
Kaposi’s sarcoma-associated herpesvirus-infected
primary effusion lymphoma has a plasma cell
gene expression profile
Richard G. Jenner*†, Karine Maillard‡§, Nicola Cattini‡, Robin A. Weiss*¶, Chris Boshoff¶, Richard Wooster‡�,
and Paul Kellam*,**

*Wohl Virion Centre, Department of Immunology and Molecular Pathology, Windeyer Institute, University College London, London W1T 4JF, United
Kingdom; ‡Molecular Carcinogenesis Section, Institute for Cancer Research, Sutton, Surrey SM2 5NG, United Kingdom; and ¶Cancer Research UK
Viral Oncology Group, Wolfson Institute for Biomedical Research, University College London, London WC1E 6BT, United Kingdom

Edited by Elliott D. Kieff, Harvard University, Boston, MA, and approved June 20, 2003 (received for review January 29, 2003)

Kaposi’s sarcoma-associated herpesvirus is associated with three
human tumors: Kaposi’s sarcoma, and the B cell lymphomas,
plasmablastic lymphoma associated with multicentric Castleman’s
disease, and primary effusion lymphoma (PEL). Epstein–Barr virus,
the closest human relative of Kaposi’s sarcoma-associated herpes-
virus, mimics host B cell signaling pathways to direct B cell devel-
opment toward a memory B cell phenotype. Epstein–Barr virus-
associated B cell tumors are presumed to arise as a consequence of
this virus-mediated B cell activation. The stage of B cell develop-
ment represented by PEL, how this stage relates to tumor pathol-
ogy, and how this information may be used to treat the disease are
largely unknown. In this study we used gene expression profiling
to order a range of B cell tumors by stage of development. PEL gene
expression closely resembles that of malignant plasma cells, in-
cluding the low expression of mature B cell genes. The unfolded
protein response is partially activated in PEL, but is fully activated
in plasma cell tumors, linking endoplasmic reticulum stress to
plasma cell development through XBP-1. PEL cells can be defined by
the overexpression of genes involved in inflammation, cell adhe-
sion, and invasion, which may be responsible for their presentation
in body cavities. Similar to malignant plasma cells, all PEL samples
tested express the vitamin D receptor and are sensitive to the
vitamin D analogue drug EB 1089 (Seocalcitol).

Kaposi’s sarcoma-associated herpesvirus (KSHV or HHV-8)
was discovered in AIDS-associated Kaposi’s sarcoma (1)

and has since fulfilled criteria for causing all forms of this disease
(2). KSHV is also present in all cases of two B cell lymphomas,
primary effusion lymphoma (PEL) (3), and plasmablastic lym-
phoma associated with multicentric Castleman’s disease (MCD)
(4, 5). PEL usually presents as a lymphomatous effusion in the
pleural, peritoneal or pericardial cavity without a contiguous
tumor mass (6). It occurs predominantly in HIV-infected indi-
viduals and can be the primary presentation of KSHV infection.

Epstein–Barr virus (EBV), the other human �-herpesvirus, is
thought to control the development of its B cell host by mim-
icking cellular signaling pathways and guiding it toward a
memory B cell in which latent virus can persist (7, 8). The
EBV-associated lymphomas Burkitt’s lymphoma (BL) and clas-
sical Hodgkin’s lymphoma (HL) can arise when virus-induced B
cell activation is not controlled. Although the majority of PEL
cases are coinfected with EBV, evidence suggests that KSHV is
directly responsible for transformation (6, 9). KSHV encodes a
number of known oncogenes and constitutively active homo-
logues of host genes involved in proliferation, signaling, and
inhibition of apoptosis (9).

Tumors retain many of the characteristics of the cell type from
which they arise. This property is especially true of B cell
lymphomas, where distinctive morphology, immunophenotypes,
and Ig gene sequences allow them to be classified by their cell of
origin (10, 11). The advent of DNA microarray technology has
shown that the global gene expression pattern (transcriptome) of

tumors also mirrors that of the founding cell type (12). This
finding is consistent with the model that malignant B cells are
frozen at discrete developmental stages (13).

