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Epstein-Barr virus (EBV) infects human resting B cells and transforms them in vitro into continuously
growing lymphoblastoid cell lines (LCLs). EBV nuclear antigen 2 (EBNA2) is one of the first viral proteins
expressed after infection. It is able to transactivate viral as well as cellular target genes by interaction with
cellular transcription factors. EBNA2 target genes can be studied easily by using an LCL (ER/EB2-5) in which
wild-type EBNA2 is replaced by an estrogen-inducible EBNA2. Since the cell surface molecule CD83, a member
of the immunoglobulin superfamily and a marker for mature dendritic cells, appeared on the surface of
ER/EB2-5 cells within 3 h after the addition of estrogen, we analyzed the regulation of CD83 induction by EBV
in more detail. Despite its rapid induction, CD83 turned out to be an indirect target gene of EBNA2. We could
show that the viral latent membrane protein 1 (LMP1) is responsible for the induction of CD83 by using an
LCL expressing a ligand- or antibody-inducible recombinant nerve growth factor receptor-LMP1 fusion
protein. The inducibility of the CD83 promoter by LMP1 was mediated by the activation of NF-kB, as seen by
use of luciferase reporter assays using the CD83 promoter and LMP1 mutants. Additionally, fusion constructs
of the transmembrane domain of LMP1 and the intracellular signaling domain of CD40, TNF-R1, and TNF-R2
likewise transactivated the CD83 promoter via NF-kB. Our studies show that CD83 is also a target of the

NF-kB signaling pathway in B cells.

Epstein-Barr virus (EBV) is a B-lymphotropic gammaher-
pesvirus that is associated with several human malignant dis-
eases, including lymphoproliferations in immunocompromised
individuals, Burkitt’s lymphoma, nasopharyngeal carcinoma,
and Hodgkin’s disease. In vitro, EBV transforms resting hu-
man B lymphocytes into continuously proliferating lympho-
blastoid cell lines (LCLs). In these cells, EBV expresses six
nuclear proteins (EBNAL, -2, -3A, -3B, -3C, and -LP), three
integral latent membrane proteins (LMP1, LMP2A, and
LMP2B), two small nuclear RNAs (EBV-encoded RNAs
EBERI1 and EBER2), and BamHI-A rightward transcripts.
EBNALI, -2, -3A, and -3C as well as LMP1 seem to be abso-
lutely required for B-cell immortalization by EBV (for review,
see references 6 and 30).

Together with EBNA-LP, EBNA2 is the first viral protein
expressed in infected cells and is absolutely required for initi-
ation and maintenance of immortalization (29). EBNA2 is a
master regulator that transactivates viral (e.g., LMP1 and
LMP2) and cellular (e.g., CD21, CD23, and c-myc) genes in-
volved in B-cell activation and induction of proliferation (27,
29). Additional B-cell activation markers and adhesion mole-
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cules such as CD39, CD40, CD54, and CD58 are induced by
EBNAZ2 target genes (6, 30). EBNA2 by itself does not bind to
DNA directly. It activates its target genes by interacting with
cellular proteins, such as RBP-Jk, PU.1, and AUF]1, directly or
indirectly (13, 17, 21, 37, 54, 62).

To dissect the early steps in B-cell immortalization, we es-
tablished an LCL in which the function of EBNA2 has been
rendered inducible. EBNA2 was fused to the hormone binding
domain of the estrogen receptor (ER), and the fusion gene was
used to rescue immortalization by the transformation-incom-
petent P3HR1 virus, generating a conditional LCL (ER/EB2-5
[29]). In the presence of estrogen the ER-EBNA?2 fusion pro-
tein is located in the nucleus and can transactivate its target
genes, whereas in the absence of estrogen the ER-EBNA2
fusion protein is sequestered to the cytoplasm. ER/EB2-5 cells
proliferate in the presence of estrogen, and their growth is
arrested when estrogen is withdrawn.

