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ABSTRACT

We have previously shown that inhibition of the proteolytic activity of the proteasome induces apoptosis and suppresses essential functions of
activated human CD4™" T cells, and we report now the detailed mechanisms of apoptosis following proteasome inhibition in these cells. Here
we show that proteasome inhibition by bortezomib activates the mitochondrial pathway of apoptosis in activated CD4 " T cells by disrupting
the equilibrium of pro-apoptotic and anti-apoptotic proteins at the outer mitochondrial membrane (OMM) and by inducing the generation of
reactive oxygen species (ROS). Proteasome inhibition leads to accumulation of pro-apoptotic proteins PUMA, Noxa, Bim and p53 at the OMM.
This event provokes mitochondrial translocation of activated Bax and Bak homodimers, which induce loss of mitochondrial membrane
potential (AWm). Breakdown of AWm is followed by rapid release of pro-apoptotic Smac/DIABLO and HtrA2 from mitochondria, whereas
release of cytochrome c and AIF is delayed. Cytoplasmic Smac/DIABLO and HtrA2 antagonize IAP-mediated inhibition of partially activated
caspases, leading to premature activation of caspase-3 followed by activation of caspase-9. Our data show that proteasome inhibition triggers
the mitochondrial pathway of apoptosis by activating mutually independent apoptotic pathways. These results provide novel insights into the
mechanisms of apoptosis induced by proteasome inhibition in activated T cells and underscore the future use of proteasome inhibitors for
immunosuppression. J. Cell. Biochem. 108: 935-946, 2009. © 2009 Wiley-Liss, Inc.
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T he 26S proteasome constitutes the central proteolytic unit of
the ubiquitin-proteasome-system (UPS) and plays a key role
in the regulation and perpetuation of basic cellular functions by
processing cell proteins essential for differentiation, proliferation,
cell cycling, apoptosis, gene transcription, signal transduction,
senescence, inflammatory response and immune activation [Glick-
man and Ciechanover, 2002; Naujokat and Hoffmann, 2002;
Ciechanover, 2006].

Synthetic and microbial proteasome inhibitors have contributed
to the identification of multiple functions of the 26S proteasome in
various processes and pathways of eukaryotic cells [Naujokat and
Hoffmann, 2002; Groll and Huber, 2004; Naujokat et al., 2007b].

It has been demonstrated that inhibition of proteolytic proteasome
activity induces apoptosis preferentially in proliferating and
neoplastic cells [Drexler, 1997; Naujokat et al., 2000; Naujokat
and Hoffmann, 2002]. Proteasome inhibitors like bortezomib have
been shown to be effective in the treatment of diverse cancers,
including multiple myeloma, non-Hodgkin’s lymphoma, acute
leukemias and prostate cancer [Orlowski and Kuhn, 2008]. Several
studies have demonstrated an efficacy of proteasome inhibitors in
the treatment of deregulated T cell-mediated immune responses that
contribute to the pathogenesis of polyarthritis, psoriasis, lupus
erythematosus, allograft rejection and graft-versus-host disease
(GVHD) [Luo et al., 2001; Mattingly et al., 2007; Everly et al., 2008;
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Neubert et al., 2008; Perry et al., 2008]. We and others have
previously shown that inhibition of the proteolytic activity of the
26S proteasome interfere with essential immune functions of human
dendritic cells (DC) and activated T cells, suggesting that proteasome
inhibitors can potentially be used as immunosuppressive agents
[Blanco et al., 2006; Naujokat et al., 2007b; Berges et al., 2008].

Induction of apoptosis is one candidate mechanism for the sup-
pression of T cell-mediated immune responses by proteasome
inhibition, and it has been shown that activated T cells are
preferentially susceptible to proteasome inhibition [Blanco et al.,
2006; Berges et al., 2008].

Numerous studies in neoplastic cells indicate that multiple
mechanisms are responsible for induction of apoptosis by
proteasome inhibition, including receptor-mediated and mitochon-
drial apoptotic pathways [Chauhan et al., 2005]. On the other hand,
proteasome inhibition may preferentially activate certain apoptotic
mechanisms dependent on the cell type and the differentiation state
of the particular cell. Several studies describe cellular mechanisms
that confer resistance to proteasome inhibition in vitro and in vivo
[Naujokat et al., 2007b; Orlowski and Kuhn, 2008; Fuchs et al.,
2008a,b]. Thus, in spite of preclinical results obtained with
proteasome inhibitors in the treatment of GVHD, allograft rejection
and immune disorders [Luo et al., 2001; Sun et al., 2004; Mattingly
et al., 2007; Everly et al., 2008; Neubert et al., 2008; Perry et al.,
2008], the mechanisms of apoptosis induction by these compounds
is still poorly understood.

Aiming at the clinical use of proteasome inhibitors, especially as
immunosuppressive agents, it is important to decipher the particular
apoptotic pathways in a specific and relevant cell type. Here we
report the detailed mechanisms of apoptosis induced by proteasome
inhibition in human CD4% T cells activated in a physiological
manner by allogeneic DCs. We demonstrate that proteasome
inhibition activates the mitochondrial pathway of apoptosis in
activated T cells by disrupting the equilibrium of pro- and anti-
apoptotic proteins at the outer mitochondrial membrane (OMM) and
by generating reactive oxygen species (ROS).