In the majority of instances, PEL resembles a transformed
postgerminal center (GC) B cell (6). PEL cells express CD138
(syndecan-1) (14), and MUM1�IRF4 (multiple myeloma 1�IFN
regulatory factor 4) (15), which is associated with late stages of
B cell differentiation. The cells posses morphological features
that bridge those of large-cell immunoblastic and anaplastic
large-cell lymphoma (6). Most cases have mutated Ig genes
whose sequences show evidence for selection by antigen (16, 17).
However, some cases have unmutated Ig sequences, indicating a
pre-GC origin and suggesting that PEL might represent trans-
formation of B cells at different stages of ontogeny (16).
Whereas most cases of PEL have functional Ig gene rearrange-
ments and express Ig mRNA (16, 17), most do not express Ig
protein (6).

In this study, we sought to define the stage of B cell devel-
opment from which PEL is derived in order to understand the
molecular basis of the PEL cell phenotype and tumor pathology.
To achieve this end, we used DNA microarrays to compare the
gene expression of PEL to B cell lines encompassing a range of
different B cell malignancies.

Materials and Methods
Cells and RNA. All cell lines and primary samples were grown in
RPMI medium 1640 (Invitrogen) with 10% FCS (Helena Bio-
sciences, Sunderland, U.K.) and 100 units�ml penicillin�
streptomycin (Invitrogen) in 5% CO2 at 37°C, except for DS-1
(supplemented with 10 units�ml IL-6; Sigma) and BEL (RPMI
medium 1640 with Glutamax, 20% FCS, 1� nonessential amino
acids, 1 mM sodium pyruvate, 50 �M 2-mercaptoethanol; In-
vitrogen). All cells were grown to a density of 1 � 106 cells per
ml, split 1:4, and harvested at 1 � 106 cells per ml, except for
BEL, which was split 1:2. Total RNA was purified with TRIzol
(Invitrogen), DNase treated (Promega), repurified by phenol
extraction and ethanol precipitation, and mRNA was purified
using Oligotex (Qiagen, Valencia, CA). RNA quality was as-
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sessed by agarose gel electrophoresis and quantified by using UV
spectrophotometry.

Labeling and Microarray Hybridization. mRNA (1 �g) was used as
a template for production of cDNA incorporating Cy5-dCTP
(NEN) by using SuperScript II (Invitrogen) and random primers.
Remaining mRNA was denatured and unincorporated nucleo-
tides were removed by using Microcon YM-30 columns (Milli-
pore). Cy5-labeled cDNA was mixed 1:1 with Cy3-labeled cDNA
synthesized from a common reference. This mixture of mRNA
was from eight different B cell lines in the following percentages:
BC-3 � TPA (12-O-tetradecoylphorbol 13-acetate, 20 ng�ml;
Sigma) for 72 h, 25%; JSC-1 � TPA for 48 h, 25%; Raji � TPA
for 72 h, 20%; DoHH-2, 7.5%, Karpas-422, 7.5%, Nalm-6, 7.5%,
and RPMI-8226, 7.5% (TPA was used to induce the expression
of virus transcripts). The Cy5�Cy3 mix was hybridized to custom
5,808-element host-pathogen (comprising �5,700 human genes)
cDNA microarrays under glass coverslips in custom-made cham-
bers at 65°C for 16 h. The slides were washed in 2� saline
phosphate�EDTA (0.15 M NaCl�10 mM phosphate, pH 7.4�1
mM EDTA) (SSPE) at 50°C, then 1� SSPE and 0.1� SPPE,
both at room temperature. The arrays were scanned with a
GenePix 4000B scanner (Axon Instruments, Union City, CA).