LMP1 is a direct target gene of EBNA2. It is an integral
membrane protein of 386 amino acids (aa) composed of a
short intracellular N terminus, six hydrophobic transmembrane
domains, and an intracellular C terminus including three func-
tional domains, CTAR1, CTAR2, and CTARS3 (for C-terminal
activator region). LMP1 is the only EBV protein able to trans-
form rodent fibroblasts (4, 42, 58). It binds tumor necrosis
factor receptor (TNFR)-associated factors (TRAF1, -2, -3, and
-5) directly via the PxQxT site in CTAR1 (7, 9, 10, 43, 50).
TNFR-associated death domain protein (TRADD) interacts
with tyrosines 384 and 385 in the CTAR2 domain, thereby
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recruiting TRAF?2 to the complex (25). In addition, TRAF6 is
recruited to the complex by indirect interaction with CTAR1
and CTAR2 (52). By virtue of its transmembrane domain,
LMP1 acts as a constitutively active receptor of the TNFR
family (12, 16, 43). Members of the TNFR family play an
important role in the functional regulation of lymphocytes,
including their activation, differentiation, proliferation, and
survival. LMP1 thus shares some functional homology with
CD40 (16, 20, 33, 57).

LMP1 activates its target genes via different signaling path-
ways that include NF-kB, AP-1, p38-MAPK/ATF, and STAT
(11, 15, 18, 32, 36). Both CTAR1 and CTAR2 contribute to
NF-kB activation, although to a different extent (23, 41). Upon
recruitment of TRAF2 and TRAF6 to LMP1, the inhibitor of
kB kinase complex becomes activated and phosphorylates
I-kBa at Ser-32 and Ser-36. I-kBa is ubiquitinated and tar-
geted for proteasomal degradation (19, 22). NF-«B is addition-
ally phosphorylated and translocated into the nucleus to acti-
vate its target genes (28).

CD83 is a cell surface glycoprotein with a molecular weight
of 40 to 45 kDa that belongs to the immunoglobulin (Ig)
superfamily. It consists of an N-terminal extracellular V-type
Ig-like domain, a transmembrane domain, and a short 39-aa
cytoplasmic tail (38, 61). CD83 has been described as a marker
of mature dendritic cells (DCs), including Langerhans’ cells
and interdigitating reticulum cells in the T-cell zones of the
lymph nodes, and of activated B and T lymphocytes (60). In
immature monocyte-derived (Mo) DCs CD83 is upregulated
after stimulation with lipopolysaccharide, tumor necrosis fac-
tor alpha (TNF-a), or CD40 ligand (2, 3, 8, 39). Furthermore,
CD83 is expressed on Hodgkin cells (55). Granulocyte-mac-
rophage colony-stimulating factor and TNF-a CD83 expres-
sion is induced on monocytes, granulocyte-precursor cells, and
myelocytes by the addition of a high dose of interleukin-4 (44,
60). CD83 has also been reported to be expressed on polymor-
phonuclear neutrophils (24, 59).

Recently, a role for CD83 in CD4"-T-cell development was
demonstrated by researchers studying CD83 '~ mice (14). CD83
plays a regulatory role during T-cell differentiation and affects the
decision that governs the development of singly positive (SP)
CD4" T cells in the thymus. Reduction of SP CD4" T cells in
CD83™/~ mice in the thymus also resulted in a reduction of naive
CD4" T cells in the periphery. CD83 was also shown to be
expressed on thymus epithelial cells (TEC) (14).

By studying the induction of cellular genes upon addition of
estrogen to estrogen-deprived ER/EB2-5 cells, we have ob-
served that CD83 is induced by viral proteins. The rapid in-
duction of CD83 within 2 hours after the addition of estrogen
prompted us to investigate the mechanism of CD83 induction.
By using a derivative ER/EB2-5 cell line expressing LMP1
constitutively and an LCL expressing a conditional LMP1
gene, we were able to demonstrate that CD83 is a target of
LMP1. The analysis of LMP1 mutants and CD83 promoter
deletion constructs revealed that NF-«kB is the critical tran-
scription factor responsible for LMP1-mediated upregulation
of CD83 expression.