ANTIBODIES AND REAGENTS
Bortezomib was provided by Janssen-Cilag (Neuss, Germany).
Human recombinant (rh) granulocyte macrophage colony-stimulat-
ing factor (GM-CSF), rh Interleukin-4 (IL-4), rh Interferon-v (IFN-v)
were all purchased from AL-Immunotools (Friesoythe, Germany).
LPS from Escherichia coli 055:B5, N-acetylcysteine (NAC) was
obtained from Sigma (Heidelberg, Germany). The non-biotinylated
pan caspase-inhibitor N-benzyloxycarbonyl-valyl-alanyl-aspartyl-
fluoromethylketone (ZVAD) was purchased from Bachem (Weil am
Rhein, Germany), the biotinylated-VAD (bioVAD) was obtained
from MP Germany (Heidelberg, Germany). Dye 6-carboxy-2',7’'-
dichlorodihydrofluorescein (DCF) was obtained from Molecular
Probes/Invitrogen (Karlsruhe, Germany).

Primary monoclonal and polyclonal (mAb, pAb) antibodies were
obtained from the following sources: anti-AIF (E-1, mouse mAb),
anti-Bak (G-23, rabbit pAb), anti-Bax (N-20, rabbit pAb), anti-Bcl-2

(N-19, rabbit pAb), anti-Bcl-XS/L (S-18, rabbit pAb), anti-Bid (FL-
195, rabbit pAb), anti-Bim (H-191, rabbit pAb), anti-caspase-8
(90A992, mouse mAb), anti-cIAP1 (H-83, rabbit pAb), anti-cIAP2
(H-85, rabbit pAb), anti-cytochrome ¢ (7H8, mouse mAb), anti-
cFLIPs;. (G-11, mouse mAb), anti-HtrA2 (1B3, mouse mAb), anti-
ICAD (FL-331, rabbit pAb), anti-Mcl-1 (22, mouse mAb), anti-Noxa
(114C307, mouse mAb), anti-p53 (DO-1, mouse mAb), anti-PARP
(H-250, rabbit pAb), anti-PUMA «/B (FL-193, rabbit pAb), anti-
Smac/DIABLO (FL-239, rabbit pAb) and anti-XIAP (A-7, mouse
mADb): Santa Cruz (Heidelberg, Germany); anti-caspase-3 (rabbit
pAD), anti-caspase-9 (rabbit pAb), anti-caspase-9p10 (F-7; mouse
mAb) and anti-COX IV (rabbit pAb): Cell Signaling (Frankfurt,
Germany); anti-mono- and poly-ubiqutininylated proteins (clone
FK2, mouse mAb): Biomol (Hamburg, Germany); anti-B-actin
(AC-15, mouse mAb): Sigma. Secondary horseradish peroxidase-
conjugated (HRP) anti-rabbit and anti-mouse antibodies were
obtained from Pierce (Bonn, Germany).

GENERATION OF DCS

DCs were generated from human healthy donor CD14" monocytes
isolated from heparinized peripheral blood by Ficoll (Innotrain,
Kronberg, Germany) density gradient centrifugation and subsequent
negative isolation with immunomagnetic beads (Dynal/Invitrogen,
Karlsruhe, Germany). DCs were generated as described previously
[Naujokat et al., 2007a].

T CELL PURIFICATION AND ACTIVATION

CD4" T cells were isolated and activated as described before [Berges
et al., 2008). Freshly isolated CD4" T cells were considered as
non-activated resting T cells.

ANALYSIS OF APOPTOSIS

Apoptotic cell death was determined using the Annexin V-FITC/PI
kit from BD biosciences. Briefly, activated CD4" T cells or U266
B cells were pretreated for 1 h with 100 wM ZVAD or 1 mM NAGC, or
left untreated followed by 24 h treatment with 10 nM bortezomib.
Cells were subsequently harvested and stained with Annexin V-FITC
and PI for 15 min at room temperature (RT) in the dark. Apoptosis of
cells was measured and quantified using a FACScan flow cytometer
and Cellquest software (BD Pharmingen, Heidelberg). Percentages of
specific apoptosis were calculated as described previously [Dhein
et al., 1997] using the following formula:

Ar — Ac

SA =100 X ———
(%) X 100 — Ac

where AE equals % of apoptotic cells in the experimental group, and
AC equals % of apoptotic cells in the control group.

ANALYSIS OF MITOCHONDRIAL DEPOLARIZATION

5,5/,6,6-Tetrachloro-1,1’,3,3'-tetraethyl-benzimidazolylcarbocya-
nine (JC-1) (Sigma) was employed to measure mitochondrial
depolarization in activated CD4" T cells and U266 B cells. Cells
(2 x 10°) were preincubated with 1 mM NAC and 100 pM ZVAD for
1h, followed by incubation with bortezomib or DMSO for 6 and
24h. Cells were subsequently harvested and resuspended in fresh
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CM with pre-warmed 10% FCS. Cells were stained for 20 min with
2,5 ng/ml JC-1 at RT in the dark. After washing twice in PBS, AWm
was determined by flow cytometry.

DETECTION OF INTRACELLULAR PEROXIDES AND SUPEROXIDE
Measurements of intracellular ROS were performed by using
cell-permeable dyes as described previously [Miller et al., 2007].

