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Hodgkin lymphoma (HL) originates from the
clonal expansion of malignant Hodgkin and
Reed-Sternberg (HRS) cells. These B-cell–
derived elements constitute less than 10%
of the tumoral mass. The remaining tissue is
comprised of an inflammatory infiltrate that
includes myeloid cells. Myeloid cells acti-
vate B cells by producing BAFF and APRIL,
which engage TACI, BCMA, and BAFF-R
receptors on the B cells. Here, we studied
the role of BAFF andAPRIL in HL. Inflamma-
tory and HRS cells from HL tumors ex-

pressed BAFF and APRIL. Unlike their puta-
tive germinal center B-cell precursors, HRS
cells lacked BAFF-R, but expressed TACI
and BCMA, a phenotype similar to that of
plasmacytoid B cells. BAFF and APRIL en-
hanced HRS cell survival and proliferation
by delivering nonredundant signals via TACI
and BCMA receptors through both auto-
crine and paracrine pathways. These sig-
nals caused NF-�B activation; Bcl-2, Bcl-xL,
and c-Myc up-regulation; and Bax down-
regulation, and were amplified by APRIL-

binding proteoglycans on HRS cells. Inter-
ruption of BAFF and APRIL signaling by
TACI-Ig decoy receptor, which binds to and
neutralizes BAFF and APRIL, or by small-
interfering RNAs targeting BAFF, APRIL,
TACI, and BCMAinhibited HRS cell accumu-
lation in vitro and might attenuate HL expan-
sion in vivo. (Blood. 2007;109:729-739)
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Introduction

Classical Hodgkin lymphoma (HL) is a lymphoid neoplasm that
stems from the clonal expansion of mononuclear Hodgkin cells and
multinuclear Reed-Sternberg cells expressing the CD30 antigen.1

Malignant Hodgkin and Reed-Sternberg (HRS) cells usually consti-
tute less than 10% of the neoplastic mass.2 The remaining tissue is
composed of a reactive cellular infiltrate. Although rare cases with
T-cell genotype have been described,3,4 the vast majority of
classical HL tumors is thought to originate from transformed
germinal center (GC) B cells, because their HRS component
harbors a monoclonal immunoglobulin (Ig) gene rearrangement
and somatically mutated Ig V region genes.1,5-7 Despite their GC
B-cell origin, HRS cells lack many molecules usually expressed by
B cells and are incapable of producing functional Igs.7-12 While
nonmalignant B cells that have lost their capacity to express Igs
rapidly undergo apoptosis,13 malignant HRS cells survive. This
abnormal survival is thought to be due to dysregulated activation of
nuclear factor �B (NF-�B),14-18 a transcription factor essential for
the development of both normal and neoplastic B cells.19,20

In classical HL, the reactive infiltrate is composed of nonmalig-
nant T cells, B cells, plasma cells, and myeloid cells, including
macrophages and granulocytes.2,21 These cells are thought to
enhance HRS cell growth through cytokines and tumor necrosis
factor (TNF) family members, such as CD30 ligand (CD30L),
receptor activator of NF-�B ligand (RANKL), and CD40 ligand
(CD40L).15,22-29 Recent studies show that myeloid cells express
B-cell–activating factor of the TNF family (BAFF, also known as
BLyS) and its homolog APRIL, a proliferation-inducing ligand,30-33

2 molecules essential for the survival, proliferation, and differentia-
tion of B cells and plasma cells.34,35 BAFF activates B cells and

plasma cells by binding to transmembrane activator and calcium
modulator and cyclophylin ligand interactor (TACI), B-cell matura-
tion antigen (BCMA), and BAFF receptor (BAFF-R) receptors.
APRIL activates B cells and plasma cells by binding to TACI and
BCMA, but not BAFF-R.36 By recruiting TNF receptor–associated
factor (TRAF) adaptor molecules, TACI, BCMA, and BAFF-R
activate an I�B kinase (IKK) complex that in turn elicits phosphor-
ylation-dependent degradation of inhibitor of NF-�B (I�B), which
retains p50, c-Rel, and p65 NF-�B proteins in a cytoplasmic
inactive form.37-39 I�B degradation causes NF-�B nuclear translo-
cation and transcriptional activation of NF-�B–responsive genes
involved in B-cell survival, proliferation, and maturation.31,39-41 Of
note, recent studies show that APRIL signaling via TACI and
BCMA receptors is reinforced by heparan sulfate proteoglycans
(HSPGs) anchored on the cell membrane or associated with the
extracellular matrix.35,42,43 The role of TACI, BCMA, BAFF-R, and
HSPGs in HL remains unknown.

BAFF and APRIL are implicated in B-cell neoplasias,44-52

including non-Hodgkin lymphoma (NHL).39,53-57 Consistent with
this, BAFF and APRIL expression is up-regulated by lymphoma-
associated viruses, such as Epstein-Barr virus (EBV) and human
immunodeficiency virus (HIV).58,59 The recent observation that HL
patients have increased serum levels of BAFF and APRIL60

prompted us to hypothesize BAFF and APRIL involvement in HRS
cell accumulation. We found that HRS cells lacked BAFF-R, but
expressed TACI, BCMA, and HSPGs. These receptors conveyed
powerful survival and growth signals to HRS cells upon engage-
ment by paracrine and autocrine BAFF and APRIL. Interruption of
BAFF and APRIL signaling by soluble TACI-Ig decoy receptor,
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small-interfering RNAs (siRNAs), and HSPG-modifying agents
inhibited HRS cell survival and proliferation in vitro and might
attenuate expansion of HL tumors in vivo.

Materials and methods

Tissue samples and cells

Frozen tissue samples from 15 cases of classical HL were stored at
�80°C. The diagnosis of classical HL was rendered according to the
criteria established by the World Health Organization.61 Frozen tissue
samples from healthy individuals undergoing tonsillectomy due to
tonsillitis were stored at �80°C. All tissue specimens were obtained
according to a protocol approved by the institutional review board of
Weill Medical College of Cornell University. HD-MyZ, HD-LM2,
L428, KMH-2, and L1236 cell lines were derived from primary HRS
cells of classical HL tumors. HD-MyZ, HD-LM2, and L428 originate
from HLs of the nodular sclerosis subtype, while KMH-2 and L1236
originate from HLs of the mixed cellularity subtype (Table 1). All these
cell lines are of B-cell origin with the exception of HD-LM2, which is of
T-cell origin.62-64 Although there may be differences between HRS cell
lines and primary HRS cells, the HRS cell lines mirror the gene
expression and key functional features of the neoplastic HRS cells.11,12

Nonmalignant B cells were purified from tonsils.39,58,59

Cultures and reagents

Cells were cultured in complete RPMI 1640 medium supplemented with
10% fetal bovine serum, unless otherwise indicated. Recombinant BAFF,
APRIL MegaLigand (Alexis Biochemicals, San Diego, CA), CD40L, and
M44 antibody to CD30 (Immunex, Seattle, WA), which mimics engage-
ment of CD30 by CD30L, were used at 100 ng/mL, 100 ng/mL, 500 ng/mL,
and 5 �g/mL, respectively. Doxorubicin, heparinitase, heparinase (Sigma-
Aldrich, St Louis, MO), and heparin (Calbiochem, San Diego, CA) were
used at 100 ng/mL, 10 mU/mL, 10 mU/mL, and 50 �g/mL, respectively,
unless otherwise stated. MOPC-21 control Ig (Sigma-Aldrich) as well as
soluble TACI-Ig and BAFF-R–Ig decoy receptors (ZymoGenetics, Seattle,
WA) were used at 5 �g/mL. TACI and BCMA receptors were selectively
cross-linked by immobilizing 5 �g/mL agonistic mouse IgG1 antibodies
(ZymoGenetics) on irradiated L-fibroblasts expressing the mouse Fc�
receptor CD32.

Flow cytometry

Cells (0.5 � 106) were stained with fluorescein-conjugated, phycoerythrin-
conjugated, and/or cytochrome-3–conjugated antibodies to IgD (Southern
Biotechnologies, Birmingham, AL), CD19, CD30, CD38, CD40 (BD
Pharmingen, San Diego, CA), TACI, BAFF-R, and membrane-bound

BAFF (eBiosciences, San Diego, CA). Biotinylated antibodies to TACI,
BCMA (ZymoGenetics), and syndecan-1 (BD Pharmingen) as well as
biotinylated BAFF and APRIL proteins were stained with phycoerythrin-
conjugated streptavidin. A mouse antibody to the heparinitase-sensitive
3G10 epitope of HSPGs (from Dr Guido David, Catholic University of
Leuven, Leuven, Belgium), a goat antibody to syndecan-4 (R&D Systems,
Minneapolis, MN), and a rat antibody to membrane-bound APRIL (Alexis
Biochemicals) were stained with appropriate phycoerythrin-conjugated
secondary antibodies (BD Pharmingen). Cells were acquired and analyzed
using a FACScalibur analyzer and CellQuest software (BD Pharmingen).

