
Proteasome inhibition suppresses essential immune functions of
human CD4

+ T cells

Introduction

The ubiquitin–proteasome system (UPS) constitutes an

evolutionarily conserved and highly organized cellular

machinery for cytosolic and nuclear protein degradation

in eukaryotic cells.1,2 A plethora of cell proteins essential

for the regulation of development, differentiation, prolif-

eration, cell cycling, apoptosis, gene transcription, signal

Carsten Berges, Heinrich

Haberstock, Dominik Fuchs,

Marion Miltz, Mahmoud Sadeghi,

Gerhard Opelz, Volker Daniel and

Cord Naujokat

Department of Transplantation Immunology,

Institute of Immunology, University of

Heidelberg, Heidelberg, Germany

doi:10.1111/j.1365-2567.2007.02761.x

Received 18 July 2007; revised 17 October

2007; accepted 22 October 2007.

Correspondence: Dr C. Naujokat,

Department of Transplantation Immunology,

Institute of Immunology, University of

Heidelberg, Im Neuenheimer Feld 305,

D-69120 Heidelberg, Germany.

Email: cord.naujokat@med.uni-heidelberg.de

Senior author: Cord Naujokat

Summary

The proteasome constitutes the central proteolytic component of the

highly conserved ubiquitin–proteasome system, which is required for the

maintenance and regulation of basic cellular processes, including differen-

tiation, proliferation, cell cycling, gene transcription and apoptosis. Here

we show that inhibition of proteasomal proteolytic activity by the protea-

some inhibitors bortezomib and lactacystin suppresses essential immune

functions of human CD4+ T cells activated by allogeneic dendritic cells

(DCs). In activated CD4+ T cells, proteasome inhibition induces apoptosis

accompanied by rapid accumulation and stabilization of the tumour sup-

pressor protein p53. Activated CD4+ T cells surviving proteasome inhibi-

tion undergo inhibition of proliferation by induction of G1 phase cell-

cycle arrest. Induction of G1 arrest is accompanied by the accumulation

of cyclin-dependent kinase inhibitors p21WAF1/CIP1 and p27KIP1 and the

disappearance of cyclin A, cyclin D2 and proliferating cell nuclear antigen,

proteins known to regulate G1 to S phase cell-cycle transitions. Expression

of the activation-associated cell surface receptors CD25, CD28, CD120b

and CD134 as well as production of interferon-c (IFN-c), tumour necro-

sis factor-a (TNF-a), interleukin-4 (IL-4) and IL-5 is suppressed in

response to proteasome inhibition in CD4+ T cells activated by DCs.

Expression of CD25, IFN-c, TNF-a, IL-4 and IL-5 is known to be medi-

ated by the transcriptional activity of nuclear factor of activated T cells

(NFAT), and we show here that proteasome inhibition suppresses activa-

tion and nuclear translocation of NFATc2 in activated CD4+ T cells.

Thus, the proteasome is required for essential immune functions of acti-

vated CD4+ T cells and can be defined as a molecular target for the sup-

pression of deregulated and unwanted T-cell-mediated immune responses.
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transduction, senescence, inflammation and stress res-

ponse have been shown to undergo limited and con-

trolled proteolytic degradation by the UPS.1,3,4 The UPS

therefore plays a key role in the regulation and mainte-

nance of essential cellular processes.

The central proteolytic unit of the UPS is the 26S

proteasome, a large multicatalytic multisubunit protease

composed of a 20S barrel-shaped catalytic core complex

and two flanking 19S regulatory complexes.5,6 The prote-

olytic activities of the 26S proteasome occur in the 20S

complex, built up of four axially stacked rings. Each

outer ring contains seven different a-subunits, and each

of the two inner rings is formed by seven different but

related b-subunits. Only b1, b2 and b5 subunits and

their corresponding immunosubunits b1i, b2i and b5i

are proteolytically active and harbour proteolytic sites

formed by N-terminal threonine residues that face the

central cavity of the 20S complex.5–7 Based on their

specificity towards oligopeptidyl substrates, b1, b2 and

b5 subunits have been described as possessing caspase-

like, trypsin-like and chymotrypsin-like peptidase activ-

ity, respectively.8,9

The identification and use of synthetic and biological

inhibitors with different inhibitory profiles towards the

peptidase activities of b1, b2 and b5 proteolytic subunits

have principally contributed to the identification of essen-

tial functions of the 26S proteasome in various processes

and pathways of eukaryotic cells.3,10–13 In particular, inhi-

bition of proteasome activities by proteasome inhibitors

induces apoptosis preferentially in rapidly proliferating

and neoplastic cells.3,14–16 These findings have recently

paved the way for the use of proteasome inhibitors in

cancer therapy.17–19 Moreover, proteasome inhibition has

recently been shown to interfere with essential immune

functions of human dendritic cells (DCs),20,21 and several

studies in rodents suggest that proteasome inhibitors can

be used as immunosuppressive agents for the treatment

of deregulated and unwanted T-cell-mediated immune

responses, including those that contribute to the patho-

genesis of polyarthritis, psoriasis, allograft rejection and

graft-versus-host disease.22–27

It was recently demonstrated that proteasome inhibitors

induce apoptosis in activated and proliferating, but not in

resting, human T cells,28,29 providing one possible mecha-

nism for the suppression of T-cell-mediated immune

responses by proteasome inhibitors. We have now investi-

gated the effects and mechanisms induced by proteasome

inhibition in human CD4+ T cells activated in a physio-

logical manner by allogeneic DCs. Using inhibitors that

target the proteolytic activity of b1, b1i, b2, b2i, b5 and

b5i proteasome subunits, we show here that proteasome

inhibition suppresses the activation, proliferation, survival

and important immune functions of human CD4+ T cells,

revealing an essential role of the proteasome in the regu-

lation of T-cell-mediated immune responses.