PREPARATION OF CELL LYSATES AND IMMUNOBLOTTING

For isolation of whole cell lysates (WCL), cells were treated for the
indicated time with bortezomib or DMSO control. Activated and
resting CD4" T cells were subsequently lysed for 30 min in cold
radio immunoprecipitation assay (RIPA) buffer. Homogenates were
centrifuged at 10,0009 for 10 min at 4°C, and the supernatant was
used for further analysis. For analysis of release of intramitochon-
drial proteins into the cytoplasm, mitochondrial and cytoplasmic
proteins were obtained as described previously [Nencioni et al.,
2005]. Briefly, 5 x 10° cells were resuspended in 100 pl of cold
0.025% digitonin (Sigma) in a lysis buffer (250 mM sucrose,
20mM Hepes [N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid, pH 7.4], 5mM MgCl,, 10 mM KCl, 1 mM EDTA [ethylenedia-
minetetraacetic acid], 1 tablet Complete Mini protease inhibitor
(Roche, Penzberg)). After incubation on ice for 10 min, cells were
centrifuged at 10,000¢ for 2 min, the supernatant was removed and
considered as cytoplasmic fraction. The remaining pellet was
resuspended in 100 pl of cold 20 CHAPS (Sigma) in a lysis buffer
(25 mM Tris/HCI (pH 7.2) 150 mM NaCl) by vortexing for 1 min.
Subsequently, cells were centrifuged for 2 min at 10,0009 and the
supernatant was removed and considered as mitochondrial fraction.
Equal amounts of protein were separated by sodium-dodecyl
sulphate-polyacrylamide (SDS-PAGE) and electrotransferred onto
polyvinylidene fluoride (PVDF) membranes. After blocking, the
membranes were probed with primary antibodies followed by HRP-
conjugated secondary antibodies. Immunoreactive bands were
visualized by enhanced chemiluminescence (ECL) using Supersignal
West Femto Chemiluminescence Reagent (Pierce).

PROBING PROTEASOME (3-SUBUNIT ACTIVITY

Affinity labeling of active proteasome subunits using the protea-
some specific affinity probe BioALVS was performed as described
previously [Berges et al., 2008]. Briefly, activated T cells were
incubated with the indicated amounts of each inhibitor for 1 h. The
cells were washed two times and pelleted with ice-cold PBS. A
volume of glass beads (<106 wm, acid washed, Sigma) equivalent to
the volume of the pellet was added, followed by a similar volume of
homogenization buffer (50 mM Tris pH 7.4, 1 mM DTT, 5 mM MgCl,,
2mM ATP, 250 mM sucrose). Cells were vortexed at high speed for
1 min, and the beads and cell debris were removed by centrifugation
at 10,0009 for 5min at 4°C. The resulting supernatant was
centrifuged at 10,0009 for 20 min at 4°C to remove intact cells
and nuclei. Protein concentration was determined using DC-Protein
assay (Bio-Rad, Munich, Germany). Equal amounts of cell lysates
(approximately 25 pg) were incubated with 4 g of BioALVS for 2h
at 37°C. Subsequently, proteins were denatured by boiling in
reducing 4X sample buffer, separated on 12% SDS-PAGE Tris-HCl
Gels and electrotransferred onto PVDF membranes. Immunoblotting

was performed using Vectastain (Vector-Laboratories, Burlingame,
England) followed by ECL (Pierce, Bonn, Germany).

CASPASE PRECIPITATION ASSAY

Caspase activity precipitation assays were performed according to a
previously described protocol [Misra et al., 2005]. Briefly, activated,
bortezomib or DMSO treated CD4" T cells were incubated with
20 wM bioVAD at 37°C for 1h. As negative control, a portion of
CD4" T cells was incubated with 100 uM ZVAD prior to incubation
with bioVAD. Cells were lysed in RIPA buffer containing 20 pM
bioVAD. Six hundred micrograms of lysate was precleared by
rocking with 40 .l of Sepharose 6B-agarose beads (Sigma) at 4°C for
1h. Supernatants were then rocked with 60wl of streptavidin-
Sepharose beads (Zymed-Invitrogen) at 4°C overnight. Beads were
washed 5 times in RIPA buffer without protease inhibitor and then
boiled in loading buffer. Beads were removed by centrifugation, and
immunoblot analysis of precipitates was performed with specific
caspase antibodies to identify active caspases. WCL (input) were
included to positively identify each caspase band and assess their
overall expression.

STATISTICAL ANALYSES

Statistical analysis was performed using Excel software. Differences
between mean values were assessed using two-tailed paired
Student’s f-test. Statistical significance was set at P < 0.05.

PROTEASOME INHIBITION BY BORTEZOMIB IN ACTIVATED

CD4™ T CELLS

The inhibitory profile of bortezomib towards proteasomal proteo-
lytic subunits was investigated in activated CD4" T cells by affinity
labeling using the proteasome-specific affinity probe AdaK-
(Bio)AhX3L3VS (BioALVS). We have previously shown that CD4"
T cells activated with allogeneic DCs express all of the proteasomal
proteolytic subunits B1, B1i, B2, B2i, B5 and B5i [Berges et al.,
2008]. Affinity labeling using BioALVS, which targets these
proteolytic subunits, reveals that bortezomib at 10nM occupies
and inhibits primarily B1, B1i, B5 and B5i subunits (Fig. 1A).
To demonstrate proteasome inhibition in functional terms, we
performed immunoblot analysis of polyubiquitinated proteins in
activated CD4" T cells exposed to 10 nM bortezomib (Fig. 1B).