MATERIALS AND METHODS

Cell lines and culture conditions. ER/EB2-5 cells were cultured in RPMI 1640
medium supplemented with 10% fetal calf serum (Dynamics, Heidelberg, Ger-
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many), 100 U of penicillin per ml, 100 pg of streptomycin per ml, 1 mM sodium
pyruvate, 1% r-glutamine (all from Invitrogen/Life Technologies), and 2 uM
B-estradiol (Sigma Aldrich). For depletion of estrogen, cells were washed three
times in phosphate-buffered saline supplemented with 10% fetal calf serum and
were resuspended in supplemented RPMI 1640 medium without B-estradiol.
293-T cells were cultured in Dulbecco’s modified Eagle medium with the same
supplements as those used for ER/EB2-5 cells.

The LCL B2264-19/3 was generated by infection of primary human B lympho-
cytes (isolated from cord blood) with recombinant EBV in which LMP1 had been
replaced by a nerve growth factor receptor (NGF-R)-LMP1 fusion gene con-
sisting of aa 1 to 279 of the human low-affinity NGF-R fused to aa 192 to 386 of
LMP1. The cells were grown in supplemented RPMI 1640 medium on +y-irradi-
ated WI38 human fibroblasts (obtained from American Type Culture Collection)
as a feeder layer. For induction of the NGF-R-LMP1 fusion protein, B2264-19/3
cells were removed from the WI38 feeder layer for 1 week and then 5 X 10°
cells/ml were treated with 0.5 pg of anti-NGF-R antibody (hybridoma superna-
tant no. HB8737; American Type Culture Collection) per ml. For cross-linking,
5 wg of goat anti-mouse secondary antibody (IgG plus IgM [heavy-plus-light
chains]; Dianova) per ml was added 1 h later for the indicated times.

FACS analysis. For fluorescence-activated cell sorter (FACS) analysis cells
were washed once and incubated with the indicated primary antibodies or isotype
controls (IgG1, IgG2a, and IgG2b). Antibodies for human CD10, CD16, CD21,
CD23, CD38, CD39, CD40, CD54, CD58, and CD95 and IgM were purchased
from Dianova; antibodies for human CD80, CD86, HLA-A, -B, -C, -DR, -DP,
and -DQ were purchased from Pharmingen/Becton Dickinson and anti-CD83
(HB15A) antibody was purchased from Coulter Immunotech (Marseilles,
France). Goat anti-mouse antibody was used as secondary antibody (Dianova).
Dead cells were excluded by propidium iodide staining. Samples were analyzed
with the FACS Calibur instrument (Becton Dickinson).

Northern blot analysis. Total RNA was prepared using the Qiagen RNeasy
Midi kit according to the manufacturer’s instructions (Qiagen, Hilden, Germa-
ny). Ten micrograms of total RNA per lane was subjected to electrophoresis and
afterwards blotted onto a nylon membrane (Hybond N; Amersham Pharmacia)
as described previously (49). Membranes were hybridized with a CD83 full-
length cDNA probe (kindly provided by J. Hauber, Hamburg, Germany) or a
PCR product of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (primers
5'-TCCACCACCCTGTTGCTGTA-3" and 5'-ACCACAGTCCATGCCATCA
C-3") radiolabeled with [«*>-P]dCTP according to the manufacturer’s protocols
(Rediprime II; Amersham Pharmacia).

Cell fractionation and Western blot analysis. All subcellular fractionations
were done as described previously (51). Briefly, 1 X 10% to 3 X 108 proliferating
or estrogen-depleted ER/EB2-5 cells were resuspended in homogenization
buffer (10 mM Tris-acetate [pH 7.0], 250 mM sucrose, 1 mM phenylmethylsul-
fonyl fluoride, 5 pg of pepstatin A per ml, 10 pg of leupeptin per ml), subjected
to Dounce homogenization, and fractionated into plasma membrane (PM)-
nucleus (2 min at 4,000 X g), endosomal-lysosomal (2 min at 100,000 X g), and
microsomal (10 min at 400,000 X g) compartments by differential centrifugation.
The supernatant after centrifugation at 400,000 X g was defined as cytosol.