Materials and methods

Antibodies and reagents

Recombinant human (rh) granulocyte–macrophage col-

ony-stimulating factor (GM-CSF), interleukin-4 (rhIL-4),

and interferon-c (rhIFN-c) were all purchased from

AL-Immunotools (Friesoythe, Germany). Lipopolysaccha-

ride (LPS) from Escherichia coli 055:B5 was obtained from

Sigma (Heidelberg, Germany). The biotinylated protea-

some-specific affinity probe AdaK(Bio)AhX3L3VS (Bio-

ALVS) was purchased from Calbiochem (Darmstadt,

Germany).

The following monoclonal antibodies (mAbs) were

used: fluorescein isothiocyanate (FITC)-conjugated

mouse immunoglobulin G1 (IgG1) isotype control

(clone MOPC-21), anti-CD3 (SK1) and anti-CD209

(DCN46) from BD Pharmingen (Heidelberg, Germany),

anti-CD28 (KOLT-1) and anti-CD95 (FAS 19) from

AL-ImmunoTools, phycoerythrin (PE)-conjugated IgG1

isotype control (MOPC-21), anti-CD4 (SK3), anti-CD8

(SK7), anti-CD25 (2A3) and anti-CD134 (OX-40;

ACT35) from BD Pharmingen and anti-CD120b

(MR2-1) from Serotec (Düsseldorf, Germany). An anti-

body against mono- and poly-ubiquitinylated proteins

(clone FK2, mouse mAb), anti-proteasome b1 sub-

unit (MCP421, mouse mAb), anti-proteasome b1i sub-

unit (LMP2-13, mouse mAb), anti-proteasome b2

subunit (MCP165, mouse mAb), anti-proteasome b2i

subunit [rabbit polyclonal antibody (pAb)], anti-protea-

some b5 subunit (rabbit pAb) and anti-proteasome b5i

subunit (LMP7-1, mouse mAb) were all purchased from

Biomol (Hamburg, Germany), anti-p21WAF/CIP1 (C-19,

rabbit pAb), anti-p27KIP1 (F-8, mouse mAb), anti-p53

(DO-1, mouse mAb), anti-proliferating cell nuclear anti-

gen (PCNA; FL-261, rabbit pAB), anti-cyclin A (H-432,

rabbit pAb), anti-cyclin D2, anti-nuclear factor of acti-

vated T cells (NFAT) c2 (4G6-G5, mouse mAb), anti-

lamin A/C (636, mouse mAb) were obtained from Santa

Cruz (Heidelberg, Germany), secondary horseradish per-

oxidase (HRP) -conjugated anti-rabbit, anti-mouse anti-

bodies were provided by Pierce (Bonn, Germany), and

b-actin (AC-15, mouse mAb) was purchased from

Sigma. The proteasome inhibitors bortezomib (PS-341,

Velcade�) from Millennium Pharmaceuticals (Cam-

bridge, MA) and lactacystin from Biomol (Hamburg,

Germany), were dissolved in dimethylsulphoxide

(DMSO) and stored at )20�.

Generation of DCs

The 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
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with immunomagnetic beads (Dynal/Invitrogen, Kar-

lsruhe, Germany) as described before.21 Briefly, CD14+

monocytes were cultured for 48 hr (day 1 to day 3) in

serum-free culture medium (CM) consisting of RPMI-

1640 (Gibco/Invitrogen, Karlsruhe, Germany), 2 mM

L-glutamine (Sigma), 100 IU penicillin and 100 lg/ml

streptomycin (Gibco/Invitrogen) in the presence of

50 ng GM-CSF and 100 ng rhIL-4 to generate immature

DCs (iDCs). To induce final maturation of iDCs, cells

were treated on day 3 with 100 ng/ml LPS and IFN-c
(1000 U/ml). Purity of the cells generated in this man-

ner ranged between 90% and 95%. Mature DCs

(mDCs) were defined by their profile of cell surface

molecule expression, examined and quantified by flow

cytometry.

T-cell purification and activation

CD4+ T cells were isolated from the peripheral blood of

human healthy donors by Ficoll density gradient centrifu-

gation and subsequent negative isolation with immuno-

magnetic beads (Invitrogen). Purity of cells was defined

by flow cytometric analysis of CD3/CD4/CD8 surface

molecule expression and ranged between 90% and 98%.

For activation of T cells, 2�25 · 106 cells/ml freshly iso-

lated CD4+ T cells were cocultured for 5 days with alloge-

neic mDCs in CM supplemented with 10% fetal calf

serum (FCS, Gibco-Invitrogen) in a DC : T-cell ratio of

1 : 10. Proteasome inhibitors or DMSO control were

added at day 4 to the activation culture for the last 24 hr

or for the times indicated. In all coculture experiments of

DC-mediated CD4+ T-cell stimulation, the purity of

CD4+ T cells was higher than 93% and the ratio of

DCs was lower than 1% after coculture for 5 days. Non-

activated, resting T cells were cultured in CM with 10%

FCS without further additions.

Restimulation of T cells

For restimulation assays, activated T cells generated by

4-day culture with allogeneic mDCs were washed,

counted and resuspended in fresh CM supplemented

with 10% FCS at a concentration of 1 · 106 cells/ml.

