MHC II was present in roughly equal
amounts throughout all fractions, consistent with its abundant
presence in lysosomes, endosomes, and at the plasma mem-
brane, respectively, as assessed by immunoblot. In contrast,
MHC I was absent from peak A, demonstrating that sizable
amounts of MHC I do not reach conventional lysosomes in
BLC. HLA-DM, the catalyst for MHC II-peptide loading, was
enriched in peak B but was also significantly present in peak
A and detectable in peak C. This suggested that MHC II
peptide exchange is concentrated in late endosomal and to a
lesser extent, lysosomal compartments but may also be found
along the entire endocytic route.

As cathepsins are involved in the generation of substrates for
HLA-DM (conversion of Ii into CLIP as well as degradation of
complex protein into antigenic peptide), we tested whether
these proteases would follow the same subcellular distribution
as HLA-DM (Fig. 1c). CatS was mainly detected in lysosomal
fractions (peak A); however, significant CatS protein was
present in late endosomes and throughout the entire endocytic
pathway of BLC. Its zymogen, proCatS, was absent from lyso-
somes, suggesting that activation of cathepsins from its proform
was located upstream in endosomal compartments. CatH, by
contrast, more closely matched the subcellular distribution of
HLA-DM. It was equally distributed between lysosomes and
late endosomes, whereas early endosomes contained very little
CatH. Similar to proCatS, proCatH was detected in early and
late endosomes, implicating activation of CatH from its proform
preferentially in late endosomes. The AEP followed this dis-
tribution pattern, i.e., conversion from the zymogen in late
endosomes and presence of the mature polypeptide in late
endosomes and lysosomes, although its lysosomal representa-
tion was significantly lower than the amount of AEP detected in
late endosomes. The distribution patterns of CatB and CatZ
were distinct from that observed for CatS, CatH, and AEP as
well as HLA-DM: Only trace amounts of CatB were present in
lysosomes. Instead, the majority of mature CatB polypeptide
was found in late and early endosomes. A similar pattern was
observed for the mature form of CatZ. CysC, the main endog-
enous inhibitor of cathepsin activity, was distributed very

similarly to CatZ and CatB and concentrated in peak B while
being absent from lysosomes.

In summary, the main papain cathepsins and their major
inhibitor followed two different patterns of subcellular distri-
bution in BLC: Although CatS, CatH, and AEP cofractionated
with HLA-DM in late endosomes and lysosomes, CatZ and
CatB as well as CysC were absent from lysosomes but were
found not only in late endosomes but also in early endosomal
fractions in significant amounts. This suggested that the pattern
of protease activity may also change along the endocytic path-
way.

Subcellular distribution of cathepsin activity
in human BLC

Cathepsin activity cannot be deduced from the mere presence
of the mature polypeptide but relies on the complex interaction
of zymogen activation, subcellular transport, the presence/
absence of endogenous inhibitors, as well as redox potential
and pH. Activity-based, active site-directed chemical probes
are being increasingly used to assess the presence of active
proteases in complex protein mixtures [38]. JPM565 is an E64
derivative that covalently binds to the active-site cysteine of
papain-like cysteine proteases via its epoxide function. Its
radioiodinated version 125I-JPM565 represents an established
tool to visualize active cathepsins after incubation of cellular
extracts with the probe, SDS-PAGE, and autoradiography. As
we have recently demonstrated by immunoprecipitation of the
labeled polypeptide species, 125I-JPM565 visualizes CatS,
CatH, and CatB in human BLC in an activity-based manner
[26]. To directly compare the activity levels of these enzymes
between BLC and primary human B cells and to relate it to
those in other types of professional APC, crude endocytic
extracts from either type of cell were incubated with the probe,
and active cathepsins were visualized by SDS-PAGE and au-
toradiography (Fig. 2a, upper panel). Consistent with earlier
results, BLC contained significant amounts of active CatH as
well as CatS in smaller quantities. Although sizable amounts of
the CatB polypeptide were detectable by Western blot (see
above), this translated into only trace amounts of active CatB,
as deferred from activity-based labeling. Two additional, as-yet
unidentified activity signals were detected at �25 and 37 kD,
as published [26]. They both represent papain-like cysteine
proteases, as labeling can be inhibited by prior exposure to
E64 (data not shown), but they are not reactive with antisera
against CatS, -L, -B, -H, and -Z [26]. Except for the 25-kD
active polypeptide, freshly isolated, human peripheral blood B
lymphocytes contained a similar activity pattern for cathepsins
as BLC: The dominant activity was CatH (together with the
37-kD polypeptide), active CatS was present to a lesser extent,
and only traces of CatB activity could be detected in this type
of cell.