Fluorescence microscopy

Frozen tissue sections (4 �m each) from 15 cases of classical HL were used
for immunofluorescence staining. Goat primary antibodies to TACI, BCMA
(Santa Cruz Biotechnologies, Santa Cruz, CA), and APRIL (Alexis
Biochemicals); mouse primary antibodies to CD30 (Dako, Carpinteria,
CA), IgD (BD Pharmingen), and BAFF-R (eBiosciences); and a rabbit
primary antibody to BAFF (Upstate Biotechnology, Lake Placid, NY) were
labeled with an appropriate Alexa 488–conjugated or Cy3-conjugated
secondary antibody (Jackson Immunoresearch Laboratories, West Grove,
PA). Cell nuclei were visualized with DAPI, 4�,6-diamidine-2�-phenylin-
dole dihydrochloride (Boehringer Mannheim, Indianapolis, IN). HRS cell
lines were adhered to polylysine-coated glass slides, fixed, and washed as
described.31,39,59 Different combinations of goat, mouse, and rabbit primary
antibodies to BAFF, APRIL, TACI, BCMA, and TRAF2 were labeled with
appropriate Alexa 488–conjugated, Cy3-conjugated, or Cy5-conjugated
secondary antibodies. Nuclei were visualized with DAPI and coverslips
were applied with Slow Fade reagent (Molecular Probes, Eugene, OR).
Images were acquired with an Axiovert 200M microscope (Carl Zeiss,
Baujahr, Germany) supplied with an RTE/CCD-1300-Y/HS camera (Prince-
ton Instruments, Trenton, NJ) and 5�/0.15 NA dry, 10�/0.50 NA dry Ph1,
40�/1.3 NA oil-immersion DIC III, and 63�/1.4 NA oil-immersion
objective lenses (Carl Zeiss). Acquired images were processed with Adobe
Photoshop CS2 for Macintosh, version 9 (Adobe Systems, San Jose, CA).

Cell viability, cell proliferation, and apoptosis assays

Cell viability was evaluated through a trypan blue exclusion test. To
measure cell death, cells were fixed in 70% ethanol at 4°C overnight and
incubated in 1 mL PBS containing 50 �g/mL propidium iodide and
10 U/mL ribonuclease A (Sigma-Aldrich) for 30 minutes at room tempera-
ture in the dark. Hypodyploid dead cells were enumerated through flow
cytometry. To measure DNA synthesis, 2 � 104 cells/200 �L were seeded
in 96-well plates and pulsed with 1 �Ci (0.037 MBq) tritiated thymidine at
day 4 of culture. After 18 hours, cells were harvested to measure thymidine
uptake. Apoptosis was assayed by using an annexin V–FITC apoptosis
detection kit (Oncogene Research Products, San Diego, CA).

Reverse transcriptase–polymerase chain reactions (RT-PCRs)
and immunoblots

TACI (323 bp), BCMA (326 bp), BAFF-R (260 bp), BAFF (398 bp),
APRIL (417 bp), and �-actin (593 bp) were RT-PCR amplified as
previously described.31,39,58,65 Equal amounts of cytoplasmic or nuclear
proteins were fractionated onto a 10% sodium dodecyl sulfate–polyacrylam-
ide gel and transferred to nylon membranes (BioRad, Hercules, CA). After
blocking, membranes were probed with primary antibodies to BAFF
(Upstate Biotechnology), APRIL (Alexis Biochemicals), TACI, BCMA,
B-cell–specific activator protein (BSAP, also known as Pax5), actin, Bcl-2,
Bcl-xL, Bax, c-Myc, Octamer 1 (Oct1), I�B�, p50, p65, c-Rel (Santa Cruz
Biotechnology), IKK�, phospho (Ser376)-IKK�, and phospho (Ser32/
Ser36)-I�B� (Cell Signaling Technology, Beverly, MA) as reported.31,39,58,65

Membranes were then washed and incubated with an appropriate secondary
antibody (Santa Cruz Biotechnology). Proteins were detected with an
enhanced chemiluminescence detection system (Amersham, Little Chal-
font, United Kingdom), and signal intensity was quantified by using a
Quant1 software (BioRad).

Table 1. Histologic subtype of parental HL tumor, origin, and TACI,
BCMA, BAFF-R, HSPG, BAFF, and APRIL expression profiles of
HRS cell lines

HRS cell line Subtype Origin* TACI BCMA APRIL

HD-MyZ NS B 	 	 	

HD-LM2 NS T � � �†

L428 NS B 	 	/�‡ 	

KM-H2 MC B 	 	 	

L1236 MC B 	 	 	

All HRS cell lines were negative for the EBV protein latent-membrane protein-1
and for BAFF-R and were positive for HSPGs expressing the heparinitase-sensitive
3G10 epitope and BAFF.

NS indicates nodular sclerosis; MC, mixed cellularity (Drexler62; Kanzler et al63;
and Wolf et al64).

*B- or T-cell derivation was established by detecting rearrangements of Ig and
TCR loci, respectively (Drexler62; Kanzler et al63; and Wolf et al64).

†Although containing APRIL transcripts, HD-LM2 cells lacked APRIL protein.
‡Weak expression.

730 CHIU et al BLOOD, 15 JANUARY 2007 � VOLUME 109, NUMBER 2

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/109/2/729/1285311/zh800207000729.pdf by guest on 08 June 2024



RNA interference

The following siRNA duplexes (Qiagen, Valencia, CA) were used:
Hs_ATGGCTCTGCTGACCCAACAA_1_HP siRNA to APRIL,
Hs_CAGACAGTGAAACACCA ACTA_4_HP siRNA to BAFF,
Hs_CAGCGGAGTGGAGAAGTTGAA_1_HP siRNA to TACI, and
Hs_ACCATTAAAGGACGAGTTTAA_1_HP siRNA to BCMA. Trans-
fection of experimental and control siRNAs was performed as recom-
mended by the manufacturer. Briefly, 0.4 �L of 20-�M siRNA was
incubated with 6 �L HiPerFect Transfection Reagent (Qiagen) in
200 �L serum-free RPMI medium for 5 to 10 minutes at room
temperature. This mixture was added dropwise onto 2.5 � 105 HRS
cells, which were subsequently incubated at 37°C. Expression of BAFF,
APRIL, TACI, and BCMA proteins by transfected HRS cells was
evaluated after 24 hours through immunoblotting.

Electrophoretic mobility gel shift assays (EMSAs)

In all assays, except assays involving RNA interference, cells were
preincubated for 24 hours in medium with 2% fetal bovine serum to
attenuate the constitutively high activation of NF-�B. Nuclear proteins
were extracted from 5 � 106 cells as reported.31,39,58,65 A double-strand
5�-AGTTGAGGGGACTTTCCC-3� oligonucleotide probe encompassing a
consensus �B site was end-labeled with [�-P32] ATP by T4 kinase and used
at approximately 30 000 cpm in each EMSA reaction. Reaction samples
were prepared as described,31,39,58 incubated at room temperature for
15 minutes, and electrophoresed through a 6% nondenaturing polyacryl-
amide gel. The composition of DNA-bound protein complexes was
determined by incubating the reaction mixture with an antibody to p65,
c-Rel, or p50 (Santa Cruz Biotechnology) or with saturating amounts
(100 �) of cold probe before adding the radiolabeled probe.31,39,58

Results

Nonmalignant B cells exhibit distinct TACI, BCMA, and BAFF-R
expression profiles

The expression of TACI, BCMA, BAFF-R, BAFF, and APRIL in
nonmalignant lymphoid tissue remains unclear. In tonsillar lym-
phoid follicles, TACI was detected within the GC (Figure 1A),
which contains mostly IgD� B cells, and the interfollicular area,
which comprises memory IgD�, activated IgDlow/�, and plasmacy-
toid IgD� B cells. Some TACI was also detected within the
follicular mantle, which comprises naive IgDhigh B cells. In
contrast, BCMA was detected in the GC and interfollicular area,
but not in the follicular mantle (Figure 1B). Although more
prominent in the follicular mantle, BAFF-R was also present in the
GC and interfollicular area (Figure 1C). Finally, BAFF expression
was prominent in the interfollicular area (Figure 1D), whereas
APRIL was identified within both GC and interfollicular areas
(Figure 1E). Consistent with previous studies,35,36 BAFF and
APRIL mostly colocalized with CD21	 follicular dendritic cells,
CD83	 dendritic cells, and CD68	 macrophages, but not CD20	

B cells (not shown). These results show that TACI, BCMA,
BAFF-R, BAFF, and APRIL exhibit discrete expression profiles in
nonmalignant lymphoid tissue.

Nonmalignant GC B-cell precursors of HRS cells express TACI,
BCMA, and BAFF-R

To further elucidate TACI, BCMA, and BAFF-R expression by
nonmalignant HRS cell precursors, purified tonsillar B cells were
fractionated into IgD	CD38� naive, IgD	CD38	 founder GC,
IgD�CD38	 GC, IgD�CD38� memory, and IgD�CD38		 plasma-
cytoid B cells (Figure 1F). Although present on all B-cell fractions,

TACI was more intensely expressed by GC and plasmacytoid B
cells (Figure 1G). In contrast, BCMA was negative on naive and
memory B cells, weak on founder GC B cells, positive on GC B
cells, and highly positive on plasmacytoid B cells. Like the
pan-B-cell antigens CD19 and CD40, BAFF-R was highly ex-
pressed by all B-cell fractions, except plasmacytoid B cells. Apart
from plasma cells, all B-cell subsets lacked the HL-associated
antigen CD30,1 which was instead detected on EBV-transformed
lymphoblastoid B cells together with variable levels of TACI,
BCMA, and BAFF-R. Thus, CD30� and CD30	 B-cell subsets
exhibit distinct TACI, BCMA, and BAFF-R expression profiles,
with putative CD30� GG B-cell precursors of HRS cells being
positive for all 3 receptors.