For Western blot analysis, 100 pg of the protein extracts was electrophoreti-
cally separated on sodium dodecyl sulfate-10 and 15% polyacrylamide gels under
reducing conditions and transferred onto a polyvinylidene difluoride membrane
(Hybond P; Amersham Pharmacia). Membranes were blocked for 1 h in TBST
buffer (10 mM Tris-HCI [pH 7.5], 20 mM NaCl, 1% Tween 20) containing 5%
dry milk (Merck) and then incubated in TBST containing 3% dry milk overnight
at 4°C with either anti-CD83, anti-CD86, anti-HLA-A, -B, or -C, or anti-LMP1
(Becton Dickinson) antibodies. After being washed, membranes were incubated
with peroxidase-labeled goat anti-mouse secondary antibody (Dianova) in TBST
containing 3% dry milk for 1 h at room temperature. Finally, blots were washed
three times in TBST containing 3% dry milk. Proteins were visualized with the
enhanced chemiluminescence (ECL) system (Amersham Pharmacia Biotech,
Uppsala, Sweden).

Plasmid construction and mutagenesis. The expression plasmids pSV-LMP1,
pSV-LMP1 (PQT-AAA), pSV-LMP1 (PQT-AAA/Y384G), pSV-LMP1 A194-
386, p35, pSV-LMP1:CD40, and pSV-LMP1:TNF-R2 have been described pre-
viously (16, 19, 31, 32, 53). The expression plasmid pSV-LMP1:HA/TNF-R1 was
cloned by a PCR approach from a TNF-R1 cDNA into the pSV-LMP1 plasmid.
The B-galactosidase reporter PGKBGal was kindly provided by S. Wagener. The
plasmids pGL CD83 (—3037), pGL CD83 (—261), pGL CD83 (—123), and pGL
CD83 (—123mut) have been described previously (5). pGL Basic was purchased
from Promega.

Transient transfection and luciferase reporter assay. 293-T cells (4 X 10° per
well) were seeded in a six-well plate and transfected the following day with 2 pg
of DNA using Lipofectamine (Life Technologies/Invitrogen) according to the
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FIG. 1. CD83 disappears from the surface of ER/EB2-5 cells upon estrogen deprivation. Expression of cell surface markers on ER/EB2-5 cells
proliferating continuously in the presence of estrogen (shaded) or deprived of estrogen for 96 h (thick lines) as measured by flow cytometry. Isotype

controls are presented as dotted lines.

manufacturer’s protocol. Vector DNA was added to adjust for equal amounts of
transfected DNA. After 16 to 20 h, cells were harvested, lysed in extraction buffer
(10% [wt/vol] glycerine, 1% [wt/vol] Triton X-100, 2 mM EDTA [pH 8.0], 25 mM
Tris-HCI [pH 7.8], 2 mM dithiothreitol), and centrifuged, and the supernatant
was collected. Ten microliters of the protein extract was measured in a Mikro
Lumat LB96P (Berthold, Wildbach, Germany) by adding 50 pl of the luciferase
assay buffer [20 mM Tricin, 107 mM 4(MgCO;) - Mg(OH), - SH,0, 2.67 mM
MgSO,, 0.1 mM EDTA, 33.3 mM dithiothreitol, 270 WM acetyl-coenzyme A
(Roche), 530 uM ATP (Roche), and 470 uM p-Luciferin (Roche)]. For the
B-galactosidase assay, 10 .l of protein extract was incubated for 20 min in 100 pl
of reaction buffer A (100 mM Na,HPO,-NaH,PO, [pH 8.0], 0.1 mM MgCl, 1%
Galacton-Plus [Applied Biosystems]) and measured in a Mikro Lumat LB96P
with the addition of 50 ul of reaction buffer B (0.2 M NaOH, 10% Emerald-
Enhancer [Applied Biosystems]). The reporter activity was calculated relative to
that of B-galactosidase expression. All data were obtained from at least three
independent experiments, and each experiment was performed in duplicate. The
relative promoter activities were depicted as means *+ standard deviations (SD).