Cells were exposed to the indicated concentrations of

bortezomib or DMSO control. After an incubation per-

iod of 24 hr, cells were washed extensively with warm

phosphate-buffered saline (PBS), and only viable and

non-apoptotic T cells were counted using trypan blue

exclusion staining. Cells were resuspended in fresh CM

supplemented with 10% FCS at a concentration of

0�5 · 106 cells/ml and restimulated for 24 hr with either

20 lg/ml lectin from Phytolacca americana (Sigma), the

same allogeneic mDCs used for initial stimulation or

third-party allogeneic mDC in a DC : T-cell ratio of

1 : 20.

Probing proteasome b-subunit activity using activity
probe

Affinity labelling of active proteasome subunits using the

proteasome-specific affinity probe BioALVS was performed

as described previously.30,31 Briefly, activated T cells were

incubated with the indicated amounts of each inhibitor for

1 hr. The cells were washed twice and pelleted with ice-cold

PBS. A volume of glass beads (� 106 lm, acid-washed,

Sigma) equivalent to the volume of the pellet was added,

followed by a similar volume of homogenization buffer

(50 mM Tris–HCl pH 7�4, 1 mM dithiothreitol, 5 mM

MgCl2, 2 mM ATP, 250 mM sucrose). Cells were vortexed

at high speed for 1 min, and the beads and cell debris were

removed by centrifugation at 10 000 g for 5 min at 4�. The

resulting supernatant was centrifuged at 10 000 g for

20 min at 4� to remove intact cells and nuclei. Protein

concentration was determined using a DC-Protein assay

(Bio-Rad, Munich, Germany). Equal amounts of cell lysates

(approximately 25 lg) were incubated with 4 lg BioALVS

for 2 hr at 37�. Subsequently, proteins were denatured by

boiling in reducing 4 · sample buffer, separated on 12%

sodium dodecyl sulphate (SDS) polyacrylamide Tris–HCl

gels and electrotransferred on to polyvinylidene fluo-

ride (PVDF) membranes. Immunoblotting was performed

using streptavidin–HRP (Zymed-Invitrogen, Karlsruhe,

Germany) followed by enhanced chemiluminescence (ECL,

Pierce).

Flow cytometry

Flow cytometric analysis of cell surface receptors of acti-

vated or restimulated T cells was performed with standard

staining and analysis procedures using FACSCAN and CELL-

QUEST software (BD Pharmingen). Only viable cells were

gated and considered for flow cytometric analysis, except

for measurement of apoptosis.

Analysis of apoptosis

Apoptotic cell death was determined using the Annexin

V-FITC/propidium iodide (PI) kit from BD Biosciences,

Heidelberg, Germany. Briefly, activated or resting CD4+ T

cells were treated for 24 hr with the indicated concentra-

tions of the proteasome inhibitors, washed with PBS and

resuspended in binding buffer in a cell concentration of

1 · 106/ml. Annexin V-FITC and PI were added and cells

were incubated for 15 min at room temperature in the

dark. Apoptosis of cells was measured and quantified

using flow cytometry. Percentages of specific apoptosis

were calculated as follows:

½ðExperimental annexin-V/PI bindings [%]Þ
� ðSpontaneous annexin-V/PI bindings [%]Þ=
ð100� spontaneous annexin V bindings [%]Þ� � 100:
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Analysis of T-cell proliferation

T-cell proliferation was quantified by measuring [3H]thy-

midine (Amersham, Munich, Germany) incorporation.

Activated CD4+ T cells were incubated on day 4 for the

last 24 hr with the indicated concentrations of protea-

some inhibitors or DMSO controls and pulsed with

5 lCi/ml [3H]thymidine for the last 18 hr.

Restimulated T cells were treated as described in the

Restimulation of T cells section and pulsed with 5 lCi/ml

[3H]thymidine for the last 18 hr of the restimulation cul-

ture, but without further addition of proteasome inhibi-

tors. Incorporation of [3H]thymidine was quantified

using a beta-counter (Inotech, Wohlen, Switzerland).

Cell-cycle analysis

Cell-cycle analysis was performed as described previ-

ously.16,28 Briefly, after treatment of activated T cells with

proteasome inhibitors, cells were washed in PBS, resus-

pended in 400 ll staining solution containing 50 lg/ml

PI, 0�1% sodium citrate-2-hydrate and 0�1% Triton X-100

(Sigma) and incubated for 30 min at 4� in the dark.

DNA content of the cells was analysed using a FACScan

flow cytometer equipped with the CELLQUEST software

(Becton Dickinson, Heidelberg, Germany).

Immunoblotting

For isolation of whole cell lysates, cells were treated for the

indicated time with proteasome inhibitors or DMSO as con-

trol. Activated and resting CD4+ T cells were washed with

ice-cold PBS, and the resulting pellets were lysed for 30 min

in ice-cold radioimmunoprecipitation assay (RIPA) buffer.

Homogenates were centrifuged at 10 000 g for 10 min at

4�, and the supernatant was used for further analysis. For

analysis of nuclear translocation of NFATc2, nuclear and

cytoplasmatic proteins were sampled using a nuclear/

cytoplasmic protein extraction kit (Pierce) according to the

manufacturer’s instructions. Equal amounts of protein were

separated by SDS–polyacrylamide gel electrophoresis on

7�5% or 12% Tris–HCl gels and electrotransferred on PVDF

membranes. After blocking with a solution of PBS contain-

ing 5% bovine serum albumin and 0�1% Tween-20 for at

least 1 hr at room temperature, membranes were probed

with primary antibodies followed by HRP-conjugated sec-

ondary antibodies. Washing steps following incubation with

antibodies were performed in PBS + 0�1% Tween-20.

