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Introduction

Dendritic cells (DCs) are professional antigen-presenting
cells that arise from CD34" bone marrow progenitor cells

Summary

The ubiquitin—proteasome pathway is the principal system for extralyso-
somal protein degradation in eukaryotic cells, and is essential for the
regulation and maintenance of basic cellular processes, including differen-
tiation, proliferation, cell cycling, gene transcription and apoptosis. The
26S proteasome, a large multicatalytic protease complex, constitutes the
system’s proteolytic core machinery that exhibits different proteolytic
activities residing in defined proteasomal subunits. We have identified
proteasome inhibitors — bortezomib, epoxomicin and lactacystin — which
selectively inhibit the proteasomal B5 subunit-located chymotrypsin-like
peptidase activity in human monocyte-derived dendritic cells (DCs). Inhi-
bition of proteasomal chymotrypsin-like peptidase activity in immature
and mature DCs impairs the cell-surface expression of CD40, CD86,
CD80, human leucocyte antigen (HLA)-DR, CD206 and CD209, induces
apoptosis, and impairs maturation of DCs, as demonstrated by decreased
cell-surface expression of CD83 and lack of nuclear translocation of RelA
and RelB. Inhibition of chymotrypsin-like peptidase activity abrogates
macropinocytosis and receptor-mediated endocytosis of macromolecular
antigens in immature DCs, and inhibits the synthesis of interleukin (IL)-
12p70 and IL-12p40 in mature DCs. As a functional consequence, DCs
fail to stimulate allogeneic CD4* and CD8™ T cells and autologous CD4"
T cells sufficiently in response to inhibition of chymotrypsin-like pepti-
dase activity. Thus, proteasomal chymotrypsin-like peptidase activity is
required for essential functions of human DCs, and inhibition of protea-
somal chymotrypsin-like peptidase activity by selective inhibitors, or by
targeting 5 subunit expression, may provide a novel therapeutic strategy
for suppression of deregulated and unwanted immune responses.

Keywords: chymotrypsin-like peptidase activity; dendritic cells; immuno-
suppression; proteasome

or CD14" monocytes. DCs migrate as immature precur-
sor cells from the bone marrow into peripheral tissues
where they act as sentinels by monitoring the antigenic
environment. After capturing foreign or self-antigens in

Abbreviations: CM, culture medium; CPA, chymotrypsin-like peptidase activity; DCs, dendritic cells; DMSO, dimethylsulfoxide;
DTT, dithiothreitol; EGCG, epigallocatechin-3-gallate; ELISA, enzyme-linked immunosorbent assay; EPM, epoxomicin; FCS, fetal
calf serum; FITC, fluorescein isothiocyanate; GM-CSF, granulocyte—-macrophage colony-stimulating factor; HLA, human
leucocyte antigen; HRP, horseradish peroxidase; iDC, immature DC; IFN-vy, interferon-y; IgG, immunoglobulin G; IL,
interleukin; LPS, lipopolysaccharide; mDC, mature DC; MFI, mean fluorescence intensities; MHC, major histocompatibility
complex; MW, molecular weight; NF-kB, nuclear factor-xb; rh, recombinant human; PE, phycoerythrin; RIPA, radio
immunoprecipitation assay; SCD40L, soluble CD40 ligand; SDS-PAGE, sodium dodecyl sulfate—polyacrylamide gel

electrophoresis; TNF, tumour necrosis factor.
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peripheral tissues, DCs undergo a complex maturation
process induced by signals generated as a consequence of
local inflammation or microbial infection, and display a
reduced capacity for antigen uptake and an increased cell-
surface expression of major histocompatibility complex
(MHC) class II and costimulatory molecules. When mat-
uration-inducing stimuli are sensed by DCs, they immedi-
ately migrate to secondary lymphoid organs where they
present processesd MHC-bound peptide antigens to T
cells, thereby initiating antigen-specific T-cell responses.'
Because DCs are capable of stimulating even immunologi-
cally naive T cells, they play a key role in the initiation
and maintenance of primary adaptive immune responses.
Dependent on their ontogeny and state of differentiation
and maturation, DCs can generate stimulatory, as well as
inhibitory, immune responses, thereby playing a dual role
in adaptive immunity.> Thus, DCs have great potential as
tools for immunomodulatory trials in cancer, chronic
infectious diseases, transplantation and autoimmunity,”
and the identification of molecular targets for modulation
of DC function is a key subject of current research in
basic and applied DC biology.”®”

The highly conserved ubiquitin—proteasome pathway is
the major system for nuclear and extralysosomal cytosolic
protein degradation in eukaryotic cells.** The central
proteolytic machinery of this system constitutes the 26S
proteasome, a large multicatalytic multisubunit protease
complex that degrades and processes essential cell proteins
by limited and controlled proteolysis.>'® By degrading cell
proteins essential for regulation of differentiation, prolifer-
ation, cell cycling, apoptosis, stress and the inflammatory
response, senescence, gene transcription, signal transduc-
tion, immune activation and antigen presentation, the 26S
proteasome plays a key role in the regulation and main-
tenance of basic cellular processes.'!

The proteolytic activities of the 26S proteasome occur
in a barrel-shaped 20S catalytic core complex composed
of four axially stacked rings. Each outer ring contains
seven different o subunits. The two inner rings are
formed by seven B subunits, and only B1, B2 and B5 sub-
units harbour proteolytic sites formed by N-terminal
threonine residues that face the central cavity of the 20S
complex.'® Based on their specificity toward oligopeptidyl
substrates, B1, B2 and B5 subunits have been defined to
possess solely caspase-like, trypsin-like or chymotrypsin-
like peptidase activity, respectively.'>'*> Various synthetic
and biologic inhibitors with different inhibitory profiles
towards peptidase activities of B1, B2 and B5 proteolytic
subunits have been recently identified and are now avail-
able for investigating the biologic function of these sub-
units in intact cells.'"*'® Using a series of such inhibitors,
including bortezomib, epoxomicin (EPM) and lactacystin,
we show herein that selective inhibition of the B5 sub-
unit-located chymotrypsin-like peptidase activity (CPA)
impairs basic functions of human DCs, demonstrating an
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essential role of proteasomal CPA in DC physiology and
immune function.

