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Abstract

 

Resistance to death receptor–mediated apoptosis is supposed to be important for the deregulated
growth of B cell lymphoma. Hodgkin/Reed-Sternberg (HRS) cells, the malignant cells of
classical Hodgkin’s lymphoma (cHL), resist CD95-induced apoptosis. Therefore, we analyzed
death receptor signaling, in particular the CD95 pathway, in these cells. High level CD95
expression allowed a rapid formation of the death-inducing signaling complex (DISC) containing
Fas-associated death domain–containing protein (FADD), caspase-8, caspase-10, and most
importantly, cellular FADD-like interleukin 1

 

�

 

–converting enzyme-inhibitory protein (c-FLIP).
The immunohistochemical analysis of the DISC members revealed a strong expression of
CD95 and c-FLIP overexpression in 55 out of 59 cases of cHL. FADD overexpression was
detectable in several cases. Triggering of the CD95 pathway in HRS cells is indicated by the
presence of CD95L in cells surrounding them as well as confocal microscopy showing c-FLIP
predominantly localized at the cell membrane. Elevated c-FLIP expression in HRS cells depends
on nuclear factor (NF)-

 

�

 

B. Despite expression of other NF-

 

�

 

B–dependent antiapoptotic proteins,
the selective down-regulation of c-FLIP by small interfering RNA oligoribonucleotides was
sufficient to sensitize HRS cells to CD95 and tumor necrosis factor–related apoptosis-inducing
ligand–induced apoptosis. Therefore, c-FLIP is a key regulator of death receptor resistance in
HRS cells.
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�
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Introduction

 

Death receptors are members of the TNFR superfamily,
which transmit death-inducing signals via the so-called
“death domain” (1). After activation and recruitment of
intracellular adapter proteins, they initiate a signaling cascade
that activates caspases and finally executes cell death. Regard-
ing this signaling cascade, CD95 (Fas) is the best characterized
receptor (2). CD95 oligomerizes upon ligation, thereafter
the Fas-associated death domain–containing protein (FADD)
is recruited to CD95, and subsequently FADD recruits

caspase-8 (FLICE; C-8). The CD95 receptor and these
associated proteins form the death-inducing signaling com-
plex (DISC). Usually, C-8 becomes autocatalytically pro-
cessed in the DISC and initiates a caspase cascade leading to
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 ALPS, autoimmune lymphoproliferative
syndrome; AP-1, activator protein 1; C-8, caspase-8; C-10, caspase-10;
c-FLIP, cellular FLICE-inhibitory protein; c-FLIP

 

L

 

, c-FLIP long; c-FLIP

 

S

 

,
c-FLIP short; cHL, classical Hodgkin’s lymphoma; CHX, cycloheximide;
DISC, death-inducing signaling complex; FADD, Fas-associated death
domain–containing protein; FLIP, FLICE-inhibitory protein; GC, germinal
center; GFP, green fluorescent protein; HRS, Hodgkin/Reed-Sternberg;
NF, nuclear factor; rhTRAIL, recombinant human TNF-related apoptosis-
inducing ligand; siFLIP, c-FLIP

 

S/L

 

–specific small interfering RNA oligoribo-
nucleotide; siRNA, small interfering RNA oligoribonucleotide; TRAIL,
TNF-related apoptosis-inducing ligand.
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the execution of the apoptotic program. A second group of
death receptors are the TNF-related apoptosis-inducing
ligand (TRAIL)-Rs (for review see reference 3). Stimula-
tion of TRAIL-Rs is supposed to kill predominantly trans-
formed but not normal cells, which is the reason why solu-
ble TRAIL might be of interest for cancer therapy (3). To
avoid cellular self-destruction, death receptor systems have
to be tightly controlled. For example, one of the most
proximal steps of death receptor signaling, which is the
autoproteolytic processing of C-8, is inhibited by FLICE-
inhibitory proteins (FLIPs; 4, 5). FLIPs structurally resem-
ble caspases, but lack proteolytic activity. Both known iso-
forms of cellular FLIP (c-FLIP), c-FLIP long (c-FLIP

 

L

 

) and
c-FLIP short (c-FLIP

 

S

 

), can be incorporated into the DISC
and associate with C-8 (6). Consequently, c-FLIPs were
proposed to function as antiapoptotic proteins because acti-
vation of C-8 is blocked.

The death receptor system is an essential component in
the regulation of homeostasis of the lymphoid system
(7–10). It is assumed that the negative selection process of
B as well as T cells in the germinal center (GC) and thy-
mus, respectively, depends on the CD95 system. Several
lines of evidence indicate the importance of this system for
the balance between B cell proliferation and apoptosis. (a)
Mice lacking functional CD95 expression suffer from lym-
phadenopathy, autoimmunity, and higher incidence of B
cell lymphomas (11, 12). (b) Purified GC B cells rapidly
undergo apoptotic cell death due to CD95 activation (13)
and the CD95 system has been reported to drive negative
selection of B cells in vivo (7). (c) Patients with autoim-
mune lymphoproliferative syndrome (ALPS) carry germ-
line mutations of proteins involved in lymphocyte apopto-
sis (14, 15). These mutations have the impairment of CD95
function in common, which predisposes these patients to
autoimmune disorders and lymphoma development. (d)
Clonal deleterious somatic mutations of the CD95 gene
were identified in lymphomas, in particular those deriving
from GC B cells, suggesting a role in lymphomagenesis (for
review see reference 16).

Classical Hodgkin’s lymphoma (cHL), a common hu-
man lymphoma, has been proposed to be derived from GC
B cells in the majority of cases (17). Currently, the molecu-
lar pathogenesis of cHL remains unclear. Our group identi-
fied the transcription factors nuclear factor (NF)-

 

�

 

B (for
review see reference 18) and activator protein 1 (AP-1;
for review see reference 19) as important regulators of
Hodgkin/Reed-Sternberg (HRS) cell biology (20–22).
Most of the known proteins aberrantly expressed in HRS
cells were shown to depend on NF-

 

�

 

B, some of them be-
ing coregulated by NF-

 

�

 

B and AP-1 (21–23). NF-

 

�

 

B and
AP-1 support proliferation of HRS cells, and NF-

 

�

 

B is a
key survival factor for these cells. Recently described geno-
mic alterations of the NF-

 

�

 

B system in the malignant HRS
cells support the idea that at least NF-

 

�

 

B plays a central
role in the pathogenesis of cHL (17, 24).

Two characteristics of cHL are unique among human
lymphomas. First, among tumor-forming cells the malig-
nant HRS cells are rare. Usually they represent 

 

�

 

1% of

cells in affected lymph nodes. They are surrounded by be-
nign cells, which consist, among others, of an abundant
number of T cells. Second, HRS cells have lost their B cell
phenotype, including Ig expression (25). In accordance
with the current concept of B cell ontogenesis, in contrast
to HRS cells, cells with nonfunctional Ig expression usually
die from apoptosis. These characteristics of cHL raise two
questions. How do HRS cells evade the control of the
immune system, especially the cytotoxic T cell response?
And, how do they survive despite the absence of Ig expres-
sion? A common answer for both questions might be the
evasion from death receptor–induced apoptosis. In particu-
lar, the CD95 system is involved in both processes, the
CTL-mediated target cell lysis including the control of tu-
mor growth (26–28) as well as the negative selection in the
GC (7, 9, 13). Indeed, despite expression of WT CD95
in most cases of cHL, HRS cells do not undergo apoptotic
cell death after CD95 stimulation (29, 30). Although c-FLIP
expression (29, 31) and alteration of C-8 expression (32)
were described in HRS cells, the functional significance of
these data is unclear.

The experiments described in this work were performed
to functionally analyze the CD95 system in HRS cells. We
report that in contrast to many other tumor entities, the
CD95 system on HRS cells is rather up-regulated than
down-regulated. This is evident from CD95 overexpres-
sion in HRS cell lines and from the immunohistochemical
analysis of CD95, FADD, and c-FLIP on 59 cases of cHL.
Upon CD95 stimulation, a strong DISC formation is ob-
served in HRS cell lines. c-FLIP proteins, the expression of
which strictly depends on NF-

 

�

 

B, are rapidly incorporated
into the DISC. Most importantly, although several other
NF-

 

�

 

B–dependent antiapoptotic proteins are up-regulated
in HRS cells, the specific down-regulation of c-FLIP pro-
teins by small interfering RNA oligoribonucleotides (si-
RNAs) is sufficient to render HRS cell lines sensitive to
CD95 and TRAIL stimulation.