Immunoreactive bands were visualized by ECL using Super-

signal West Femto Chemiluminescence Reagent (Pierce).

Quantification of cytokine production

To quantify the amounts of cytokine production in acti-

vated and restimulated CD4+ cells, IL-2, IL-2sRa, IL-4,

IL-5, tumour necrosis factor-a (TNF-a) (R&D Systems,

Wiesbaden, Germany) and IFN-c (Biozol, Eching, Ger-

many) enzyme-linked immunosorbent assay kits were

used. Supernatants of restimulated activated CD4+ T cells

were collected, and the amounts of cytokines were mea-

sured according to the manufacturer’s instructions.

Statistical analyses

Statistical analyses were performed using EXCEL software.

Differences between mean values were assessed using two-

tailed paired Student’s t-test. Statistical significance was

set at P < 0�05.

Results

The proteasome inhibitors bortezomib and lactacystin
inhibit proteasomal proteolytic subunits and activity
in activated CD4+ T cells

The inhibitory profiles of bortezomib and lactacystin

towards proteasomal proteolytic subunits were investi-

gated in activated CD4+ T cells by affinity labelling, using

the proteasome-specific affinity probe BioALVS.30 CD4+

T cells activated for 5 days with allogeneic DCs express all

of the proteasomal proteolytic subunits: b1, b1i, b2, b2i,

b5 and b5i (Fig. 1a). Affinity labelling using BioALVS,

which targets these proteolytic subunits,30 reveals that

bortezomib (Bor) at 10 nM and lactacystin (LC) at 5 lM

and 10 lM completely occupy and inhibit b1, b1i, b2,

b2i, b5 and b5i subunits (Fig. 1b). Accumulation of poly-

ubiquitinated proteins is a functional consequence of

inhibition of proteasomal protein degradation.32 To

investigate the extent of proteasome inhibition in func-

tional terms, we performed immunoblot analysis of poly-

ubiquitinated proteins in activated CD4+ T cells exposed

to bortezomib or lactacystin. Figure 1(c) shows a rapid

accumulation of polyubiquitinated proteins in CD4+ T

cells exposed to 10 nM bortezomib or 10 lM lactacystin,

thus demonstrating inhibition of proteasomal proteolytic

activity by the proteasome inhibitors.

Proteasome inhibition induces apoptosis accompanied
by accumulation and stabilization of p53 in activated
CD4+ T cells

Flow cytometric analysis of annexin V binding to plasma

membrane externalization of phosphatidylserine revealed

that activated, and to a lesser extent resting, CD4+ T cells

underwent apoptosis in response to treatment with bort-

ezomib or lactacystin (Fig. 2a). As shown in Fig. 2(b),

bortezomib and lactacystin were able to induce apop-

tosis in a dose-dependent manner in activated and, to a

lesser extent, in resting CD4+ T cells. As determined by

immunoblotting, induction of apoptosis by bortezomib in
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activated CD4+ T cells was accompanied by rapid accu-

mulation and stabilization of pro-apoptotic p53 protein

(Fig. 2c), a molecular event known to mediate the apop-

tosis induced by proteasome inhibitors in various cells

other than T cells.33–37 We also detected accumulation of

poyubiquitinated species of p53 in response to treatment

of the cells with bortezomib (p53-Ubn, Fig. 2c), indicating

that accumulation of p53 proteins, which become sub-

strates for proteasomal degradation after polyubiquitina-

tion,38 was a direct consequence of proteasome inhibition

by bortezomib. In all coculture experiments of DC-medi-

ated CD4+ T-cell activation, the purity of CD4+ T cells

was higher than 93% and the DC ratio was lower than

1% after coculture for 5 days (Fig. 2d). Therefore, the

contribution of the DCs to the results obtained in the

present study could be neglected.

Proteasome inhibition suppresses proliferation
of activated and restimulated CD4+ T cells

Figure 3(a) shows that proteasome inhibition by bortezo-

mib or lactacystin strongly suppressed the proliferation of

CD4+ T cells activated by allogeneic DCs. Bortezomib at

5 nM and 10 nM, and lactacystin at 5 lM and 10 lM, which

are the concentrations required for efficient inhibition of

proteasomal proteolytic activities (Fig. 1b,c), completely

inhibited the proliferation of activated CD4+ T cells

(Fig. 3a). As shown in Fig. 2(b), cells treated in this man-

ner underwent significant apoptosis. However, the almost

complete inhibition of [3H]thymidine incorporation by

activated CD4+ T cells treated with 5 nM and 10 nM bort-

ezomib or 5 lM and 10 lM lactacystin (Fig. 3a) indicated

that cells surviving exposure to the proteasome inhibitors

underwent inhibition of DNA synthesis and proliferation.

Moreover, bortezomib was able to inhibit, in a dose-

dependent manner, the proliferation of CD4+ T cells acti-

vated for 4 days with allogeneic DCs and subsequently res-

timulated with the same allogeneic DCs used for the initial

activation, third-party allogeneic DCs or lectin (Fig. 3b).