Malignant HRS cells express TACI and BCMA but not BAFF-R

Due to their putative derivation from GC B cells,31 HRS cells
were hypothesized to express TACI, BCMA, and BAFF-R. Like
HRS cells from primary HL tumors,8-10,12 HRS cell lines,
including HD-MyZ, HD-LMZ, L428, KMH-2, and L1236
(Table 1), expressed surface CD30 but not CD19 (Figure 2A).

Figure 1. Nonmalignant GC B-cell precursors of HRS cells express TACI,
BCMA, and BAFF-R. (A-E) IgD (green), TACI, BCMA, BAFF-R, BAFF, and APRIL
(red) in tonsillar tissue sections. In panel C, yellow indicates follicular mantle B cells
coexpressing IgD and BAFF-R. Original magnification �10. (F) IgD and CD38 on
purified tonsillar B cells. N indicates naive B cells; FGC, founder GC B cells; GC, GC
B cells; M, memory B cells; and PC, plasmacytoid B cells. (G) TACI, BCMA, BAFF-R,
CD30, CD40, and CD19 on purified tonsillar B cells gated into naive, FGC, GC,
memory, and plasmacytoid subsets, and on EBV-transformed lymphoblastoid (LB) B
cells. Open and shaded profiles correspond to antibody under study and control
antibody, respectively. Panels A-G depict 1 of 4 experiments yielding similar results.
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All HRS cell lines, except HD-LM2, also expressed surface
CD40 and variable levels of TACI and BCMA, but little or no
BAFF-R. Furthermore, all HRS cell lines, except HD-LM2,
contained TACI and BCMA, but not BAFF-R transcripts and
proteins (Figure 2B). In keeping with its derivation from a
transformed T cell,62 HD-LM2 lacked the B-cell–specific pro-
tein BSAP as well as CD19, TACI, BCMA, BAFF-R, and CD40.
Finally, primary CD30	 HRS cells from classical HL tumors
expressed TACI and BCMA, but lacked BAFF-R (Figure 2C).
CD30	 HRS cells expressed TACI and BCMA in 93% and 67%,

respectively, of classical HL cases examined (Table 2). These
results confirm the B-cell–like phenotype of HRS cells and show
that, unlike their putative GC B-cell progenitors, HRS cells
express TACI and BCMA, but not BAFF-R.

Malignant HRS cells and inflammatory cells infiltrating HL
tumors express BAFF and APRIL

HRS cells express several myelocytic and dendritic cell antigens,
including CD15, the chemokine TARC, and fascin,12 and, therefore,

Figure 2. Malignant HRS cells from primary HL tumors
express TACI and BCMA but not BAFF-R. (A) TACI, BCMA,
BAFF-R, CD30, CD40, and CD19 on HRS cell lines. Open and
shaded profiles correspond to antibody under study and control
antibody with irrelevant binding activity, respectively. (B) The top 4
panels show TACI, BCMA, BAFF-R, and �-actin transcripts, while
the bottom 5 panels show TACI, BCMA, BAFF-R, BSAP, and actin
proteins in HRS cell lines. Numbers indicate HD-MyZ (1), HD-LM2
(2), L428 (3), KMH-2 (4), and L1236 (5) HRS cell lines. Minus (�)
indicates negative control (no cDNA); plus (	), positive control
(cDNA from IARC100 lymphoblastoid cell line). (C) TACI, BCMA,
and BAFF-R in CD30	 HRS cells from a classical HL tumor. DAPI
(blue) stains nuclei; asterisks indicate representative CD30	 HRS
cells. Original magnification �40. Panel C shows 1 of 15 cases
yielding similar results.

Table 2. Clinical characteristics, histologic subtype, and TACI, BCMA, BAFF-R, BAFF and APRIL expression profiles of classical HL cases

Case no. Age, y* Sex Subtype† EBV‡ TACI§ BCMA§ BAFF� APRIL�

1 10 F NS 	 	 	 	 	

2 47 M NS � 	 	 	 	

3 32 M NS � 	 	 	 	

4 24 M NS 	 	/� � 	 	

5 52 F MC 	 	/� 	/� 	 	/�

6 24 M MC � 	 	 	/� 	/�

7 50 F MC 	 	 � 	/� 	

8 30 M NS � 	 	 	 	

9 76 M NS � 	 � 	 	

10 37 F NS � 	 	 	 	

11 38 M LD � 	 	 	 	

12 23 F NS � � � 	 	/�

13 33 F NS � 	 	 	 	

14 35 F NS � 	/� 	/� 	 	/�

15 66 M NS � 	/� � 	/� 	/�

All HL cases were negative for BAFF-R.
*Mean age, 38.5 years (range, 10-76 years).
†NS indicates nodular sclerosis; MC, mixed cellularity; and LD, lymphocyte depletion.
‡EBV was detected by staining tissue sections for the EBV protein latent-membrane protein-1.
§TACI, BCMA, and BAFF-R expression by CD30	 cells with canonical HRS morphology.
�BAFF and APRIL expression by CD30	 cells with canonical HRS morphology. All HL cases comprised abundant reactive cells expressing BAFF and/or APRIL.
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were hypothesized to produce BAFF and APRIL. All HRS cell
lines expressed surface CD30L, but little or no surface CD40L
(Figure 3A), confirming their similarity to primary HRS cells.22,24

CD30L expression was confirmed at the mRNA level (not
shown). All HRS cell lines expressed surface BAFF and
contained BAFF transcripts and protein (Figure 3B). Although
lacking surface APRIL, all HRS cell lines, except HD-LM2,
contained APRIL transcripts and protein. HD-LM2 expressed
low amounts of APRIL transcripts, but no APRIL protein.
CD30	 HRS cells expressed variable levels of BAFF and
APRIL in virtually 100% of classical HL tumors examined
(Table 2; Figure 3C). BAFF and APRIL were also detected in the
reactive infiltrate in 100% of cases of classic HL. As previously
shown by others,35,36 BAFF- and APRIL-producing cells in-
cluded CD68	 macrophages, myeloperoxidase	 neutrophils,
eosinophil cationic protein	 eosinophils, tryptase	 mast cells,
and CD138	 plasma cells (not shown). Finally, HL cases lacking
EBV contained as much BAFF and APRIL as HL cases
harboring EBV (Table 2), a BAFF- and APRIL-inducing virus.58

Thus, malignant HRS cells and reactive cells from classical HL
tumors synthesize BAFF and APRIL independently of their
EBV status.

BAFF and APRIL enhance HRS cell survival and proliferation

TACI and BCMA play major roles in normal and malignant B
cells.35,66 Therefore, BAFF and APRIL could deliver key signals to
HRS cells. Due to the scarcity of HRS cells in primary HL tumors,
HRS cell lines were used to elucidate the function of BAFF and
APRIL in HL. Although there may be differences between HRS
cell lines and their primary counterparts, cell lines mirror key
phenotypic and functional properties of primary HRS cells.11,12 In
B-cell–derived HRS lines (Tables 1 and 3), including HD-MyZ
(Figure 4A), BAFF and APRIL increased cell viability and
decreased cell death under serum starvation conditions. In addition,
BAFF and, to a larger extent, APRIL increased HRS cell prolifera-
tion. All B-cell–derived HRS cell lines exhibited similar responses
to BAFF and APRIL (Table 3). Only HD-LM2, which derives from
a T-cell progenitor, did not respond to BAFF and APRIL, possibly
due to the lack of TACI and BCMA receptors (Tables 1 and 3).

BAFF and APRIL induced prosurvival and growth-inducing
effects like CD40L and CD30L, 2 HRS cell-stimulating ligands
structurally related to BAFF and APRIL.15,22-27,29 Of note, CD40L
and CD30L up-regulated BAFF expression on the surface of HRS
cells (Figure 4B). Consistent with previous studies showing APRIL
on chronic lymphocytic leukemia malignant B cells,45 CD40L or
CD30L induced HRS cells to express surface APRIL. Currently,
the prevailing view is that APRIL is expressed within cytosolic
compartments, such as the Golgi apparatus.35,67 Activation of HRS
cells by CD40L and CD30L might elicit recycling of Golgi-derived
vesicles to the plasma membrane, thereby exposing APRIL on the
cell surface. Alternatively, our anti-APRIL antibody may recognize
surface TWE-PRIL, a hybrid TNF ligand encoded by TNF-like
weak inducer of apoptosis (TWEAK) and APRIL transcripts.68 In
any case, blockade of autocrine BAFF and APRIL by TACI-Ig
attenuated the survival and proliferation of HRS cells exposed to
either CD40L or CD30L (not shown), suggesting that BAFF and
APRIL cooperate with other TNF-related ligands to elicit HRS
cell growth.