Cluster and Statistical Analysis of Array Expression Data. Data were
extracted from microarray image files by using GENEPIX PRO 3.0
software (Axon Instruments). The log2 median of ratios were
filtered to remove all f lagged data and all data for which the
signal was �1.5� background in the Cy3 channel or �2�
background in the Cy5 channel. The data for each array were
assembled and filtered for genes present in 80% of the arrays and
were then median centered for both genes and arrays in Cluster
(18). Data were grouped by average linkage hierarchical clus-
tering by using the uncentered Pearson correlation coefficient as
the similarity metric. The ordering of the nodes produced by
clustering data from 26 arrays was first determined in Cluster by
using a one-dimensional self-organizing map with the number of
nodes set to �n. The clustered data were visualized by using
TREEVIEW (18). Genes whose expression was significantly asso-
ciated with PEL were found from a 36-array dataset that was
processed as described. P values were generated by using the
Mann–Whitney U test. Genes were sorted in ascending order by
their P value and visualized in TREEVIEW. All datasets used in the
analysis are available at www.biochem.ucl.ac.uk�bsm�
virus�database�PEL.html.

Western Blotting. Cells (9 � 106) were lysed in 1 ml RIPA buffer
with Complete protease inhibitor mixture (Roche Diagnostics,
Lewes, U.K.) and benzonase (0.06 units�ml; Merck). Cell lysates
(10 �l) were run on a 10% denaturing SDS�polyacrylamide gel.
Equal loading was verified by Coomassie blue staining. Protein
was transferred to Hybond-P membrane (Amersham Pharmacia
Biotech, Amersham, U.K.) and blocked with milk (5%) and
Tween 20 (0.1%; Sigma). Blots were incubated with mouse
anti-ATF6 (Imgenex, San Diego) or anti-1,25-dihydroxyvitamin
D3 receptor (VDR) (Santa Cruz Biotechnology) at 1:250 and
1:500 respectively, washed four times, incubated with rabbit
anti-mouse (DAKO) at 1:2,000, washed four times, and stained
with ECL plus (Amersham Pharmacia Biotech). Chemilumines-
cence was visualized by using Hyperfilm (Amersham Pharmacia
Biotech) and a Compact X4 film processor (Xograph,
Tetbury, U.K.).

Cell Proliferation Assay. Cells were seeded in 96-well plates at
1.5 � 105 cells per ml (3 � 104 cells per well) in normal medium.
EB 1089 (Seocalcitol) (4 mM in isopropyl alcohol; Leo Phar-
maceutical Products, Ballerup, Denmark) was added at half-
log10 serial dilutions ranging from 0.1 to 100 nM in RPMI

medium 1640 with 10% FCS. After 72 h at 37°C with 5% CO2,
[methyl-3H]thymidine (Amersham Pharmacia Biotech) was
added at 10 �Ci�ml (1 Ci � 37 GBq) and left for an additional
5 h. Cells were harvested (Tomtec, Hamden, CT) onto Filtermat
A filters (Wallac, Gaithersburg), washed, and 3H incorporation
was measured by using MeltiLex A and a 1450 MicroBeta
scintillation counter (Wallac).

Results
PEL Has a Plasma Cell Expression Profile. We assembled a collection
of 24 different cell lines and two primary samples derived from
different tumor types and stages of B cell development. Cy5-
labeled cDNA from each sample was hybridized to a custom
cDNA microarray containing probes for �5,700 human genes.
Hierarchical clustering of 38 array experiments groups samples
representing both technical replicates (same mRNA) and bio-
logical replicates (same cells regrown) together (Fig. 1A). The
mean correlation coefficient for technical replicates is 0.96 (n �
7), and for biological replicates it is 0.90 (n � 9). In all cases, the
branch lengths (representing correlation) are shorter between
replicates than between different samples.

