Immunology 2000 100 13-20

Lysosomal cathepsin B plays an important role in antigen processing, while
cathepsin D is involved in degradation of the invariant chain in
ovalbumin-immunized mice
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SUMMARY

We previously reported that CA074, a specific inhibitor of cathepsin B, modulates specific immune
responses from the T helper 2 (Th2) type to Thl type in BALB/c mice infected with Leishmania
major. In the present study, we found that a similar type of immune deviation was also induced in
mice immunized with ovalbumin (OVA). However, treatment of mice with pepstatin A, a specific
cathepsin D inhibitor, suppressed the OVA-specific proliferation of lymphocytes and blocked the
development of both Th1l and Th2 cellular responses. These inhibitors did not appear to have any
direct influence in vitro on functions of naive lymphocytes. OVA antigen (47 000 MW) was digested
mainly into 40 000 MW protein in vitro by lysosomal proteases from naive BALB/c mice, and its
digestion was markedly inhibited by the addition of CA074, but not by addition of pepstatin A,
during incubation. However, pepstatin A strongly suppressed the degradation of the major
histocompatibility complex class II-associated invariant chain (Ii) molecule in vivo and in vitro.
Thus, cathepsin B appears to process antigens directed to preferential activation of Th2 cells, while
cathepsin D may be responsible for the degradation of Ii, the processing of which is essential in
initiating the antigen-specific activation of Thl and Th2 CD4™" T cells. These lysosomal proteases
may have different functions in regulating immune responses.

INTRODUCTION

Exogenous antigens are processed by lysosomal proteases
within antigen-presenting cells (APC) to create antigenic
peptides and then presented by major histocompatibility
complex (MHC) class II molecules prior to the activation of
CD4" T cells.'”” Enzymes such as aspartate proteases (e.g.
cathepsin D and E) and cysteine proteases (e.g. cathepsin B, L
and S) are proposed to be involved in this process. Although
cathepsins B and D are located mainly in macrophages and
have been reported to be involved in the processing of various
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antigens and also in the degradation of the invariant chain (Ii)
of MHC class II molecules,”!* the majority of this evidence
was obtained by in vitro, and not in vivo, studies. Recently, it
was reported that cathepsin S, but not cathepsins B and D, is
necessary for maturation of MHC class II molecules and for
antigen presentation.'* Another aspartate protease, cathepsin
E, was also considered to be involved in antigen processing,
although the exact subcellular localization of cathepsin E in
APC is not known."*!* Furthermore, it is still remains unclear
whether each lysosomal enzyme plays a different role in
creating antigenic epitopes, and whether these proteases
influence the development of functional subsets of CD4%
T cells.

It is known that activated CD4 " T cells differentiate into
one of two functional subsets: T helper 1 (Thl) and T helper 2
(Th2). Thl cells produce interleukin (IL)-2 and interferon-y
(IFN-vy), which are involved in the cell-mediated inflammatory
reaction. Th2 cells secrete IL-4, IL-5 and IL-10, which are
responsible for mediating B-cell immune responses.'>!® When
immunized intraperitoneally (i.p.) with ovalbumin (OVA)
adsorbed in alum, BALB/c mice are preferentially induced to
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exhibit Th2-type immune responses, i.e. high levels of IL-4 and
IL-5 and an increased production of antigen-specific immu-
noglobulin G1 (IgGl) and immunoglobulin E (IgE), while
immunization of mice with OVA in Freund’s complete
adjuvant (FCA) develops Thl-type immune responses.'”!

In the present study, lysosomal cathepsins are suggested to
be proteases in antigen processing. The functional differences
between these proteases in antigen processing and in inducing
immune responses was studied by using their specific inhibitors,
e.g. pepstatin A for cathepsin D and CA074 for cathepsin B, in
BALB/c mice immunized with OVA in alum. It was observed
that the cathepsin D inhibitor suppressed the development of
both Thl and Th2 responses, while the cathepsin B inhibitor
directed the OVA-induced Th2-type immune response into a
Thl-type response. CA074 modulated in vitro the processing of
OVA antigen with lysosomal proteases from naive BALB/c
mice. On the other hand, pepstatin A suppressed the
degradation of the MHC class II-associated Ii molecule. Thus,
various lysosomal proteases may be involved in class II-
restricted immune regulation through different pathways.