 

Materials and Methods

 

Cell Lines and Culture Conditions.

 

HRS (L428, L1236, KM-
H2, HDLM-2, L540, L540Cy [provided by A. Engert, Univer-
sity Hospital, Cologne, Germany], L591, HD-My-Z), ALCL
(K299, SU-DHL-1), Reh (pro-B lymphoblastic leukemia), Na-
malwa, Daudi (both Burkitt’s lymphoma), U266 and INA-6
(both myeloma), Jurkat WT cells, a FADD and a C-8–deficient
mutant thereof (provided by J. Blenis, Harvard Medical School,
Boston, MA), H9 (provided by P. Krammer, DKFZ, Heidelberg,
Germany), and HEK293 cells were cultured as previously de-
scribed (21). Cells were treated with 25 

 

�

 

g/ml cycloheximide
(CHX; Sigma-Aldrich), 500 ng/ml CH-11 (Immunotech), or an
IgM control (Qbiogene) antibody, where indicated. TRAIL-
mediated apoptosis was induced by use of the TRAIL Soluble
(human recombinant) Kit (Qbiogene). Cells were incubated with
500 ng/ml sTRAIL together with 2 

 

�

 

g/ml enhancer. Electropo-
ration was performed using a Gene-Pulser II (Bio-Rad Laborato-
ries) with 960 

 

�

 

F and 0.18 kV. Transfection efficiency of L428
cells was 30–40% and of L540Cy cells it was 70–80%. Transfec-
tion-associated cell death was negligible. Before electroporation
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of siRNA molecules, cells were washed twice with serum-free
RPMI 1640 medium. Cells were transfected with 600 nM
control (siK3; specific for nucleotides 2610–2630 of neomycin
phosphotransferase mRNA; sequence data are available from Gen-
Bank/EMBL/DDBJ under accession no. U55763) or c-FLIP

 

S/L

 

–
specific siRNAs (F1; siFLIP

 

S/L

 

; specific for nucleotides 452–472
of c-FLIP

 

L 

 

mRNA; sequence data are available from GenBank/
EMBL/DDBJ under accession no. U97074; both provided by
Ribopharma AG; reference 33), 10 

 

�

 

g pEGFP-N3 (CLON-
TECH Laboratories, Inc.), or 20 

 

�

 

g c-FLIP

 

S 

 

or c-FLIP

 

L 

 

expres-
sion plasmids (provided by J. Tschopp, University of Lausanne,
Epalinges, Switzerland), where indicated. For reconstitution ex-
periments, L540Cy cells were transfected with 600 nM siRNA
along with 15 

 

�

 

g mock plasmid or mutated c-FLIP

 

S 

 

cDNA.
Transfection efficiency was determined by FACS

 

® 

 

analysis of
green fluorescent protein (GFP)

 

� 

 

cells. Enrichment of L428 cells
was performed by FACS

 

® 

 

sorting of GFP

 

� 

 

cells 24 h after trans-
fection using FACS Vantage™ and CELLQuest™ software (Bec-
ton Dickinson). Adenoviral infection of L428 and HDLM-2 cells
was performed as previously described (22, 23). A mutated
c-FLIP

 

S 

 

cDNA, which cannot be recognized by the siFLIP, was
generated by PCR amplification using c-FLIP

 

S 

 

expression plas-
mid PL296 (provided by J. Tschopp) as template and primers
sense 5

 

�

 

-CCCGGGAATCAAAACATGGATTACAAAG-3

 

� 

 

con-
taining a SmaI site and antisense (generating seven silent muta-
tions at positions 452, 457, 460, 463, 466, 469, and 472 [se-
quence data are available from GenBank/EMBL/DDBJ under
accession no. U97074], marked in italics) 5

 

�

 

-AGGTCCCTGA-
CATTAGGTGGAACCACATC

 

A

 

AT

 

G

 

GC

 

C

 

AC

 

G

 

TC

 

G

 

CG

 

A

 

C
ACA

 

G

 

AAAGAGCAGC-3

 

� 

 

containing an ECO0109I site. The
amplified mutated fragment was cloned into pGEMT easy and
sequenced. Thereafter, the WT 5

 

� 

 

SmaI ECO0109I fragment of
plasmid PL296 was replaced with the mutated sequence to gener-
ate the mutated c-FLIP

 

S 

 

cDNA with FLAG at the NH

 

2 

 

terminus.

 

Western Blotting.

 

The preparation of whole cell extracts and
SDS-PAGE has been described (21). For Western blot analysis
the following primary antibodies were used: monoclonal anti–
c-FLIP

 

S/L 

 

(Dave-2; Qbiogene and G-11; Santa Cruz Biotechnol-
ogy, Inc.), polyclonal anti-I

 

�

 

B

 

� 

 

(C-21), polyclonal anti-CD95
(C-20), polyclonal anti-p65 (A; all from Santa Cruz Biotechnol-
ogy, Inc.), monoclonal anti-FADD (Clone-1 and Clone A66-2;
BD Biosciences), monoclonal anti–tubulin 

 

� 

 

(MCA78A; Sero-
tec), monoclonal anti–C-8 (C-15; provided by P. Krammer), and
polyclonal anti–Bcl-x

 

L 

 

(Transduction Laboratories). Filters were
incubated with horseradish peroxidase–conjugated secondary an-
tibodies. Bands were visualized using the enhanced chemilumi-
nescence system (Amersham Biosciences).

 

Analysis of the CD95 DISC by Immunoprecipitation.

 

DISC im-
munoprecipitation was essentially performed as described by Scaf-
fidi et al. (34). In brief, cells were left untreated or treated with 2

 

�

 

g/ml anti–APO-1 antibody (IgG3; provided by P. Krammer).
10 min after the addition of the antibody, unbound anti–APO-1
antibody was removed by washing the cells once with ice-cold
PBS. Cells were incubated in lysis buffer (30 mM Tris-HCL, pH
7.5, 150 mM NaCl, 1% Triton X-100, 10% [vol/vol] glycerol,
and a protease inhibitor cocktail; Complete, Mini; Roche). As
control, untreated cells were lysed and the lysate was supple-
mented with the anti–APO-1 antibody. 25 

 

�

 

l protein A–Sepha-
rose beads were added to 700 

 

�

 

g of each lysate. Immunoprecipi-
tation was performed for 1.5 h while rotating at 4

 

	

 

C. Protein
A–Sepharose beads were washed five times with ice-cold lysis
buffer and boiled for 5 min in SDS loading buffer. The supernatant
was separated by SDS-PAGE and analyzed by Western blot analy-

sis using monoclonal anti–C-8 (C-15, IgG2b; provided by P.
Krammer), monoclonal anti-FADD (IgG1; BD Biosciences), and
monoclonal anti–c-FLIP

 

S/L 

 

(IgG1; Santa Cruz Biotechnology,
Inc.) as primary antibodies followed by incubation with isotype-
specific, horseradish peroxidase–conjugated secondary antibodies
(all from Southern Biotechnology Associates, Inc.).

 

Analysis of Apoptosis.

 

Cells were stained with 5 

 

�

 

g/ml acri-
dine orange (Sigma-Aldrich) and analyzed by fluorescence mi-
croscopy. The number of cells with fragmented or condensed
nuclei was counted and the percentages were determined. All as-
says were performed in triplicate. Alternatively, cells were stained
with FITC-conjugated annexin V and propidium iodide (Bender
MedSystems™; Biozol) according to the manufacturer’s recom-
mendations. Samples were analyzed using a FACSCalibur™ flow
cytometer and CELLQuest™ software (Becton Dickinson).

 

Immunohistology.