PROTEASOME INHIBITION INDUCES FURTHER PROCESSING OF
CASPASE-3 AND -9

We have previously shown that inhibition of the proteolytic
activities of the 26S proteasome by bortezomib induces apoptosis in
activated CD4™ T cells [Berges et al., 2008]. To elucidate the pathway
of apoptosis induced by proteasome inhibition in activated CD4"
T cells, we analyzed the processing degree of caspase-8, which
initiates receptor-mediated apoptosis, of caspase-9, the initiator
of mitochondria-mediated apoptosis, and of caspase-3, the most
relevant effector caspase. As shown earlier by others [Misra et al.,
2005; Lamkanfi et al., 2007], activated T cells exhibit partially
processed caspases, and we could confirm these results (1C).
In particular, activated T cells expressed procaspase-8 as well as
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p43/p41 caspase-8. Proteasome inhibition by apoptosis-inducing
concentrations of bortezomib [Berges et al., 2008] did not
considerably change the processing pattern of caspase-8. Of note,
the presence of fully proteolytic active caspase-8p18 fragment after
exposure to bortezomib for 24 h was only detectable at longer
film exposure (Fig. 1C). Activated CD4" T cells mainly displayed
expression of unprocessed procaspase-9. Caspase-9p37 fragment,
which is generated by proteolytic active caspase-3, was also detected
(Fig. 1C). Proteasome inhibition induced a rapid increase of caspase-
9p37 fragment and induction of caspase-9p35 fragment that is
created by autoprocessing of procaspase-9 (Fig. 1C). Caspase-3 was
detected as both unprocessed procaspase-3 and processed caspase-
3p20 fragment (Fig. 1C), the latter is known to be slightly proteolytic
active [Sun et al., 2002]. Proteasome inhibition induced a further
processing of caspase-3 to proteolytic active caspase-3p19 and to
fully mature caspase-3p17 fragment. By contrast, resting CD4"
T cells only expressed unprocessed proforms of caspase-3, -8,
and -9.

PROTEASOME INHIBITION INDUCES AN INCREASE IN CLEAVAGE OF
CHARACTERISTIC CASPASE PROTEIN SUBSTRATES

Figure 2 shows that known caspase substrates like c-FLIP, PARP, and
ICAD are partially cleaved in activated CD4" T cells. Proteasome
inhibition induced a time-dependent accumulation of the c-FLIP
splice variants c-FLIP; and c-FLIPs and the cleavage variant
p43FLIP. In addition, appearance of the c-FLIP cleavage variant
p22FLIP and of c-FLIPg, another c-FLIP splice form [Krammer et al.,
2007], was observed. Proteasome inhibition induced a slight
accumulation of uncleaved Bid. The known caspase-3 substrates
PARP and ICAD are already partially cleaved in activated CD4"
T cells. By contrast, resting CD4" T cells displayed expression of
only full-length PARP and both ICAD-splice forms. Proteasome

Fig. 1. Proteasome inhibition by bortezomib and induction of further pro-
cessing of already processed caspases in activated CD4" T cells. A: affinity
labeling of active proteasome subunits in activated CD4™ T cells using the
proteasome specific affinity probe BioALVS after incubation of cells with
different concentrations of Bor for 1 h. B: Inmunoblot analysis of accumula-
tion of polyubiquitinated proteins in activated CD4" T cells using the FK2
monoclonal antibody which detects mono- and polyubiquitinated proteins.
Purified CD4 " T cells were activated for 4 days with allogeneic mDCs. Activated
CD4™ T cells were exposed for 24 h to DMSO or 10nM Bor. C: immunoblot
analysis of caspases-8, -9, and -3 expression. Purified CD4" T cells were left
untreated (resting T cells) or were activated with allogeneic mDCs (activated
T cells). Activated CD4" T cells were exposed for the indicated times to
bortezomib (Bor) or for 24 h to DMSO. Cell lysates were prepared and analyzed
for the expression of caspases-8, -9, and -3 by immunoblot. Caspase-8
represents non-cleaved procaspase-8, whereas caspase-8p43/41 bands repre-
sent fragments generated by cleavage at Asp374 or Asp384. A further cleavage
at Asp216 produces caspase-8p18. Caspase-9 represents full-length protein,
whereas caspase-9p37/p35 represent fragments generated by cleavage at
Asp330 or Asp315. Caspase-3 represents noncleaved procaspase-3, cas-
pase-3p20 represents a fragment generated by cleavage at Asp175, which
is further autoprocessed to caspase-3p19/p17 at Asp9 or Asp28. Amounts of
B-actin are shown as a control of equal protein loading. Inmunoblots were
performed in triplicate with similar results. Asterisks indicate nonspecific
bands.
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Fig. 2. Enhanced cleavage of caspase substrates in response to proteasome
inhibition. Cell lysates were prepared from activated CD4 " T cells and analyzed
for the intracellular amounts of c-FLIP, Bid, PARP and ICAD by immunoblot.
c-FLIP_ represents full-length protein, p43FLIP and p22FLIP represent frag-
ments generated by cleavage at Asp376 and Asp198, c-FLIPs and c-FLIPg
represent noncleaved c-FLIP, splice variants. ICAD, and ICADs are noncleaved
ICAD splice variants, whereas ICADp26 corresponds to a cleavage product at
Asp224. PARP represents full-length PARP and cleaved PARP (85kDa) gen-
erated by cleavage at Asp211. Amounts of B-actin are shown as a control of
equal protein loading. Caspase-8p12, which could be detected only with mouse
monoclonal Ab clone 90A992, represents a fragment generated by further
cleavage of caspase-8p43/41 at Asp216. Immunoblots were performed in
triplicate with similar results. Asterisks indicate nonspecific bands.

inhibition induced a rapid enhancement of the 85kDa PARP
cleavage form and the ICAD cleavage product.