MATERIALS AND METHODS

Animals

BALB/c Cr Slc (BALB/c) mice were purchased from Japan
Shizuoka Laboratory Animal Center (Hamamatsu, Japan).
Female mice aged 8—10 weeks were used in all experiments.

Cathepsin inhibitors

Pepstatin A (Peptide Institute, Osaka, Japan), a specific inhibitor
of aspartyl proteases such as cathepsin D and pepsin, has
previously been shown to cause prolonged inhibition of
cathepsin D in mice, particularly in the spleen, liver and kidney. "’
Pepstatin A was dissolved in dimethylsulphoxide (DMSO) and
was further diluted in phosphate-buffered saline (PBS), at least
25 times, to avoid the toxic effect of a high concentration of
DMSO. A DMSO control was included in the pepstatin A
experiments. CA074 [N-(L-3 trans-propylarbamoyloxirane-
2-carbonyl)-L-isoleucyl-L-proline], synthesized in our labora-
tory, could be rapidly dissolved in PBS or RPMI-1640, and
showed selective inhibition of cathepsin B in vitro and in vivo.

Immunization and delayed-type hypersensitivity response
BALB/c mice were immunized i.p. with 1 pg of OVA (Sigma,
St. Louis, MO) adsorbed to 4 mg of alum (LSL, Tokyo,
Japan). CA074 or pepstatin A (each at 0-25 mg/mouse) was
administered 2 hr before and after immunization, and every
12 hr for 10 days thereafter. For the delayed-type hypersensi-
tivity (DTH) assay, mice were challenged with 50 pul of OVA (10
pg) in alum injected into the left hind footpad 10 days after
immunization. An identical volume of alum was injected into
the right hind footpad as a control. The DTH response was
evaluated by comparing the size of the swollen and non-swollen
footpads 24 hr after challenge.

Enumeration of cytokine-producing cells by enzyme-linked
immunospot (ELISPOT) assay

Multiscreen-IP plates were coated overnight with anti-mouse
IFN-y monoclonal antibody (mAb) (R4-6A2), anti-mouse
IL-4 mAb (11B11) or anti-mouse IL-5mAb (Genzyme,
Cambridge, MA), respectively, each at 5 pg/ml. After blocking

for 90 min, splenocytes were plated at 10° cells per well with
OVA (500 pg/ml) or phytohaemagglutinin (PHA) (5 pg/ml)
and cultured for 36 hr. Subsequently, the cells were removed by
washing, biotinylated detection antibody was added, and the
plates were incubated overnight. The plate-bound secondary
antibody was then visualized by adding streptavidin-alkaline
phosphatase and alkaline phosphatase conjugate substrate
(Bio-Rad, Hercules, CA). The number of spots was assessed
with the aid of a dissection microscope. The number of spot-
forming cells reflects the frequency of cells per million that
produce cytokine after the antigen challenge.”®

Detection of antigen-specific immunoglobulins in serum
Volumes of 1 mg/ml OVA were covalently coated onto
Covalink 96-well microplates (InterMed Nunc, Kamstrup,
Denmark) for 2 hr using N-hydroxysulphosuccinimide (Pierce,
Rockford, IL) and I-ethyl-3-(3-dimethylaminoprophyl) carbo-
diimide (Sigma). After blocking overnight with 0-1% bovine
serum albumin (BSA; Gibco BRL, Grand Island, NY) in PBS,
serum samples serially diluted with blocking buffer were
incubated for 6 hr in microplates. They were then examined
with alkaline phosphatase-conjugated anti-mouse IgE (South-
ern Biotechnology, Birmingham, AL) or IgG2a (Cappel,
Durham, NC) followed by p-nitrophenyl phosphate (Sigma).
The reaction was stopped with 3N NaOH and the absorbance
at 415 nm was read using a microplate reader (Bio-Rad).