Materials and methods

Antibodies and reagents

Human recombinant (rh) granulocyte-macrophage col-
ony-stimulating factor (GM-CSEF), rh interleukin (IL)-4,
rh interferon-y (IFN-y), rh tumour necrosis factor-o
(TNF-a) and rh soluble CD40-ligand (sCD40L) were all
purchased from AL-Immunotools (Friesoythe, Germany).
Lipopolysaccharide (LPS) from Escherichia coli 055:B5 was
obtained from Sigma (Heidelberg, Germany).

The fluorogenic proteasome substrates Z-GGL-amc
(chymotrypsin-like peptidase activity), Boc-LRR-amc (try-
psin-like peptidase activity) and Boc-LLE-amc (caspase-
like peptidase activity) were all purchased from Biomol
(Hamburg, Germany).

The following monoclonal antibodies were used: fluo-
rescein isothiocyanate (FITC)-conjugated mouse immuno-
globulin G (IgG)1 isotype control (clone MOPC-21),
anti-CD40 (5C3) and anti-CD209 (DC-SIGN, DCN46)
from BD Pharmingen (Heidelberg, Germany); IgG2b
(MCG2b) isotype control, anti-CD11c (BU15), anti-CD14
(M5E2) and anti-human leucocyte antigen (HLA)-DR
(1E5) from AL-ImmunoTools; and phycoerythrin (PE)-
conjugated IgGl isotype control (MOPC-21), anti-CD11c
(B-ly6), anti-CD80 (L307.4), anti-CD83 (HBI15e), anti-
CD86 (2331) and anti-CD206 (Mannose receptor, 19.2)
from BD Pharmingen.

Anti-CD206 (goat polyclonal IgG; C-20), anti-HLA-DR
(mouse monoclonal IgGl; Bra22), anti-RelA (p65)
(mouse monoclonal IgGl; F-6), anti-RelB (goat polyclo-
nal IgG; N-17) and secondary horseradish peroxidase
(HRP)-conjugated anti-goat, anti-rabbit and anti-mouse
immunoglobulins were obtained from Santa Cruz (Hei-
delberg, Germany). B-actin (mouse monoclonal IgG),
FITC-labelled 40 000 molecular weight (MW) dextran,
Lucifer Yellow and ovalbumin from chicken egg were
obtained from Sigma.

The proteasome inhibitors bortezomib (PS-341, Vel-
cade®) from Millenium Pharmaceuticals (Cambridge,
MA), EPM from Boston Biochem (Cambridge, MA), lac-
tacystin from Biomol, gliotoxin (derived from Gladiocla-
dium fimbriatum) and epigallocatechin-3-gallate (EGCG)
from Merck (Darmstadt, Germany) were all resolved in
dimethylsulfoxide (DMSO) and stored at —20°.

Generation of DCs

DCs were generated from human healthy donor periph-
eral CD14" monocytes, isolated from heparinized periph-
eral blood by Ficoll (Innotrain, Kronberg, Germany)
density-gradient centrifugation and subsequent plastic
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adherence for 2 hr in culture medium (CM) consisting
of RPMI-1640 (Gibco-Invitrogen, Karlsruhe, Germany),
2 mMm L-glutamine (Sigma), 100 IU penicillin and 100 pg/ml
streptomycin (Gibco-Invitrogen) supplemented with 2%
fetal calf serum (FCS; Gibco-Invitrogen). Non-adherent
cells were removed, and adherent monocytes were further
cultured, as described below. Purity of monocytes pre-
pared in this way was typically 50-60%, as determined by
flow cytometry using an FITC-labelled monoclonal anti-
body to CD14. When a higher purity of monocytes (more
than 90%) was required, the cells were negatively iso-
lated with immunomagnetic beads (Dynal, Hamburg,
Germany). DCs were generated using a modified method
deduced from Faries et al.'” Briefly, CD14" monocytes
were cultured for 48 hr (day 1 to day 3) in serum-free
CM, in the presence of 50 ng of GM-CSF and 100 ng of
IL-4, to generate immature DCs (iDC). Purity of iDCs
was determined by flow cytometry analysis of the cell-
surface expression of appropriate markers (CD11c, CD14,
CD80, CD86, HLA-DR and CD40). To induce the final
maturation of iDCs, cells were treated on day 3
with either a cytokine cocktail consisting of GM-CSF
(50 ng/ml), IFN-y (1000 U/ml) and TNF-o (10 ng/ml)
for the last 24 hr and 1 pg/ml of sCD40L for the last
16 hr, or with 100 ng/ml LPS and IFN-y (1000 U/ml).
Purity of the cells generated in this manner ranged
between 90 and 95%; putative contaminating populations
could be neglected. Mature DCs (mDCs) were defined by
their profile of cell-surface molecule expression (CDllc,
CD80, CD83, CD86, HLA-DR and CD40), examined and
quantified by flow cytometry.