RESULTS

CD83 is strongly induced in ER/EB2-5 cells after addition of
estrogen. To study the regulation of cellular genes by EBNA2,
we used the LCL ER/EB2-5 in which wild-type EBNA2 is
replaced by estrogen-inducible EBNA2. ER/EB2-5 cells were
deprived of estrogen for 4 days, and the expression of a panel
of representative B-cell surface markers was determined in
these cells as well as in cells that had been reinduced by the
addition of estrogen (Fig. 1). Several genes, those for CD38,
IgM (26), and HLA-A, -B, and -C, were found to be upregu-
lated upon withdrawal of estrogen. Several surface markers
known to be induced by EBV were poorly, if at all, downregu-
lated, indicating that the half-lives of these proteins are prob-
ably too long to see pronounced effects in this experimental
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setting (CD10, CD16, CD21, CD23, CD39, CD40, CD54,
CD58, CD80, and CD95). The pattern of expression was het-
erogeneous for CD86 upon withdrawal of estrogen. Only
CD83 and HLA-DR, -DP, and -DQ were uniformly downregu-
lated. We focused our attention on CD83, because CD83 had
completely disappeared from the surfaces of estrogen-deprived
ER/EB2-5 cells (Fig. 1) and was rapidly induced upon the
addition of estrogen (see Fig. 3B). To determine whether
CD83 was degraded or just removed from the cell surface,
estrogen-deprived and -induced cells were fractionated and the
fractions representing the various subcellular compartments
were subjected to gel electrophoresis and Western blotting. As
shown in Fig. 2, CD83 was present mainly in the endosomal-
lysosomal fraction of estrogen-treated ER/EB2-5 cells and was
almost undetectable in any of the fractions after estrogen de-
privation. In contrast, the representation of CD86 in the var-
ious cellular compartments remained virtually unaltered de-
spite the fact that CD86 was downregulated to a considerable
extent when estrogen was withdrawn. Notably, CD83 visual-
ized by Western blotting appeared as many distinct bands in
the gel, presumably reflecting the large and variable degree of
glycosylation. This indicated that the regulated expression of
CDS83 on the cell surface is not a consequence of cellular
redistribution; rather, it represents rapid degradation and re-
synthesis of CD83 upon withdrawal and then addition of es-
trogen, respectively.

To look at CD83 expression at the transcriptional level,
Northern blots were performed with total RNA isolated from
estrogen-deprived and estrogen-treated ER/EB2-5 cells at dif-
ferent times after withdrawal and addition of estrogen, respec-
tively. As shown in Fig. 3A, CD83 RNA declined rapidly and
continuously within 24 to 48 h after estrogen deprivation and
reappeared as early as 2 h after the addition of estrogen (Fig.
3B). CD83 RNA expression strongly increased up to 6 h and
then gradually declined until a low steady-state level was
reached at about 18 h upon addition of estrogen. The over-
shooting expression of CD83 RNA to a very high level between
2 and 12 h after the addition of estrogen does not seem to be
represented to the same extent at the level of the CD83 protein
(Fig. 3B, histogram). In summary, CD83 is rapidly induced
after induction of EBNA2 in ER/EB2-5 cells and completely
degraded after repression of EBNA2 by estrogen withdrawal.

CD83 is a LMP1 target gene. To analyze whether CD83 is
directly or indirectly transactivated by EBNA2, estrogen-de-
pleted ER/EB2-5 cells were treated with estrogen in the pres-
ence and absence of cycloheximide (CHX) and with CHX
alone. RNA was isolated after 3, 6, and 12 h. Induction of
CDS83 was only marginally affected by treatment with CHX
plus estrogen compared to with CHX alone (data not shown).
This indicated that CD83 is not a direct EBNA2 target gene
and raised the question of which of the EBNAZ2 target genes is
responsible for induction of CD83. c-myc could be ruled out as
a mediator of CD83 expression since CD83 is absent from Al
(data not shown) and P493-6 (45) cells. Al and P493-6 are
ER/EB2-5 derivative cell lines that express c-myc constitutively
from the Ig k regulatory elements or under the control of
tetracycline and are able to proliferate in the absence of es-
trogen (46, 47).