 

All cases were drawn from the files of the
Consultation and Reference Center for Haematopathology at the
Institute of Pathology, Benjamin Franklin Clinic, Free University
of Berlin. Final diagnosis had been established after extensive im-
munohistological analysis according to the criteria of the World
Health Organization classification (35). Representative areas of
the lymph node specimens containing diagnostic HRS cells were
sampled out in the form of a cylinder and arrayed on one recipi-
ent paraffin block (generated by S. Joos, DKFZ, Heidelberg,
Germany). The 59 available specimens originated from 28 cases
of nodular sclerosing and 31 cases of mixed cellularity cHL sub-
types. The specificity of the CD95 antibody C-20 (Santa Cruz
Biotechnology, Inc.) as well as the CD95L antibody G247-4 (BD
Biosciences) has been described (36, 37). Specificity of the FADD
antibody A66-2 (BD Biosciences), the c-FLIP antibody G-11
(Santa Cruz Biotechnology, Inc.), and the C-8 antibody C-15
(provided by P. Krammer) was controlled as described below
(see Fig. S2, available at http://www.jem.org/cgi/content/full/
jem.20031080/DC1). All antibodies required a heat-induced an-
tigen-demasking procedure before their application. Specifically
bound antibodies were demonstrated using a streptavidin alkaline
phosphatase method and FastRed as chromogen. For confocal
microscopy, representative cHL cases were stained with the anti-
CD30 antibody Ber-H2 (DakoCytomation), c-FLIP G-11 anti-
body (Santa Cruz Biotechnology, Inc.), or the respective IgG1
isotype control (BD Biosciences). Specifically bound antibodies
were detected using anti–mouse Cy3-conjugated secondary anti-
bodies. Nuclei were stained with DAPI. Immunofluorescence
microscopy was performed on an LSM510 inverted laser scan-
ning microscope (Carl Zeiss MicroImaging, Inc.). Cy3 and DAPI
signals were recorded with 

 




 

exc 

 

� 

 

543 nm (HeNe), LP 

 




 

em 

 

� 

 

560
nm and 

 




 

exc 

 

� 

 

364 nm (Argon laser), and BP 

 




 

em 

 

� 

 

390–465 nm
wavelengths, respectively.

 

Online Supplemental Material.

 

In Fig. S1, total RNA was pre-
pared using RNeasy kit (QIAGEN). 10 

 

�

 

g total RNA was sub-
jected to gel electrophoresis and transferred to a nylon membrane
(Appligene). The membrane was hybridized (ExpressHyb so-
lution; CLONTECH Laboratories, Inc.) with [

 

�

 

-

 

32

 

P]dCTP–
labeled random prime–labeled DNA probes (c-FLIP, GAPDH).
Fig. S2 shows specificity controls of antibodies used for immuno-
histochemistry. Specificity of the FADD antibodies Clone-1 and
Clone A66-2 (both BD Biosciences) as well as NCL-FADD
(Novocastra) was analyzed by the staining of paraffin-embedded
Jurkat cells and a mutant thereof lacking FADD expression. Only
Clone A66-2 recognized FADD under these conditions. The
other two antibodies failed to detect any specific signal. The
c-FLIP antibodies Dave-2 (Qbiogene), G-11 and C-19 (both from
Santa Cruz Biotechnology, Inc.), and c-FLIP

 

L 

 

(Sigma-Aldrich)
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were tested on paraffin-embedded HEK293 cells transfected with
c-FLIP

 

S 

 

or c-FLIP

 

L 

 

expression plasmids. Only antibody G-11
specifically stained the c-FLIP–transfected cells. The specificity of
the C-8 antibody C-15 was controlled by the staining of paraffin-
embedded Jurkat cells and a mutant thereof lacking C-8. Figs. S1
and S2 are available at http://www.jem.org/cgi/content/full/
jem.20031080/DC1.

 

Results

 

Strong Expression of CD95 in HRS Cell Lines: FADD,
C-8, Caspase-10 (C-10), and c-FLIP

 

S 

 

and c-FLIP

 

L 

 

Are Rapidly
Recruited into the DISC.

 

DISC formation is a prerequisite
for CD95-induced signaling, at least in type I cells, which
are characterized by rapid and strong DISC formation (38).
Therefore, in HRS cell lines we analyzed the protein ex-
pression of CD95, FADD, C-8, and C-10, which together
can form a functional DISC (Fig. 1 A). All investigated
HRS cell lines expressed FADD and C-8 to a similar ex-
tent as observed in nonHodgkin cell lines (Fig. 1 A). Fur-
thermore, C-10, which was recently described to be incor-

porated into the DISC (39), was detectable in the cell lines,
with the exception of Namalwa and L540Cy. In contrast to
the other cell lines tested, HRS cell lines strongly expressed
CD95 as demonstrated by Western blot (Fig. 1 A) or
FACS

 

® 

 

analysis (not depicted), which is in agreement with
previously published data (40, 41).

To determine whether CD95-associated signaling is func-
tional in HRS cells, we investigated the DISC formation.
The CD95-associated proteins in the T cell leukemia cell line
H9, which served as positive control, and in HRS cell lines
(Fig. 1 B) were immunoprecipitated after the addition of the
CD95-agonistic antibody anti–APO-1. FADD, C-8 (pro-
caspases and p43/41 cleavage products), and C-10 (pro-
caspases and p43/p47 cleavage products) coimmunoprecip-
itated with CD95 in H9 and HRS cells. C-10 was not
detectable in L540Cy immunoprecipitates, which confirms
the lack of expression observed in whole cell lysates of this
cell line (Fig. 1 A). After the addition of the anti–APO-1
antibody to the lysate of unstimulated cells, which served
as control, no coprecipitation of any of the proteins was
observed (not depicted). In L1236 cells DISC induction
was only very weak (not depicted). The DISC formation in

Figure 1. DISC analysis in HRS cell lines. (A) Whole cell lysates of
different nonHodgkin and Hodgkin cell lines were analyzed for expression
of CD95, FADD, C-8 (p55/p53C-8), and C-10 (p59/p55C-10) by
Western blot. As control, �-tubulin expression is shown. (B) DISC analysis
in H9 cells and HRS cell lines by CD95 immunoprecipitation. The indi-
cated cell lines were incubated for 10 min with the agonistic anti-CD95
mAb APO-1. Thereafter, cells were lysed and immunoprecipitation was
performed. The precipitates were washed, subjected to 10% SDS-PAGE,
and analyzed by Western blot for coimmunoprecipitation of FADD, C-8,
C-10, and c-FLIP, as indicated.

Figure 2. c-FLIP expression and regulation in HRS cell lines. (A) Elevated
c-FLIP protein expression in HRS compared with nonHodgkin cell lines.
Whole cell lysates of the indicated cell lines were analyzed by Western
blot for expression of c-FLIPL and c-FLIPS (mAb Dave-2). As control, the
Western blot was reprobed with an �-tubulin antibody. (B) c-FLIP ex-
pression in HRS cell lines depends on NF-�B. Whole cell extracts of
Reh, Namalwa, L1236, uninfected L428 (L428 C), and HDLM-2
(HDLM-2 C) cells, and L428 or HDLM-2 cells infected for 24 h with a
control adenovirus (L428 Adv-C, HDLM-2 Adv-C) or an adenovirus
encoding for the NF-�B superrepressor I�B��N (L428 Adv-I, HDLM-2
Adv-I) were analyzed by Western blot analysis for expression of c-FLIP,
I�B�, I�B��N, and as control, �-tubulin. Note that L428 cells lack
endogenous I�B� expression.
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the other HRS cell lines with a composition that usually
allows death induction suggested a functional inhibition of
the death-inducing signaling cascade. This could be medi-
ated by incorporation of c-FLIP proteins into the DISC
(6). Indeed, in contrast to H9 cells, c-FLIPS and c-FLIPL

and the p43 cleavage product of c-FLIPL were incorpo-
rated in the DISC of HRS cells after CD95 stimulation
(Fig. 1 B).

c-FLIPS and c-FLIPL Are Up-regulated in HRS Cells; c-FLIP
Expression is NF-�B Dependent. Because of the high amount
of c-FLIP proteins detectable in DISC immunoprecipitates
of HRS cell lines, we analyzed mRNA and protein levels
of c-FLIP proteins in HRS and nonHodgkin cell lines.

mRNA overexpression, most evident for two splice vari-
ants presumably corresponding to c-FLIPS (4), was found in
HRS compared with nonHodgkin cell lines by Northern
blot analysis (Fig. S1, available at http://www.jem.org/cgi/
content/full/jem.20031080/DC1). As suggested by these
data, we observed c-FLIP protein overexpression in HRS
cell lines (Fig. 2 A). Remarkably, the robust c-FLIPS ex-
pression was restricted to HRS cell lines.