In vitro assay for proteasome activity

The inhibitory profiles of proteasome inhibitors towards
proteasomal peptidase activitities in mDCs were measured
using a combination of previously described methods,'®"’
with minor changes. Briefly, mDCs were generated, as
described above, and 5 x 107 cells were lysed in non-ionic
lysis buffer (10 mm Tris, pH 7-8; 1% Nonidet P-40,
0-15 M NaCl, 1 mm EDTA-2Na). The cell lysate was cen-
trifugated at 19 000 g for 10 min at 4° and the superna-
tant was used as proteasome extracts. Forty microlitres of
supernatant was mixed with 360 pl of substrate buffer
(20 mm HEPES, pH 8-2; 0-5 mm EDTA-2Na, 1% DMSO,
5 mm ATP) and proteasome inhibitors at different con-
centrations were added. Thereafter, 10 pl of 100 um con-
centrated fluorogenic substrate was added to the mixture.
After 30 min of incubation at 37°, fluorescence was meas-
ured (excitation, 380 nm; emission, 460 nm) using a
SpectrafluorPlus  96-well plate reader equipped with
MAGELLAN software (Tecan, Crailsheim, Germany). Data
quantified with proteasome inhibitors were evaluated
against the DMSO results, which were set as 100% of
proteasomal peptidase activities.
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Flow cytometry

Flow cytometric analysis of cell-surface receptors of iDCs
and mDCs was performed with standard staining and
analysis procedures using a FACScan and CELLQUEST soft-
ware (BD Pharmingen). For the analysis of cell-surface
receptors of cells that differentiate from monocytes to
iDCs, proteasome inhibitors were added on day 2 for
24 hr to the cell culture, whereas for cells that differentiate
from iDCs to mDCs, proteasome inhibitors were added to
iDCs on day 3 for 24 hr and 1 hr before induction of
final maturation with the cytokine cocktail. Because pro-
teasome inhibitors induce apoptosis in monocytes, iDCs
and mDCs, only viable cells were gated and considered
for flow cytometric analysis, except for the measurement
of apoptosis. For the measurement of cell-surface receptor
expression, a viable and homogeneous population of
DCs was gated. This gate always contained 95-98%
DCs, as determined by staining the cells with CD11c-PE
monoclonal antibody and the CD11c-regating procedure.
Data were measured as mean fluorescence intensity (MFI)
and calculated as percentage of MFI of inhibitor-
incubated cells compared with the MFI of DMSO-
incubated cells: (MFI of inhibitor-incubated cells +
MFI of DMSO-incubated cells) x 100.

Analysis of apoptosis

Detection of apoptotic cell death was analysed using
annexin V-PE from BD Biosciences. Cells were treated
for 24 hr with proteasome inhibitors. Before incubation
of the cells with PE-conjugated annexin V, according to
the manufacturer’s instructions, cells were stained with
FITC-conjugated antibody raised against CD11c. There-
after, apoptosis of cells located in a CD11c" gate was
measured and quantified by flow cytometry.

Analysis of endocytosis and macropinocytosis

To determine the effect of proteasome inhibitors on
receptor-mediated endocytosis and macropinocytosis of
iDCs, cells were treated, as described previously.20 Briefly,
cells were treated for 24 hr with proteasome inhibitors,
washed and resuspended in CM supplemented with 10%
FCS. Subsequently, cells were incubated with FITC-
labelled 40 000 MW dextran (1 mg/ml) or Lucifer Yellow
(1 mg/ml), either at 4° (internalization control) or at 37°
for 30 min and 60 min. Thereafter, cells were extensively
washed four times with ice-cold PBS and analysed by flow
cytometry. For measurement of endocytosis and macro-
pinocytosis, a viable and homogeneous population of
DCs was gated. This gate always contained 95-98% DCs,
as determined by staining the cells with monoclonal
CD11c antibody conjugated to PE and a CD1lc-regating
procedure. Data were measured as MFI.
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Quantification of cytokine production

To quantify the amounts of cytokine production by iDCs
during differentiation to mDCs, enzyme-linked immuno-
sorbent assay (ELISA) Kkits, purchased from R & D
Systems (Wiesbaden, Germany), were used. iDCs were
treated for 1 hr with proteasome inhibitors before matur-
ation with cytokine cocktail in serum-free CM for 24 hr,
as described above. Cell culture supernatants were collec-
ted, and the amounts of IL-12p40 and IL-12p70 were
measured, according to the manufacturer’s instructions.

Immunoblotting

For analysis of intracellular protein expression of cell-
surface receptors, cells were treated for 24 hr with pro-
teasome inhibitors or DMSO. Whole-cell lysates were
prepared by lysing cells in ice-cold radio immunoprecipi-
tation assay (RIPA) buffer for 30 min. The homogenates
were centrifuged at 10 000 g for 10 min at 4°, and the sup-
ernatants were used for immunoblot analysis (as described
below) using antibodies raised against CD206, HLA-DR
and B-actin. For analysis of cytoplasmic and nuclear
contents of RelA and RelB, iDCs were incubated with pro-
teasome inhibitors or DMSO for 1 hr before inducing final
maturation with LPS and IFN-y for the indicated times.
Subsequently, cells were washed and pelleted. Cytoplasmic
and nuclear cell extracts were prepared, as previously des-
cribed, by Schreiber et al.*' Briefly, cell pellets were resus-
pended in 100 pl of buffer A (0-5% Nonidet P-40, 10 mm
EDTA, 10 mm EGTA, 10 mm KCI, 10 mm HEPES, pH 7-9)
supplemented with 1 mm dithiothreitol (DTT) and one
tablet of protease inhibitor cocktail (Roche, Penzberg,
Germany; freshly added) and incubated on ice for 10 min.
Nuclei were sedimented by centrifuging the lysates at
1200 g for 10 min. The supernatants were recovered as
cytoplasmic extract. The generated pellets were resuspend-
ed in 40 pl of buffer B [1 mm EDTA, 1 mm EGTA, 0-4 m
NaCl, 20 mm HEPES (pH 7-9), 5mm MgCl,, 25%
glycerol, with fresh addition as above] and incubated for
10 min on ice with occasional mixing. The suspensions
were clarified by centrifuging at 15 000 g for 10 min. The
supernatants were recovered as nuclear extracts. Cytoplas-
mic and nuclear extracts were rapidly frozen and stored at
—80°. Equal amounts of total protein were separated by
sodium dodecyl sulphate—polyacrylamide gel electrophor-
esis (SDS-PAGE) on 12% Tris—HCI gels and transferred
onto nitrocellulose membranes overnight. After blocking
with 5% non-fat dry milk for at least 1 hr at room tem-
perature, membranes were incubated for 2 hr with primary
antibodies raised against RelA or RelB. Membranes were
washed extensively with 0-1% PBS/Tween 20 and incuba-
ted with HRP-conjugated secondary antibody for 1 hr at
20°. After additional extensive washing steps, immunoreac-
tive bands were visualized by enhanced chemiluminescence
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with the Supersignal West Pico Chemiluminescence
Reagent (Pierce, Rockford, IL). As a control for equal
protein loading, membranes were stripped and reprobed
with an antibody raised against -actin.