Antigen-specific proliferation

Splenocytes (1 x 10° cells/well) from three experimental groups
were cultured with OVA (500 pg/ml), concanavalin A (Con A)
(5 pg/ml) or plate-coated anti-mouse CD3 mAb (145-2C11) in
0-2 ml of RPMI-1640 containing 10% fetal bovine serum
(FBS), 100 U/ml of penicillin, 100 pg/ml of streptomycin and
5% 107> M 2-mercaptoethanol (2-ME) in 96-well flat-bottom
microplates at 37°, in an atmosphere of 5% CO, for 72 hr.
PH]Thymidine (PHJTdR) (1 pCi) was added to each well
8 hr before harvesting. The incorporation of [PHJTdR was
measured in a liquid scintillation counter (Aloka, Tokyo).

Flow cytometry

One million splenocytes were stained with a combination
of anti-CD4-phycoerythrin (PE)-labelled mAb and anti-
CDS8-fluorescein  isothiocyanate  (FITC)-labelled mAb
(Pharmingen, San Diego, CA) or anti-Thy-1-2 (30-H12)-PE
labelled mAb and anti-B220 (RA3-6B2)-FITC-labelled mAb,
or with FITC-labelled In-1 mAb specific for the mouse
invariant chain,® and were analysed by using a fluorescence-
activated cell sorter (FACScan; Becton-Dickinson, Mountain
View, CA).

Mitochondriallysosome (ML) fraction

Lysosomes were isolated to assess proteolysis after gentle
homogenization of samples of minced spleen with a Teflon
pestle in 0-25 M cold sucrose. The suspension was centrifuged at
3500 g for 10 min at 4°, and the supernatant was centrifuged at
25 000 g for 20 min at 4°. The resulting pellet was resuspended
in 50 mmM acetate buffer (pH 5-0), and the suspension fluid was
freeze/thawed three times to disrupt lysosomal membranes.
The fluid was then centrifuged and the supernatant used as the
ML fraction.

© 2000 Blackwell Science Ltd, Immunology, 100, 13-20
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Figure 1. T helper (Th) phenotype in mice treated with cathepsin
inhibitors. Mice were immunized intraperitoneally (i.p.) with ovalbu-
min (OVA) adsorbed with alum. CA074 or pepstatin A (0-25 mg of
each/mouse) was injected i.p. 2 hr before and after immunization and
every 12 hr thereafter for 10 days. Frequencies of splenic interleukin
(IL)-4, IL-5 and interferon-y (IFN-y)-secreting cells from naive,
untreated, CA074- or pepstatin A-treated mice were determined by
using an enzyme-linked immunospot (ELISPOT) assay. Spots were
counted, and the results are expressed per 10° cells. Standard deviations
(SD) were <10% of total spots counted for each cytokine. Results are
representative of three separate experiments.

Protein-digestion assay

OVA was digested at pH 5-0 (the pH of endocytic vesicles) at
37° for 3 hr with lysosomal enzymes, prepared from the ML
fraction of splenocytes from naive mice, in the presence or
absence of CA074 or pepstatin A. After digestion, samples
were separated by sodium dodecyl sulphate—polyacrylamide
gel electrophoresis (SDS-PAGE). The digested products were

directly stained with Coomassie Brilliant Blue R-250
(Bio-Rad).
Immunoprecipitation

A20 cell suspensions were washed and solubilized on ice for
30 min in 1 ml of lysis buffer (1% Nonidet P-40 [NP-40])/PBS in
the presence of protease inhibitors). After ultracentrifugation
to remove nuclei and cell debris, the supernatants were
precleared twice by incubation with 5 pl of normal mouse
serum and 100 pl of protein A-agarose (Pierce) for 2 hr.