Proteasome inhibition induces G1 cell-cycle arrest,
accumulation of p21WAF1/CIP1 and p27KIP1, and
downregulation of PCNA, cyclin A and cyclin D2
in activated CD4+ T cells

To determine the mechanisms underlying the impaired

proliferation induced by proteasome inhibition, we analy-

sed cell-cycle progression and expression of cell-cycle-

related and proliferation-related proteins in activated

CD4+ T cells exposed to bortezomib or lactacystin. Flow

Activated cells

(a)

(b)

(c)

Activated cells

Activated cells
Bortezomib 10 nM Lactacystin 10 µM

DMSO

DMSO
24 hr 1 hr 4 hr 8 hr 16 hr 24 hr

Resting
cells

Activated cells
DMSO
24 hr 1 hr 4 hr 8 hr 16 hr 24 hr

Resting
cells

Bor

1 nM 5 nM 10 nM 1 µM 5 µM 10 µM

LC

β1 β1i β2 β2i β5 β5i

β-proform
β-subunit

β2i

β1i

β2

β1
β5, β5i

Figure 1. Inhibition of proteasomal proteo-

lytic subunits and proteasomal protein degra-

dation by bortezomib and lactacystin in

activated CD4+ T cells. (a) Immunoblot analy-

sis of expression of the proteasomal proteolytic

subunits b1, b1i, b2, b2i, b5 and b5i in CD4+

T cells activated for 5 days with allogeneic

DCs. (b) Immunoblot analysis of affinity label-

ling of the proteasomal proteolytic subunits

b1, b1i, b2, b2i, b5 and b5i in activated CD4+

T cells using the specific affinity probe Bio-

ALVS. Cells were exposed for 1 hr to the indi-

cated concentrations of bortezomib (Bor) or

lactacystin (LC). (c) Immunoblot analysis of

accumulation of polyubiquitinated proteins in

activated CD4+ T cells using the FK2 monoclo-

nal antibody which detects mono- and poly-

ubiquitinated proteins. Immunoblots were

performed in triplicate with similar results.
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cytometric analysis of the DNA content of viable cells

exposed for 24 hr to the indicated concentrations of bort-

ezomib or lactacystin revealed that proteasome inhibition

induced G1 cell-cycle arrest in activated CD4+ T cells

(Fig. 4a,b). Whereas induction of G1 cell-cycle arrest by

bortezomib was dose-dependent, lactacystin showed an

inverse dose dependency regarding the induction of G1

cell-cycle arrest (Fig. 4a,b). As determined by immunoblot

analysis, G1 cell-cycle arrest was accompanied by accumu-

lation of the cyclin-dependent kinase inhibitors p21WAF1/

CIP1 and p27KIP1 (Fig. 4c), which are known substrates of

the proteasome and the accumulation of which in

response to proteasome inhibition has been shown to be

associated with the induction of G1 cell-cycle arrest in dif-

ferent human cells.3,39–42 In addition, levels of PCNA,

cyclin A and cyclin D2, proteins required for proliferation

and cell-cycle progression, were found to decrease in acti-

vated CD4+ T cells treated with bortezomib (Fig. 4c).

This might contribute to the induction of G1 cell-cycle

arrest and inhibition of proliferation, because downregu-

lation of PCNA, cyclin A and cyclin D2 induced by dif-

ferent means has previously been shown to induce G1

cell-cycle arrest and inhibition of proliferation.43–46

Proteasome inhibition suppresses expression
of activation-associated cell surface receptors
and production of T-cell cytokines in activated
and restimulated CD4+ T cells

To further investigate the functional consequences of pro-

teasome inhibition in activated CD4+ T cells, we analysed

the cell surface expression of activation-associated and
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Figure 2. Apoptosis induced by proteasome inhibition in activated CD4+ T cells. (a) Flow cytometric analysis of cytoplasmic uptake of propidium

iodide (PI) and binding of annexin V to the plasma membrane externalization of phosphatidylserine of resting CD4+ T cells and CD4+ T cells

activated for 4 days with allogeneic dendritic cells (DCs) at a DC : T-cell ratio of 1 : 10. Before flow cytometric analysis, cells were exposed for

24 hr to dimethylsulphoxide (DMSO), bortezomib (Bor) or lactacystin (LC). (b) Specific apoptosis of resting and activated CD4+ T cells exposed

for 24 hr to bortezomib or lactacystin. Specific apoptosis was determined by flow cytometry and calculated as described in the Materials and

methods. Data are given as mean values ± SE of the mean of six independent experiments carried out in triplicate. (c) Immunoblot analyses of

accumulation of p53 and polyubiquitinated p53 (p53-Ubn) in activated CD4+ T cells exposed for the indicated times to bortezomib or DMSO.

Amounts of b-actin are demonstrated as a control of equal protein loading. Immunoblots were performed in triplicate with similar results.

(d) Demonstration of the purity of the CD4+ T-cell population and the ratio of CD4+ T cells and DCs in the coculture experiments for CD4+

T-cell activation. Cell surface expression of CD4 and CD209 was determined by flow cytometry after 5 days of coculture. A dot plot of one repre-

sentative experiment out of 10 is shown.
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functional receptors and production of T-cell-specific

cytokines in viable cells exposed to bortezomib or lacta-

cystin. As shown in Fig. 5(a), expression of CD25 (IL-

2Ra-chain), CD28, CD120b (TNF-a receptor p75) and

CD134 (OX40) was markedly suppressed in activated

CD4+ T cells exposed for 24 hr to bortezomib or lactacy-

stin. Expression of CD27 and CD95 (Fas) was suppressed

to a lesser extent (Fig. 5a). Cells activated for 4 days with

allogeneic DCs and subsequently exposed for 24 hr to

DMSO or bortezomib and restimulated with the same

allogeneic DCs used for initial activation, third-party allo-

geneic DCs or lectin, also exhibited reduced cell surface

expression of CD25, CD28 and CD134 (Fig. 5b). More-

over, production of T-cell-specific cytokines, such as IFN-

c, TNF-a, IL-4 and IL-5, was suppressed in activated

CD4+ T cells exposed to bortezomib and subsequently

restimulated with the same allogeneic DCs used for initial

activation, third-party allogeneic DCs or lectin (Fig. 6a–c).