To reveal the identity of this 25-kD signal, BLC-derived cell
lysates were incubated with the biotinylated JPM565 derivative
DCG04 along with a control sample that had been heated to
95°C before labeling to functionally inactivate the polypep-
tides. The labeled species were retrieved using streptavidin
beads (Fig. 2a, lower panel) and identified after excision and
in-gel digest by MS [13]. Three prominently labeled species in
the 25- to 35-kD range were isolated, as expected. The absence
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of these polypeptides in the boiled sample confirmed the
specificity of labeling and the isolation procedure. MS identi-
fied the 25-kD signal as CatC, and the 30-kD signal contained
CatS and CatH, as detailed in Materials and Methods. The
37-kD signal contained a mixture of polypeptides that we could
not unequivocally identify on this 1-D level of resolution.
Further refinement of the isolation protocol allowing retrieval of
sufficient amounts of protein for use with 2-D SDS-PAGE will
be necessary to identify the additionally labeled polypeptides
at 37 kD.

When subcellular fractions derived from BLC were labeled
with the activity-based probe, we observed distinct distribu-
tions of active cathepsins along the endocytic pathway (Fig.
2b): The vast majority of cathepsin activity was concentrated in
late endosomal and lysosomal compartments. However, consis-
tent with the distribution of the CatB polypeptide, active CatB
preferentially cosedimented with early endosomal fractions,
where its relative activity was in the same order of magnitude
as that of the other activity signals detected, and it was absent
from lysosomes. By contrast, active CatS and CatH were dis-
tributed evenly between lysosomal and late endosomal com-
partments. The 37-kD activity signal as well as CatC were
preferentially found in the late endosomal peak B but were also
significantly present in the lysosomal fractions A. Thus, the
pattern of active papain cathepsins gradually changed along
the endocytic tract of BLC: Lysosomes contained a protease

panel that was qualitatively distinct from that found in early
endosomes, and the proteolytic machinery in late endosomes
combined the content of lysosomal and early endosomal com-
partments.

Role of CatS for Ii processing and the
intracellular trafficking of MHC II in human BLC

Having dissected the subcellular pattern of cathepsin activity
and class II-related molecules under steady-state conditions in
BLC, we next analyzed the maturation and transport of MHC
class II molecules along this cellular pathway. In particular, we
asked whether CatS activity was essential for Ii processing,
conversion of Iip10 into CLIP, and the regulation of distribu-
tion and export of class II in human BLC, similar to the
situation known from murine DC [35]. To this end, we per-
formed metabolic labeling of BLC in the presence or absence
of LHVS (10 nM), which selectively eliminates CatS activity in
this concentration range [7, 23, 33, 47], followed by pulse-
chase analysis and immunoprecipitation of class II. MHC II
complexes were retrieved with the conformation-specific Tü36
antibody and analyzed by SDS-PAGE and autoradiography
under strongly denaturing (boiled) or mildly denaturing (non-
boiled) conditions to account for individual polypeptides
present in class II complexes or for the formation of stable,
mature ��-peptide (��p) complexes that are resistant to SDS
at room temperature [48].