© 2000 Blackwell Science Ltd, Immunology, 100, 13-20
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Figure 2. Levels of ovalbumin (OVA)-specific antibodies in mice
treated with cathepsin inhibitors. Mice were treated as indicated in
the Materials and methods, and serum titres of antigen-specific
immunoglobulin G2a (IgG2a) and immunoglobulin E (IgE) from
untreated, CA074- or pepstatin A-treated animals (n =6) were assessed
by using enzyme-linked immunosorbent assay (ELISA) 10 days after
immunization. Results are representative of five separate experiments.

Samples were immunoprecipitated overnight with In-1 mAb
and protein A—agarose. An irrelevant antibody (anti-rat IgG)
was used as a negative control. Agarose pellets were washed
five times in TNE buffer (1% NP-40, 50 mm Tris HCI, 150 mm
NaCl, 5 mm EDTA, 2 mm pepstatin A and 2 mm leupeptin,
pH 7-8), resuspended in sample buffer containing 10% (v/v) 2-
ME, and separated in 15% SDS-PAGE gels. Gels were stained
using silver-staining reagents (Daiichi Pure Chemicals, Tokyo,
Japan).

RESULTS
Cathepsin inhibitors modulate cytokine production

To clarify whether the Th phenotype was different in pepstatin
A- and CAO074-treated mice during immunization, drained
splenocytes were restimulated in vitro, with or without OVA,
10 days after immunization. The antigen-specific cytokine
profile was assessed using ELISPOT in order to calculate the
number of cytokine-secreting cells. As shown in Fig. 1,
splenocytes from untreated animals comprised a high number
of IL-4- and IL-5-secreting cells, but a low number of IFN-vy-
secreting cells, indicating that the OVA-specific Th cells were
Th2 dominant. In contrast, mice treated with CA074 showed a
different response, of Thl type, generating very low levels of
IL-4 and IL-5, and a high level of IFN-y. Unlike the mice
treated with CA074 , the pepstatin A-treated mice produced
only minimal levels of Th2-type cytokines IL-4 and IL-5 and
Thl-type levels of IFN-y (Fig. 1), similar to naive mice. Thus,
treatment with CA074 exclusively suppresses development of
the Th2-type response but activates the Thl-type response,
while treatment with pepstatin A suppresses both Thl and Th2
responses.

The effect of treatment with cathepsin inhibitors on specific
antibody production

Cytokines regulate immunoglobulin isotype production by
B cells; the Thl-type cytokines preferentially direct class
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Table 1. The cell proportion of splenocytes from BALB/c mice immunized with ovalbumin (OVA) adsorbed in alum

CD4™" CD8™* CD47/CDS8”
Total cell number (x 107) Small Large Small Large Small Large
Untreated 33 592 452 619 40-7 374 63-0
CA074 52 585 46-7 (103-1) 587 45-0 (110-4) 383 63-4 (100-6)
Pepstatin A 4-8 72-8 30-8 (67-8) 666 36:7 (899) 413 59-1 (93:7)

The splenocytes were collected 10 days after immunization and stained with a combination of fluorescein isthiocyanate (FITC) anti-CD8* and
phycoerythrin (PE) anti CD4". The number in parenthesis represents the control percentage.

switching to IgG2a production, whilst Th2-type cytokines,
such as IL-4 and IL-5, govern switching to IgE production.?!
To confirm whether immunoglobulin class switching to
Th2-mediated antibodies was impaired in the CA074-treated
mice, serum samples were obtained from BALB/c mice to
assess the production of OVA-specific IgG2a and IgE by
enzyme-linked immunosorbent assay (ELISA). Immunization
with OVA formulated in alum primed splenocytes to produce
IL-4 and IL-5 and elicited high titres of IgE antibody and low
titres of IgG2a (Fig. 2), suggesting the development of a
Th2-mediated immune response in untreated mice. Animals
treated with CA074 showed a reduced level of OVA-specific
IgE, whereas the production of IgG2a was significantly
increased. On the other hand, pepstatin A-treated mice showed
suppression of all classes of OV A-specific antibody production
compared with untreated or CAO074-treated mice (Fig. 2).
These results imply that CA074 preferentially induces Thl
effector cells, which facilitate switching to IgG2a by enhancing
the production of IFN-y or by inhibiting the secretion of IL-4
and IL-5, while both Thl and Th2 effector cells were
suppressed in pepstatin A-treated mice.