ENHANCEMENT OF CASPASE-3 AND -9 ACTIVITY IN RESPONSE
TO PROTEASOME INHIBITION

In order to identify the particular caspase which is responsible
for initiation of the apoptotic pathway induced by proteasome
inhibition in activated CD4% T cells and because commercially
available synthetic caspase peptide substrates and inhibitors lack
selectivity [Berger et al., 2006], we performed caspase-activity
precipitation assays according to a previously described protocol
[Misra et al., 2005]. Activated CD4" T cells pretreated with
bortezomib or DMSO were incubated with biotinylated ZVAD
(bioVAD) which selectively binds enzymatically active caspase
catalytic pockets. In agreement with our previous observations,
caspase-3, -8, and -9 could be detected in a partially processed form
in input samples of the cells (Fig. 3). Proteasome inhibition induced a
rapid further processing of caspase-3 and -9, but not of caspase-8
(Fig. 3). Effector caspase-3 fragment p20 was precipitated,
indicating that this fragment was enzymatically active. There was
also negligible binding of bioVAD to caspase-3p19 (Fig. 3).
Proteasome inhibition caused a rapid enhancement of caspase-3
activity within 1h, as shown by an increase of caspase-3p19

Activated T cells

ZVAD
DMSO Bortezomib 10 nM + Bor
| 8h [ 1h [ 3h [ 6h [Bh | &h
20 pM bicVAD |
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- o . — — — p32
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Input . — e e 055/p53
np

— [ p4dipd1

Precipitation | e — pi2
(90A932)
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Fig. 3. Proteasome inhibition induces an increase in caspase-3 and
-9 activity. A portion of cells was pretreated for 1h with ZVAD followed
by incubation with Bor for 8 h (lane 6). The rest of the cells were treated with
Bor or DMSO as indicated. All cells were incubated with 20 uM bioVAD for
another hour. Cells were lysed in buffer containing 20 uM bioVAD, and a
portion of lysates were incubated with streptavidin-sepharose to reveal active
caspases. Nonprecipitated lysates (input) were included in the analysis as a
reference and to assess overall caspase expression. Immunoblot analysis was
performed with precipitates and input for caspases-8, -9, and -3. Imnmunoblots
were performed in triplicate with similar results. Asterisk indicates nonspecific
bands.

fragment and the appearance of caspase-3p17, both precipitated by
bioVAD (Fig. 3). A further increase in caspase-3 activity after
proteasome inhibition was demonstrated by amplification of
precipitated caspase-3p17. Caspase-9 was precipitated in its
procaspase form (46 kDa). Proteasome inhibition leads to amplifica-
tion of caspase-9 activity within 3 h, as shown by binding of more
full-length caspase-9 to bioVAD (Fig. 3). In contrast to caspase-3
and -9, there was only slight binding of bioVAD to fully proteolytic
active caspase-8p12 (Fig. 3). Proteasome inhibition failed to induce
significant changes in caspase-8 activity. Pretreatment with ZVAD
prior to bortezomib incubation competed for binding with bioVAD
and, hence, decreased the amount of precipitated caspase-3, -9, and
-8 (Fig. 3, lane 6).

DECREASED EXPRESSION OF IAPs IN RESPONSE TO

PROTEASOME INHIBITION

To investigate whether pro-apoptotic caspase activity in the cells
was blocked by pronounced expression of IAPs, which antagonize
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Fig. 4. Decreased expression of IAPs in response to proteasome inhibition.
Cell lysates were prepared and analyzed for the intracellular amounts of XIAP,
clAP1 and clAP2. XIAP and clAP1 represent full-length proteins as well as
ubiquitination and degradation products, whereas clAP2 represents only full-
length protein. Amounts of B-actin are shown as a control of equal protein
loading. Immunoblots were performed in triplicate with similar results.

caspase activity [Vaux and Silke, 2005], and whether apoptosis
induction caused relevant alterations in IAP abundance, we
determined by immunoblot analysis the expression of principal
IAP family members cIAP1, cIAP2 and XIAP in WCL of bortezomib-
treated activated and resting CD4™ T cells.

All TAPs analyzed were only weakly expressed in resting CD4"
T cells (Fig. 4). Activated CD4" T cells showed a marked increase
in XIAP, clAP1 and cIAP2 expression, which is in accordance with
the increase in caspase activity (Fig. 4). Beyond the expected
XIAP and cIAP1 signals, we detected multiple higher and lower
molecular mass forms characteristic of ubiquitination and degrada-
tion products. Proteasome inhibition induced a time-dependent
accumulation of ubiquitinated and cleaved XIAP, whereas the
abundance of XIAP was barely unchanged (Fig. 4). In contrast, we
observed a gradual decrease of cIAP1 and cIAP2 and of all cIAP1
products.

PROTEASOME INHIBITION INDUCES RELEASE OF APOPTOGENIC
INTRAMITOCHONDRIAL PROTEINS INTO THE CYTOPLASM

To test whether translocation of pro-apoptotic intramitochondrial
proteins from mitochondria to the cytoplasm was responsible for
the observed decrease in IAP abundance and the rapid increase
in caspase-3 and -9 activity, we analyzed mitochondrial and
cytoplasmic fractions of bortezomib-treated activated CD4™ T cells
for the presence of cytochrome ¢, Smac/DIABLO, HtrA2 and AIF.
Proteasome inhibition induced a cytoplasmic translocation of
cytochrome ¢ and AIF after 16 h (Fig. 5A). We observed a rapid
cytoplasmic translocation of Smac/DIABLO and HtrA2 after 4 and
8 h of bortezomib treatment, respectively. Hence, the release of these
two pro-apoptotic proteins preceded the observed release of
cytochrome ¢ and AIF from mitochondria. To extent our analysis
on other cells of the hematopoietic lineage, we performed the
same experiments with mitochondrial and cytoplasmic fractions
of bortezomib-treated U266 B cells. As shown in Figure 5B, all
intramitochondrial pro-apoptotic proteins analyzed showed equal
release from the mitochondria after 24 h of bortezomib treatment.