Fig. 2. (a) Upper panel: Visualization of active cathepsins in BLC and primary human B lymphocytes. Active cathepsins in crude endocytic extracts from BLC
(Yesthom, WT51), freshly isolated human peripheral blood B lymphocytes (B cells), and monocyte-derived human DC were labeled with 125I-JPM-565 and analyzed
by SDS-PAGE and autoradiography. Lower panel: Identification of active cathepsins in BLC. Whole cell lysates from BLC were incubated with the biotinylated
JPM565 derivative DCG04, followed by retrieval of the labeled species using streptavidin-sepharose beads. For specificity control, a parallel sample was heated
to 95° (boiled) before labeling. After resolution of the retrieved polypeptides and Coomassie staining, the indicated polypeptides were excised, digested with tyrpsin,
and identified as the CatS, -H, and -C by MS, as described in Materials and Methods. n.b., Nonboiled. (b) Subcellular distribution of active cathepsins in human
BLC, which were subjected to subcellular fractionation as described, and equal volumes from each fraction were incubated with 125I-JPM-565 and analyzed by
SDS-PAGE and autoradiography. The endocytic compartments resolved are A, lysosomes; B, late endosomes/MIIC together with plasma membrane; and C, early
endosomes.
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When BLC were pulse-labeled with 35S Met/Cys for 30 min
and chased for 1 h or 3 h, respectively, in the presence or
absence of LHVS (10 nM), the pattern of the labeled MHC II
complexes after immunoprecipitation with Tü36 was essen-
tially as published [7, 34] (Fig. 3): Inhibition of CatS inter-
fered with the efficient formation of SDS–stable class II ��p
complexes (nonboiled samples) and led to the accumulation of
Ii processing intermediates at 25, 18, 12, and 10 kD (Iip25–
Iip10). However, unlike the results obtained in the murine
system [34], inhibition of CatS activity did not prevent the
formation of SDS–stable mature ��p complexes but only re-
duced the efficiency of their generation, and mature ��p
complexes were detected in significant amounts in the LHVS-
treated sample after 3 h of chase. It is important that the total
amount of Iip10 retrieved continued to increase from the 1-h to
the 3-h chasepoint, confirming that conversion of Ip10 into
CLIP was continuously inhibited by LHVS. This implicated
that mature ��p complexes can be formed without efficient
conversion of Iip10 into CLIP in BLC, suggesting that
HLA-DM may also interact with Ip10 instead of CLIP for
peptide exchange in human APC.

To dissect the role of CatS activity during Ii processing in
human BLC on a subcellular scale, we performed metabolic
labeling/pulse-chase experiments in the presence/absence of
CatS activity as above, chased for 1 h and 3 h, respectively, and
at each chasepoint, subjected the cells to the subcellular
fractionation procedure described in Figure 4. After 1 h, the
results obtained in the presence or absence of CatS activity
(�LHVS 10 nM) were virtually identical: Class II complexes
were almost evenly distributed over the 10% percoll gradient,
consistent with their location in the ER/Golgi, in endosomal
compartments, and at the cell surface, respectively, and lyso-
somes contained virtually no class II. Ii processing products

(namely Iip10) were detectable in small but comparable quan-
tities, in particular, in late endosomal fractions. Upon 3 h of
chase in the absence of LHVS (left panels), sizable amounts of
class II had reached the lysosomal compartment. These were
devoid of intact Ii or its degradation intermediates, demonstrat-
ing that the bulk of Ii processing had been completed upstream
from lysosomes. Consistent with this interpretation, Iip10, the
substrate for CatS, was mostly detected in the late endosomal
peak B, and only traces were present in the lysosomal com-
partment A. Analysis of the same samples without prior boiling
revealed that the vast majority of lysosomal MHC class II was
present in the mature, SDS–stable II ��p formation, and all
other subcellular locations contained significant amounts of
immature class II complexes that dissociated into their indi-
vidual polypeptide chains during SDS-PAGE at room temper-
ature. Thus, the bulk of fully mature SDS–stable class II
complexes is formed before class II complexes reach the lyso-
somal compartment.