BAFF and APRIL up-regulate Bcl-2, Bcl-xL, and c-Myc
in HRS cells

Prosurvival Bcl-2 and Bcl-xL, proapoptotic Bax, and growth-
inducing c-Myc proteins play a key role in lymphoma cells.69 Thus,
we wondered whether BAFF and APRIL modulate Bcl-2, Bcl-xL,

Figure 3. Malignant HRS cells and reactive cells from primary HL tumors
express BAFF and APRIL. (A) BAFF, APRIL, CD30L, and CD40L on HRS cell lines.
Open and shaded profiles correspond to antibody under study and control antibody
with irrelevant binding activity, respectively. (B) The top 3 panels show BAFF, APRIL,
and �-actin transcripts, while the bottom 3 panels show BAFF, APRIL, and actin
proteins in HRS cell lines. Numbers indicate HD-MyZ (1), HD-LM2 (2), L428 (3),
KMH-2 (4), and L1236 (5) HRS cell lines. Minus (�) indicates negative control (no
cDNA); plus (	), positive control (cDNA from IARC100 lymphoblastoid cell line). (C)
BAFF and APRIL in CD30	 HRS cells from a classical HL tumor. DAPI (blue) stains
nuclei, arrowheads point to reactive CD30� cells surrounding CD30	 HRS cells, and
asterisks indicate representative CD30	 HRS cells. Original magnification �40.
Panel C shows 1 of 15 cases yielding similar results.

Table 3. Summary of functional responses of HRS cell lines to
BAFF and APRIL

Functional responses to BAFF
or APRIL

HRS cell lines

HD-MyZ HD-LM2 L428 L1236

BAFF-mediated increase of viable cells 	* �† 	 	

BAFF-mediated decrease of apoptotic

cells 	‡ � 	 �

BAFF-mediated induction of DNA

synthesis 	 � 	 �

APRIL-mediated increase of viable cells 	 � 	 	

APRIL-mediated decrease of apoptotic

cells 	 � 	 	

APRIL-mediated induction of DNA

synthesis 			 ND 		 	

The functional responses were all positive for the KM-H2 cell line.
ND indicates not determined.
*Increased viability under serum starvation conditions.
†No detectable response.
‡Decreased apoptosis under serum starvation conditions.
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and Bax expression in HRS cells. In B-cell–derived HRS cell lines,
including HD-MyZ (Figure 4C), BAFF and APRIL up-regulated
the expression of Bcl-2 and Bcl-xL, but down-regulated that of
Bax. In addition, APRIL up-regulated the expression of c-Myc,
whereas BAFF did not. In some HRS cell lines, such as L1236,
BAFF and APRIL down-regulated the expression of p53 (not
shown), a proapoptotic and cell cycle arrest–inducing protein.
Similar effects were induced by CD40L and CD30L. Thus, BAFF
and APRIL may enhance HRS cell accumulation by shifting the
intracellular balance between prosurvival/growth-inducing and
proapoptotic/growth-inhibiting proteins toward survival and growth.

BAFF and APRIL attenuate the anti-HL activity of doxorubicin

Chemotherapeutic agents, such as doxorubicin, attenuate the
expansion of HL tumors by inhibiting the survival and proliferation
of HRS cells. Given their ability to deliver powerful prosurvival
and growth-inducing signals, BAFF and APRIL could make HRS
cells less responsive to chemotherapy. When exposed to HRS cell
lines, including HD-MyZ (Figure 4D-E), doxorubicin induced
apoptosis and inhibited DNA synthesis. These effects were par-
tially or completely reverted by BAFF and APRIL. Of note, BAFF

and APRIL interfered also with the proapoptotic and growth-
inhibiting activities of prednisone (not shown), another anti-HL
agent. These results indicate that BAFF and APRIL make HRS
cells less sensitive to chemotherapeutic agents.

BAFF and APRIL activate NF-�B in HL cells

Constitutive NF-�B activation is a hallmark of HRS cells.14

TNF-related receptors, such as CD40, CD30, RANK, TACI, and
BCMA, activate NF-�B by inducing TRAF-dependent phosphory-
lation of IKK, an enzymatic complex that comprises 2 catalytic
subunits, � and �, and a regulatory subunit, �. Activated IKK
phosphorylates I�B� an inhibitor of NF-�B that retains p50, p65,
and c-Rel in the cytoplasm of resting cells.36,40 Phosphorylated
I�B� undergoes degradation,40 thereby allowing NF-�B to translo-
cate into the nucleus. Once in the nucleus, NF-�B activates genes
involved in B-cell survival, proliferation, and differentiation.39,40

Given their ability to express TACI and BCMA, HRS cells were
hypothesized to activate NF-�B in response to BAFF or APRIL.

The NF-�B–inducing activity of BAFF and APRIL was evalu-
ated in B-cell–derived HRS cell lines expressing a functional I�B�
protein, including HD-MyZ.70 Such HRS cells exhibit less constitu-
tive NF-�B activation than HRS cells expressing nonfunctional
I�B� and are more sensitive to NF-�B changes brought about by
external stimuli, including BAFF and APRIL. To further attenuate
their baseline NF-�B activity, HRS cells were preincubated for 24
hours with serum-depleted medium. In the presence of BAFF or
APRIL, HRS cells up-regulated IKK� and I�B� phosphorylation
over baseline levels and induced significant I�B� degradation
(Figure 5A). In addition, BAFF or APRIL augmented the transloca-
tion of NF-�B proteins, including p50, p65, and c-Rel, to the
nucleus (Figure 5B), and increased the binding of NF-�B to DNA
(Figure 5C). Similar effects were induced by CD40 and CD30L.
Thus, BAFF and APRIL may contribute to the dysregulation of
NF-�B in HRS cells.

BAFF and APRIL colocalize with TACI, BCMA, and TRAF2
in HRS cells

CD30 and CD40 receptors are thought to be implicated in the
dysregulation of NF-�B in HRS cells.15,22,23,26,29 Given their
structural and functional homology with CD30 and CD40,35,66

TACI and BCMA may further enhance the dysregulation of NF-�B
in HRS cells. Consistent with this possibility, BAFF and APRIL
colocalized with TACI and BCMA receptors and with TRAF2, an
NF-�B–activating adaptor protein, within discrete areas of B-cell–
derived HRS cell lines, including L428 (Figure 5D). In agreement
with previous findings,39,67,71 BAFF colocalized with TACI, BCMA,
and TRAF2 on the membrane of HRS cells, although some
colocalization was also noted in the cytoplasm of these cells. By
contrast, APRIL predominantly colocalized with TACI, BCMA,
and TRAF2 in the cytoplasm of HRS cells. These data suggest that
TACI and BCMA constitutively signal from both membrane and
cytosolic compartments as a result of their engagement by auto-
crine BAFF and APRIL.

BAFF and APRIL stimulate HRS cells through TACI and BCMA

Soluble TACI-Ig and BAFF-R–Ig decoy receptors were used to
further elucidate the contribution of BAFF and APRIL to the
survival and proliferation of HRS cell lines, including HD-MyZ.
While TACI-Ig binds to and neutralizes both BAFF and APRIL,

Figure 4. BAFF and APRIL increase malignant HRS cell survival and prolifera-
tion. (A) Viability, death, and proliferation of serum-starved HD-MyZ HRS cells
incubated for 2 days in the presence or absence of BAFF, APRIL, CD40L, or CD30L
as described in “Materials and methods.” Bars indicate SD of 4 experiments; *P 
 .05
versus cells incubated with medium, respectively. (B) BAFF and APRIL expression on
HD-MyZ HRS cells incubated for 2 days with medium (shaded profiles), or CD40L or
CD30L (open profiles). Positive cells are on the right of the vertical bar. On the left of
this bar are cells stained with a control mouse (for BAFF) or rat (for APRIL) antibody
with irrelevant binding activity. One of 3 experiments yielding similar results. (C) Bcl-2,
Bcl-xL, Bax, c-Myc, and actin proteins in HD-MyZ HRS cells incubated as in panel A.
Bands were quantified (numbers below lanes) after normalization to the actin loading
control. One of 3 experiments yielding similar results. (D-E) Apoptosis and prolifera-
tion of HD-MyZ HRS cells exposed to BAFF or APRIL in the presence or absence of
the anti-HL agent doxorubicin (Doxo). Bars indicate SD of 3 experiments; *P 
 .05
versus cells incubated with Doxo.
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BAFF-R–Ig binds to and neutralizes BAFF only.35,66 TACI-Ig
induced more early HRS cell apoptosis than BAFF-R–Ig (Figure
6A). In addition, TACI-Ig attenuated spontaneous HRS cell prolif-
eration, whereas BAFF-R–Ig did not (Figure 6B). These data
indicate that autonomous accumulation of HRS cells involves both
BAFF and APRIL. Consistent with this interpretation, TACI-Ig

decreased the proliferation of HRS cells exposed to either BAFF or
APRIL, whereas BAFF-R–Ig interfered with the proliferation of
HRS cells exposed to BAFF but had no effect on the proliferation
of HRS cells exposed to APRIL.