The effect of treatment with cathepsin inhibitors on OVA-
specific DTH

We further confirmed the modulatory effects of these inhibitors
on in vivo immune responses by examining the development of
the OVA-specific DTH response, which is mediated by Thl
cells.?? Groups of experimental mice in which DTH was elicited
with OVA in alum were injected into the left hind footpad
10 days after immunization. Mice treated with CA074 showed
remarkably augmented OVA-specific DTH responses com-
pared with those of untreated mice, which demonstrated a
Th2-based immune response. In striking contrast, mice treated
with pepstatin A showed a lower suppression of the DTH
response than untreated mice (Fig. 3). Thus, these results
further demonstrated that CA074 treatment exclusively results
in a Thl-type response. However, pepstatin A suppresses both
Thl- and Th2-type responses.

Treatment with cathepsin D inhibitor suppresses antigen-
specific activation of CD4" T lymphocytes

It is important to clarify the levels of immunological
modulation that result from the treatment of cathepsin B or
D inhibitors. To analyse the type of T lymphocyte that was
influenced by treatment of these inhibitors, the number of T-
cell subsets in mice treated with each inhibitor was analysed by

flow cytometry 10 days after immunization. Total cellularity in
spleen did not differ significantly among these three groups, but
the number of Thy-1-2" blastoid cells decreased as a result of
treatment with pepstatin A. That is, the proportion of Thyl-2*
blastoid cells was 30% less in pepstatin A-treated mice than in
untreated or CA074-treated mice (Fig. 4). As large cells are
generally assumed to be activated blastoid cells, T cells in
pepstatin A-treated mice would not be considered as activated.
As shown in Table 1, the proportion of activated CD4* T cells
in pepstatin A-treated mice was reduced to 67-8% compared
with that of untreated mice, while the proportions in
CAO074-treated mice were similar to those of control mice.
Further treatment with either CA074 or pepstatin A did not
directly affect the number and antibody secretion of B220%
cells (data not shown).

The effect of treatment with cathepsin inhibitors on specific
and non-specific proliferation

Next, the proliferative responses of splenocytes to specific or
non-specific stimuli were examined using immunized mice
treated with each inhibitor. Splenocytes from CAQ074-treated
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Figure 3. The delayed-type hypersensitivity (DTH) response in mice
treated with cathepsin inhibitors. Mice (n=3-5) were challenged
subcutaneously (s.c.) with 10 pg of ovalbumin (OVA) in alum in the left
hind footpad 10 days after immunization with OVA. The size of the
footpad swelling in naive, untreated, CA074- or pepstatin A-treated
mice was measured by comparing the swollen footpad with the non-
swollen footpad 24 hr after challenge. The results of the DTH reaction
are representative of three individual experiments.
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mice proliferated similarly to those of untreated mice, in
response to specific stimulation with OVA, whereas this
proliferation in immunized mice was significantly suppressed
by treatment with pepstatin A (Fig. 5a). No difference was seen
among the three groups in proliferative response to non-
specific stimuli such as Con A or anti-CD3 mAb (Fig. 5b).
Moreover, neither cathepsin inhibitor showed any direct
influence on the functions of naive T cells, such as proliferation,
cytokine production and MHC class I-restricted cytotoxic T
lymphocytes (CTL) (data not shown). Hence, these results
suggest that CA074 treatment does not suppress proliferative
responses to either antigen-specific stimulation with OVA or to
non-specific stimulation, while pepstatin A suppresses the
antigen-specific proliferation, but does not suppress non-
specific proliferation.