When BLC were exposed to LHVS during pulse-chase anal-
ysis (Fig. 4, right panels), immunoprecipitation with Tü36 from
individual, subcellular fractions at the 3-h chasepoint revealed
the subcellular distribution of Ii processing intermediates:
Iip12 and Iip10 accumulated in different relative ratios along
the endocytic route, in good agreement with the differential,
subcellular distribution of protease activity in endocytic com-
partments. Although Iip12 was more prominent than Iip10 in
fractions cosedimenting with early endosomes, both interme-
diates were present in similar amounts in the late endosomal
peak B, and Iip10 was preferentially found in lysosomes. Given
that Iip10 and Iip12 contain the intact, N-terminal, cytoplas-
matic tail of Ii [47], this suggests that C-terminal processing of
Ii is performed at different positions within the C-terminal

Fig. 4. Subcellular transport of class II in the absence of CatS activity. BLC
were pulse-labeled and chased in the presence/absence of LHVS (10 nM) as
before and subjected to subcellular fractionation at each chasepoint, followed
by immunoprecipitation of class II complexes from each fraction using Tü36,
SDS-PAGE, and autoradiography. Although addition of LHVS resulted in the
accumulation of Iip10 at the 3-h chasepoint, it did not change the intracellular
distribution of class II. ��p, Fully mature class II ��p complexes. (A–C) The
major endocytic fraction lysosomes (A), late endosomes/MIIC (B), and early
endosomes (C).

Fig. 3. Maturation of MHC II and Ii processing in the absence of CatS activity
in human BLC, which were pulse-labeled with 35S Met/Cys for 30 min,
followed by a chase for up to 3 h, in the presence or absence of the selective
CatS inhibitor LHVS (10 nM). After lysis, class II complexes were retrieved by
immunoprecipitation using the conformation-specific Tü36 antibody. SDS-
PAGE at room temperature (non boiled) or after prior exposure to 95° (boiled)
followed by autoradiography allowed to account for fully mature class II ��p
complexes, the individual, full-length polypeptides (�, �, Ii), as well as
degradation products of Ii of the indicated molecular weight (Iip25, Iip18, Iip12,
Iip10).
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portion of Ii, generating Ip10 or Ip12, depending on the sub-
cellular compartment where processing occurs.

When comparing the relative distribution of class II � chain
between the LHVS-treated and the nontreated fractions at the
3-h time-point, no influence of CatS activity on the subcellular
distribution of class II complexes was observed. In particular,
unlike the situation described for murine DC, elimination of
CatS activity did not lead to an accumulation of class II
complexes in lysosomal compartments. To address the subcel-
lular distribution of SDS–stable class II dimmers, we analyzed
the same samples under mildly denaturing conditions. Again,
formation of SDS–stable dimers in general was more efficient
when CatS activity was present; however, absence of CatS
activity did not block the formation of these complexes. It is
important that their relative subcellular distribution was not
affected by changes in CatS activity (c.f., the results obtained
in the presence or absence of LHVS at the 3-h chasepoint). In
summary, these data suggested that the continued presence of
Iip10 in class II complexes did not affect the intracellular
distribution of class II in human BLC, in contrast with DC. This
implicates that CatS activity and the conversion of Iip10 into
CLIP are of minor importance for the control of intracellular
class II transport in human BLC. Consequently, the mechanism
that controls the egress of class II from endocytic fractions
in human BLC might also be distinct from that found in
murine DC.

CatS activity is dispensable for efficient surface
delivery of MHC II in human BLC

To selectively account for newly formed class II complexes that
have been delivered to the plasma membrane, we combined
metabolic labeling with surface biotinylation at different chase-

points, followed by sequential immunoprecipitation with Tü36
and streptavidin beads. To control for the specificity of immu-
noprecipitation with streptavidin–sepharose, we pulse-labeled
BLC for 30 min, followed by a 3-h chase. The sample was split,
and one-half was surface-biotinylated at 4°, followed by lysis
and immunoprecipitation of both samples using the Tü36 an-
tibody. Of the retrieved material, 10% was loaded on the gel
(total), and the remaining 90% was dissociated from StaphA by
boiling in SDS, followed by a second round of immunoprecipi-
tation using streptavidin-sepharose beads, followed by SDS-
PAGE and autoradiography (Fig. 5a, left panel). Although
identical amounts of class II were retrieved from the total lysate
of biotinylated/nonbiotinylated cells, the reprecipitation using
streptavidin beads specifically precipitated class II molecules
from the biotinylated sample, confirming that the reprecipita-
tion with streptavidin–sepharose was highly selective for bio-
tinylated protein. To exclude that intracellular protein was
nonspecifically biotin-modified during surface biotinylation,
BLC were pulse-labeled, chased for 3 h, and surface-biotiny-
lated as before. The ER-resident PDI was retrieved from the
samples by immunoprecipiation using an appropriate serum.
Again, 10% of the retrieved material was directly loaded on the
gel (total), and the remaining 90% was subjected to a second
round of immunoprecipitation using streptavidin-sepharose
beads (surface). Analysis of the samples by SDS-PAGE and
autoradiography revealed that PDI was not retrieved by strepta-
vidin–sepharose, confirming the cell-surface selectivity of bi-
otin treatment and sequential immunoprecipitation (Fig. 5a,
left panel).