Transient activation of NF-�B up-regulates expression
of c-FLIP, a key mediator of the inducible resistance to
death receptor–induced apoptosis (42). Therefore, we in-
vestigated the contribution of constitutive NF-�B activity
in HRS cells (22) to c-FLIP expression. L428 cells, which
lack endogenous expression of the NF-�B inhibitory pro-
tein I�B� (23), and HDLM-2 HRS cells were infected
with an adenovirus encoding for the NF-�B superrepressor
I�B��N, a stabilized form of I�B�. As previously de-
scribed (22, 23), 24 h after infection the NF-�B activity
decreased dramatically (not depicted). Concomitantly, we
observed a strong reduction of c-FLIPS/L mRNA and pro-
tein expression levels (Fig. 2 B and not depicted). 24 h after
infection, c-FLIP expression had disappeared nearly com-
pletely, which identified, compared with other known
NF-�B–dependent genes in HRS cells, c-FLIP as one of
the most strongly NF-�B–regulated genes.

Treatment of HRS Cells with CHX Rapidly Down-regulates
c-FLIP and Allows Activation of C-8 and Induction of Apoptosis
by CD95 Stimulation. The rapid loss of c-FLIP expression
after NF-�B inhibition prompted us to investigate the sta-
bility of c-FLIP proteins in HRS cell lines. Treatment of
L428, HDLM-2, and L1236 HRS cells with CHX re-
vealed that c-FLIPS and c-FLIPL are indeed short-lived pro-
teins. Thus, as soon as 30–60 min after CHX treatment a
dramatic decrease of protein expression was detectable (Fig.
3 A and not depicted). In contrast, even after 420 min of
CHS treatment, no decrease of C-8, FADD, Bcl-xL, or
NF-�B-p65 protein expression level was observed (Fig. 3
A and not depicted).

The B cell–derived HRS cell lines L428, KM-H2, and
L1236 were resistant to death receptor–induced apoptosis,
and no cleavage of the initiator C-8 could be observed after
activation of the CD95 or TRAIL death receptor pathway
(not depicted). Therefore, we asked whether C-8 could be
activated after CHX induced c-FLIP down-regulation. As a
model system for death receptor–induced apoptosis, we in-
vestigated CD95-induced cell death. No activation of C-8
was observed in L428 cells incubated with or without CHX
and the IgM control antibody. Furthermore, after stimula-
tion of untreated cells with the agonistic anti-CD95 anti-
body CH-11, only very weak cleavage of C-8 to p43/p41
was observed (not depicted; also refer to Fig. 1 B). In con-
trast, upon treatment with CHX and CH-11, C-8 was
strongly activated (Fig. 3 B). C-8 p43/p41 cleavage prod-
ucts as well as active C-8 (p18) were rapidly detectable and
procaspase-8 was cleaved after 8 h. In line with these data,
CHX treatment sensitized the HRS cell lines L428 and
KM-H2 toward CD95-induced apoptosis (Fig. 3 C). In
L1236 cells, sensitization for induction of apoptosis was

Figure 3. Treatment with CHX down-regulates c-FLIP and sensitizes
HRS cells to CD95-induced apoptosis. (A) L428 cells were treated with
CHX. At the indicated times, whole cell lysates were prepared and ana-
lyzed for expression of c-FLIPL and c-FLIPS and C-8 by Western blot.
(B) Treatment with CHX allows CD95-induced activation of C-8. L428
cells were left untreated () or incubated with CHX. After 2 h, the ago-
nistic anti-CD95 antibody CH-11 or an isotype control (IgM) were
added to the CHX-treated cells. At the indicated times, whole cell lysates
were prepared and analyzed for expression of C-8 by Western blot. Posi-
tions of procaspase-8 (proC-8) and cleavage products (p43/p41, p18) are
indicated. (C) Treatment of HRS cell lines with CH-11 induces apoptosis
in the presence of CHX. L428 and KM-H2 cells were treated for 14 h
with CHX together with the agonistic anti-CD95 antibody CH-11 or an
IgM control. The percentage of apoptotic cells was determined by acridine
orange staining. Error bars denote SDs.
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moderate (not depicted). We concluded that a protein re-
sponding to CHX treatment, most likely c-FLIP, inhibits
CD95-mediated apoptosis in HRS cells.

Specific Down-regulation of c-FLIP by siRNA Sensitizes
HRS Cell Lines to CD95- and TRAIL-induced Apoptosis.
To directly analyze the function of c-FLIP proteins in death
receptor–induced apoptosis of HRS cells, we specifically
down-regulated c-FLIP by siRNAs, which were recently
shown to strongly down-regulate c-FLIP expression (33).
Experiments were performed with the cell lines L428 and
L540Cy, which were the only HRS cell lines sufficiently
transfectable for functional assays. 24 h after transfection,
cells were analyzed for c-FLIPS/L expression and incubated
with the anti-CD95 antibody CH-11 or recombinant hu-
man TRAIL (rhTRAIL), respectively (Fig. 4). Transfection
of both cell lines with the siFLIP rapidly down-regulated
endogenous c-FLIP expression (Fig. 4, A and B, right).

In L428 cells (Fig. 4 A), neither the CD95-agonistic an-
tibody CH-11 nor rhTRAIL significantly induced apop-
tosis in cells transfected with a control siRNA (siK3).
Untreated siFLIP-transfected cells reproducibly showed a
slight increase of the percentage of apoptotic cells. In con-
trast, incubation of siFLIP-transfected cells with CH-11 in-
duced apoptosis in 25–30% of cells. Similarly, an increase of
apoptosis was observed after activation of the TRAIL sys-
tem (Fig. 4 A, left). In L540Cy cells (Fig. 4 B), which are
not completely resistant to stimulation of the CD95 or
TRAIL death receptor system, a slight increase of apoptosis
was again observed in siFLIP compared with siK3-trans-
fected cells. After treatment with CH-11 or rhTRAIL,
�15–20% of siK3-transfected cells underwent apoptotic
cell death. However, in siFLIP-transfected cells the per-
centage of apoptotic cells was at least doubled. CH-11 or
rhTRAIL induced apoptosis in 40–50 and 30–40% of cells,
respectively. To prove that the observed increase in apop-
tosis is indeed caused by c-FLIP down-regulation, we
transfected L540Cy cells with a mutated c-FLIPS-cDNA,
which cannot be recognized by siFLIP. Despite siRNA
mediated down-regulation of endogenous c-FLIP, this con-
struct should maintain a c-FLIP expression level sufficient
to block apoptosis sensitization. Indeed, transfection of the
cells with the mutated cDNA resulted in a c-FLIP expres-
sion level comparable to endogenous c-FLIP expression
despite cotransfection of siFLIP (Fig. 4 C, right). In con-
trast to endogenous c-FLIP, the mutated c-FLIP mRNA is
not degraded by siFLIP, which is reflected by the decrease
of the endogenous WT but not the ectopically expressed
c-FLIPS protein transcribed from the mutated cDNA.
Importantly, c-FLIP reconstitution reverted to a large ex-
tent the siFLIP-mediated sensitization for apoptosis induc-
tion by the CD95 system (Fig. 4 C, left). In summary,
down-regulation of endogenous c-FLIP expression sensitized
L428 and L540Cy cells for CD95 or TRAIL-R–induced
apoptosis. These data indicate that c-FLIP proteins play a key
role in the protection of HRS cells from death receptor–
induced apoptosis.