Taken together, these results indicate that the treatment of
mice with cathepsin D inhibitor blocked the activation of
CD4* T cells and influenced the differentiation of both Thl
and Th2 cells, probably affecting the priming process of naive
T cells.

Cathepsin B inhibitor modulates the digestion pattern of OVA
with lysosomal proteases

The specificity of these cathepsin inhibitors was confirmed.
Each inhibitor showed an inhibitory activity of >50%, and was
highly specific in vitro and in vivo (data not shown). Next, we
examined, by protein digestion assay, whether the OVA-
digesting activities of lysosomal proteases of naive mice are
modulated when CAO074 or pepstatin A is added during
incubation with OVA and the proteases, as described in the
Materials and methods. As shown in Fig. 6, a 47 000-MW
OVA antigen decreased in size as a result of digestion with
lysosomal enzymes, whereas the 40 000-MW protein increased
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Figure 4. Flow cytometry analysis of activated splenocytes in mice
treated with cathepsin inhibitors. Cells from untreated (upper panel),
CAO074- (middle panel), or pepstatin A- (lower panel) treated mice were
evaluated by fluorescence-activated cell sorter (FACScan) using the
double-staining method. These panels were shown as the percentage of
Thy-1-2* blastoid cells. FSC, forward scatter.
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in size compared with undigested OVA. CA074 blocked the
digestion of OVA antigen with lysosomal proteases and the
40 000-MW protein band almost disappeared. These results
suggest that lysosomal cathepsin B, but not cathepsin D,
contributes mainly to the digestion of OVA into the 40 000-
MW protein. On the other hand, pepstatin A did not influence
the digestion of OVA, suggesting that immune suppression
resulting from treatment with pepstatin A is not caused by
digestion of OVA in the lysosome. This difference may have
been a result of the difference in the function of CD4 ™" T cells
between CA074- and pepstatin A-treated mice.

Role of proteases on the degradation of MHC class II-
associated Ii chain

Next, the role of cathepsins B and D was studied on the
maturation of MHC class II molecules for T-cell priming. To
determine the effect of these inhibitors on the degradation of Ii
molecules, a murine B-cell line (A20) was incubated for 4 hr
with or without CAO074, pepstatin A, or leupeptin. The
breakdown of Ii was determined by immunoprecipitation with
the In-1 mAD that reacts with degrading fragments containing
the N-terminal portion of 1i.%* Ii-p31 has been described as the
major isoform in B cells>* (Fig. 7a). Leupeptin, an inhibitor of
cysteine proteases, interferes with the maturation of MHC class
II by blocking the complete destruction of Ii,'%** and
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Figure 5. Ovalbumin (OVA)-specific or non-specific proliferative
response of splenocytes in mice treated with cathepsin inhibitors.
Mice were immunized and treated as indicated in the Materials and
methods, and cells were isolated and cultured for 72 hr with OVA (a),
concanavalin A (Con A) (b) or anti-CD3 (b). Proliferation was
measured by [PH]thymidine incorporation. The data are means of
triplicate wells + SD and are representative of five separate experiments.
c.p.m., counts per minute; incorp., incorporation.
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Figure 6. In vitro digestion of ovalbumin (OVA) by lysosomal
proteases. Five micrograms of OVA was digested with 10 pg of
mitochondria/lysosome (ML) fraction in the absence (lane 3) or in the
presence of CA074 (lanes 4 and 5) or pepstatin A (lanes 6 and 7) (each
at 1 pg/ml) for 3 hr at 37°. The OVA digests were then stained with
Coomassie Brilliant Blue following separation by sodium dodecyl
sulphate—polyacrylamide gel electrophoresis (SDS-PAGE). The
untreated OVA control is shown in lane 1, and control lysosomes in
lane 2. Filled arrowheads indicate the lysosomal band, and the open
arrowhead indicates the band of digested OVA.