We reclustered the data without the replicates by using a set
of 1,987 genes that passed our filtering criteria (see Fig. 5, which
is published as supporting information on the PNAS web site,
www.pnas.org). Both the genes and samples were first ordered by
using a self-organizing map algorithm and then grouped by
hierarchical clustering. This ordering creates a spectrum of B cell
neoplasia (Fig. 1B). Cell lines derived from each tumor type
cluster together, indicating that they share a common gene
expression pattern. The order of the samples parallels the
respective stage of B cell development from which each tumor
type is thought to originate. Cell lines established from precursor
B (acute) lymphoblastic leukemia (ALL) all cluster together at
the beginning, which is consistent with the transformation of one
of the earliest stages of B cell development. This cluster is
followed by the following tumors representing GC B cells:
Follicular lymphoma (FL), GC-like diffuse large B cell lym-
phoma (DLBCL), and BL. Of these BL cell lines, Raji and
Namalwa contain EBV. The major branch point separates
pre-GC and GC B cells from post-GC B cells, with a few
exceptions described later. The cell lines BONNA-12, derived
from hairy cell leukemia (HCL), EHEB [chronic lymphocytic
leukemia (CLL)], L-428 (HL) and DEL (anaplastic DLBCL)
form the next branch. The position of these cell lines in this
ordering of B cell development is consistent with their presumed
derivation from post-GC B cells (10, 19). The two final major
branches are composed of cell lines derived from PEL, and the
plasma cell neoplasms multiple myeloma (MM) and plasma cell
leukemia (PCL), respectively. Therefore, PEL is closely related
to plasma cell tumors and may have a similar derivation. The cell
line DS-1 (20), derived from a lymphoblastic leukemia resem-
bling PEL, but which is KSHV-negative (see Fig. 6, which is
published as supporting information on the PNAS web site),
clusters with plasma cells.

To test whether primary PEL tumors also have a plasma cell
expression pattern, cells taken from lymphomatous effusions of
two AIDS patients were analyzed (PEL-SY (21) and BEL; Fig.
1B). PEL-SY clusters with PEL cell lines, whereas BEL clusters
with cell lines derived from BL. BL-like effusions resembling
PEL have previously been reported in AIDS patients (6).
Fluorescence-activated cell sorter (FACS) analysis confirmed
these classifications; PEL-SY is CD19� CD27�CD138� as ex-
pected for PEL, whereas BEL is CD19� CD27� CD138� as
expected for BL (data not shown). The microarrays also allowed
simultaneous detection of virus transcripts; EBV was detected in
both samples, whereas KSHV was only detected in PEL-SY
(data not shown), as confirmed by virus-specific PCR (Fig. 6)
and immunofluorescence assay (data not shown). Therefore,
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PEL cell lines maintain the global expression pattern of the
primary tumor.

All PEL samples cluster together, regardless of EBV status

(Fig. 6) or the mutation state of the Ig genes [HBL-6 and
BCBL-1 are mutated (17); BC-3 is germ line (16)]. Therefore,
PEL constitutes one disease, and cells do not require passage
through the GC for its development.

Low Expression of B Cell Signatures in PEL and Plasma Cell Tumors. A
number of B cell gene expression signatures were identified (Fig.
1B). The expression pattern of a number of genes contained
within these expression signatures were confirmed by RT-PCR
(see Fig. 7A, which is published as supporting information on the
PNAS web site). Genes involved in cell proliferation show
stronger expression in pre-B cell and GC B cell-derived tumors,
as expected because of their dividing, undifferentiated nature
(Proliferation signature, Fig. 1B, and Fig. 8, which is published
as supporting information on the PNAS web site). This cluster
also contains many genes involved in RNA maturation and
splicing, which may represent the splicing of rearranged Ig V(D)J
segments to the C region. The cluster of genes strongly expressed
by GC B cell-derived cell lines (GC�B cell signature, Fig. 1B, and
Fig. 9, which is published as supporting information on the PNAS
web site) consists of known GC B cell markers and genes that act
in B cell signaling pathways. This signature also includes genes
involved in Ig class switching, DNA strand-break repair, and
somatic hypermutation. Genes forming the NF-�B signature act
both upstream and downstream of NF-�B during B cell activa-
tion (NF-�B; Fig. 1B, and Fig. 10, which is published as sup-
porting information on the PNAS web site). The overexpression
of this cluster in EHEB, BONNA-12, and L-428 is consistent
with the expression of EBV LMP1 in EHEB and BONNA-12
(data not shown) and the constitutive activation of NF-�B in
HL (22).