TACI-Ig and BAFF-R–Ig had no effect on the survival and
proliferation of T-cell–derived HRS cell lines lacking TACI and

Figure 5. BAFF and APRIL activate NF-�B in malignant HRS cells
and colocalize with TACI and BCMA receptors as well as TRAF2
signal transducer. (A) Cytoplasmic IKK�, pIKK�, pI�B�, I�B�, and
actin (loading control) proteins in serum-starved HD-MyZ HRS cells
incubated for 10 minutes (IKK� and pIKK�) or 2 hours (pI�B�, I�B�
and actin) in the presence or absence of BAFF, APRIL, CD40L, or
CD30L. pIKK� bands were quantified (numbers below lanes) after
normalization to IKK�, while pI�B� and I�B� bands were quantified
after normalization to actin. One of 3 experiments yielding similar
results. (B) Nuclear p50, p65, and c-Rel proteins in HD-MyZ HRS cells
incubated for 6 hours as in panel A. Bands were quantified (numbers
below lanes) after normalization to Octamer-1 (Oct1), a ubiquitous
nuclear protein (loading control). One of 3 experiments yielding similar
results. (C) NF-�B and Oct1 binding to DNA in HD-MyZ HRS cells
incubated for 6 hours as in panel A. Shifts correspond to p50-c-Rel and
p50-p65 complexes as shown elsewhere.31,39,58,65 One of 3 experi-
ments yielding similar results. (D) Colocalization of BAFF, TACI, and
TRAF2 (first column); BAFF, BCMA, and TRAF2 (second column);
APRIL, TACI, and TRAF2 (third column); and APRIL, BCMA, and
TRAF2 (fourth column) in L428 cells. DAPI (blue) stains nuclei in the
last row. Turquoise (fourth row)–, yellow (fifth row)–, pink (sixth row)–,
and white (seventh and eighth rows)–appearing areas indicate colocal-
ization. Original magnification �64. One of 4 experiments yielding
similar results.

Figure 6. TACI-Ig attenuates spontaneous as well as BAFF- and APRIL-induced survival and proliferation of malignant HRS cells. (A) Apoptosis and necrosis in
HD-MyZ HRS cells incubated for 2 days in the presence or absence of control Ig, TACI-Ig, and BAFF-R–Ig. Early apoptotic, late apoptotic, and necrotic cells were
annexin-V	propidium iodide-, annexin-V	propidium iodide	, and annexin-V�propidium iodide	, respectively. Bars indicate SD of 4 experiments; *P 
 .05 and **P 
 .005
versus cells incubated with medium, respectively (leftmost bar of each cluster). (B) Proliferation of HD-MyZ HRS cells incubated for 2 days with or without BAFF and APRIL and
in the presence or absence of control Ig, TACI-Ig, and BAFF-R–Ig. Bars indicate SD of 4 experiments; *P 
 .05 and **P 
 .005 versus cells incubated with medium,
respectively (leftmost bar of each cluster). (C-D) Viability and proliferation of HD-MyZ HRS cells incubated for 2 days with or without a control, or anti-TACI or anti-BCMA
antibody immobilized on CD32-L cells. Bars indicate SD of 4 experiments; *P 
 .05 and **P 
 .005 versus cells incubated with medium, respectively (leftmost bar of each
panel). (E-F) Apoptosis, proliferation, and NF-�B–DNA binding activity of HD-MyZ HRS cells incubated for 2 days with control, BAFF, APRIL, TACI, and/or BCMA siRNAs. Bars
indicate SD of 4 experiments; *P 
 .05, *P 
 .005, and **P 
 .001 versus cells incubated with control siRNA, respectively (leftmost bar of each panel). Antibodies to p65, p50,
and c-Rel as well as a cold NF-�B–binding probe were used in supershift assays (bottom-right gel) to identify NF-�B–DNA complexes.
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BCMA (not shown), suggesting a key role of TACI and BCMA.
Consistent with this interpretation, selective TACI or BCMA
cross-linking enhanced HRS cell viability and proliferation (Figure
6C-D). Of note, BCMA cross-linking enhanced HRS cell survival
more than TACI cross-linking. The relative contribution of TACI
and BCMA to HRS cell growth was further dissected by selectively
targeting TACI or BCMA through RNA interference. BCMA
siRNA inhibited HRS cell survival more than TACI siRNA, and a
combination of BCMA and TACI siRNAs had an additive inhibi-
tory effect (Figure 7E). In contrast, HRS cell proliferation was
comparably inhibited by BCMA and TACI siRNAs (Figure 7F). In
addition to confirming the key role of autocrine BAFF and APRIL
in HL, these data indicate that TACI predominantly delivers
proliferation signals, whereas BCMA delivers both survival and
proliferation signals to HRS cells.

Like TACI and BCMA, BAFF and APRIL had nonredundant
effects on HRS cells, as BAFF siRNA inhibited HRS cell survival
more than APRIL siRNA, whereas APRIL siRNA inhibited HRS
cell proliferation more than BAFF siRNA. A combination of BAFF
and APRIL siRNAs had an additive inhibitory effect on HRS cell
survival. In addition to confirming the key role of autocrine BAFF
and APRIL in HL, these data indicate that BAFF delivers mainly
survival signals, whereas APRIL delivers predominantly prolifera-
tion signals to HRS cells. Finally, BAFF, APRIL, TACI, or BCMA
siRNA, or a combination thereof, attenuated the constitutive
activation of NF-�B and in particular of p65 in HRS cells (not

shown), indicating that TACI and BCMA engagement by autocrine
BAFF and APRIL contributes to the dysregulation of NF-�B in HL.

HRS cell–anchored and extracellular HSPGs enhance
APRIL-induced HRS cell growth

Cationic sulfate glycosaminoglycan side chains of cell-anchored
and extracellular HSPGs bind a basic QKQKKQ amino acid
sequence proximal to the amino terminus of APRIL.42,43 The
ensuing oligomerization of APRIL would enhance TACI and
BCMA signaling by promoting the formation of a highly efficient
signaling platform. Thus, we verified the role of HSPGs in HRS
cell growth. HRS cell lines expressed HSPGs, including synde-
can-1 and syndecan-4 (Table 1; Figure 7A). Preincubation of HRS
cells with heparinitase and heparinase, which disrupt the cationic
side chains of HSPGs, reduced APRIL binding to HRS cells
(Figure 7B), but had no effect on BAFF binding (not shown).
APRIL binding to HRS cells was abrogated by heparin, a com-
pound that mimics extracellular HSPGs. Finally, heparinitase and
heparinase attenuated, whereas heparin increased, spontaneous as
well as APRIL-induced HRS cell proliferation (Figure 7C). These
data suggest that membrane-anchored and matrix-associated HSPGs
enhance HRS cell accumulation by amplifying APRIL binding and
signaling to HRS cells (Figure 8).

Discussion

We have reported here that reactive and malignant HRS cells from
classical HL tumors produce BAFF and APRIL. Unlike their
putative germinal center B-cell precursors, HRS cells expressed
TACI and BCMA, but lacked BAFF-R. In the presence of BAFF or

Figure 7. HSPGs enhance spontaneous and APRIL-induced HRS cell survival
and proliferation. (A) Expression of syndecan-1 and syndecan-4 by HD-MyZ, L-428,
KM-H2, and L-1236 HRS cells. Open and solid profiles correspond to experimental
antibody and control antibody with irrelevant binding activity, respectively. (B) Binding
of APRIL to HD-MyZ HRS cells pretreated with vehicle, heparinitase, heparinase, or
heparin. Thin line corresponds to fluorescence of control streptavidin. Thick line
corresponds to APRIL-binding activity of untreated HRS cells. Dashed line corre-
sponds to APRIL-binding activity of HRS cells pretreated for 2 hours with control
vehicle, heparinitase, heparinase, or heparin. Background fluorescence generated
by control streptavidin was equivalent in HRS cells after various treatments. (C)
Proliferation of HD-MyZ HRS cells exposed or not to APRIL after pretreatment with
control vehicle, heparinitase, or heparinase. Cpm were converted into percentage of
control as follows: cpm with pretreatment/cpm without pretreatment �100. Bars
indicate SD of 4 experiments; *P 
 .05 versus cells incubated with control vehicle
(leftmost bar of each cluster). (D) Proliferation of HD-MyZ HRS cells exposed or not to
APRIL in the presence of 0, 1, or 5 �g/mL heparin. Bars indicate SD of 3 experiments;
*P 
 .05 versus cells incubated in the absence of heparin (leftmost bar of each
cluster).

Figure 8. BAFF and APRIL stimulate the accumulation of malignant HRS cells
through autocrine and paracrine signals conveyed by TACI, BCMA, and
HSPGs. Malignant HRS cells express TACI and BCMA, which deliver survival and
growth signals upon engagement by paracrine BAFF and APRIL released by reactive
myeloid cells, including macrophages, neutrophils, and eosinophils. TACI and BCMA
are also engaged by autocrine BAFF and APRIL expressed on the membrane of and
released by HRS cells. Binding of APRIL to TACI and BCMA is enhanced by HSPGs
anchored on the membrane of HRS cells and (not shown) associated with the
extracellular matrix. Engagement of CD30 and CD40 on HRS cells by CD30L and
CD40L on eosinophils, CD4	 T cells, and/or B cells up-regulates expression of
autocrine BAFF and APRIL by HRS cells, thereby further enhancing their survival and
proliferation. The TNF family member RANKL and its receptor RANK are also
indicated on HRS cells. Together with CD30L, CD40L, and RANKL, BAFF and APRIL
trigger abnormal activation of NF-�B in HRS cells, thereby enhancing HL expansion.