Immunohistochemical Analysis of CD95, FADD, C-8,
c-FLIP, and CD95L in cHL. To draw valid conclusions

Figure 4. Specific down-regulation of c-FLIP sensitizes HRS cell
lines to CD95- and TRAIL-induced apoptosis. (A) L428 cells were
transfected with control (siK3) or siFLIPS/L along with pEGFP-N3. 24 h
after transfection, GFP� cells were FACS® sorted, analyzed for expression
of c-FLIP by Western blot (right; as control, analysis of C-8 is shown),
and left untreated or were incubated for 14 h with an IgM control (IgM)
or the agonistic anti-CD95 antibody CH-11, cross-linking antibody for
TRAIL alone (enhancer, Enh.), or with enhancer and recombinant
human soluble TRAIL (Enh. � TRAIL). Thereafter, the percentage of
apoptotic cells was determined by acridine orange staining (left). Error
bars denote SDs. (B) L540Cy cells were transfected and analyzed for
c-FLIP and C-8 expression (right) as described in A. 24 h after transfection,
cells were left untreated or treated as described in A. Thereafter, the
percentage of apoptotic cells was determined by annexin V–FITC and
propidium iodide staining and subsequent FACS® analysis (left). The
combined results of four independent experiments are shown. Error bars
denote SDs. (C) L540Cy cells were transfected with control (siK3) or
siFLIPS/L along with mock plasmid (Mock) or a mutated c-FLIPS cDNA
(FLIPS-Mut), which contains seven silent mutations and cannot be
recognized by siFLIP. 24 h after transfection, cells were analyzed for
endogenous (c-FLIPS) or ectopically expressed c-FLIP (c-FLIPS-Mut)
and C-8 by Western blot (right), and further processed as described in
B. The combined results of three independent experiments are shown
(left). Error bars denote SDs.
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from our in vitro experiments, we analyzed expression of
CD95, FADD, C-8, c-FLIP, and CD95L on 59 samples of
patients with cHL arrayed on a single paraffin block by im-
munohistochemistry (Fig. 5). Controls for antibody speci-
ficity were performed as we have described (refer to Mate-
rial and Methods; Fig. S2, available at http://www.jem.
org/cgi/content/full/jem.20031080/DC1). We included the
analysis of c-FLIP in this work because the c-FLIPL anti-
body used in previous studies (29, 31) gave no specific signal
in our experiments, neither in a Western blot nor by immu-
nohistochemical analysis (not depicted). In HRS cells of all

except one case we detected a strong expression of CD95
(Fig. 5, A and B). Because staining was performed with a
COOH-terminal antibody, these data confirm that CD95
mutations leading to a loss of the death domain are rare
events in cHL (29). FADD expression was found in all cases
(Fig. 5, C and D) and some cases presented FADD overex-
pression in HRS compared with surrounding cells. This is
surprising because ectopic FADD overexpression was re-
ported to induce apoptosis in other cell types (43). C-8 was
detected in HRS cells of all cases, even though in many
cases (32 out of 59) only very weak staining was observed

Figure 5. Expression patterns of CD95, FADD, C-8,
c-FLIP, and CD95L in HRS cells of cHL. Immunohis-
tochemistry of representative biopsy specimen. (A and
B) Strong CD95 expression in HRS cells (exemplarily
marked by arrows). (C) Strong FADD expression in
HRS (arrows), but not in surrounding cells. (D) Moderate
FADD expression in HRS cells (arrows). (E and F) C-8
expression of two representative cases. (E) HRS cells
(arrows) stain at least as strong as surrounding cells for
C-8. (F) HRS cells stain in a less intense fashion than
surrounding cells. (G and H) Strong c-FLIP expression
in HRS cells (arrows), but not surrounding cells. (I and
K) CD95L expression in cHL. (I) In the majority of
cases, HRS cells (solid arrow) do not stain for CD95L.
In contrast, surrounding cells (open arrows) stain for
CD95L. (K) In one case, strong expression of CD95L
was detectable in HRS cells (arrows).
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(Fig. 5, E and F). c-FLIP expression was analyzed by an an-
tibody recognizing c-FLIPS and c-FLIPL (Fig. 5, G and H).
As suggested by the cell line data, we observed in all except
four cases a c-FLIP overexpression in HRS compared with
surrounding cells, which is in accordance with previously
published data (29, 31). Finally, we analyzed CD95L ex-
pression in cHL. Only one case presented a strong staining
of CD95L in HRS cells (Fig. 5 K), whereas HRS cells of
the other cases did not stain for CD95L (Fig. 5 I). However,
in all except three cases we detected CD95L in plasma cells
and endothelia surrounding the HRS cells (Fig. 5 I). Thus,
CD95L is produced by cells in the microenvironment of
HRS cells. Taken together, all components of the CD95
system are expressed in primary HRS cells and regarding
CD95, FADD, and c-FLIP, this system is rather up-regu-
lated than down-regulated.

To analyze a DISC formation in primary HRS cells, we
performed confocal microscopy of c-FLIP in representa-

tive cHL cases (Fig. 6). If the CD95 system would be
stimulated in primary HRS cells, a significant percentage
of the cellular c-FLIP protein pool should be attracted to
the membrane and incorporated into the DISC. In our fi-
nal analysis of eight cases of cHL we detected in three
cases a signal for c-FLIP and CD30, which was performed
as a control staining. In the other cases none of the anti-
bodies showed a specific signal, so that the material was
apparently not suitable for immunofluorescence analysis.
However, in the three cases CD30 showed a distinct
staining pattern of the membrane as well as a perinuclear
staining, most probably derived from the staining of
CD30 in the Golgi area (Fig. 6 A and not depicted). In
these cases, the strongest signal for c-FLIP in HRS cells
was detected at the membrane (Fig. 6 B and not depicted).
In contrast, staining with the isotype control did not show
a similar staining pattern (Fig. 6 C and not depicted). Al-
though shown in a limited number of cases, these data ar-

Figure 6. Confocal micros-
copy of c-FLIP and CD30 in a
representative biopsy specimen.
Biopsy specimen were stained
with CD30 (A), c-FLIP (B), or
isotype control (IC; C) mAbs.
Detection was performed after
staining with an anti–mouse Cy3
conjugate. Nuclei were counter-
stained with DAPI. For each anti-
body, the staining intensity for a
representative single HRS cell is
shown as single cell profile. Local-
ization of the profile is indicated
by a white arrow.
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gue for an activation of the CD95 pathway in primary
HRS cells.

Discussion
The escape of cells from death receptor–induced apopto-

sis, especially the CD95–CD95L system, has been impli-
cated in tumor progression and is thought to be an impor-
tant mechanism by which tumor cells evade the control of
the immune system (26–28). Consequently, many tumor
cells develop strategies to escape control by the death re-
ceptor system. The most prominent examples are CD95
mutations or down-modulation of CD95 expression. In
contrast to these observations, the CD95 system appears to
be up-regulated on HRS cells (Fig. 5; references 40 and
41). Furthermore, structural alterations of the CD95 system
in HRS cells are rare (29, 30) and although down-regula-
tion of C-8 (32) or expression of CD95 decoy receptors
(44) were reported in HRS cells, a conclusive mechanism
for CD95 resistance of HRS cells is lacking. Knowing why
HRS cells are resistant to death receptor–induced apoptosis
might be critical for the understanding of HRS cell biology
for two reasons. First, it is unexplained why HRS cells sur-
vive the GC reaction, in which the CD95–CD95L system
has been proposed as an important regulator (7, 9), even
though they lack Ig expression (17, 25). Second, although
CD95-induced apoptosis is supposed to be an important
mechanism for CTL-dependent tumor cell elimination in
vivo (26, 27, 45), HRS cells are obviously not eliminated
by surrounding cells.

Several of our experiments indicated that the resistance
of HRS cells to death receptor–induced apoptosis is not
due to structural, but to functional inhibition of death re-
ceptor pathways by c-FLIP proteins. First, a DISC is
formed in HRS cells (Fig. 1 B). FADD, C-8, C-10, and
most importantly, c-FLIPS and c-FLIPL coimmunoprecipi-
tated with CD95 after CD95 activation. An exception is
the cell line L1236, in which we did not observe a clear
DISC formation. L1236 cells might be type II cells, or a re-
cently described CD95 mutation in this cell line (29) might
inhibit DISC formation, as shown for CD95 mutations
identified in patients with ALPS (14). Second, treatment
of HRS cell lines with CHX, which leads to the loss of
c-FLIP expression, allowed activation of C-8 and induc-
tion of apoptosis after death receptor stimulation (Fig. 3, B
and C). Third, selective down-regulation of c-FLIP pro-
teins by siRNAs sensitized HRS cell lines to death receptor–
induced apoptosis, including CD95- and TRAIL-induced
apoptosis (Fig. 4).