None of these clusters is highly expressed in PEL, MM, or
PCL, due to the action of the plasma cell transcription factor
Blimp-1 (Fig. 7B and ref. 23). PEL and plasma cell tumors
express increased levels of a number of genes implicated in
oncogenesis, such as jun B, cyclin D2, FLICE inhibitory protein
(FLIP), testis-enhanced gene transcript (TEGT), IRF4, tumor
susceptibility gene (TSG) 101, PBX2, myeloid cell leukemia
sequence (Mcl)-1, H-ras and raf1, and other downstream com-
ponents of Ras signaling pathways, such as ERK3 and ELK1.
Unlike MM and PCL, PEL does not exhibit disregulated c-myc
expression (see Fig. 11, which is published as supporting infor-
mation on the PNAS web site).

The Unfolded Protein Response (UPR) and Other Endoplasmic Reticu-
lum (ER) Stress Pathways Are Activated in Plasma Cell Tumors. The
ER and UPR cluster (Fig. 1B) is weakly up-regulated in PEL
cells and is most strongly expressed in plasma cell tumors. This
cluster consists mainly of genes whose protein products are
localized to the ER or Golgi, or which are responsible for
trafficking between the two compartments (red, Fig. 2A). Known
components of the UPR are to be found within this cluster, such
as GRP94, GRP170 (ORP150), and ERp72. These genes are
activated by ATF6 during ER stress (24, 25), which is also present
in this cluster. ATF6 induces expression of another gene in this
cluster, XBP-1 (26), which is necessary for Ig secretion and
plasma cell development (27). Thus, the UPR is an expression
signature that defines plasma cells and links ER signaling to
plasma cell development.

On induction of ER stress, ATF6 (90 kDa) is cleaved by S1P
and S2P, giving a 50-kDa form (28), which translocates to the
nucleus to activate the UPR (25). Western blotting confirms the
presence of the active 50-kDa form of ATF6 in PEL and MM
cells (Fig. 2B). The amount of active ATF6 correlates with S1P
and ATF6 mRNA levels as determined by cDNA arrays (Fig.
2B). These data indicate that the UPR, which leads to up-
regulation of the plasma cell transcription factor XBP-1, is
activated in PEL.

Fig. 1. Assembly of B cell tumors according to developmental stage by gene
expression profiling. (A) Hierarchical clustering of filtered data (1,842 genes)
from 38 arrays, hybridized with the samples named. Technical replicates, which
are red, and biological replicates, which are blue, always cluster together. The
dendogram relates samples by their gene expression pattern, with short branch
lengths indicating similarity. The red and blue horizontal lines show the limit of
technical and biological variation, respectively. (B) Hierarchical clustering of 26
samples and a filtered set of 1,987 genes. Each column represents one sample and
each row one gene. Gene expression is shown as a pseudocolored representation
of log2 expression ratio with red being above and green being below the
row�columnmedian levelofexpressionasshownbythescale.Gray indicatesdata
removed by filtering. Samples cluster by the tumor type from which they were
derived: pink, acute lymphoblastic leukemia (ALL); dark blue, GC-like DLBCL and
FL; light blue, BL; dark green, CLL and HCL; light green, HL and anaplastic DLBCL;
orange, PEL; red, MM, PCL, and DS-1, which was derived from immunoblastic
lymphoma. The ordering of the samples, which was determined by a one-
dimensional self-organizing map, mirrors the order of their known normal B cell
counterparts in B cell development (indicated by the arrow and names above).
The colored bars to the right mark gene expression signatures, which vary in
expression across the dataset. The bar labeled PEL indicates genes expressed
strongly in PEL.
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The PEL expression signature contains genes that are over-
expressed in PEL cells, or in both PEL and plasma cell tumors
(see Fig. 12, which is published as supporting information on the