736 CHIU et al BLOOD, 15 JANUARY 2007 � VOLUME 109, NUMBER 2

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/109/2/729/1285311/zh800207000729.pdf by guest on 08 June 2024



APRIL, TACI and BCMA conveyed powerful survival and growth-
inducing signals to HRS cells. These signals were amplified by
APRIL-binding HSPGs on HRS cells. Interruption of BAFF and
APRIL signaling by TACI-Ig, siRNAs, or HSPG-modifying agents
dampened HRS cell accumulation in vitro and might attenuate HL
expansion in vivo.

BAFF and APRIL are innate NF-�B–activating factors essential
for the survival, proliferation, and differentiation of nonmalignant
B cells.34,36 BAFF and APRIL are also implicated in the expansion
of malignant B cells.35,66 These cells have devised at least 2
strategies to dysregulate BAFF and APRIL expression. First, they
release cytokines, such as IL-10, capable of up-regulating paracrine
BAFF and APRIL production by tumor-associated myeloid
cells.39,56,57 Second, they produce autocrine BAFF and APRIL as a
result of aberrant NF-�B activation,39,58,72 a hallmark of lym-
phoma.69 In this fashion, malignant B cells establish a vicious circle
in which NF-�B–dependent up-regulation of autocrine BAFF and
APRIL causes further activation of NF-�B.

More than 90% of classical HL tumors are composed of a
reactive infiltrate that includes macrophages, neutrophils, eosino-
phils, and mast cells.2,21 These myeloid cells are capable of
producing BAFF and APRIL upon activation by cytokines and
TNF family members, including CD40L.30-33 Considering that
HRS cells synthesize a large spectrum of cytokines and TNF-
related molecules,12,22,23,26,29 our observation that the reactive
infiltrate of classical HL contains abundant BAFF and APRIL is not
surprising and provides a biologic explanation for recent studies
showing the presence of high levels of BAFF and APRIL in the
serum of HL patients.60

By showing that HRS cells produce BAFF and APRIL, our
findings extend previous reports documenting aberrant expression
of myelocytic and dendritic cell molecules by HRS cells, despite
their B-cell origin.1,12 Like malignant B cells from NHL tu-
mors,39,58,72 HRS cells may undergo autocrine BAFF and APRIL
production as a result of dysregulated activation of NF-�B. This
transcription factor stimulates BAFF synthesis by binding multiple
cis-regulatory �B sites on the BAFF gene promoter.58 In this
regard, up to 40% of HL cases harbor latent membrane protein-1
(LMP-1), an EBV-encoded protein that induces NF-�B–dependent
BAFF production.58 Four of our 15 cases of classical HL harbored
LMP-1. However, these EBV	 cases contained as much BAFF and
APRIL as their EBV� counterparts, suggesting a complex genesis
of BAFF and APRIL dysregulation in HL tumors.

Intriguingly, primary HRS cells and HRS cell lines lacked
BAFF-R, the main driver of BAFF signaling in normal B cells.36

Lack of BAFF-R on HRS cells has been reported by others73,74 and
may result from the overall transcriptional down-regulation of
B-cell–associated genes in HL tumors.7-10 Of nonmalignant B cells,
plasma cells expressed little or no BAFF-R, whereas GC B cells,
the putative HRS precursor, expressed abundant BAFF-R. Thus,
down-regulation of BAFF-R by HRS cells may reflect the ad-
vanced differentiation stage of their nonmalignant B-cell progenitor.

Despite expressing little or no BAFF-R, HRS cell lines
generated survival and, to a lesser extent, proliferation signals in
response to BAFF. Multiple lines of evidence support the involve-
ment of TACI and BCMA signaling in BAFF-induced HRS cell
accumulation. First, TACI and BCMA colocalized with autocrine
BAFF and the NF-�B–activating adaptor protein TRAF2 in
discrete membrane and cytosolic areas of B-cell–derived HRS
cells, suggesting the presence of constitutive BAFF-mediated
NF-�B–dependent signaling through TACI and BCMA. Second,

T-cell–derived HRS cell lines lacking TACI and BCMA did not
respond to exogenous BAFF. Third, TACI or BCMA cross-linking
triggered survival and proliferation signals in HRS cells. Con-
versely, TACI or BCMA deficiency attenuated autonomous HRS
cell accumulation. The positive role of TACI and BCMA in HL is in
agreement with previous studies showing that TACI and BCMA
activate NF-�B34,37,38 and deliver powerful survival, proliferation,
and differentiation signals to B cells, including plasma cells
expressing little or no BAFF-R.45,47,51,75-77 Of note, TACI and
BCMA appeared to have nonredundant functions in HRS cells, as
BCMA deficiency attenuated HRS cell survival more than TACI
deficiency did.

TACI and BCMA would also enable HRS cells to respond to
APRIL. Compared with BAFF, APRIL binds to TACI with a
somewhat lower affinity than to BCMA.35,36 Yet, APRIL elicited
more robust HRS cell proliferation than BAFF. This observation
may be explained by the ability of HRS cell–anchored HSPGs to
increase APRIL binding to TACI and BCMA. By showing that
HRS cell lines express HSPGs, including syndecan-1 and synde-
can-4, our findings extend previous studies documenting synde-
can-1 expression by primary HRS cells.78 As shown by recent
reports,42,43 the glycosaminoglycan side chains of cell-anchored
HSPGs bind a basic QKQKKQ amino acid sequence proximal to
the amino terminus of APRIL, thereby generating APRIL oli-
gomers. These oligomers would enhance TACI and BCMA signal-
ing by promoting the formation of a highly efficient signaling
platform in HRS cells. Extracellular HSPGs may have the same
effect, as heparin enhanced spontaneous as well as APRIL-induced
accumulation of HRS cells.

BAFF and APRIL activated the canonical NF-�B pathway in
HRS cells, similar to CD40L and CD30L.22,23,26,27,29 By showing
that CD30L and CD40L up-regulated BAFF and APRIL on HRS
cells, our findings suggest that HL tumor expansion may involve
integrated signaling from multiple TNF family members. Together
with CD30L and CD40L, BAFF and APRIL would contribute to
the dysregulation of NF-�B activation in HRS cells. Such dysregu-
lation would not only enhance aberrant HRS cell accumulation, but
also render HRS cells more resistant to anti-HL agents. Consistent
with this, HRS cells exposed to BAFF or APRIL responded less to
doxorubicin, at least in vitro.

By delivering nonredundant signals, BAFF and APRIL would
contribute to the overall dysregulation of prosurvival and prolifera-
tion checkpoints in HL tumors.12,17 Accordingly, HRS cells up-
regulated antiapoptotic Bcl-2 and Bcl-xL, down-regulated proapo-
ptotic Bax, and up-regulated growth-inducing c-Myc proteins upon
exposure to BAFF or APRIL. Like malignant plasma cells,45,47,51

HRS cells transduced survival, growth, and NF-�B signals as
induced by autocrine and paracrine BAFF and APRIL through a
BAFF-R–independent mechanism involving TACI and BCMA.
These signals were attenuated by TACI-Ig, a soluble decoy receptor
that binds to and neutralizes both BAFF and APRIL. Although
capable of blocking binding of extracellular BAFF and APRIL to
membrane-anchored TACI and BCMA receptors, TACI-Ig would
have no access to intracellular BAFF and APRIL, which appeared
to constitutively interact with cytosolic TACI and BCMA receptors
in HRS cells. Intracellular BAFF and APRIL can instead be
targeted by siRNAs, which in fact were more efficient than
TACI-Ig in inhibiting HRS cell survival. Thus, TACI-Ig could be
combined with TACI- and BCMA-targeting siRNAs to attenuate
HL tumor expansion in vivo.

ROLE OF BAFF AND APRIL IN HODGKIN LYMPHOMA 737BLOOD, 15 JANUARY 2007 � VOLUME 109, NUMBER 2

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/109/2/729/1285311/zh800207000729.pdf by guest on 08 June 2024



Acknowledgment

This work was supported by the National Institutes of Health (NIH)
grants AI057530 and AI057653.

Authorship

Contribution: A.C. and W.X. contributed equally to this work by
designing and performing research, analyzing data, and writing
the paper; B.H., X.Q., P.S., E.H., and J.L. performed research;

S.R.D., J.A.G., and E.S. provided vital new reagents and
discussed data; E.C., A.C., and D.M.K. provided tissue samples
and discussed data; A.C. designed research, analyzed data, and
wrote the paper.

Conflict-of-interest disclosure: Several of the authors (S.R.D.,
J.A.G., and E.S.) are employed by a company (ZymoGenetics,
Inc) whose (potential) product, TACI-Ig, was studied in the
present work.

Correspondence: Andrea Cerutti, Weill Medical College of
Cornell University, Department of Pathology and Laboratory
Medicine, 1300 York Ave, Rm C-410, New York, NY 10021;
e-mail: acerutti@med.cornell.edu.