A second direct target gene of EBNA2 is viral LMP1. To
demonstrate the effect of LMP1 on CD83 expression, we made
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FIG. 2. CD83 is degraded and not internalized upon withdrawal of
estrogen. A Western blot for detection of LAMP-1, HLA-A, -B, and
-C, CD83, and CD86 in various subcellular compartments (PM-nucle-
us, endosomes-lysosomes, microsomes, and cytosol, as indicated at the
top) of estrogen-treated ER/EB2-5 cells (+ estrogen) and estrogen-
depleted cells (depleted for 4 days) (— estrogen) is shown. Estrogen-
treated and estrogen-deprived cells were fractionated into different
subcellular compartments as described in Materials and Methods, and
the respective proteins were detected by Western blotting. LAMP-1
was included as a marker for the endosomal-lysosomal compartment.

use of a conditional LMP1 system developed by U. Dirmeier et
al. (submitted). In this system primary B cells have been im-
mortalized by recombinant B95-8 virus in which the viral
LMP1 gene is replaced by an NGF receptor-LMP1 fusion gene
consisting of the transmembrane and extracellular domains of
the NGF receptor and the intracellular signaling portion of
LMP1 (16). Signaling through LMP1 was rendered inducible
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FIG. 3. CD83 mRNA disappears rapidly after estrogen withdrawal (A) and accumulates upon addition of estrogen to hormone-deprived
ER/EB2-5 cells (B). Proliferating ER/EB2-5 cells (+) were depleted of estrogen for 24 to 96 h (A) and then estrogen was added to hormone-
deprived cells for 0 to 48 h as indicated (B). Cells were harvested at the given time points for FACS analysis and RNA preparation. Northern blots
with 10 pg of RNA were hybridized with **P-labeled CD83 (upper panel) and GAPDH (middle panel) probes. Equal loading of the gel is
documented by ethidium bromide staining (lower panel) of the 18S and 28S ribosomal RNAs. To better visualize the decrease of CD83 RNA over
time, the Northern blot shown in panel A was exposed about 10 times longer than the one in panel B. The shaded histograms represent FACS
analysis for CD83 expression of cells after estrogen depletion (A) or estrogen addition (B).

by the ligand (NGF) or by the addition of a monoclonal anti-
body directed against the receptor (Fig. 4A) (16, 52). In this
cell line CD83 expression is induced as early as 30 min after
cross-linking. It reaches a maximum after 3 h and declines to
low levels similarly to estrogen-deprived ER/EB2-5 cells that
have been restimulated by the addition of estrogen (Fig. 4B
and C). These data show that CD83 expression is activated by
LMP1 signaling.

The CD83 promoter is induced by LMP1 through activation
of NF-kB. To study the mechanism of CD83 induction, we
cloned the CD83 promoter in front of the luciferase reporter
gene and studied its induction by LMP1 by transient transfec-
tion experiments in 293-T cells. Four SP1 binding sites and one
NF-«B binding site are located in the TATA-less CD83 pro-
moter within 260 bp upstream of the translation start site (5,
34, 40). Four different constructs were used (Fig. 5) as follows.
The first represents the CD83 wild-type promoter and consists
of 3,037 bp upstream of the translation start site (—3,037). The
second consists of 261 bp upstream of the translation start site,
including the four SP1 sites and the NF-«kB binding sequence
(—261). The third construct carries the NF-«B site without the
four SP1 sites (—123). The last one has a mutated NF-«B site
(—123mut).