Allogeneic and autologous T-cell stimulation

For allogeneic DC-mediated T-cell stimulation, CD4" and
CD8" T cells were isolated from the heparinized peripheral
blood of HLA-mismatched human healthy donors by
Ficoll density-gradient centrifugation and enrichment by
immunomagnetic negative isolation (Dynal). For antigen-
dependent autologous T-cell stimulation, autologous
CD4" T cells were isolated using the method described for
allogeneic T cells. iDCs were pulsed on day 2 of the differ-
entiation procedure with 100 pg/ml ovalbumin and there-
after were differentiated into mDCs, as described above.
mDCs were exposed for 24 hr to proteasome inhibitors,
washed afterwards extensively with warm PBS, and only
viable and non-apoptotic mDCs were counted using
Trypan Blue exclusion staining. Cells were subsequently
cocultured for 5 days with 2-25 x 10%/ml allogeneic CD4"
or CD8" T cells, or with autologous CD4" T cells, or
without T cells (autoproliferation control) in CM supple-
mented with 10% FCS at different DC:T-cell ratios
and pulsed with 5 uCi/ml of [*H]thymidine for the last
18 hr. Incorporation of [*H]thymidine was quantified
using a P-counter (Inotech, Basel, Switzerland). Auto-
proliferation control of mDCs was subtracted from T-cell
proliferation counts.

Statistical analyses

Statistical analyses were performed using EXCEL software.
Differences between mean values were assessed using the
paired Student’s t-test. Statistical significance was set at
P < 0-05.

Results

Selective inhibition of proteasomal CPA in DCs
by bortezomib, EPM and lactacystin

We investigated the inhibitory profiles of various pro-
teasome inhibitors towards proteasomal caspase-like,
trypsin-like and chymotrypsin-like peptidase activity.
Using fluorogenic oligopeptidyl substrates specific for the
respective peptidase activity, we found that bortezomib at
1, 5 and 10 nm, EPM at 0-01, 0-1 and 0-25 pmMm, and lacta-
cystin at 5 and 10 pm inhibit the proteasomal B5 subunit-
associated CPA in human monocyte-derived mDCs
(Fig. 1). Proteasomal caspase-like and trypsin-like pepti-
dase activities were not inhibited by bortezomib, EPM
and lactacystin (Fig. 1). The fungal metabolite gliotoxin,
which is known to be a non-competitive proteasome
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Bortezomib

Epoxomicin

o
o

o

Catalytic activity (% of control)

Caspase- Trypsin-  Chymotrypsin-
like (B1) like (B2) like (B5)

inhibitor,”* inhibited proteasomal CPA and also caspase-
like peptidase activity in DCs (Fig. 1). The green tea poly-
phenol EGCG, another biological proteasome inhibitor,*’
was found to inhibit proteasomal caspase-like and tryp-
sin-like peptidase activities, and CPA, in DCs (Fig. 1).
Having identified inhibitors (bortezomib, EPM, lactacys-
tin) that selectively inhibit proteasomal CPA in DCs, we
were able to investigate the role of proteasomal CPA in
various processes in human DCs.

Proteasomal CPA is required for expression
of important cell surface receptors in DCs

At different stages of differentiation and maturation, DCs
express a characteristic profile of cell-surface receptors
required for proper DC immune functions, such as endo-
cytosis of macromolecular antigens, antigen presentation,
and interaction with, and stimulation of, T cells."* We
investigated, in the presence of proteasome inhibitors
targeting CPA, cell-surface expression of such immune
receptors during differentiation from monocytes to iDCs
(Fig. 2a), during maturation from iDCs to mDCs
(Fig. 2b), and in completely differentiated and matured
mDCs (Fig. 2¢). Highly pure and viable populations of
DCs expressing CD1lc were used to investigate the
modulation of cell-surface receptor expression induced by
the proteasome inhibitors (Fig. 2d). Bortezomib, EPM
and lactacystin inhibited the cell-surface expression of
CD86 and CD40 (required for T-cell interaction and sti-
mulation), HLA-DR (required for peptide antigen presen-
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Catalytic activities were determined as des-
cribed in the Materials and methods. For each
inhibitor, one representative experiment out of
four independent experiments is shown.

tation) and CD206 (macrophage mannose receptor,
required for endocytosis of macromolecular antigens)
during differentiation from monocytes to iDC (Fig. 2a).
During maturation from iDCs to mDCs (Fig. 2b), and in
completely differentiated and matured mDCs (Fig. 2¢),
the proteasome inhibitors targeting CPA inhibited the
cell-surface expression of CD86, CD80 and CD40
(required for T-cell interaction and stimulation), HLA-
DR (required for peptide antigen presentation), and
CD206 and CD209 (DC-SIGN, required for endocytosis
of macromolecular antigens and T-cell interaction). We
next investigated the intracellular expression of CD206
and HLA-DR proteins, those cell-surface receptors dis-
playing the most prominent inhibition of cell-surface
expression in response to inhibition of CPA (Fig. 2a—c),
in the same cells exposed for 24 hr to 1 and 10 nm bor-
tezomib (Fig. 3a—c). Similarly to the results obtained by
flow cytometry, intracellular expression of CD206 and
HLA-DR was markedly reduced in DCs exposed to
proteasome inhibitors targeting CPA, whereas the intra-
cellular expression of B-actin, a housekeeping protein
unrelated to DC function, remained unchanged. Thus,
proteasomal CPA is required for the cell-surface expres-
sion of important immune receptors in DCs.