References

1. Kuppers R, Rajewsky K. The origin of Hodgkin
and Reed/Sternberg cells in Hodgkin’s disease.
Annu Rev Immunol. 1998;16:471-493.

2. Knowles DM. Neoplastic Hematopathology. New
York, NY: Lippincott, Williams & Wilkins; 2001.

3. Muschen M, Rajewsky K, Brauninger A, et al.
Rare occurrence of classical Hodgkin’s disease
as a T cell lymphoma. J Exp Med. 2000;191:387-
394.

4. Seitz V, Hummel M, Marafioti T, Anagnostopoulos
I, Assaf C, Stein H. Detection of clonal T-cell re-
ceptor gamma-chain gene rearrangements in
Reed-Sternberg cells of classic Hodgkin disease.
Blood. 2000;95:3020-3024.

5. Kanzler H, Kuppers R, Hansmann ML, Rajewsky
K. Hodgkin and Reed-Sternberg cells in
Hodgkin’s disease represent the outgrowth of a
dominant tumor clone derived from (crippled) ger-
minal center B cells. J Exp Med. 1996;184:1495-
1505.

6. Jox A, Zander T, Kuppers R, et al. Somatic muta-
tions within the untranslated regions of rear-
ranged Ig genes in a case of classical Hodgkin’s
disease as a potential cause for the absence of Ig
in the lymphoma cells. Blood. 1999;93:3964-
3972.

7. Marafioti T, Hummel M, Foss HD, et al. Hodgkin
and Reed-Sternberg cells represent an expan-
sion of a single clone originating from a germinal
center B-cell with functional immunoglobulin gene
rearrangements but defective immunoglobulin
transcription. Blood. 2000;95:1443-1450.

8. Stein H, Marafioti T, Foss HD, et al. Down-regula-
tion of BOB.1/OBF.1 and Oct2 in classical
Hodgkin disease but not in lymphocyte predomi-
nant Hodgkin disease correlates with immuno-
globulin transcription. Blood. 2001;97:496-501.

9. Jundt F, Kley K, Anagnostopoulos I, et al. Loss of
PU.1 expression is associated with defective im-
munoglobulin transcription in Hodgkin and Reed-
Sternberg cells of classical Hodgkin disease.
Blood. 2002;99:3060-3062.

10. Schwering I, Brauninger A, Klein U, et al. Loss of
the B-lineage-specific gene expression program
in Hodgkin and Reed-Sternberg cells of Hodgkin
lymphoma. Blood. 2003;101:1505-1512.

11. Schwering I, Brauninger A, Distler V, et al. Profil-
ing of Hodgkin’s lymphoma cell line L1236 and
germinal center B cells: identification of Hodgkin’s
lymphoma-specific genes. Mol Med. 2003;9:85-
95.

12. Kuppers R, Klein U, Schwering I, et al. Identifica-
tion of Hodgkin and Reed-Sternberg cell-specific
genes by gene expression profiling. J Clin Invest.
2003;111:529-537.

13. Lam KP, Kuhn R, Rajewsky K. In vivo ablation of
surface immunoglobulin on mature B cells by in-
ducible gene targeting results in rapid cell death.
Cell. 1997;90:1073-1083.

14. Bargou RC, Emmerich F, Krappmann D, et al.
Constitutive nuclear factor-�B-RelA activation is
required for proliferation and survival of Hodgkin’s

disease tumor cells. J Clin Invest. 1997;100:
2961-2969.

15. Annunziata CM, Safiran YJ, Irving SG, Kasid UN,
Cossman J. Hodgkin disease: pharmacologic in-
tervention of the CD40-NF-�B pathway by a pro-
tease inhibitor. Blood. 2000;96:2841-2848.

16. Hinz M, Loser P, Mathas S, Krappmann D,
Dorken B, Scheidereit C. Constitutive NF-�B
maintains high expression of a characteristic
gene network, including CD40, CD86, and a set
of antiapoptotic genes in Hodgkin/Reed-Stern-
berg cells. Blood. 2001;97:2798-2807.

17. Garcia JF, Camacho FI, Morente M, et al.
Hodgkin and Reed-Sternberg cells harbor alter-
ations in the major tumor suppressor pathways
and cell-cycle checkpoints: analyses using tissue
microarrays. Blood. 2003;101:681-689.

18. Mathas S, Johrens K, Joos S, et al. Elevated
NF-�B p50 complex formation and Bcl-3 expres-
sion in classical Hodgkin, anaplastic large-cell,
and other peripheral T-cell lymphomas. Blood.
2005;106:4287-4293.

19. Ghosh S, May MJ, Kopp EB. NF-�B and Rel pro-
teins: evolutionarily conserved mediators of im-
mune responses. Annu Rev Immunol. 1998;16:
225-260.

20. Karin M, Greten FR. NF-�B: linking inflammation
and immunity to cancer development and pro-
gression. Nat Rev Immunol. 2005;5:749-759.

21. Dalla-Favera R, Gaidano G. Lymphomas. Phila-
delphia, PA: Lippincott Williams & Wilkins; 2001.

22. Carbone A, Gloghini A, Gattei V, et al. Expression
of functional CD40 antigen on Reed-Sternberg
cells and Hodgkin’s disease cell lines. Blood.
1995;85:780-789.

23. Pinto A, Aldinucci D, Gloghini A, et al. Human eo-
sinophils express functional CD30 ligand and
stimulate proliferation of Hodgkin’s disease cell
line. Blood. 1996;88:3299-3305.

24. Gruss HJ, Pinto A, Gloghini A, et al. CD30 ligand
expression in nonmalignant and Hodgkin’s dis-
ease-involved lymphoid tissues. Am J Pathol.
1996;149:469-481.

25. Younes A, Carbone A. CD30/CD30 ligand and
CD40/CD40 ligand in malignant lymphoid disor-
ders. Int J Biol Markers. 1999;14:135-143.

26. von Wasielewski R, Seth S, Franklin J, et al. Tis-
sue eosinophilia correlates strongly with poor
prognosis in nodular sclerosing Hodgkin’s dis-
ease, allowing for known prognostic factors.
Blood. 2000;95:1207-1213.

27. Horie R, Watanabe T, Morishita Y, et al. Ligand-
independent signaling by overexpressed CD30
drives NF-�B activation in Hodgkin-Reed-Stern-
berg cells. Oncogene. 2002;21:2493-2503.

28. Fiumara P, Snell V, Li Y, et al. Functional expres-
sion of receptor activator of nuclear factor-�B in
Hodgkin disease cell lines. Blood. 2001;98:2784-
2790.

29. Zheng B, Fiumara P, Li YV, et al. MEK/ERK path-
way is aberrantly active in Hodgkin disease: a

signaling pathway shared by CD30, CD40, and
RANK that regulates cell proliferation and sur-
vival. Blood. 2003;102:1019-1027.

30. Nardelli B, Belvedere O, Roschke V, et al. Syn-
thesis and release of B-lymphocyte stimulator
from myeloid cells. Blood. 2001;97:198-204.

31. Litinskiy MB, Nardelli B, Hilbert DM, et al. DCs
induce CD40-independent immunoglobulin class
switching through BLyS and APRIL. Nat Immunol.
2002;3:822-829.

32. Craxton A, Magaletti D, Ryan EJ, Clark EA. Mac-
rophage- and dendritic cell-dependent regulation
of human B-cell proliferation requires the TNF
family ligand BAFF. Blood. 2003;101:4464-4471.

33. Scapini P, Carletto A, Nardelli B, et al. Proinflam-
matory mediators elicit secretion of the intracellu-
lar B-lymphocyte stimulator pool (BLyS) that is
stored in activated neutrophils: implications for
inflammatory diseases. Blood. 2005;105:830-
837.

34. Mackay F, Schneider P, Rennert P, Browning J.
BAFF and APRIL: a tutorial on B cell survival.
Annu Rev Immunol. 2003;21:231-264.

35. Dillon SR, Gross JA, Ansell SM, Novak AJ. An
APRIL to remember: novel TNF ligands as thera-
peutic targets. Nat Rev Drug Discov. 2006;5:235-
346.

36. Schneider P. The role of APRIL and BAFF in lym-
phocyte activation. Curr Opin Immunol. 2005;17:
282-289.

37. von Bulow GU, Bram RJ. NF-AT activation in-
duced by a CAML-interacting member of the tu-
mor necrosis factor receptor superfamily. Sci-
ence. 1997;278:138-141.

38. Hatzoglou A, Roussel J, Bourgeade MF, et al.
TNF receptor family member BCMA (B cell matu-
ration) associates with TNF receptor-associated
factor (TRAF) 1, TRAF2, and TRAF3 and acti-
vates NF-�B, elk-1, c-Jun N-terminal kinase, and
p38 mitogen-activated protein kinase. J Immunol.
2000;165:1322-1330.

39. He B, Chadburn A, Jou E, Schattner EJ, Knowles
DM, Cerutti A. Lymphoma B cells evade apopto-
sis through the TNF family members BAFF/BLyS
and APRIL. J Immunol. 2004;172:3268-3279.