To address the presence of newly synthesized class II dimers
on the cell surface, we performed pulse-chase analysis type of

Fig. 5. (a) Selectivity and specificity of surface biotinylation and retrieval of biotinylated proteins. (Left) To demonstrate the specificity of biotinylation and the
retrieval of biotinylated protein by consecutive immunoprecipitation with streptavidin beads, one-half of the sample was surface-biotinylated (�biotin) after
metabolic labeling and a 3-h chase. Total class II complexes were retrieved with Tü36 from both portions, 10% of each precipitate was loaded on the gel (total),
and the remaining 90% was subjected to a second round of precipitation using streptavidin-sepharose beads (strep). Only in the biotinylated sample, class II was
visualized after this second immunoprecipitation. (Right) To demonstrate that intracellular molecules are not accidentally retrieved by the method, BLC were
pulse-labeled and chased for 3 h, followed by surface biotinylation. The ER-resident chaperon PDI was immunoprecipitated, 10% of the total precipitate was
subjected to SDS-PAGE (total), and the remainder underwent a consecutive immunoprecipitation using streptavidin sepharose (surf.). Analysis by SDS-PAGE and
autoradiography revealed that surface biotinylation did not biotin-modify intracellular PDI. (b) Delivery of class II to the cell surface in the absence of CatS activity.
BLC were pulse-labeled with 35S Met/Cys as described and chased for the times indicated, in the presence or absence of LHVS 10 nM. At each chasepoint, cells
were surface-biotinylated as described and lysed, and total class II complexes were immunoprecipitated using Tü36 and StaphA. The precipitate (10%) was
analyzed by SDS-PAGE under fully denaturing conditions (total, left panel). The remaining portion was released from StaphA and reprecipitated using
streptavidin-sepharose beads to account for that portion of total class II that had newly reached the plasma membrane after the pulse (surface, right panel).
Precipitates were visualized by autoradiography after SDS-PAGE.
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experiments in conjunction with biotinylation of extracellular
protein at each chasepoint (1 h, 3 h, 5 h), followed by retrieval
of class II by immunoprecipitation with Tü36. The precipitated
material (10%) was directly loaded on the SDS gel (Fig. 5b,
total, left panel), and surface-exposed MHC II was specifically
isolated from the remaining 90% by sequential immunopre-
cipitation with streptavidin-sepharose beads (surface, right
panel). The effect of LHVS on the processing of total cellular
MHC II complexes was essentially identical to that seen in
Figure 3 as well as to published data: LHVS induced the
accumulation of Ii processing intermediates, in particular
Iip10, which reached maximum quantities at 3 h of chase. At
the cell surface, newly synthesized class II complexes were
present at 1 h of chase in the absence of LHVS, predominantly
representing the fraction that reaches endocytic compartments
via the plasma membrane. Consistent with this, we observed
similar signal intensities for the class II � chain and intact Ii,
indicating that most of the complexes retrieved contained
intact Ii and had not yet undergone proteolytic processing.
Upon 3 h of chase, the intensity of surface class II signals
decreased, suggesting that internalization of newly synthesized
class II quantitatively exceeded class II export in this period of
time. Note that the relative intensity of the Ii signal retrieved
from the cell surface decreased after 3 h of chase compared
with the 1-h time-point. This contrasted with the relative ratios
observed with total cellular class II (left panel) at this time-
point, where this ratio remained largely constant, indicating
that class II complexes that had undergone Ii processing in the
endocytic compartment have been exported to the plasma
membrane after 3 h of chase. After 5 h, the amount of newly
synthesized class II retrieved from the cell surface increased
relative to the 3-h time-point, and the proportion of intact Ii
further decreased. In summary, these data are consistent with
the interpretation that a major portion of newly synthesized
class II, which was present at the cell surface after 1 h of chase,
was on its transit from the plasma membrane to endosomal
compartments for Ii processing and peptide-loading, in agree-
ment with published data [48]. At 3 h and 5 h of chase, the
majority of radiolabeled surface class II represented a pool of
class II complexes that had been exported form the endocytic
compartment after completion of Ii processing.