These results indicate that proteasome inhibition sup-

pressed the basic immune functions in CD4+ T cells, such

as expression of functional cell surface receptors and pro-

duction of T-cell cytokines, that are required for the regu-

lation of adaptive immune responses.

Proteasome inhibition suppresses nuclear
translocation and abundance of NFATc2 in activated
CD4+ T cells

Since transcription of genes encoding CD25, IL-2, IFN-c,

TNF-a, IL-4 and IL-5 is directly mediated by transcrip-

tion factors of the NFAT family,47,48 we tested the

hypothesis that activation and nuclear translocation of

NFAT proteins in activated CD4+ T cells might be per-

turbed by proteasome inhibition. Immunoblot analysis of

the amount of NFATc2 protein in the nuclear fractions of

activated CD4+ T cells revealed that nuclear abundance of

NFATc2, the principal NFAT member in mature T cells,

was rapidly downregulated in response to proteasome

inhibition (Fig. 7). Levels of cytoplasmic NFATc2 were

also rapidly downregulated in response to exposure of the

cells to bortezomib (Fig. 7). This strongly suggested that

proteasomal activity was required for activation and

nuclear translocation and abundance of NFATc2 in acti-

vated CD4+ T cells, leading to impaired expression of

CD25, IL-2, IFN-c, TNF-a, IL-4 and IL-5.

Discussion

Previous studies in rodents revealed that proteasome

inhibitors can attenuate deregulated and unwanted T-cell-

mediated immune responses, which contribute to the

pathogenesis of polyarthritis, psoriasis, allograft rejection

and graft-versus-host disease.22–26 To provide a mechanis-

tic and molecular explanation for these phenomena, we

have investigated the effects and mechanisms induced by

proteasome inhibition in human CD4+ T cells, which

constitute the key regulators of adaptive immune

responses.49–51

We demonstrate that human CD4+ T cells activated in

a physiological manner by allogeneic DCs undergo apop-

tosis in response to proteasome inhibition, whereas rest-

ing CD4+ T cells display reduced but detectable
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Figure 3. Inhibition of proliferation of activated and restimulated

CD4+ T cells by proteasome inhibition. (a) Cells were activated for

4 days with allogeneic dendritic cells (DCs) at a DC : T-cell ratio of

1 : 10. Cells were subsequently exposed for 24 hr to dimethyl sulph-

oxide (DMSO), bortezomib (Bor) or lactacystin (LC), and incorpo-

ration of [3H]thymidine was determined as described in the

Materials and methods. Data are given as mean values ± SE of the

means of six independent experiments carried out in triplicate.

(b) Cells were activated for 4 days with allogeneic DCs at a

DC : T-cell ratio of 1 : 10, subsequently exposed for 24 hr to DMSO,

Bor or LC and thereafter restimulated for 24 hr with the same allo-

geneic DCs used for initial activation, third-party allogeneic DCs or

lectin. Data are given as mean values ± SE of the mean of six inde-

pendent experiments carried out in triplicate. Incorporation of

[3H]thymidine during restimulation was determined as described in

the Materials and methods.
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susceptibility to apoptosis induced by proteasome inhibi-

tion. This might be the result of the greater propensity of

activated CD4+ T cells already for spontaneous apoptosis.

These results are in accordance with our previous study

showing that CD4+ T cells activated and induced to

proliferate by phytohaemagglutinin or anti-CD3e IgG

undergo apoptosis in response to exposure to the protea-

some inhibitor lactacystin.28 Similar results have recently

been shown by Blanco et al.,29 who used human CD3+ T

cells activated either in the mixed lymphocyte reaction or

by phytohaemagglutinin, and exposed to the proteasome

inhibitor bortezomib. However, Blanco et al.29 demon-

strated apoptosis induced by bortezomib selectively in

activated, but not in resting, CD3+ T cells. This discrep-

ancy to our results might be because we used pure popu-

lations of CD4+ T cells, which might be, particularly in

the resting state, more susceptible to proteasome inhibi-

tor-induced apoptosis than heterogeneous populations of

CD3+ T cells. These results demonstrate that preferentially

activated and proliferating T cells undergo apoptosis in

response to proteasome inhibition. Interestingly, analo-

gous results have been obtained in proliferating human

myelogenic leukaemia cells. Such cells have been shown

to undergo apoptosis in response to exposure to protea-

some inhibitors, but become refractory to proteasome

inhibitor-induced apoptosis after the induction of termi-

nal differentiation leading to non-proliferating and

mature myelogenous cells.14,15

Because tightly regulated and temporally controlled

proteasomal degradation of cell-cycle regulatory proteins

is essential for proliferation and cell-cycle progression,3,39

it is apparent that proteasome inhibition has deleterious

effects preferentially in proliferating and cycling cells, as

shown herein for activated human CD4+ T cells. Induc-

tion of apoptosis by proteasome inhibition in activated

CD4+ T cells is probably mediated by the accumulation
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Figure 4. Induction of G1 cell-cycle arrest and regulation of cell cycle- and proliferation-related proteins by proteasome inhibition in acti-

vated CD4+ T cells. (a) Flow cytometric analysis of DNA content of CD4+ T cells activated for 4 days with allogeneic dendritic cells (DCs)

at a DC : T-cell ratio of 1 : 10 and subsequently exposed for 24 hr to dimethyl sulphoxide (DMSO), bortezomib (Bor) or lactacystin (LC).