40. Pomerantz JL, Baltimore D. Two pathways to
NF-�B. Mol Cell. 2002;10:693-695.

41. Huang X, Di Liberto M, Cunningham AF, et al.
Homeostatic cell-cycle control by BLyS: induction
of cell-cycle entry but not G1/S transition in oppo-
sition to p18INK4c and p27Kip1. Proc Natl Acad
Sci U S A. 2004;101:17789-17794.

42. Ingold K, Zumsteg A, Tardivel A, et al. Identifica-
tion of proteoglycans as the APRIL-specific bind-
ing partners. J Exp Med. 2005;201:1375-1383.

43. Hendriks J, Planelles L, de Jong-Odding J, et al.
Heparan sulfate proteoglycan binding promotes
APRIL-induced tumor cell proliferation. Cell
Death Differ. 2005;12:637-648.

44. Novak AJ, Bram RJ, Kay NE, Jelinek DF. Aber-
rant expression of B-lymphocyte stimulator by

738 CHIU et al BLOOD, 15 JANUARY 2007 � VOLUME 109, NUMBER 2

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/109/2/729/1285311/zh800207000729.pdf by guest on 08 June 2024



B chronic lymphocytic leukemia cells: a mecha-
nism for survival. Blood. 2002;100:2973-2979.

45. Kern C, Cornuel JF, Billard C, et al. Involvement
of BAFF and APRIL in the resistance to apoptosis
of B-CLL through an autocrine pathway. Blood.
2004;103:679-688.

46. Novak AJ, Darce JR, Arendt BK, et al. Expression
of BCMA, TACI, and BAFF-R in multiple my-
eloma: a mechanism for growth and survival.
Blood. 2004;103:689-694.

47. Moreaux J, Legouffe E, Jourdan E, et al. BAFF
and APRIL protect myeloma cells from apoptosis
induced by interleukin 6 deprivation and dexa-
methasone. Blood. 2004;103:3148-3157.

48. Planelles L, Carvalho-Pinto CE, Hardenberg G, et
al. APRIL promotes B-1 cell-associated neo-
plasm. Cancer Cell. 2004;6:399-408.

49. Elsawa SF, Novak AJ, Grote DM, et al. B-lympho-
cyte stimulator (BLyS) stimulates immunoglobulin
production and malignant B-cell growth in Wal-
denström macroglobulinemia. Blood. 2006;107:
2882-2888.

50. Nishio M, Endo T, Tsukada N, et al. Nurselike
cells express BAFF and APRIL, which can pro-
mote survival of chronic lymphocytic leukemia
cells via a paracrine pathway distinct from that of
SDF-1�. Blood. 2005;106:1012-1020.

51. Moreaux J, Cremer FW, Reme T, et al. The level
of TACI gene expression in myeloma cells is as-
sociated with a signature of microenvironment
dependence versus a plasmablastic signature.
Blood. 2005;106:1021-1030.

52. Novak AJ, Grote DM, Ziesmer SC, et al. Elevated
serum B-lymphocyte stimulator levels in patients
with familial lymphoproliferative disorders. J Clin
Oncol. 2006;24:983-987.

53. Hahne M, Kataoka T, Schroter M, et al. APRIL, a
new ligand of the tumor necrosis factor family,
stimulates tumor cell growth. J Exp Med. 1998;
188:1185-1190.

54. Briones J, Timmerman JM, Hilbert DM, Levy R.
BLyS and BLyS receptor expression in non-
Hodgkin’s lymphoma. Exp Hematol. 2002;30:135-
141.

55. Batten M, Fletcher C, Ng LG, et al. TNF defi-
ciency fails to protect BAFF transgenic mice
against autoimmunity and reveals a predisposi-
tion to B cell lymphoma. J Immunol. 2004;172:
812-822.

56. Novak AJ, Grote DM, Stenson M, et al. Expres-
sion of BLyS and its receptors in B-cell non-
Hodgkin lymphoma: correlation with disease ac-
tivity and patient outcome. Blood. 2004;104:
2247-2253.

57. Ogden CA, Pound JD, Batth BK, et al. Enhanced
apoptotic cell clearance capacity and B cell sur-
vival factor production by IL-10-activated macro-
phages: implications for Burkitt’s lymphoma. J Im-
munol. 2005;174:3015-3023.

58. He B, Raab-Traub N, Casali P, Cerutti A. EBV-
encoded latent membrane protein 1 cooperates
with BAFF/BLyS and APRIL to induce T cell-inde-
pendent Ig heavy chain class switching. J Immu-
nol. 2003;171:5215-5224.

59. He B, Qiao X, Klasse PJ, et al. HIV-1 envelope
triggers polyclonal Ig class switch recombination
through a CD40-independent mechanism involv-
ing BAFF and C-type lectin receptors. J Immunol.
2006;176:3931-3941.

60. Oki Y, Georgakis G, Migone TS, Kwak LW,
Younes A. Serum BLyS level as a prognostic
marker in patients with lymphoma [abstract].
Blood. 2005;106:546a. Abstract 1926.

61. Jaffe ES, Harris AW, Stein H, Vardiman JW. Tu-
mors of the hematopoietic and lymphoid tissues.
IARC Press: Lyon, France; 2001.

62. Drexler HG. Recent results on the biology of
Hodgkin and Reed-Sternberg cells, II: continuous
cell lines. Leuk Lymphoma. 1993;9:1-25.

63. Kanzler H, Hansmann ML, Kapp U, et al. Molecu-
lar single cell analysis demonstrates the deriva-
tion of a peripheral blood-derived cell line (L1236)
from the Hodgkin/Reed-Sternberg cells of a
Hodgkin’s lymphoma patient. Blood. 1996;87:
3429-3436.

64. Wolf J, Kapp U, Bohlen H, et al. Peripheral blood
mononuclear cells of a patient with advanced
Hodgkin’s lymphoma give rise to permanently
growing Hodgkin-Reed Sternberg cells. Blood.
1996;87:3418-3428.

65. He B, Qiao X, Cerutti A. CpG DNA induces IgG
class switch DNA recombination by activating hu-
man B cells through an innate pathway that re-
quires TLR9 and cooperates with IL-10. J Immu-
nol. 2004;173:4479-4491.

66. Mackay F, Tangye SG. The role of the BAFF/
APRIL system in B cell homeostasis and lym-
phoid cancers. Curr Opin Pharmacol. 2004;4:347-
354.

67. Lopez-Fraga M, Fernandez R, Albar JP, Hahne
M. Biologically active APRIL is secreted following
intracellular processing in the Golgi apparatus by
furin convertase. EMBO Rep. 2001;2:945-951.

68. Pradet-Balade B, Medema JP, Lopez-Fraga M, et
al. An endogenous hybrid mRNA encodes TWE-
PRIL, a functional cell surface TWEAK-APRIL
fusion protein. EMBO J. 2002;21:5711-5720.

69. Staudt LM, Wilson WH. Focus on lymphomas.
Cancer Cell. 2002;2:363-366.

70. Emmerich F, Meiser M, Hummel M, et al. Overex-
pression of I�B� without inhibition of NF-�B activ-
ity and mutations in the I�B� gene in Reed-Stern-
berg cells. Blood. 1999;94:3129-3134.

71. Gras MP, Laabi Y, Linares-Cruz G, et al. BCMAp:
an integral membrane protein in the Golgi appa-
ratus of human mature B lymphocytes. Int Immu-
nol. 1995;7:1093-1106.

72. Fu L, Lin-Lee Y-C, Pham LV, Tamayo A, Yoush-
imura L, Ford RJ. Constitutive NF-�B and NFAT
activation leads to stimulation of the BLyS sur-
vival pathway in aggressive B-cell lymphomas.
Blood. 2006;107:4540-4548.

73. Rodig SJ, Shahsafaei A, Li B, Mackay CR, Dorf-
man DM. BAFF-R, the major B cell-activating fac-
tor receptor, is expressed on most mature B cells
and B-cell lymphoproliferative disorders. Hum
Pathol. 2005;36:1113-1119.

74. Nakamura N, Hase H, Sakurai D, et al. Expres-
sion of BAFF-R (BR3) in normal and neoplastic
lymphoid tissues characterized with a newly de-
veloped monoclonal antibody. Virchows Arch.
2005;447:53-60.

75. Castigli E, Wilson SA, Garibyan L, et al. TACI is
mutant in common variable immunodeficiency
and IgA deficiency. Nat Genet. 2005;37:829-834.

76. Salzer U, Chapel HM, Webster AD, et al. Muta-
tions in TNFRSF13B encoding TACI are associ-
ated with common variable immunodeficiency in
humans. Nat Genet. 2005;37:820-828.

77. O’Connor BP, Raman VS, Erickson LD, et al.
BCMA is essential for the survival of long-lived
bone marrow plasma cells. J Exp Med. 2004;199:
91-98.

78. Carbone A, Gloghini A, Gaidano G, et al. Expres-
sion status of BCL-6 and syndecan-1 identifies
distinct histogenetic subtypes of Hodgkin’s dis-
ease. Blood. 1998;92:2220-2228.

ROLE OF BAFF AND APRIL IN HODGKIN LYMPHOMA 739BLOOD, 15 JANUARY 2007 � VOLUME 109, NUMBER 2

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/109/2/729/1285311/zh800207000729.pdf by guest on 08 June 2024