Comparison of the LHVS-treated/nontreated samples at the
3 h and 5 h chasepoints revealed that the total amount of
radiolabeled � or � chain at the cell surface was not influenced
by LHVS treatment, demonstrating that CatS activity neither
affected the kinetics nor the quantities of class II export to the
plasma membrane in human BLC. Of note, a small amount of
Iip10 could be retrieved in complex with class II from the cell
surface from LHVS-treated BLC at the 3-h chasepoint. This not
only confirmed the efficiency of CatS inhibition by LHVS in
this sample but suggests that the continued association of Iip10
with class II �� dimers did not prevent transport of class II
complexes to the plasma membrane in this type of cell. Thus,
although CatS activity is required for Ii processing, it is dis-
pensable for normal intracellular transport and surface delivery
of MHC II complexes in human BLC.

DISCUSSION

Cathepsin activity is considered a major regulatory switch in
the class II antigen-presentation pathway. As both proteolytic
pathways involved (processing of Ii and antigen) rely on limited
proteolysis rather than complete peptide destruction, a highly
regulated, proteolytic environment appears mandatory in class
II antigen-processing compartments [1, 12]. The low-substrate
specificity of cathepsins per se is unlikely to sufficiently pro-
vide an environment that allows for limited proteolysis and the
survival of 9–20 mer peptides that are ultimately loaded on
class II; therefore, other regulatory mechanisms for limiting
proteolytic turnover are likely to exist. The cellular microar-
chitecture of class II-positive endocytic compartments consists
of a variety of specialized endocytic vesicles that gradually
transit from the cell biological correlates of early endosomes to
late endosomes and lysosomes [14, 15, 27, 49]. We know
relatively little about the subcellular activity of cathepsins and
their regulation in APC. Given that individual cathepsins differ
in their pH optima and that conditions such as pH and redox
potential are likely to change along this endocytic pathway,
differential activity of cathepsins in different endocytic com-
partments might be expected, which would allow for a step-
wise, rather than complete, destruction of protease substrates.
The development of chemical tools that visualize proteases in
an activity-based manner allows us to address these type of
questions directly. Here, we represent a first analysis of the
subcellular distribution of active cathepsins in human BLC in
relation to the major constituents of the class II antigen-
presentation machinery and the transport and maturation of
class II molecules.