contributes to the increasing overall intermediates of Ii
degradation, such as the 20-24 000 MW leupeptin-induced
peptide (LIP) and the 12 000 MW small LIP (SLIP) fragments
(Fig. 7a, lane 4). CA074, a specific cathepsin B inhibitor, did
not induce the accumulation of LIP and SLIP, indicating that
cathepsin B does not contribute to the degradation of Ii. In
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contrast, treatment with pepstatin A, an aspartate protease
inhibitor, resulted in marked alteration of Ii processing,
indicating the accumulation of both LIP and SLIP Ii fragments
in this experimental group. Moreover, no fragments of Ii were
found in an irrelevant antibody control (data not shown).

To further confirm that in vivo degradation of Ii was
affected by cathepsin inhibitors, BALB/c mice were treated
with pepstatin A and CA074 for 10 days. The expression of Ii
on APC was examined by flow cytometry analysis. As shown in
Fig. 7(b), the expression of Ii on macrophages and B cells was
significantly increased by treatment with pepstatin A compared
with that of CAO074-treated and -untreated mice. Thus,
pepstatin A appears to suppress the activation of CD47"
T cells by blocking the maturation of MHC class II molecules.
That is, cathepsin D may mediate the cleavage and release of
MHC class II-bound Ii.

DISCUSSION

The development of CD4™" helper T cells from naive CD4"
T cells has been one of the most important issues to be
addressed in the immunological field. There are many reports
pertaining the regulatory mechanisms of Thl and Th2
responses, e.g. the route of antigen entry, structure of antigen,
type of adjuvant used and antigen dosages employed.”*>° We
previously proposed that lysosomal proteases play a crucial
role in the differentiation of functional CD4% T cells. A
candidate protease is cathepsin B, as CA074, a specific inhibitor
of lysosomal cathepsin B, deviates the immune response from
Th2 to Thl type in BALB/c mice infected with Leishmania
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Figure 7. Degradation of invariant chain (Ii) molecules in cathepsin inhibitor-treated A20 cells (a) and BALB/c mice (b). (a) Cells
(10%) were incubated for 4 hr in the absence (lane 1) or in the presence of CA074 (lane 2), pepstatin A (lane 3), or leupeptin (lane 4)
(each at 100 pg/ml). The cells were then lysed and immunoprecipitated with In-1 (anti-Ii) monoclonal antibody (mAb), as described in
the Materials and methods. Immunoprecipitates were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) and stained using silver-staining reagents. In-1 mAb only is shown in lane 5. IgH is the H chain of immunoglobulin, and
IgL is the L chain of immunoglobulin. (b) BALB/c mice were treated with CA074 or pepstatin A for 10 days. Splenocytes were
collected and blocked with normal mouse serum for 30 min at 37° and then stained with fluorescein isothiocyanate (FITC)-conjugated
anti-mouse Ii mAb (solid lines) Dotted lines indicate the unstained control.
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major and in genetically susceptible mice that have become
resistant to this infection.”® At present, however, detailed
molecular mechanisms on how the inhibitor of cathepsin B
induces switching of polarity from Th2 to Thl has not been
clarified.

In the present study, we showed that pepstatin A, an
inhibitor of cathepsin D, also influences the development of
specific immunities in mice immunized with OVA adsorbed
with alum, but differently from CA074. That is, CA074
preferentially induced Thl responses, while pepstatin A
suppressed the development of both Thl and Th2 responses.
Thus, OVA antigen processed by lysosomal cathepsin B in
APC may preferentially promote development of the Th2
response, while cathepsin D contributes to the degradation of Ii
molecules and then initiates the activation of either Thl- or
Th2-type CD4* T cells.