PNAS web site). Many of the genes form part of pathways other
than the UPR that are also triggered by ER stress. Sterol
regulatory genes such as S1P, SCAP, NPC1, and downstream
genes (phosphatidylserine synthase, LDL receptor, lipoprotein
lipase, and caveolin) are all found in the PEL cluster. Genes
involved in ER-associated degradation (ERAD) of misfolded
proteins, such as components of the ER translocon, ubiquitina-
tion machinery, and the 26S proteasome, also show increased
expression in PEL, MM, and PCL cells. The PEL cluster contains
genes involved in inhibition of translation, such as eIF-2B and
GCN1, and calpain and caspase 3, which are involved in the
induction of apoptosis in cells with chronic ER stress.

A number of genes associated with Alzheimer’s disease,
including presenilin 1, nicastrin, and Fe65, show an increase in
their expression in PEL and plasma cell tumors (see Fig. 13,
which is published as supporting information on the PNAS web
site). Their coexpression therefore suggests that they may func-
tion in a single gene network, related to ER function, which
shows greater activity in plasma cell tumors.

PEL Gene Expression Pattern Helps Explain Tumor Pathology. PEL
presents in the serous body cavities and thus has quite a different
pathology to tumors derived from plasma cells. To explain its

Fig. 2. Activation of the unfolded protein response in PEL and plasma cell
tumors. (A) Detail of the ER and UPR cluster (Fig. 1B), which has the highest
expression in plasma cell derived tumors (red), and is also increased in PEL cells
(orange). The Human Genome Organisation (HUGO) gene identifiers and
gene names are indicated to the right of each row. Genes whose products have
a role in ER or Golgi function or vesicle trafficking are named in red. Genes
marked by asterisks (*) are discussed in the text. (B) Expression of ATF6 protein
measured by Western blotting. The positions of molecular weight markers are
shown on the left. The active 50-kDa form of ATF6, which induces the UPR, is
expressed strongly in the anaplastic DLBCL-derived cell line DEL, PEL cells, and
MM-derived cell lines. Except for a small number of cases, protein levels
correlate with ATF6 and S1P mRNA expression measured by using microarrays
(shown below).

Fig. 3. Identification of genes that define PEL. The 75 genes most associated
with PEL by using a Mann–Whitney U test (P values from 2.91 � 10�7 to 1.36 �
10�4). Each column represents one sample, and each row represents one gene
(identified by HUGO ID and gene name). The majority of genes can be
classified by their involvement in either inflammation, adhesion, and invasion
(blue) or ER, Golgi, and vesicle trafficking (red).
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unusual pathology we used a Mann–Whitney U test to find which
genes are most significantly overexpressed in PEL compared
with other B cell neoplasias (Fig. 3). Most of these genes are also
present in the PEL gene expression signature (Fig. 12). Many of
these genes are involved in inflammation, adhesion, and invasion
(blue in Fig. 3). Inflammatory genes include leukotriene A4
hydrolase, IL-2 receptor �-subunit, GTP cyclohydrolase, ami-
nopeptidase P, and CD59. A number of genes in the PEL cluster
are specifically involved in leukocyte adhesion and extravasation
during inflammation such as integrin �6 (CD49f) and integrin �1
(CD29), which together form the laminin-binding protein
VLA-6. FACS analysis confirmed increased expression of inte-
grin �6 on most PEL cells compared with cell lines derived from
other B cell tumors (see Fig. 14, which is published as supporting
information on the PNAS web site). All samples tested express
surface integrin �1 (data not shown). Integrin �6 expression
determined by microarrays predicts the intensity of cell-surface
staining measured by FACS analysis (r � 0.73, P � 0.001). Genes
implicated in matrix remodeling, invasion, and metastasis are
also associated with PEL. These genes include pM5 protein,
EMMPRIN (CD147), autotaxin, and metastasis-associated
(mta)1.