Proteasomal CPA is required for the maturation
of iDCs into mDCs

RelA (p65) and RelB, transcription factors of the nuclear
factor-kB (NF-kB)/Rel family, are essential for proper
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Figure 2. Inhibition of cell-surface expression of immune receptors in dendritic cells (DCs) exposed to proteasome inhibitors targeting chymo-
trypsin-like peptidase activity (CPA) at different stages of differentiation. (a) Cells were exposed for 24 hr to the indicated concentrations of bor-
tezomib (Bor), epoxomicin (EPM) or lactacystin (Lac) during the differentiation from monocytes to immature DCs (iDCs). (b) Cells were
exposed for 24 hr to the indicated concentrations of bortezomib, EPM or lactacystin during the differentiation from iDCs to mature DCs
(mDCs). (c) mDC were exposed for 24 hr to the indicated concentrations of bortezomib, EPM or lactacystin. (d) For measurement of cell-
surface receptor expression, a viable and homogeneous population of DCs was gated (right). This gate always contained 95-98% DCs, as deter-
mined by staining the cells with anti-CD11lc—phycoerythrin (PE) monoclonal antibody and the CD1lc-regating procedure (right). Data were
measured as mean fluorescence intensity (MFI) and calculated as percentage MFI of inhibitor-incubated cells compared with the MFI of
dimethylsulphoxide (DMSO)-incubated cells: (MFI of inhibitor-incubated cells + MFI of DMSO-incubated cells) X 100. Data are given as mean
values * standard error of the mean (SEM) of three independent experiments carried out in triplicate. *P < 0-05, **P < 0-01 (paired Student’s
t-test) versus DMSO control.

differentiation and maturation of DCs,*»* and rapid DCs.***® Therefore, we investigated cytoplasmic-nuclear
cytoplasmic-nuclear translocation of RelA and RelB is a translocation of RelA and RelB in iDCs exposed to bor-
hallmark of, and required for, the maturation of human tezomib and induced to mature with LPS and IFN-y.
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Figure 3. Immunoblot analysis of intracellular expression of CD206
and human leucocyte antigen (HLA)-DR in lysates of cells incubated
for 24 hr with the indicated concentrations of bortezomib (Bor).
(a) Cells during the differentiation from monocytes to immature
dendritic cells (iDCs). (b) Cells during the differentiation from iDCs
to mature dendritic cells (mDCs). (¢) mDCs. For analysis of expression
of housekeeping proteins unrelated to DC function, the amounts
of B-actin were determined in whole-cell lysates. DMSO, dimethyl-
sulphoxide.

Figure 4(a) shows that 10 nm bortezomib inhibits nuclear
accumulation of RelA and RelB, as analysed by immuno-
blotting RelA and RelB in the nuclear fractions of the
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Figure 4. Inhibition of nuclear translocation and accumulation of
RelB and RelA in immature dendritic cells (iDCs) exposed to borte-
zomib (Bor). (a) iDCs were incubated with 10 nm bortezomib for
1 hr before the induction of maturation with lipopolysaccharide
(LPS) and interferon-y (IFN-y). The amounts of RelB and RelA pro-
teins were determined in the nuclear and cytoplasmic fractions of
the cells by immunoblotting at the indicated time points. For analy-
sis of expression of housekeeping proteins unrelated to DC function,
the amounts of B-actin were determined in the cytoplasmic fractions.
Immunoblots were performed in triplicate, with similar results
obtained on each occasion. Similar results were obtained with epox-
omicin (EPM) and lactacystin. (b) Inhibition of maturation of iDCs
exposed to proteasome inhibitors targeting chymotrypsin-like pepti-
dase activity (CPA). iDCs were incubated with bortezomib, EPM or
lactacystin for 1 hr prior to induction of maturation. Cell-surface
expression of CD83, the general marker for mature dendritic cells
(mDCs), was analysed after 24 hr by flow cytometry, as described in
the Materials and methods. Only viable and non-apoptotic cells were
analysed. Data are given as mean values * standard error of the
mean (SEM) of three independent experiments carried out in tripli-
cate. *P < 0-05 (paired Student’s t-test) versus the dimethylsulphox-
ide (DMSO) control.

cells. The cytoplasmic levels of RelA and RelB remained
unchanged in response to treatment of the cells with
bortezomib. For analysis of metabolism of housekeeping
proteins unrelated to DC maturation, the concentration
of B-actin was determined in cytoplasmic fractions and
demonstrated to remain unchanged in response to treat-
ment of the cells with bortezomib. Similar results were
obtained with EPM and lactacystin (data not shown).
Accordingly, iDCs induced to mature in the presence of

© 2006 Blackwell Publishing Ltd, Immunology, 120, 120-132



Proteasome activity is required for essential functions of human dendritic cells

bortezomib, EPM and lactacystin exhibited an impaired
cell-surface expression of CD83, the general marker for
mDCs (Fig. 4b), demonstrating that proteasomal CPA is
required for the maturation of DCs.