The proposed mechanisms of c-FLIPS– or c-FLIPL–
mediated inhibition of C-8 activation differ (6). Although
c-FLIPS is supposed to completely inhibit activation of pro-
caspase-8 at the DISC, c-FLIPL allows generation of the
C-8 p43/p41 intermediate cleavage products, but no pro-
cessing to active C-8 p18/p10. In line with these results we
detected procaspase-8 and C-8 p43/p41 in the DISC (Fig. 1
B), but no active C-8 was detectable in whole cell lysates af-

ter CD95 ligation (Fig. 3 B). Activation of C-8 after CHX
pretreatment and CD95 stimulation (Fig. 3 B) is most likely
explained by the loss of c-FLIP expression (Fig. 3 A).
c-FLIPs are short-lived proteins in HRS cells (Fig. 2 A).
These results are in contrast to previously published data
(31). In our hands, lower concentrations of CHX (10 and 1
�g/ml), which were used by Thomas et al. (31), also in-
duced a rapid loss of c-FLIP in HRS cell lines (unpublished
data). The discrepancy between these results might be due
to methodical differences. Due to the short half-life of
c-FLIP, a strong transcriptional activation is required for
maintenance of high expression level. Indeed, c-FLIPs
strictly depend on constitutive NF-�B activity in HRS cells
(Fig. 2). This finding is supported by data that show NF-
�B–dependent c-FLIP regulation in other cell types (42).
Recently, FLIP proteins were reported to activate NF-�B
itself (46). In our experiments we did not observe an alter-
ation of the NF-�B activity after specific c-FLIP down-reg-
ulation (unpublished data), suggesting that c-FLIP does not
contribute to the NF-�B activation in HRS cells.

Thus, activated NF-�B in HRS cells not only triggers
proliferation and is a key survival factor for these cells (20,
22, 23), but also prevents tumor cell death mediated by the
microenvironment. This is suggested by our data regarding
c-FLIP expression in HRS cells and the interaction of
CD95 in HRS and CD95L on surrounding cells. This in-
terpretation is further supported by recently described ani-
mal models, which show that c-FLIP overexpression pro-
tects tumor cells from the in vivo immune response (27,
28, 47). Furthermore, NF-�B was reported to render cells
resistant to CD95- and TRAIL-induced apoptosis (48,
49). Consequently, the NF-�B–dependent c-FLIP expres-
sion in HRS cells offers an explanation for HRS cell im-
mune escape. Similarly, c-FLIP might protect HRS cells
against apoptotic stimuli regarding the GC B cell origin
because there is evidence that c-FLIP prevents GC B cell
apoptosis (9, 13).

Remarkably, down-regulation of c-FLIP alone is sufficient
for sensitization of HRS cells to death receptor–induced
apoptosis, although the cells express other NF-�B–depen-
dent, antiapoptotic proteins (22). That CD95- and TRAIL-
mediated induction of apoptosis after specific c-FLIP down-
regulation is not observed in the whole cell population
(Fig. 4) is most likely explained by the fact that c-FLIP
down-regulation is not complete and not similarly effective
in all cells of the population due to different transfection
efficiencies.

In contrast to data shown for other tumor entities, in
which CD95 often became down-regulated (50–52), CD95
is strongly expressed in HRS cells (Figs. 1 and 5; references
40 and 41). Furthermore, staining of CD95L suggests that
CD95 signaling is triggered on primary HRS cells (Fig. 5).
However, in other studies different frequencies of CD95L
expression in HRS and surrounding cells were reported
(41, 53). Therefore, we performed confocal microscopy of
c-FLIP in primary HRS cells with the aim to directly ana-
lyze a DISC formation (Fig. 6). Although analysis was only
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possible in a limited number of cases and c-FLIP might be
associated with other death receptors than CD95, the
membranous staining pattern of c-FLIP in HRS cells ar-
gues for an activation of the CD95 system. In addition, ac-
tivation of the CD95 system in primary HRS cells might
occur in a ligand-independent fashion, as described for GC
B cells (13), although this is not observed in HRS cell lines
(see above). If c-FLIP proteins block CD95-mediated sig-
naling toward apoptosis, what are the consequences of the
strong CD95 expression, together with FADD and c-FLIP,
which might facilitate signaling by these receptors? Recent
studies revealed several functions of CD95 signaling in the
context of blocked apoptosis induction (for review see
reference 54). These data are in accordance with the dual
function of other TNFR family members concerning
apoptosis or survival triggering (1). Thus, in CD95-resis-
tant cells, CD95 induction can trigger proliferation and dif-
ferentiation (55, 56). Most excitingly regarding the biology
of HRS cells, CD95 signaling activates transcription factor
NF-�B (57), can induce transcriptional activation of differ-
ent cytokines (58, 59) including IL-1 and IL-6, and down-
regulates Ig expression in B cells, which is independent of
apoptosis-inducing signaling events (60). However, the
lack of a suitable in vivo model for cHL makes it difficult to
further analyze a possible contribution of CD95 signaling
to the pathogenesis of cHL. There might be two indica-
tions that CD95 signaling could contribute to the patho-
genesis of cHL. First, despite long-term culture of HRS
cell lines, they maintain an elevated CD95 expression level
(Fig. 1). The strong CD95 expression also holds true for
primary cases of cHL (Fig. 5). Second, patients with ALPS
carry dominant negative CD95 mutations (14), which
block apoptosis induction but might allow other CD95-
associated signaling events. These patients are predisposed to
lymphoma development and, intriguingly, with the highest
incidence among these lymphomas they develop cHL (15).

Finally, the combined strong expression of different mem-
bers of the TNFR family, including CD30, CD40, RANK
(61–63), and CD95, is unique among human lymphomas.
This suggests a common mechanism for their up-regulation
and points to an important role in the pathogenesis of cHL.
Given the strong activation of NF-�B and AP-1 in HRS
cells (21, 22), it will be important to clarify the contribution
of the TNFR family to activation of these transcription
factors that are central for the biology of HRS cells.

Our data show that resistance of HRS tumor cells to
death receptor stimulation is due to functional inhibition
mediated by a strong, NF-�B–dependent up-regulation of
c-FLIP proteins. c-FLIP mediates protection of HRS cells
from CD95 and TRAIL death receptor stimuli, but also
probably other TNFR family members. The manipulation
of death receptor systems by pharmacological agents that
down-regulate NF-�B activity and subsequently c-FLIP
expression, or the specific down-regulation of c-FLIP pro-
teins, might render HRS cells susceptible to death recep-
tor–induced apoptosis and thus offer new therapeutic strat-
egies for cHL.

We are indebted to Peter Krammer (Heidelberg) for the gift of H9
cells, anti–APO-1, and anti–C-8 antibodies, Jürg Tschopp for pro-
viding c-FLIPS and c-FLIPL expression constructs, and John Blenis
for providing C-8– and FADD-deficient Jurkat cells. We thank Pe-
ter Löser (Berlin) for providing Ad5-I�B��N and Michael Hinz
(Berlin) for preparing mRNA and protein extracts after adenovirus
infection of HRS cell lines. We thank Toralf Kaiser (Berlin) for cell
sorting, Claus Scheidereit (Berlin), Andreas Krueger, and Rüdiger
Arnold (Heidelberg) for helpful discussion, and Harald Wajant
(Würzburg) for critical reading of the manuscript.

This work was supported in part by a grant from the Berliner
Krebsgesellschaft to S. Mathas and a grant from the National Ge-
nome Research Network (NGFN) to B. Dörken.

Submitted: 1 July 2003
Accepted: 2 March 2004

References
1. Locksley, R.M., N. Killeen, and M.J. Lenardo. 2001. The

TNF and TNF receptor superfamilies: integrating mamma-
lian biology. Cell. 104:487–501.

2. Peter, M.E., and P.H. Krammer. 2003. The CD95(APO-1/
Fas) DISC and beyond. Cell Death Differ. 10:26–35.

3. Smyth, M.J., K. Takeda, Y. Hayakawa, J.J. Peschon, M.R.
van den Brink, and H. Yagita. 2003. Nature’s TRAIL–on a
path to cancer immunotherapy. Immunity. 18:1–6.

4. Irmler, M., M. Thome, M. Hahne, P. Schneider, K. Hof-
mann, V. Steiner, J.L. Bodmer, M. Schroter, K. Burns, C.
Mattmann, et al. 1997. Inhibition of death receptor signals by
cellular FLIP. Nature. 388:190–195.

5. Thome, M., and J. Tschopp. 2001. Regulation of lymphocyte
proliferation and death by FLIP. Nat. Rev. Immunol. 1:50–58.

6. Krueger, A., S. Baumann, P.H. Krammer, and S. Kirchhoff.
2001. FLICE-inhibitory proteins: regulators of death recep-
tor-mediated apoptosis. Mol. Cell. Biol. 21:8247–8254.

7. Takahashi, Y., H. Ohta, and T. Takemori. 2001. Fas is re-
quired for clonal selection in germinal centers and the subse-
quent establishment of the memory B cell repertoire. Immu-
nity. 14:181–192.