PEL Is Sensitive to the Vitamin D Analogue Drug EB 1089 (Seocalcitol).
We identified a number of known drug targets and resistance
markers in the dataset whose expression is a function of devel-
opmental stage. PEL, plasma cell tumors, and the HL cell line
L-428 exhibit elevated expression of VDR mRNA (Fig. 12). The
levels of VDR protein expression follow those of its transcript
measured using microarrays (Fig. 4A). It is known that MM is
sensitive to growth inhibition by the vitamin D analogue EB 1089
(29). From our microarray data, we therefore postulated that
PEL cells would also be sensitive to vitamin D analogue drugs.
To test this hypothesis, we measured the effect of EB 1089 on cell
proliferation of a number of different B cell lines and primary
tumor samples in vitro (Fig. 4B). EB 1089 inhibited the growth
of all MM and PEL samples tested, albeit to varying extents. Of
samples derived from post-GC B cells, only L-428 expresses high
levels of VDR and shows sensitivity to EB 1089. Tumor cells
representing earlier stages of B cell development, such as

GC-like DLBCL and BL, do not express VDR and are refractory
to EB 1089.

Discussion
Analysis of PEL Gene Expression in Relation to Other B Cell Tumor
Types Provides Insights Into Its Pathology. Our data show that PEL
has a gene expression profile similar to transformed plasma cells.
This finding is consistent with expression of CD138 and IRF4 in
the majority of cases (14, 15). The low expression of mature B
cell genes demonstrates that PEL has completed the critical part
of plasma cell development controlled by Blimp-1. However, the
tumor cells appear to be arrested during up-regulation of XBP-1
and other genes of the UPR. It has been suggested that PEL
constitutes two diseases (16), because some cases have mutated
Ig genes, whereas others are unmutated. Here we show that all
cases examined share an expression profile, regardless of
whether the cells have passed through the GC. Notably, CLL
cases have also been shown to share a common general expres-
sion pattern that is independent of Ig hypermutation (19, 30).
Taken together, these studies suggest that B cells activated in
extrafollicular sites pass along the same pathway of B cell
differentiation as B cells leaving the GC, and thus give rise to the
same tumor types.

EBV-infected tumors are presumed to arise when virus-
induced B cell development toward memory B cells is not
controlled (7, 8). KSHV-associated tumors may therefore arise
in an analogous manner. The expression pattern of PEL cells
suggests that KSHV may act to direct B cells toward a plasma cell
fate. The KSHV-infected B cells seen in MCD resemble ex-
trafollicular plasmablasts (all express unmutated IgM; refs. 5 and
31). Both KSHV-associated B cell tumors may therefore be
blocked at stages along the plasma cell developmental pathway.
This finding may point to long-lived plasma cells being the
reservoir of latent KSHV infection in vivo. Our data show that
a number of cellular homologues of KSHV genes are increased
in post-GC cells (cyclin D2, FLIP, IRF4, Mcl-1, and CD59).
KSHV also encodes a functional IL-6 homologue (vIL-6) (9).
Therefore, we hypothesize that KSHV pirated some host genes
to help the virus direct B cell development toward plasma cells.
It will be interesting to see whether vIL-6 is able to induce the

Fig. 4. PEL is sensitive to the vitamin D analogue drug EB 1089 (Seocalcitol). (A) Expression of the VDR measured by Western blotting. The receptor is strongly
expressed in PEL cells. Protein levels correlate with VDR mRNA expression measured by using microarrays (shown below). (B) In vitro [3H]thymidine incorporation
of cell lines and primary tumor cells as percentage of no drug control after addition of EB 1089 at concentrations increasing at half-log10 intervals from 0.1 to
100 nM (means and SD shown, n � 3). Sensitivity to EB 1089 and expression of VDR are scored underneath.
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expression of XBP-1, as is the case for its human counterpart
(32). The block in the UPR (this article) and Ig production (6)
seen in PEL cells could be because of KSHV infection. Inter-
estingly, the latent KSHV protein K15 interacts with the ER-
localized HAX-1 (33), which is present in the ER and UPR
cluster.