Induction of apoptosis in DCs following inhibition
of proteasomal CPA

Figure 5(a) shows that bortezomib at 1, 5 and 10 nm,
concentrations sufficient for inhibition of CPA in DCs
(Fig. 1), failed to induce apoptosis in monocytes
(Fig. 5a). However, at the same concentrations, borte-
zomib induced apoptosis in a dose-dependent manner
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Figure 5. Induction of apoptosis in dendritic cells (DCs) exposed to
bortezomib (Bor). (a) Monocytes, (b) immature dendritic cells
(iDCs) and (c) mature dendritic cells (mDCs) were incubated for
24 hr with the indicated concentrations of bortezomib. Apoptosis
was analysed by flow cytometry. CD11c" cells were gated and ana-
lysed for annexin V bindings, as described in the Materials and
methods. Similar results were obtained using epoxomicin (EPM) and
lactacystin. Data are given as the mean values * standard error of
the mean (SEM) of four independent experiments carried out in
triplicate. **P < 0-01, ***P < 0-0005 (paired Student’s t-test) versus
the dimethylsulphoxide (DMSO) control.
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in iDCs (Fig. 5b) and mDCs (Fig. 5¢). Similar results
were obtained using EPM at 0-01, 0-1 and 0-25 um,
and lactacystin at 5 and 10 pM (data not shown). Cells
were cultured for 24 hr in the presence of the protea-
some inhibitors. Culture of cells for 48 hr in the pre-
sence of the proteasome inhibitors did not markedly
increase the percentages of apoptotic cells (data not
shown).

Proteasomal CPA is required for receptor-mediated
endocytosis and macropinocytosis of iDCs

Using FITC-labelled 40 000 MW dextran, a ligand for
the C-type lectins CD206 (macrophage mannose recep-
tor) and CD209 (DC-SIGN), which mediate endocytosis
of macromolecular antigens, we found that inhibition
of proteasomal CPA by pre-incubation of the cells for
24 hr with bortezomib at 1, 5 and 10 nm inhibited
receptor-mediated antigen uptake in viable and non-
apoptotic DCs (Fig. 6a), probably as a result of consid-
erably reduced cell-surface expression of CD206 and
CD209 in iDCs following the inhibition of proteasomal
CPA (Fig. 2a,b). Also, the capacity of fluid-phase anti-
gen uptake (macropinocytosis), determined by measur-
ing Lucifer Yellow uptake, was inhibited in viable and
non-apoptotic iDCs in response to inhibition of protea-
somal CPA by pre-incubation of the cells for 24 hr with
bortezomib at 1, 5 and 10 nm (Fig. 6b). Similar results
were obtained using EPM at 0-01, 0-1 and 0-25 uM, and
lactacystin at 5 and 10 um (data not shown). These
effects could not be attributed to the induction of apop-
tosis in DCs exposed to the proteasome inhibitors,
because only viable and non-apoptotic cells were gated
and analysed by flow cytometry, as demonstrated in

Fig. 2(d).

Proteasomal CPA is required for the production
of IL-12 in mDCs

Mature DCs produce both agonistic (bioactive) IL-
12p70 (p35/p40) heterodimers and antagonistic IL-
12p40 homodimers, and the IL-12p70/IL-12p40 ratio
finally determines the extent of T-helper cell 1 ins-
truction and stimulation. Therefore, we determined
the production of IL-12p70 and IL-12p40 and the IL-
12p70/IL-12p40 ratio during maturation of iDCs into
mDCs and simultaneous exposure of the cells for 24 hr
to bortezomib at 1, 5 and 10 nMm. Inhibition of protea-
somal CPA by bortezomib markedly reduced the pro-
duction of IL-12p70 (Fig. 7a) and IL-12p40 (Fig. 7b) in
a dose-dependent manner. The IL-12p70/IL-12p40 ratio,
which accurately reflects the functional potential of
total IL-12 synthesis, is markedly reduced in response
to inhibition of proteasomal CPA by bortezomib
(Fig. 7¢).
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Figure 6. Inhibition of receptor-mediated endocytosis and macro-
pinocytosis in immature dendritic cells (iDCs) exposed to borte-
zomib (Bor). (a) Inhibition of receptor-mediated endocytosis of
fluorescein isothiocyanate (FITC)-labelled 40 000 molecuar weight
(MW) dextran in iDCs exposed for 24 hr to the indicated concentra-
tions of bortezomib. Intracellular accumulation of FITC-labelled
40 000 MW dextran was analysed at the indicated time points by
flow cytometry, as described in the Materials and methods. (b) Inhi-
bition macropinocytosis of Lucifer Yellow in iDCs exposed for 24 hr
to the indicated concentrations of bortezomib. Intracellular accumu-
lation of Lucifer Yellow was analysed at the indicated time points by
flow cytometry, as described in the Materials and methods. Measure-
ment of receptor-mediated endocytosis and macropinocytosis was
measured as mean fluorescence intensity (MFI) and by using a
CD11c-regating procedure, as described in Fig. 2(d). Similar results
were obtained using epoxomicin (EPM) and lactacystin. Data given
represent the mean values *+ standard error of the mean (SEM) of
four independent experiments carried out in triplicate. *P < 0-05,
**P < 0-01 (paired Student’s t-test) versus dimethylsulphoxide
(DMSO) control.