Early-stage antigen-processing compartments of APCs are
endosomes where various lysosomal enzymes, such as cathe-
psin B and D, are located. We previously reported that soluble
Leishmania antigen (SLA) was digested in vitro by lysosomal
proteases and its digestion was markedly modified by the
addition of CA074 or pepstatin A during the incubation, but in
a different manner. CA074 specifically interfered with the
digestion of 16, 28 and 31 000-MW peptides of SLA by
lysosomal enzymes, while pepstatin A mainly blocked that of
the 28 000-MW peptide of SLA. Inactivation of lysosomal
cathepsin B or D with their corresponding inhibitors resulted in
the modulation of CD4 ™" T-cell differentiation, and the helper
T cells failed to instruct B cells to completely produce diverse
specific antibodies, as seen in L. major-infected and untreated
BALB/c mice. Thus, these lysosomal proteases appear to have
different functions in regulating immune responses by creating
specific antigenic fragments. L. major antigens processed by
cathepsin D may be essential for the induction of ThO, a
prototype of Thl and Th2, or for both types of CD4* T cells.”’
In the processing of OVA antigen, however, cathepsin D was
not involved (Fig. 6). As discussed above, pepstatin A-treated
mice generally showed suppression of both Thl and Th2
responses to specific stimulation with OVA, although T cells
from these mice proliferated and generated both Thl- and
Th2-type cytokines in response to non-specific stimulation with
Con A. Thus, it is possible that cathepsin D plays a role in
antigen presentation and degradation of MHC class II-
associated Ii molecules, whilst the specific inhibitor, pepstatin
A, completely suppresses the differentiation of class II-
restricted CD4™" T cells in OVA-immunized mice.

MHC class II molecules bind antigenic peptides generated
in APC and display them at the cell surface to present the
peptide to CD4% T cells. Newly synthesized class IT o/f
heterodimers associate with Ii in the endoplasmic reticulum,
and this complex is transported to endocytic compartments
where Ii is partially degraded into small fragments by acid
proteases, whilst maintaining the binding groove of the class II
molecules.3*3! Recent experimental evidence has illustrated
that cysteine proteases play an important role in the
degradation of MHC class II-bound Ii. Inhibition of cysteine
proteases with leupeptin causes accumulation of degraded Ii
intermediates in A20 cells expressing class IT molecules of I-A¢
haplotypes.'®?*> In the present study, we also found that
specific inhibition of cathepsin D with pepstatin A in vivo and
in vitro led to the accumulation of Ii fragments, suggesting that
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cathepsin D is able to degrade Ii from MHC class II-Ii
complexes for antigen presentation and activation of CD4"
T cells. However, this observation differs from the work of
Riese ez al. using cathepsin D knockout mice.'* In their report,
they described that cathepsin S, but not cathepsins B or D, is
necessary for the digestion of Ii from MHC class II molecules.
One possible reason for this discrepancy is that pepstatin A
may be an inhibitor for aspartate proteases, including pepsin
and cathepsins D and E, and not just cathepsin D.
Conceivably, cathepsin E may be also a factor in the
degradation of Ii, although the exact subcellular localization
of cathepsin E in B cells is unclear.'® These results indicate that
aspartate proteases also contribute to degradation of the Ii
chain in addition to cysteine proteases, such as cathepsin S.
Thus, subjecting mice to pepstatin A may have impaired OVA-
specific proliferation and activation of CD4% T cells by
suppressing maturation of the MHC class II molecule and
antigen presentation.

The present study shows that administration of CA074 to
OVA-immunized mice suppresses Th2 responses, but augments
Thl responses, whereas treatment with pepstatin A suppresses
both Thl and Th2 responses. In other words, cathepsin B
appears to induce Th2 exclusively, whereas cathepsin D may
be essential for inducing activation of CD4" T cells via
degradation of the Ii chain. Thus, some lysosomal proteases
may be, in part, responsible for immune regulation by creating
antigenic peptides/motifs or digesting the Ii chain. This
viewpoint may provide a new direction on approaches for
T-cell differentiation.
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