(b) Percentages of activated CD4+ T cells in G1 cell-cycle phase after exposure of the cells for 24 hr to DMSO, Bor or LC. Data are given as

mean values ± SE of the mean of six independent experiments carried out in triplicate. (c) Immunoblot analysis of intracellular amounts of

p21WAF1/CIP1, p27KIP1, proliferating cell nuclear antigen (PCNA), cyclin A and cyclin D2 in activated CD4+ T cells exposed for the indicated times

to Bor or for 24 hr to DMSO. Amounts of b-actin are demonstrated as a control of equal protein loading. Immunoblots were performed in

triplicate with similar results.
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and stabilization of the pro-apoptotic protein p53, which

is known to be continuously degraded by the proteasome

under steady-state conditions38 and whose accumulation

and stabilization in response to proteasome inhibition has

been shown to induce apoptosis or G1 cell-cycle arrest in

various mammalian cells other than T cells.33–37,52

We demonstrate that proteasome inhibition strongly

inhibits the proliferation of CD4+ T cells activated or res-

timulated with allogeneic DCs or lectin. This cannot be

attributed to induction of apoptosis alone because not all

activated CD4+ T cells undergo apoptosis in response to

proteasome inhibition. In particular, CD4+ T cells surviv-

ing exposure to the proteasome inhibitors undergo G1

cell-cycle arrest. While induction of G1 cell-cycle arrest by

bortezomib is dose-dependent, lactacystin shows an

inverse dose-dependency regarding the induction of G1

cell-cycle arrest. The latter unexpected results might be

explained by the ability of lactacystin to induce apoptosis

in a dose-dependent manner preferentially in G1 phase

cells, leading to a relative decrease of viable G1 phase cells

accompanied by a relative increase of S phase and G2/M

phase cells. Such a phenomenon has been previously

observed in HL60 leukemic cells.14

Induction of G1 cell-cycle arrest by proteasome inhibi-

tion in activated CD4+ T cells is associated with accu-

mulation of the cyclin-dependent kinase inhibitors

p21WAF1/CIP1 and p27KIP1. Both p21WAF1/CIP1 and p27KIP1

are degraded by the proteasome at G1 and early S phase

of the cell cycle to allow progression of the cell cycle from

G1 to S phase,3,39,53–58 and the accumulation of p21WAF1/

CIP1 and p27KIP1 as a result of proteasome inhibition has

been shown to be linked to the induction of G1 cell-

cycle arrest and the inhibition of proliferation in dif-

ferent human cells.40–42 In addition, p21WAF1/CIP1 has

been shown to be transcriptionally induced by p53,

and to mediate p53-dependent G1 cell-cycle arrest and

apoptosis.59,60

We also show that the expression of cyclin A and cyclin

D2 in activated CD4+ T cells is completely abrogated after

treatment of the cells for 16 hr with bortezomib. Cyclin A
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Figure 5. Suppression of cell surface expres-

sion of activation-associated receptors by

proteasome inhibition in activated and resti-

mulated CD4+ T cells. (a) Cell surface expres-

sion of CD25, CD28, CD27, CD120b, CD95

and CD134 in CD4+ T cells activated for

4 days with allogeneic dendritic cells (DCs) at

a DC : T-cell ratio of 1 : 10 and subsequently

exposed for 24 hr to dimethyl sulphoxide

(DMSO), bortezomib (Bor) or lactacystin

(LC). Data are given as mean values ± SE

of the mean of five independent experiments

carried out in triplicate. (b) Cell surface

expression of CD25, CD28 and CD134 in resti-

mulated CD4+ T cells. Cells were activated for

4 days with allogeneic DCs at a DC : T-cell

ratio of 1 : 10, subsequently exposed for 24 hr

to DMSO or Bor and thereafter restimulated

for 24 hr with the same allogeneic DCs used

for initial activation, third-party allogeneic

DCs or lectin. Data are given as mean val-

ues ± SE of the mean of four independent

experiments carried out in triplicate. Cell sur-

face expression of the activation-associated

receptors was determined in viable cells by

flow cytometry as described in the Materials

and methods.
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and cyclin D2 are cell-cycle regulators required for the

entry into S phase and for S phase progression, and their

abundance is regulated by proteasomal degradation.3,39

Down-regulation of cyclin A and cyclin D2 expression

has previously been shown to be associated with G1 cell-

cycle arrest in activated T cells.44–46 Therefore, it is likely

that downregulation of cyclin A and cyclin D2 and accu-

mulation of p21WAF1/CIP1 and p27KIP1 in response to

proteasome inhibition contribute to the induction of G1

cell-cycle arrest and inhibition of proliferation in acti-

vated CD4+ T cells. In addition, the nuclear abundance of

PCNA, an auxilliary protein for DNA polymerase d
required for DNA replication in proliferating cells,61,62 is

shown here to decrease in response to proteasome inhibi-

tion in activated CD4+ T cells. Since induction and stabil-

ization of p53 results in downregulation of PCNA

messenger RNA and protein expression, leading to the

inhibition of cell-cycle progression into S phase and the

suppression of proliferation,63 the decrease of PCNA

observed in activated CD4+ T cells might be a direct con-

sequence of accumulation and stabilization of p53

induced by proteasome inhibition. Moreover, induction

and stabilization of p21WAF1/CIP1 has been shown to

downregulate PCNA protein expression, leading to G1

cell-cycle arrest and the suppression of DNA replication

and proliferation.43,64 Inhibition of proliferation and
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Figure 6. Inhibition of production of T-cell

cytokines by proteasome inhibition in activated

and restimulated CD4+ T cells. Inhibition of

cytokine production in activated CD4+ T cells

restimulated with (a) the same allogeneic den-

dritic cells (DCs) used for initial activation,

(b) third-party allogeneic DCs, and (c) lectin.