PROTEASOME INHIBITION INDUCES MOMP BY TRIGGERING
TRANSLOCATION OF PRO-APOPTOTIC PROTEINS TO
MITOCHONDRIA

In order to determine whether proteasome inhibition caused release
of Smac/DIABLO, cytochrome ¢, HtrA2 and AIF by induction of
MOMP, we analyzed cytoplasmic and mitochondrial fractions for
the presence of pro- and anti-apoptotic members of the Bcl-2 family,
which are known to regulate the mitochondrial pathway of
apoptosis [Karst and Li, 2007]. We detected an increase in
cytoplasmic abundance of Bid without detecting activated tBid
(Fig. 6A). By contrast, PUMA, which is transcriptionally upregulated
by p53 [Schuler and Green, 2001], was detected only in
mitochondrial fractions, and proteasome inhibition induced a
gradual accumulation of this pro-apoptotic BH3-only protein
(Fig. 6A). Proteasome inhibition also led to an enrichment of all
known Bim (Bimg;, Bim;, and Bimg) splice variants and a dramatic
increase of cytoplasmic and mitochondrial Noxa (Fig. 6A). Time-
dependent accumulation of polyubiquitinated cytoplasmic p53 and
non-ubiquitinated mitochondrial p53 could be detected after
treatment of the cells with bortezomib. Proteasome inhibition
induced an increase of the anti-apoptotic BH1-4 proteins Bcl-XL
and Mcl-1 in cytoplasmic and in mitochondrial fractions. In
contrast, abundance of anti-apoptotic Bcl-2, which is primarily
localized to the mitochondrial membrane, showed a slight decrease
in activated CD4 " T cells as well as in U266 B cells (Figs. 6A and 5B).
For the detection of Bax, we used the conformation-specific N20
antibody, which binds the activated form of Bax [Goping et al.,
1998]. Figure 6B shows that proteasome inhibition induced a
marked increase of cytoplasmic and mitochondrial Bax monomers
and homodimers in activated CD4™ T cells. We detected the BH123
effector protein Bak in both cytoplasmic and mitochondrial
fractions of activated CD4™" T cells. However, proteasome inhibition
leads to the accumulation of cytoplasmic monomeric and
mitochondrial homodimeric Bak.

PROTEASOME INHIBITION INDUCES LOSS OF MITOCHONDRIAL
MEMBRANE POTENTIAL (AWm)

Activation and mitochondrial translocation of Bax and Bak is
accompanied by the loss of mitochondrial membrane potential
(AWm) [Wei et al.,, 2001]. To test whether bortezomib-induced
translocation of activated Bax/Bak to the OMM results in the
breakdown of AWm, which provokes subsequent release of pro-
apoptotic proteins into the cytoplasm, we determined A¥m by flow
cytometric measurement of red fluorescence after loading the cells
with the cationic dye JC-1. Figure 6C demonstrates that proteasome
inhibition induced a significant loss of AWm after 6 and 24h in
activated CD4% T cells that could partly be reconstituted by
preincubation of the cells with the unspecific ROS scavenger N-
acetylcysteine (NAC) (Fig. 6C). This effect was not observed after
pre-treatment of the cells with ZVAD, suggesting a prominent role
for ROS generation in destruction of A¥m induced by proteasome
inhibition. By contrast, pre-treatment of U266 B cells with ZVAD
decreased bortezomib-induced loss of A¥'m to a greater extent than
NAC, indicating a more important role for caspase activity in
destruction of A¥m induced by proteasome inhibition in U266 B
cells (Fig. 6D).
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(B) were prepared and analyzed for the presence of Smac/DIABLO, cytochrome ¢, AIF, HtrA2 and Bcl-2 by immunoblot. Amounts of marker proteins for cytoplasmic and
mitochondrial proteins B-actin and COX IV, respectively, are shown as a control of equal protein loading. Inmunoblots were performed in triplicate with similar results.

REQUIREMENT FOR ROS GENERATION IN APOPTOSIS

INDUCED BY PROTEASOME INHIBITION

To further investigate the role of ROS generation in apoptosis
induced by proteasome inhibition, we determined ROS production
and the extent of apoptosis in cells exposed for 24 h to bortezomib.
Proteasome inhibition enhanced intracellular hydrogen peroxide
levels in activated CD4" T cells, which could be blunted by
preincubation with NAC (Fig. 6G; top panel). In addition, NAC
significantly decreased apoptosis (Fig. 6D). In contrast, the specific
pan-caspase inhibitor ZVAD displayed only a marginal effect on
hydrogen peroxide generation induced by proteasome inhibition
in activated CD4" T cells, but inhibited apoptosis in activated CD4"
T cells as well as in U266 B cells to a greater extent than NAC. We

also observed an increased induction of apoptosis by proteasome
inhibition in U266 B cells as compared to activated CD4" T cells
(Fig. 6E,F). These results indicate that proteasome inhibition triggers
ROS generation that is independent of caspase activity in activated
CD4" T cells, and amplifies apoptosis in activated CD4" T cells and
U266 B cells.

The concept of proteasome inhibition in the treatment of several
human neoplasias has been well established [Orlowski and Kuhn,
2008]. In addition, recent studies reveal that proteasome inhibition
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leads to the attenuation of deregulated and unwanted T cell- Neubert et al., 2008; Perry et al., 2008]. Studies performed by us and
mediated immune responses which contribute to the pathogenesis of others strongly suggest that this suppressive effect of proteasome
autoimmune diseases, allograft rejection and GVHD [Luo et al., inhibition is achieved by inducing apoptosis selectively in activated
2001; Sun et al., 2004; Mattingly et al., 2007; Everly et al., 2008; T cells [Blanco et al., 2006; Berges et al., 2008], and to date the
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apoptosis-inducing mechanisms of proteasome inhibition in T cells
remain elusive.