Inhibition of proteasomal CPA in mDCs impairs
mDC-induced allogeneic and autologous T-cell
stimulation

To verify the functional consequences of the multiple
effects occurring in response to inhibition of CPA in
DCs, we determined the capacity of mDCs exposed to
bortezomib to stimulate allogeneic CD4" and CD8" T
cells and autologous CD4" T cells. Mature DCs, after
exposure for 24 hr to bortezomib at 1, 5 and 10 nm,
displayed a markedly reduced capacity to stimulate allo-
geneic CD4" and CD8" T cells (Fig. 8a,b) and autologous
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Figure 7. Inhibition of production of interleukin (IL)-12 in den-
dritic cells (DCs) exposed to bortezomib (Bor). (a) Production of
agonistic (bioactive) IL-12p70 heterodimers, (b) production of ant-
agonistic IL-12p40 homodimers and (c) the resulting IL-12p70/IL-
12p40 ratio were quantified during the maturation of iDCs into
mature dendritic cells (mDCs) and simultaneous exposure of the
cells for 24 hr to the indicated concentrations of bortezomib. The
concentrations of IL-12p70 and IL-12p40 proteins were quantified in
the cell culture supernatants by enzyme-linked immunosorbent assay
(ELISA), as described in the Materials and methods. Data given rep-
resent the mean values + standard error of the mean (SEM) of four
independent experiments in triplicate.

CD4" T cells after antigen pulsing of the DCs with oval-
bumin (Fig. 8c). These effects could not be attributed to
the induction of apoptosis in DCs exposed to bortezomib,
because only viable and non-apoptotic DCs were counted
and used for T-cell stimulation.

Discussion
The ubiquitin—proteasome pathway plays a pivotal role in

the regulation and maintenance of basic cellular processes,

© 2006 Blackwell Publishing Ltd, Immunology, 120, 120-132
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Figure 8. Inhibition of mature dendritic cell (mDC)-mediated allo-
geneic and autologous T-cell stimulation by bortezomib (Bor). Sti-
mulation of (a) allogeneic CD4" T cells, (b) allogeneic CD8" T cells
and (c) autologous CD4" T cells by mDCs after exposure of mDCs
for 24 hr to the indicated concentrations of bortezomib. Stimulation
experiments were carried out at DC:T-cell ratios of 1: 10, 1 : 20,
1:50 and 1 : 100. For stimulation of autologous CD4" T cells, DCs
were pulsed with ovalbumin, as described in the Materials and meth-
ods. Only viable and non-apoptotic DCs were counted and used for
T-cell stimulation. Data given represent the mean values + standard
error of the mean (SEM) of five independent experiments.
*P < 0-05, **P < 0-01 (paired Student’s t-test) versus the dime-
thylsulphoxide (DMSO) control. E:T, effector:target ratio.

including differentiation, proliferation, cell cycling, sur-

vival, apoptosis, senescence, gene transcription, signal
transduction, immune activation, and peptide antigen

© 2006 Blackwell Publishing Ltd, Immunology, 120, 120-132

processing and presentation.”'"* The identification and
use of selective synthetic and biological inhibitors of pro-
teasomal proteolytic activities'*™'® have principally contri-
buted to the identification of essential functions of the
26S proteasome in various processes and pathways of
eukaryotic cells.'”*® In particular, inhibition of protea-
somal function by proteasome inhibitors induces apopto-
sis preferentially in rapidly proliferating and neoplastic
cells.'*'"* These findings have recently paved the way
for the use of proteasome inhibitors in cancer therapy.**
Moreover, proteasome inhibitors have been shown to
suppress activation, proliferation, survival and cytokine
synthesis of mouse and human T cells,”>>" and recent
studies in rodents suggest that proteasome inhibitors can
be used as immunosuppressive agents for the treatment
of deregulated T-cell-mediated immune responses, inclu-
ding those that contribute to the pathogenesis of polyar-
thritis, psoriasis, allograft rejection and graft-versus-host
disease 36384041

In the present study, we have identified proteasome
inhibitors that inhibit, in human monocyte-derived DCs
selectively, the proteasomal CPA, which is located in the
proteasomal P5 subunit'>'? and which constitutes the
main proteolytic site of proteasomal protein degradation
in mammalian cells.*> We show herein that inhibition of
CPA suppresses essential and basic functions of human
DCGs, including differentiation, maturation, survival, cell-
surface receptor expression, receptor-mediated endocytosis
of macromolecular antigens, macropinocytosis, cytokine
synthesis, and allogeneic and autologous T-cell stimula-
tion. In particular, we show that bortezomib, EPM and
lactacystin, which selectively inhibit CPA in the DCs inves-
tigated, suppress cell-surface expression of HLA-DR, CD40
and CD206 during differentiation from monocytes to
iDCs, suppress cell-surface expression of HLA-DR, CD86,
CD80, CD40, CD206, CD209 and CD83 during maturation
of iDCs into mDCs, and suppress cell-surface expression of
HLA-DR, CD86, CD80, CD40 and CD206 in mDCs. More-
over, as demonstrated for CD206 and HLA-DR, intracellu-
lar expression of functional cell-surface receptors of DCs is
suppressed in response to the inhibition of proteasomal
CPA in all differentiation stages of DCs investigated. This
suggests that the expression of cell-surface receptors which
are essential for DC immune function depends, at least in
part, on proteasomal CPA. Accordingly, a previous study
demonstrated suppression of cell-surface expression of
HLA-DR and CD86 in human monocyte-derived mDCs
treated with the proteasome inhibitor PSI.*> However, this
suppression could not be accurately attributed to an exclu-
sive inhibition of CPA, because PSI has been shown to
inhibit, additionally, proteasomal trypsin-like and caspase-
like peptidase activities.**

We next show that inhibition of proteasomal CPA by
bortezomib, EPM and lactacystin induces apoptosis in
monocyte-derived iDCs and mDCs, but not in mono-
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cytes. Induction of apoptosis by proteasome inhibitors is
a general feature observed in rapidly proliferating and
neoplastic cells, but not in resting and well-differentiated
cells.!' This also holds true for T cells, which are prone
to undergo proteasome inhibitor-induced apoptosis pref-
erentially in the activated and proliferating state,”>>”
suggesting that proteasomal activity is essential for the
survival of T cells during cell cycle progression and prolif-
eration. However, we show here that non-proliferating
(iDCs and mDCs) and terminally differentiated (mDCs)
cells, but not non-proliferating and differentiated mono-
cytes, undergo apoptosis when proteasomal CPA is inhib-
ited, suggesting that CPA is essential for survival of iDCs
and mDCs. Induction of apoptosis in iDCs by bortezomib
has been recently demonstrated by Nencioni et al.** and
we herein complete their results.