Cells were activated for 4 days with allogeneic

DCs at a DC : T-cell ratio of 1 : 10, subse-

quently exposed for 24 hr to dimethyl sulph-

oxide (DMSO) or bortezomib (Bor) and

thereafter restimulated for 24 hr. After resti-

mulation for 24 hr, amounts of interleukin-2

(IL-2), soluble IL-2 receptor a (IL-2sRa),

tumour necrosis factor-a (TNF-a), interferon-

c (IFN-c), IL-4 and IL-5 were determined in

the culture supernatant by enzyme-linked

immunosorbent assay as described in the

Materials and methods. Data are given as mean

values ± SE of the mean of five independent

experiments carried out in triplicate.
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Figure 7. Suppression of nuclear translocation and abundance of

nuclear factor of activated T cells (NFAT) c2 by proteasome inhibi-

tion in activated CD4+ T cells. Cells were activated for 4 days with

allogeneic dendritic cells (DCs) at a DC : T-cell ratio of 1 : 10 and

subsequently exposed for the indicated times to dimethyl sulphoxide

(DMSO) or bortezomib (Bor). Amounts of NFATc2 were deter-

mined in the nuclear and cytoplasmic fractions of the cells by

immunoblotting as described in the Materials and methods.

Amounts of lamin A/C and b-actin are demonstrated as controls of

equal protein loading of the nuclear and cytoplasmic fractions,

respectively. Immunoblots were performed in triplicate with similar

results.
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induction of G1 cell-cycle arrest in response to protea-

some inhibition in activated CD4+ T cells is probably

mediated by a complex and highly-regulated interplay of

p53, p27KIP1, p21WAF1/CIP1, cyclin A, cyclin D2 and

PCNA.

We show that activation and restimulation of CD4+ T

cells are suppressed by proteasome inhibition. In addi-

tion, we demonstrate the inhibition of cell surface expres-

sion of activation-associated and functional receptors,

such as CD25 (IL-2Ra chain), CD28, CD120b (TNF-a
receptor p75), and CD134 (OX40), as well as impaired

production of the T-cell-specific cytokines IFN-c, TNF-a,

IL-4 and IL-5 in response to proteasome inhibition in

CD4+ T cells activated or restimulated with allogeneic

DCs or lectin. Interestingly, we observed that expression

of activation-associated cell surface receptors and produc-

tion of T-cell-specific cytokines is suppressed in response

to proteasome inhibition in CD4+ T cells restimulated by

both third-party allogeneic DCs and the same allogeneic

DCs used for initial activation. These results are in con-

trast to those provided by Blanco et al.29, which dem-

onstrated only marginal suppression of CD3+ T-cell

activation after stimulation with third-party lymphocytes.

This might be explained by the use of different cells (allo-

geneic lymphocytes) for restimulation. However, we dem-

onstrate here that restimulation of CD4+ T cells by

allogeneic DCs, which are known as professional and

potent stimulators of T cells, is markedly suppressed in

response to proteasome inhibition.

Transcription of genes encoding cell surface receptors

and cytokines essential for T-cell activation and T-cell-

mediated immune responses, including CD25, CD40L,

CD95L, CTLA4, IL-2, IFN-c, IL-4, IL-5 and TNF-a, is

directly mediated by transcription factors of the NFAT

family.47,48 We demonstrate that nuclear translocation

and abundance of NFATc2, the principal NFAT member

in mature T cells,65 is suppressed by proteasome inhibi-

tion in CD4+ T cells activated by allogeneic DCs. This

apparently results in impaired gene transcription and

expression of the NFAT-dependent cell surface receptors

and cytokines investigated. Since nuclear translocation of

NFAT transcription factors is induced by their dephos-

phorylation by the calcium- and calmodulin-dependent

serine/threonine phosphatase calcineurin47,66,67 and pro-

teasome inhibition is shown herein to suppress NFATc2

nuclear translocation in activated CD4+ T cells, it can be

speculated that proteasome activity is required for the ini-

tiation of signalling events leading to calcium-/calmodu-

lin-dependent calcineurin activation and/or activation and

subcellular trafficking of NFAT from the cytoplasm into

the nucleus. Such a proteasome-dependent mechanism is

well defined for the activation and nuclear translocation

of the transcription factor nuclear factor-jB,68,69 but

awaits further characterization in the case of NFAT acti-

vation and nuclear translocation.

In conclusion, it is demonstrated that proteasomal

proteolytic activity is required for survival, proliferation,

cell-cycle progression and expression of important cell

surface receptors and cytokines of activated human

CD4+ T cells. The inhibitory effect of proteasome inhibi-

tion on the immune function of activated CD4+ T cells

might be a summation of the effects of proteasome inhi-

bition on p53, cell-cycle regulators, cell surface proteins,

cytokines and NFAT that still awaits direct experimental

evidence.

The proteasome clearly plays a critical role in the regu-

lation of CD4+ T-cell activation and may represent a

novel molecular target for the treatment of deregulated

and unwanted T-cell-mediated immune responses.
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