Here we describe the mechanisms of apoptosis induced by
proteasome inhibition in human CD4" T cells activated in a
physiological manner by allogeneic DCs. In agreement with other
reports [Misra et al., 2005; Lamkanfi et al., 2007], we found that
activated CD4" T cells contain partially activated caspases, in
particular caspase-3, -8, and -9.

Previous studies demonstrated that caspase activity under a non-
apoptotic threshold is necessary for basic T cell functions, such as
proliferation and differentiation [Misra et al., 2005; Lamkanfi et al.,
2007]. Our results show that this intermediate caspase activity is
tightly regulated by higher expression of c-FLIP, cIAP1, cIAP2 and
XIAP in activated T cells compared to resting T cells [Vaux and Silke,
2005; Krammer et al., 2007]. We could also observe a predominant
presence of caspase-3p20 and caspase-3p19, indicating that

Fig. 6. Proteasome inhibition triggers accumulation of apoptogenic proteins at the OMM, loss of AWm, apoptosis and ROS production. A,B: the same subcellular fractions as in
Figure 5 were prepared and analyzed by immunoblot for the presence of A: Bid, PUMA, Bim, Noxa, Mcl-1, Bel-2, Bel-XL and p53 and B: Bax and Bak. Amounts of marker proteins
for cytoplasmic and mitochondrial proteins, B-actin and COX IV, respectively, are shown as a control of equal protein loading. Inmunoblots were performed in triplicate with
similar results. Asterisks indicate non-specific bands. C: proteasome inhibition leads to loss of AWm. Naive CD4 " T cells were stimulated as described in Figure 1. Activated CD4
T cells (C) and U266 B cells (D) were pre-treated with 1 mM NAC, 100 uM ZVAD or DMSO for 1 h and subsequently exposed to DMSO or 10 nM Bor for 6 h (C) or 24 h (C,D),
respectively. Thereafter, A¥m were determined by flow cytometry as described in Materials and Methods Section. Data are given as mean values =+ standard error of the mean of
four independent experiments carried out in triplicate and are expressed relative to the loss of AWm with DMSO set to 100%. D: Pan-caspase inhibitor and ROS scavenger
protects from apoptosis induced by proteasome inhibition. Activated CD4 " T cells (E) and U266 B cells (F) were pre-treated with 1 mM NAC, 100 M ZVAD or DMSO for 1 h and
subsequently exposed to DMSO or 10 nM Bor for 24 h. Specific apoptosis was determined by flow cytometry as described in Materials and Methods Section. Data are given as
mean values =+ standard error of the mean of four independent experiments carried out in triplicate. “P< 0.05. G, increases of intracellular hydrogen peroxide levels after
proteasome inhibition. Activated CD4 " T cells were pre-treated with 1 mM NAC, 100 M ZVAD or DMSO for 1 h. Subsequently, cells were exposed to 10 nM Bor or DMSO for 6 h
and stained with DCF followed by flow cytometry analysis. Data show one representative experiment out of four independent experiments.
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pro-apoptotic caspase-3 activity is inhibited by direct interaction
with XIAP [Sun et al., 2002]. Our results show that proteasome
inhibition abrogates the tight regulation of caspases in activated T
cells by triggering the mitochondrial pathway of apoptosis. We
observed mitochondrial accumulation of pro-apoptotic Noxa,
PUMA, Bim and of anti-apoptotic Mcl-1, whereas the anti-apoptotic
Bcl-XL and Bcl-2 showed only a moderate or no mitochondrial
accumulation. This effect can most probably attributed to
proteasome inhibition-mediated accumulation of p53, which
transcriptionally activates Noxa and PUMA and represses expres-

sion of Bcl-2 [Maki et al., 1996; Naujokat et al., 2000; Schuler and
Green, 2001; Berges et al., 2008]. On the other hand, enrichment of
all known Bim splice variants and of anti-apoptotic BH1-4 protein
Mcl-1 at mitochondria is presumably a direct consequence of the
inhibition of proteasomal degradation [Ley et al., 2003; Nencioni
et al., 2005].

Besides its indirect role in transcriptional activation of pro-
apoptotic proteins like Noxa, Puma and Bax, p53 has a direct
apoptotic function at mitochondria [Schuler and Green, 2001].
Consistent with a previous study [Marchenko et al., 2007], we
observed accumulation of monoubiquitinated and polyubiquiti-
nated cytoplasmic and non-ubiquitinated mitochondrial p53. Our
data suggest that activation of BH123 effector proteins Bax and Bak
at the mitochondrial membrane in response to proteasome
inhibition is most likely caused by a coordinated p53-induced
mechanism which includes the synergistic cooperation of pro-
apoptotic BH3-only proteins Bim, PUMA and Noxa as well as p53.