As our results demonstrate, the activity of individual endo-
cytic proteases indeed differs among early endosomal, late
endosomal, and lysosomal compartments. We observed two
distinct patterns of protease activity, which overlapped in late
endosomes: Although CatB and CatZ were detected in early
and late endosomes but were absent from lysosomes, CatS,
CatH, CatD, CatC, and AEP were located in late endosomal
and lysosomal compartments and were only poorly present in
early endosomes. This is at first glance surprising, given that
the pH optimum for CatB in vitro is 5.5, and CatH and CatS are
stable and active at near-neutral pH. However, CatB is also
active at early endosomal pH in vitro, and CatS and CatH are
fully functional at late endosomal/lysosomal pH (C. Driessen,
unpublished observations). Furthermore, morphological as well
as recent functional data are in good agreement with this
finding: Exogenous material internalized by human BLC colo-
calized with Ii and MHC II in CatB-positive, endosomal com-
partments after only 2 min of chase, consistent with an early,
endosomal localization of CatB in this cell type [27]. CatB was
also selectively present in MIIC-like late endosomes from
murine BLC but absent from lysosomes [28]. Functional data
from CatB-deficient mice indicate that CatB performs the first
proteolytic step after uptake of a model antigen into APC,
consistent with a dominant activity of CatB in early endocytic
compartments [10]. Two recent studies have analyzed the order
in which phagosomes of J774 murine macrophages acquire
endocytic hydrolases, on a proteomic and a functional level
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[13, 50]. Although phagocytosis is not the preferred mode of
antigen uptake by BLC, and the intracellular microarchitecture
between phagocytes and BLC is likely to differ significantly,
our data are consistent with the results described there: CatB
and CatZ were acquired by phagosomes already at very early
time-points, and in particular, the exposure to CatS constantly
increased toward longer internalization times [13]. This is in
line with the preferential, early endosomal location of CatB and
CatZ found in our results as well as with the presence of active
CatS in early endosomal compartments and the continued
increase in CatS activity toward late endosomes/lysosomes.

These distinct, subcellular patterns of protease activity are
functionally reflected by the accumulation of different relative
ratios of the Ii processing intermediates Iip10 and Iip12 at
various endocytic locations when CatS activity was inhibited by
LHVS. As both fragments accumulated only in the absence of
CatS activity, Iip12 represents a precursor for Iip10 that is
converted into Iip10 by CatS via C-terminal processing, or both
fragments are substrates for N-terminal turnover by CatS, gen-
erating CLIP. In either case, the differential distribution of the
fragments implicates that different proteolytic steps in Ii pro-
cessing are located at distinct subcellular locations in BLC.
Late endosomes contained similar quantities of both fragments,
in agreement with our finding that the entire spectrum of
endocytic protease activity was present only in this compart-
ment.

MIIC most likely represent the morphological equivalent of
late endosomal compartments [49] and are the major location
for Ii processing in human BLC [16, 18]. In agreement with
these data, Ii processing was completed in late endosomes in
our results, and lysosomes contained exclusively, fully mature
��p complexes. In addition, here, we show that late endosomes
are abundantly equipped with all components of the proteolytic
machinery of the class II pathway: They contain the entire set
of active proteases (CatS, -Z, -B, -D, -H, -C, AEP), regulatory
components of protease activity such as CysC and inactive
zymogens, together with MHC class II and HLA-DM.

Recent results indicated that the activity of endocytic pro-
teases not only differs between different types of APC but also
between primary cells and immortalized cells lines [26]. Here,
we present a first activity-based comparison of the patterns of
cysteine proteases in freshly isolated, primary human B lym-
phocytes, BLC, and DC. Similar to human BLC, CatS and in
particular, CatH are the major active proteases in the endocytic
compartment of primary B cells, and active CatB is present
only in minute amounts. In contrast to human BLC, active CatC
was largely absent from primary B cells. CatL, by contrast, is
absent from human primary B cells and BLC, as we and others
have previously demonstrated [7, 23, 26]. In murine spleno-
cytes, a similar activity-based probe visualized significant
amounts of CatB and CatL in addition to CatS and CatH [10].
Thus, not only do different types of APC contain distinct panels
of proteases, but also, different protease activities might be
found between similar cell types from different species.

What is the function of CatS for the processing and transport
of class II in BLC? Recent years have established a close
connection between the subcellular transport and processing of
MHC class II molecules and the activity and function of CatS