Post-translational cytosolic induction and rapid nuclear
translocation of RelA (p65) and RelB, transcription fac-
tors of the NF-kB/Rel family, is a hallmark of, and essen-
tial for, proper differentiation and final maturation of
human DCs.**?® RelA and RelB form heterodimers
with NF-xB p50 and NF-kB p50 or p52, respectively.
These heterodimers are complexed and sequestered in the
cytoplasm by inhibitory IxB proteins.* Only after phos-
phorylation, ubiquitination and subsequent proteasomal
degradation of inhibitory IkB proteins, can RelA and RelB
heterodimers translocate into the nucleus to act as tran-
scriptional activators of target genes governing differenti-
ation, survival and immune regulation.*® We show herein
that inhibition of proteasomal CPA suppresses nuclear
translocation and accumulation of RelA and RelB in iDCs
rapidly after induction of maturation with LPS and
IFN-y. This may occur mainly as a result of impaired
proteasomal degradation of inhibitory IkB, thereby retain-
ing RelA and RelB complexes in the cytoplasm. However,
we cannot exclude additional and more indirect effects of
proteasomal CPA inhibition finally leading to the sup-
pression of nuclear translocation of RelA and RelB. We
demonstrate that inhibition of proteasomal CPA impairs
maturation of DCs, as evidenced by reduced expression
of CD83, a general marker of DC maturity,47 in DCs
induced to undergo maturation in the presence of protea-
some inhibitors that selectively inhibit proteasomal CPA.
This inhibition of maturation may appear as a functional
consequence of impaired nuclear translocation of RelA
and RelB in response to the inhibition of proteasomal
CPA.

Receptor-mediated endocytosis and macropinocytosis
constitute essential and characteristic properties of iDCs
that ensure permanent monitoring and capture of foreign
antigens in peripheral tissues, a prerequisite for effective
MHC-mediated peptide antigen presentation and initi-
ation of antigen-specific T-cell responses.”**® Using
FITC-labelled 40 000 MW dextran as a ligand for the
C-type lectins CD206 (macrophage mannose receptor)
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and CD209 (DC-SIGN), which are essential for receptor-
mediated endocytosis of macromolecular antigens, we
demonstrated that inhibition of proteasomal CPA impairs
receptor-mediated antigen uptake in iDCs, probably as a
result of considerably reduced cell-surface expression of
CD206 and CD209 in iDCs exposed to proteasome inhib-
itors targeting CPA. Moreover, macropinocytosis, a gen-
eral mechanism for water and fluid-phase antigen uptake
mediated by transmembrane channels known as aqu-
aporins 3 and 7,*® is impaired in iDCs exposed to pro-
teasome inhibitors targeting CPA. The mechanism(s)
underlying the impairment of macropinocytosis might be
reduced expression and/or alteration of channel potential
or of transmembrane structure and organization of aqu-
aporins in response to the inhibition of proteasomal CPA
that finally awaits further investigation.

Production of IL-12 constitutes an important feature
functionally associated with DC activation and T-helper
cell 1 instruction and stimulation."*” Therefore, we deter-
mined, in mDC exposed to proteasome inhibitors target-
ing CPA, the synthesis of bioactive IL-12p70 heterodimers
and antagonistic IL-12p40 homodimers and the ratio of
IL-12p70 and IL-12p40 production, which accurately
reflects the functional potential of total IL-12 synthesis in
DCs.”® IL-12p70 production and the ratio of IL-12p70/
IL-12p40 production are drastically decreased in mDCs in
response to inihibition of proteasomal CPA, strongly sug-
gesting that CPA is essential for induction and regulation
of IL-12 production in human DCs. These findings com-
plete the results of a previous study showing that the
proteasome inhibitor PSI, which inhibits proteasomal
chymotrypsin-like, trypsin-like and caspase-like peptidase
activities,** abolishes LPS-induced mRNA expression of
IL-12p40 in murine peritoneal macrophages.”

To assess the functional consequences of the pleiotropic
inhibitory effects induced by the inhibition of proteasom-
al CPA in human DCs, we finally demonstrated that
mDCs exposed to proteasome inhibitors targeting CPA
have a reduced capacity to stimulate allogeneic CD4" and
CD8" T cells and autologous CD4" T cells after antigen
pulsing of the DCs. This might be predominately a result
of impaired expression of cell-surface receptors, including
CD80, CD86, CD40 and HLA-DR, that are required for
mDC-mediated T-cell costimulation and antigen presen-
tation. Moreover, inhibition of IL-12 production by
mDCs exposed to proteasome inhibitors targeting CPA
may also contribute to the impaired stimulation of allo-
geneic and autologous T cells.

In conclusion, we demonstrate, in this study, that the
inhibition of proteasomal CPA impairs basic and essential
functions of human DCs, pointing out a pivotal role of
the CPA-harbouring proteasomal B5 subunit in DC phys-
iology and immune function. Inhibition of proteasomal
CPA by targeting B5 subunit expression, or by protea-
some inhibitors such as bortezomib, EPM and lactacystin,

© 2006 Blackwell Publishing Ltd, Immunology, 120, 120-132
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may constitute a novel strategy for therapeutic immuno-

modulation in transplantation and autoimmunity.
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