Genes that are most able to define PEL by their overexpres-
sion are involved in inflammation, adhesion, and invasion. FACS
analysis confirms the high expression of VLA-6 on PEL cells.
Integrin �6 contributes to the invasive properties of certain
tumor types (34). Interaction of VLA-6 with laminin may
contribute to the localization of eosinophils (35) and TH1 cells
(36) to inflammatory sites. Galectin-3, which is overexpressed by
PEL and other tumors of late-stage B cells, is involved in
neutrophil extravasation (37), and may be a positive regulator of
inflammatory responses in the peritoneal cavity (38). The ex-
pression of these adhesion molecules, together with the absence
of others responsible for homotypic adhesion and homing to
lymphoid tissue (39), may be responsible for the presentation of
PEL as a body cavity-based effusion. If PEL cells posses a normal
cellular counterpart, it may be a type of plasma cell or plasma-
blast that is targeted to sites of inflammation, and could be
defined by CD138 and VLA-6 expression.

Activation of ER Stress Pathways in PEL and Plasma Cell Tumors. By
comparing tumors from all stages of B cell development, we have
revealed the changes in expression pattern associated with a plasma
cell phenotype. Plasma cell tumors overexpress genes of the UPR.
These tumors may therefore connect ER stress to plasma cell
differentiation and Ig secretion through XBP-1. The clustering of
numerous ER, Golgi, and trafficking genes with those known to be
induced by the UPR indicates that the UPR affects the entire
secretory pathway in plasma cells. A number of genes involved in
ATP synthesis also show increased expression in plasma cells (Fig.
2A), which is consistent with the increased amounts of energy
required for secretory protein biogenesis. The UPR may be trig-

gered in plasma cells because of the production of secreted Ig. This
finding suggests that the relatively limited activation of the UPR in
PEL is related to the lack of Ig production and the low expression
of Ig �-light chain and J chain (Fig. 11). However, these data infer
that the production of the active form of ATF6 does not depend on
Ig synthesis.

The expression pattern of genes involved in Alzheimer’s
disease (Fig. 13) suggests they may function in a single gene
network in plasma cells. Alzheimer’s-associated genes are in-
volved in regulation of ER calcium levels through AICD and
Fe65 (40, 41). A number of other genes involved in ER calcium
regulation, such as calnexin, calumenin, calmodulin, calreticulin,
calpain, and annexins I, V, and VII, also show increased expres-
sion in PEL and plasma cell tumors. A function for Alzheimer’s
genes in B cell calcium regulation is supported by the description
of perturbed calcium homeostasis in peripheral lymphocytes
from Alzheimer’s patients (42).

The Plasma Cell Phenotype of PEL May Lead to Novel Therapies. The
presence of VDR generally correlates with a sensitivity to the
vitamin D analogue drug EB 1089 (Fig. 4). The expression of VDR
in PEL and its sensitivity to growth inhibition by EB 1089 are
consistent with a plasma cell derivation. Therefore, PEL may
respond to other agents that are active against plasma cell tumors.
However, the high expression of lung resistance protein in PEL
(Fig. 12) could render the tumor resistant to melphalan (43).
Interestingly, Kaposi’s sarcoma cells also express high levels of
VDR and 1�,25-dihydroxyvitamin D3 inhibits tumor growth in vitro
and in vivo (44). Vitamin D analogue drugs may therefore prove to
be potential therapeutics for all KSHV-associated diseases.
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