8. Siegel, R.M., F.K. Chan, H.J. Chun, and M.J. Lenardo.
2000. The multifaceted role of Fas signaling in immune cell
homeostasis and autoimmunity. Nat. Immunol. 1:469–474.

9. Defrance, T., M. Casamayor-Palleja, and P.H. Krammer. 2002.
The life and death of a B cell. Adv. Cancer Res. 86:195–225.

10. Krammer, P.H. 1999. CD95(APO-1/Fas)-mediated apopto-
sis: live and let die. Adv. Immunol. 71:163–210.

11. Adachi, M., S. Suematsu, T. Kondo, J. Ogasawara, T.
Tanaka, N. Yoshida, and S. Nagata. 1995. Targeted mutation
in the Fas gene causes hyperplasia in peripheral lymphoid or-
gans and liver. Nat. Genet. 11:294–300.

12. Davidson, W.F., T. Giese, and T.N. Fredrickson. 1998.
Spontaneous development of plasmacytoid tumors in mice
with defective Fas–Fas ligand interactions. J. Exp. Med. 187:
1825–1838.

13. Hennino, A., M. Berard, P.H. Krammer, and T. Defrance.
2001. FLICE-inhibitory protein is a key regulator of germi-
nal center B cell apoptosis. J. Exp. Med. 193:447–458.

14. Fleisher, T.A., J.M. Puck, W. Strober, J.K. Dale, M.J. Le-
nardo, R.M. Siegel, S.E. Straus, and J.J. Bleesing. 2001. The
autoimmune lymphoproliferative syndrome. A disorder of
human lymphocyte apoptosis. Clin. Rev. Allergy Immunol. 20:
109–120.



Mathas et al.1051

15. Straus, S.E., E.S. Jaffe, J.M. Puck, J.K. Dale, K.B. Elkon, A.
Rosen-Wolff, A.M. Peters, M.C. Sneller, C.W. Hallahan, J.
Wang, et al. 2001. The development of lymphomas in fami-
lies with autoimmune lymphoproliferative syndrome with
germline Fas mutations and defective lymphocyte apoptosis.
Blood. 98:194–200.

16. Müschen, M., K. Rajewsky, M. Kronke, and R. Küppers.
2002. The origin of CD95-gene mutations in B-cell lym-
phoma. Trends Immunol. 23:75–80.

17. Küppers, R., I. Schwering, A. Bräuninger, K. Rajewsky, and
M.L. Hansmann. 2002. Biology of Hodgkin’s lymphoma.
Ann. Oncol. 13:11–18.

18. Karin, M., and Y. Ben-Neriah. 2000. Phosphorylation meets
ubiquitination: the control of NF-�B activity. Annu. Rev.
Immunol. 18:621–663.

19. Karin, M., Z. Liu, and E. Zandi. 1997. AP-1 function and
regulation. Curr. Opin. Cell Biol. 9:240–246.

20. Bargou, R.C., F. Emmerich, D. Krappmann, K. Bommert,
M.Y. Mapara, W. Arnold, H.D. Royer, E. Grinstein, A.
Greiner, C. Scheidereit, et al. 1997. Constitutive nuclear fac-
tor-kappaB-RelA activation is required for proliferation and
survival of Hodgkin’s disease tumor cells. J. Clin. Invest. 100:
2961–2969.

21. Mathas, S., M. Hinz, I. Anagnostopoulos, D. Krappmann, A.
Lietz, F. Jundt, K. Bommert, F. Mechta-Grigoriou, H. Stein,
B. Dörken, et al. 2002. Aberrantly expressed c-Jun and JunB
are a hallmark of Hodgkin lymphoma cells, stimulate prolifera-
tion and synergize with NF-kappa B. EMBO J. 21:4104–4113.

22. Hinz, M., P. Lemke, I. Anagnostopoulos, C. Hacker, D.
Krappmann, S. Mathas, B. Dörken, M. Zenke, H. Stein, and
C. Scheidereit. 2002. Nuclear factor �B–dependent gene ex-
pression profiling of Hodgkin’s disease tumor cells, pathoge-
netic significance, and link to constitutive signal transducer and
activator of transcription 5a activity. J. Exp. Med. 196:605–617.

23. Hinz, M., P. Löser, S. Mathas, D. Krappmann, B. Dörken,
and C. Scheidereit. 2001. Constitutive NF-kappaB maintains
high expression of a characteristic gene network, including
CD40, CD86, and a set of antiapoptotic genes in Hodgkin/
Reed-Sternberg cells. Blood. 97:2798–2807.

24. Barth, T.F., J.I. Martin-Subero, S. Joos, C.K. Menz, C. Ha-
sel, G. Mechtersheimer, R.M. Parwaresch, P. Lichter, R.
Siebert, and P. Möller. 2003. Gains of 2p involving the REL
locus correlate with nuclear c-Rel protein accumulation in
neoplastic cells of classical Hodgkin lymphoma. Blood. 101:
3681–3686.

25. Schwering, I., A. Bräuninger, U. Klein, B. Jungnickel, M.
Tinguely, V. Diehl, M.L. Hansmann, R. Dalla-Favera, K.
Rajewsky, and R. Küppers. 2003. Loss of the B-lineage-spe-
cific gene expression program in Hodgkin and Reed-Stern-
berg cells of Hodgkin lymphoma. Blood. 101:1505–1512.

26. Schroter, M., J. Peli, M. Hahne, J. Tschopp, and E. Reich-
mann. 2000. Fas-dependent tissue turnover is implicated in
tumor cell clearance. Oncogene. 19:1794–1800.

27. Medema, J.P., J. de Jong, T. van Hall, C.J. Melief, and R.
Offringa. 1999. Immune escape of tumors in vivo by expres-
sion of cellular FLICE-inhibitory protein. J. Exp. Med. 190:
1033–1038.

28. French, L.E., and J. Tschopp. 2002. Defective death receptor
signaling as a cause of tumor immune escape. Semin. Cancer
Biol. 12:51–55.

29. Maggio, E.M., A. Van Den Berg, D. de Jong, A. Diepstra,
and S. Poppema. 2003. Low frequency of FAS mutations in
Reed-Sternberg cells of Hodgkin’s lymphoma. Am. J. Pathol.

162:29–35.
30. Re, D., A. Hofmann, J. Wolf, V. Diehl, and A. Staratschek-

Jox. 2000. Cultivated H-RS cells are resistant to CD95L-
mediated apoptosis despite expression of wild-type CD95.
Exp. Hematol. 28:348.

31. Thomas, R.K., A. Kallenborn, C. Wickenhauser, J.L. Schultze,
A. Draube, M. Vockerodt, D. Re, V. Diehl, and J. Wolf.
2002. Constitutive expression of c-FLIP in Hodgkin and
Reed-Sternberg cells. Am. J. Pathol. 160:1521–1528.

32. Xerri, L., F. Palmerini, E. Devilard, T. Defrance, R. Bouab-
dallah, J. Hassoun, and F. Birg. 2000. Frequent nuclear local-
ization of ICAD and cytoplasmic co-expression of caspase-8
and caspase-3 in human lymphomas. J. Pathol. 192:194–202.

33. Siegmund, D., P. Hadwiger, K. Pfizenmaier, H.P. Vorn-
locher, and H. Wajant. 2002. Selective inhibition of FLICE-
like inhibitory protein expression with small interfering
RNA oligonucleotides is sufficient to sensitize tumor cells for
TRAIL-induced apoptosis. Mol. Med. 8:725–732.

34. Scaffidi, C., F.C. Kischkel, P.H. Krammer, and M.E. Peter.
2000. Analysis of the CD95 (APO-1/Fas) death-inducing
signaling complex by high-resolution two-dimensional gel
electrophoresis. Methods Enzymol. 322:363–373.

35. Harris, N.L., E.S. Jaffe, H. Stein, P.M. Banks, J.K. Chan,
M.L. Cleary, G. Delsol, C. De Wolf-Peeters, B. Falini, and
K.C. Gatter. 1994. A revised European-American classifica-
tion of lymphoid neoplasms: a proposal from the Interna-
tional Lymphoma Study Group. Blood. 84:1361–1392.

36. Schmitz, I., A. Krueger, S. Baumann, S. Kirchhoff, and P.H.
Krammer. 2002. Specificity of anti-human CD95 (APO-1/
Fas) antibodies. Biochem. Biophys. Res. Commun. 297:459–462.