and CysC, the putative endogenous inhibitor of CatS. Studies
performed with mature DC lacking CatS activity or with mature
and immature murine DC that regulate CatS activity in a
developmental manner demonstrated that Iip10-containing
class II complexes accumulated in lysosomal compartments
after 3 h of chase and failed to reach the plasma membrane in
a timely manner [34, 51]. Mainly from these data, it was
generalized that the presence of Iip10-containing class II com-
plexes directly regulated the intracellular transport and surface
display of class II, not only in DC but in professional APC in
general [2]. However, such a direct connection between the
conversion of Iip10 into CLIP by CatS and class II surface
delivery has not been established for APC other than DC and
in particular, not in the human system. Also, the view that CatS
activity controls class II surface level by regulating Iip10
conversion has been challenged: DC and splenocytes from
CatS-deficient mice display the same level of surface class II
compared with cells from wild-type littermates, although Iip10
accumulates in the absence of CatS activity in both cell types
[32, 34]. Moreover, the regulation of total surface class II in DC
might be more the net result of differential endocytic activity of
mature versus immature DC and independent from changes in
CatS activity during maturation [32, 34, 52], although CatS-
deficient DC accumulated Iip10-containing class II complexes
in late endocytic compartments and showed an impaired ki-
netics of class II surface delivery. Thus, DC might not repre-
sent a valid model for other types of APC to analyze the
regulation of class II transport. In addition, human myoblasts
down-regulated IFN-�-induced class II expression upon inhi-
bition of CatS activity, and no Iip10 accumulated in this cell
type, also suggesting little functional connection between elim-
ination of Iip10 and surface delivery of class II in APC [33].
However, class II transport in BLC relies on protease activity,
as is well established that the general inhibition of serine and
cysteine proteases using leupeptin in human and murine BLC
impairs not only Ii processing but also surface delivery of MHC
II, leading to the accumulation of class II–Ii complexes in late
endosomal/lyosomal compartments [18, 29, 31, 53, 54].

In our results, selective inhibition of CatS and accumulation
of Iip10 did not prevent formation of mature ��p complexes in
human BLC during the 3-h chase but only moderately de-
creased its efficiency, similar to the results observed with
human DC [23]. As the total amount of ��p and the quantities
of labeled Iip10 simultaneously increased in LHVS-treated
BLC between the 1 h and 3 h chasepoints, it is unlikely that
additional, perhaps as-yet unidentified, enzymes substituted
for CatS activity and converted Iip10 into CLIP in this time
interval, allowing for the HLA-DM-mediated exchange of CLIP
with antigenic peptide. More likely, human HLA-DM might
directly interact with human Iip10 to some extent, catalyzing
formation of the mature ��p complexes observed in the pres-
ence of LHVS via a limited exchange between Iip10 and
antigenic peptide. In fact, such functional interaction of
HLA-DM with Ii processing intermediates that have not yet
reached the CLIP stage has been demonstrated [55].

Selective elimination of CatS activity neither influences the
subcellular distribution of class II nor the kinetics of class II
surface delivery in human BLC, in contrast to the picture
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observed in murine DC or leupeptin-treated BLC [18, 29, 31,
53, 54]. However, leupeptin not only blocks a plethora of
cysteine and serine proteases in addition to CatS but also
affects endocytic transport per se, as it reduces the transport of
endocytosed material to the prelysosomal compartment [56].
Thus, the discrepancy observed between the effect of nanomo-
lar concentrations of LHVS, which are bona fide selective for
CatS [7, 33, 34, 47], and leupeptin on class II distribution and
its surface deposition in human BLC is likely to be a result of
the inhibitory effect of leupeptin on additional cysteine and/or
serine proteases, which interact with Ii and/or other unknown
factors involved in endocytic transport in BLC.

In summary, we suggest the following model: Different en-
docytic compartments of human BLC contain distinct patterns
of protease activity with CatZ and CatB present in early and
late endosomal compartments and CatS, CatD, CatH, CatC, and
AEP in late endosomal and lysosomal fractions. This pattern of
protease distribution largely determines the subcellular loca-
tion of Ii processing, which is completed in late endosomes
containing the entire spectrum of proteolytic activity tested.
Conversion of Iip10 into CLIP relies on CatS activity in human
BLC and is performed along the entire endocytic route, in
agreement with the subcellular distribution of active CatS.
CatS activity and elimination of Iip10 are not required for
normal intracellular distribution and surface delivery of class
II in human BLC although leupeptin blocks class II transport
in this type of cell. Therefore, additional, as-yet unidentified,
leupeptin-sensitive serine and/or cysteine proteases that may
or may not affect Iip10 processing are likely to be involved in
regulating class II transport in human BLC.
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