Upon activation by BH3-only proteins and p53, cytoplasmic Bax
and mitochondrially localized Bak oligomerize into large complexes
at the OMM, thereby disrupting the OMM integrity and inducing
MOMP [Nechushtan et al., 1999; Wei et al., 2001]. We demonstrated
that these proteasome inhibition-induced events cause breakdown
of A¥m followed by cytoplasmic translocation of cytochrome c,
Smac/DIABLO, HtrA2 and AIF. Interestingly, we observed that the
release of Smac/DIABLO and HtrA2 precedes translocation of
cytochrome ¢ and AIF to the cytoplasm. These results are in
accordance with studies postulating a different kinetic of release of
intramitochondrial proteins into the cytoplasm. These studies
suggest that different mechanisms govern the release of intrami-
tochondrial proteins [Adrain et al., 2001; Uren et al., 2005]. It has
been shown that generation of ROS amplifies MOMP and is
necessary for the dissociation of cytochrome c¢ and AIF from the
mitochondrial inner membrane [Ott et al., 2002; Murahashi et al.,
2003]. Nevertheless, we could not detect relevant ROS generation
until 6h after proteasome inhibition. In contrast, we could detect
intermediate caspase activity, which is required for the rapid release
of Smac/DIABLO into the cytoplasm after induction of MOMP
[Adrain et al., 2001].

To extent our investigations to other cells of the hematopoietic
lineage, we performed core experiments with U266 B cells. We
demonstrate that bortezomib induces in these cells cytoplasmic
translocation of pro-apoptotic Smac/DIABLO, cytochrome ¢, HtrA2
and AIF, as observed in activated T cells. Moreover, all
intramitochondrial pro-apoptotic proteins analyzed exhibited equal
kinetics of release from mitochondria in U266 B cells.

The rapid release of Smac/DIABLO and HtrA2 into the cytoplasm
in response to proteasome inhibition leads to activation of caspases
in response to abrogation of IAP inhibition. After proteasome
inhibition we observed rapid further processing of caspase-3p20 to
mature caspase-3p17 in activated CD4 " T cells, obviously driven by
the neutralization of XIAP-mediated inhibition of caspase-3.
Moreover, some IAPs, like cIAP1, cIAP2 and XIAP, contain a
RING-domain which enables them to act as an E3 ubiquitin ligase,
thereby promoting ubiquitination and proteasomal degradation of
themselves and of several of their binding partners, such as caspase-
3, -9, and -7 [Sun et al., 2002; Vaux and Silke, 2005]. In this regard,
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Smac/DIABLO has been shown not only to antagonize [AP-mediated
inhibition of caspases, but also to enhance the intrinsic auto-
ubiquitination activity of XIAP [Yang and Du, 2004]. Accordingly,
we observed a time-dependent increase in ubiquitinated cIAP1 and
XIAP. Proteasome inhibition most likely amplifies this effect by
blocking the degradation of ubiquitinated IAPs. We suggest that
proteasome inhibition induces an increase in abundance of IAP
binding partners such as caspase-3, -9 and Smac/DIABLO [Vaux and
Silke, 2005] and, thus, consolidate the already existing difference of
the abundance of cytochrome ¢ and Smac/DIABLO in the cytoplasm
that is initiated by different kinetics of release in activated CD4"
T cells. In addition, the intrinsic proteolytic activity of the serine
protease HtrA2 that enables the degradation of IAPs serves as a
further mechanism for neutralizing IAP-mediated caspase inhibi-
tion [Yang et al., 2003]. The decrease in cIAP1 and cIAP2 expression
and the increase in XIAP cleavage products shown in our study may
be traced back to HtrA2-mediated degradation. The concerted action
of Smac/DIABLO and HtrA2 is likely to be responsible for the rapid
augmentation of caspase-3 activity in activated CD4" T cells.

We found that increase in caspase-9 activity is followed by an
enhancement of caspase-3 activity in activated CD4" T cells. This
correlates with the delayed release of cytochrome c into the
cytoplasm that is indispensable for activation of caspase-9 within
the apoptosome. Consistent with a previous study, we therefore
assume that Smac/DIABLO-activated caspase-3 initiates apoptosis
induced by proteasome inhibition in activated T cells, whereas
delayed activation of caspase-9 only accelerates apoptosis [Marsden
et al., 2002]. In this case, caspase-3-mediated disruption of XIAP
inhibition by cleavage of caspase-9 to caspase-9p37 abrogates
caspase-9 activation [Denault et al., 2007]. A similar important
role of Smac/DIABLO and effector caspases, such as caspase-3 in
apoptosis induced by proteasome inhibition has been described by
others [Henderson et al., 2005].

Since inhibition of caspase activity with ZVAD could not
completely block apoptosis, we assume that proteasome inhibition
activates a caspase-independent apoptotic pathway in T cells. In
U266 B cells caspase inhibition nearly completely blocked apoptosis
induced by bortezomib. Furthermore, ZVAD decreased AW¥m
breakdown, suggesting an important role for caspase activity in
the initiation of mitochondrial apoptosis pathway in these cells.
In the present study, we show that proteasome inhibition triggers
translocation of AIF to the cytoplasm with a similar kinetic as
cytochrome c. This event is presumably caspase-independent, but is
regulated by ROS production in response to proteasome inhibition,
as previously shown [Susin et al.,, 1999; Yu et al., 2003].
Accordingly, we observed a significant decrease of A¥'m breakdown
in response to proteasome inhibition after addition of NAC,
demonstrating a critical role for ROS generation in apoptosis
induced by proteasome inhibition in activated T cells and U266 B
cells [Chauhan et al., 2005; Perez-Galan et al., 2006].

In summary, our data show that proteasome inhibition triggers
the mitochondrial pathway of apoptosis in activated T cells by
triggering caspase-dependent and caspase-independent apoptotic
pathways. Our study also implicates that the mechanisms of
apoptosis induced by the proteasome inhibitor bortezomib need
further investigation in order to identify possible unwanted side

effects of bortezomib therapy. We could elucidate the mechanism of
apoptosis following proteasome inhibition in activated T cells and
thus provide an experimental basis for a future use of proteasome
inhibitors as immunosuppressive agents.
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