37. Strater, J., S.M. Mariani, H. Walczak, F.G. Rucker, F. Leit-
hauser, P.H. Krammer, and P. Moller. 1999. CD95 ligand
(CD95L) in normal human lymphoid tissues: a subset of
plasma cells are prominent producers of CD95L. Am. J.
Pathol. 154:193–201.

38. Schmitz, I., H. Walczak, P.H. Krammer, and M.E. Peter.
1999. Differences between CD95 type I and II cells detected
with the CD95 ligand. Cell Death Differ. 6:821–822.

39. Kischkel, F.C., D.A. Lawrence, A. Tinel, H. LeBlanc, A.
Virmani, P. Schow, A. Gazdar, J. Blenis, D. Arnott, and A.
Ashkenazi. 2001. Death receptor recruitment of endogenous
caspase-10 and apoptosis initiation in the absence of cas-
pase-8. J. Biol. Chem. 276:46639–46646.

40. Xerri, L., N. Carbuccia, P. Parc, J. Hassoun, and F. Birg.
1995. Frequent expression of FAS/APO-1 in Hodgkin’s dis-
ease and anaplastic large cell lymphomas. Histopathology. 27:
235–241.

41. Metkar, S.S., K.N. Naresh, A.A. Redkar, C.S. Soman, S.H.
Advani, and J.J. Nadkarni. 1999. Expression of Fas and Fas
ligand in Hodgkin’s disease. Leuk. Lymphoma. 33:521–530.

42. Kreuz, S., D. Siegmund, P. Scheurich, and H. Wajant. 2001.
NF-kappaB inducers upregulate cFLIP, a cycloheximide-
sensitive inhibitor of death receptor signaling. Mol. Cell. Biol.
21:3964–3973.

43. Chinnaiyan, A.M., K. O’Rourke, M. Tewari, and V.M.
Dixit. 1995. FADD, a novel death domain-containing pro-
tein, interacts with the death domain of Fas and initiates
apoptosis. Cell. 81:505–512.

44. Ohshima, K., S. Haraoka, M. Sugihara, J. Suzumiya, C. Ka-
wasaki, M. Kanda, and M. Kikuchi. 2000. Amplification and
expression of a decoy receptor for fas ligand (DcR3) in virus
(EBV or HTLV-I) associated lymphomas. Cancer Lett. 160:
89–97.



c-FLIP Mediates Death Receptor Resistance in Hodgkin’s Lymphoma1052

45. French, L.E., and J. Tschopp. 1999. Inhibition of death re-
ceptor signaling by FLICE-inhibitory protein as a mechanism
for immune escape of tumors. J. Exp. Med. 190:891–894.

46. Kataoka, T., R.C. Budd, N. Holler, M. Thome, F. Marti-
non, M. Irmler, K. Burns, M. Hahne, N. Kennedy, M. Ko-
vacsovics, et al. 2000. The caspase-8 inhibitor FLIP promotes
activation of NF-kappaB and Erk signaling pathways. Curr.
Biol. 10:640–648.

47. Djerbi, M., V. Screpanti, A.I. Catrina, B. Bogen, P. Biber-
feld, and A. Grandien. 1999. The inhibitor of death receptor
signaling, FLICE-inhibitory protein defines a new class of tu-
mor progression factors. J. Exp. Med. 190:1025–1032.

48. Ravi, R., G.C. Bedi, L.W. Engstrom, Q. Zeng, B. Mooker-
jee, C. Gelinas, E.J. Fuchs, and A. Bedi. 2001. Regulation
of death receptor expression and TRAIL/Apo2L-induced
apoptosis by NF-kappaB. Nat. Cell Biol. 3:409–416.

49. Zong, W.X., J. Bash, and C. Gelinas. 1998. Rel blocks both
anti-Fas- and TNF alpha-induced apoptosis and an intact Rel
transactivation domain is essential for this effect. Cell Death
Differ. 5:963–972.

50. Möller, P., K. Koretz, F. Leithauser, S. Bruderlein, C. Henne,
A. Quentmeier, and P.H. Krammer. 1994. Expression of
APO-1 (CD95), a member of the NGF/TNF receptor su-
perfamily, in normal and neoplastic colon epithelium. Int. J.
Cancer. 57:371–377.

51. Robertson, M.J., T.J. Manley, G. Pichert, C. Cameron, K.J.
Cochran, H. Levine, and J. Ritz. 1995. Functional conse-
quences of APO-1/Fas (CD95) antigen expression by normal
and neoplastic hematopoietic cells. Leuk. Lymphoma. 17:51–61.

52. Strand, S., W.J. Hofmann, H. Hug, M. Muller, G. Otto, D.
Strand, S.M. Mariani, W. Stremmel, P.H. Krammer, and
P.R. Galle. 1996. Lymphocyte apoptosis induced by CD95
(APO-1/Fas) ligand-expressing tumor cells–a mechanism of
immune evasion? Nat. Med. 2:1361–1366.

53. Sakuma, I., T. Yoshino, K. Omonishi, R. Nishiuchi, N.
Teramoto, H. Yanai, K. Kawahara, I. Kubonishi, Y. Matsuo,
and T. Akagi. 1999. CD95 ligand is expressed in Reed-
Sternberg cells of Hodgkin’s disease. Pathol. Int. 49:103–109.

54. Wajant, H., K. Pfizenmaier, and P. Scheurich. 2003. Non-
apoptotic Fas signaling. Cytokine Growth Factor Rev. 14:53–66.

55. Desbarats, J., R.B. Birge, M. Mimouni-Rongy, D.E. Wein-
stein, J.S. Palerme, and M.K. Newell. 2003. Fas engagement
induces neurite growth through ERK activation and p35 up-
regulation. Nat. Cell Biol. 5:118–125.

56. Rescigno, M., V. Piguet, B. Valzasina, S. Lens, R. Zubler, L.
French, V. Kindler, J. Tschopp, and P. Ricciardi-Castagnoli.
2000. Fas engagement induces the maturation of dendritic
cells (DCs), the release of interleukin (IL)-1�, and the pro-
duction of interferon � in the absence of IL-12 during DC–T
cell cognate interaction: a new role for Fas ligand in inflam-
matory responses. J. Exp. Med. 192:1661–1668.

57. Ponton, A., M.V. Clement, and I. Stamenkovic. 1996. The
CD95 (APO-1/Fas) receptor activates NF-kappaB indepen-
dently of its cytotoxic function. J. Biol. Chem. 271:8991–8995.

58. Schaub, F.J., D.K. Han, W.C. Liles, L.D. Adams, S.A. Coats,
R.K. Ramachandran, R.A. Seifert, S.M. Schwartz, and D.F.
Bowen-Pope. 2000. Fas/FADD-mediated activation of a
specific program of inflammatory gene expression in vascular
smooth muscle cells. Nat. Med. 6:790–796.

59. Choi, C., G.Y. Gillespie, N.J. Van Wagoner, and E.N. Ben-
veniste. 2002. Fas engagement increases expression of inter-
leukin-6 in human glioma cells. J. Neurooncol. 56:13–19.

60. Stohl, W., D. Xu, G.C. Starling, P. Casali, and P.A. Kiener.
2000. Promotion of activated human B cell apoptosis and in-
hibition of Ig production by soluble CD95 ligand: CD95-
based downregulation of Ig production need not culminate
in activated B cell death. Cell. Immunol. 203:1–11.

61. Carbone, A., A. Gloghini, V. Gattei, D. Aldinucci, M. De-
gan, P. De Paoli, V. Zagonel, and A. Pinto. 1995. Expression
of functional CD40 antigen on Reed-Sternberg cells and
Hodgkin’s disease cell lines. Blood. 85:780–789.

62. Dürkop, H., U. Latza, M. Hummel, F. Eitelbach, B. Seed,
and H. Stein. 1992. Molecular cloning and expression of a
new member of the nerve growth factor receptor family that
is characteristic for Hodgkin’s disease. Cell. 68:421–427.

63. Fiumara, P., V. Snell, Y. Li, A. Mukhopadhyay, M. Younes,
A.M. Gillenwater, F. Cabanillas, B.B. Aggarwal, and A.
Younes. 2001. Functional expression of receptor activator of
nuclear factor kappaB in Hodgkin disease cell lines. Blood. 98:
2784–2790.