As shown in Fig. 6A, cotransfection of the CD83 promoter-
luciferase reporter constructs with LMP1 resulted in a 14- and
10-fold induction of the 3,037- and 261-bp constructs. LMP1
itself had a twofold effect on the promoterless pGL luciferase
vector containing a small unspecific induction luciferase by
LMP1. Deletion of the SP1 sites had no effect on the long
3,037-bp construct (data not shown) and reduced transactiva-
tion by LMP1 in the 123-bp construct only slightly. Mutation of

the NF-«kB site abolished transactivation by LMP1 completely
(Fig. 6A), suggesting that NF-kB is an important factor medi-
ating the effect of LMP1 on the CD83 promoter. This was
confirmed by an independent line of evidence. LMP1 mutants
were cotransfected with the CD83 promoter-luciferase re-
porter constructs in which either the whole C terminus, the
CTARI domain (PQT to AAA), the CTAR2 domain (Tyr384
to Gly384), or both CTAR domains were mutated. The data
were virtually identical for the 261-bp (Fig. 6B) and 3,037-bp
constructs (data not shown). Mutation of each CTAR domain
individually decreased the level of transactivation of the CD83
promoter by LMP1 to a different extent (about fourfold for
CTAR?2 and about twofold for CTAR1), whereas mutation of
both sites abolished transactivation by LMP1 completely, sim-
ilar to the deletion of the complete C terminus. These data
show that LMP1 induces CD83 expression through activation
of NF-«B.

The CD83 promoter is also activated by chimeric LMP1-
CD40, LMP1-TNFR1, and LMP1-TNFR2. LMP1 acts like a
constitutively active member of the TNFR family and shares
with other members of the family a number of signaling mol-
ecules that are involved in signal transmission from the cell
surface to the nucleus, including TRAF2, TRAF6, and
TRADD. In vivo, these receptors have overlapping yet distinct
functions in the regulation of the immune response and apo-
ptosis. CD83 expression can be induced on dendritic cells by
CD40 ligand (8) or by TNF-« (5, 39, 48). Therefore, we made
constitutive signaling fusion proteins of the intracellular sig-
naling domains of CD40, TNFR1, and TNFR2 with the trans-
membrane domain of LMP1 (16) to test whether these recep-
tor domains could also contribute to CD83 promoter
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FIG. 4. CD83 is induced by LMP1. (A) Experimental system. LMP1 was activated by antibody-mediated NGF-R cross-linking in a cell line
immortalized by recombinant EBV and expressing a fusion protein consisting of the extracellular and transmembrane domains (light gray) of the
NGF-R and the intracellular signaling domain of LMP1, including CTARI, -2, and -3 (dark gray cylinder) at the C terminus. (B) RNA was
prepared at different time points after receptor cross-linking and was analyzed for CD83 expression by Northern blot analysis (upper panel). The
lower panel shows the ethidium bromide-stained gel with rRNAs indicated at the right to show equal loading. (C) At the same time points, CD83
cell surface expression was monitored by FACS analysis. The shaded histograms represent the measurements of CD83 protein on the cell surface

after the addition of estrogen.

activation. All three fusion constructs (LMP1-CD40, LMP1-
TNFR1, and LMP1-TNFR?2) transactivated the CD83 promot-
er-luciferase reporter constructs to the same extent as LMP1
(Fig. 7), indicating that activation of NF-«B is the critical step
for CD83 induction through different receptors.

DISCUSSION

To study the phenotypic changes induced by gene products
of EBV in B cells, we have made use of a conditional EBV-
immortalized B-cell line in which the function of the viral gene
product EBNAZ2 is controllable by estrogen. As expected, many
of the activation markers and adhesion and costimulatory mol-
ecules were upregulated by EBV. Only a few of the surface
markers studied (i.e., CD38, IgM, and HLA-A, -B, and -C)
were found to be regulated in an opposite fashion, i.e., they
were downregulated by viral gene products and upregulated
when estrogen was withdrawn. Among the surface markers
studied, CD83 attracted our particular attention because it was
the only surface molecule that totally disappeared from the cell
surface after estrogen withdrawal and rapidly reappeared after

the addition of estrogen. The rapid time course of disappear-
ance and reappearance of CD83 on the cell surface prompted
us to study the mechanism of regulation of CD83 expression by
viral gene products in more detail. The rapid removal of CD83
from the cell surface is not due to redistribution of CD83
inside the cell. In fact, CD83 has a half-life that is significantly
shorter than those of most other surface molecules and is
rapidly degraded and resynthesized upon removal and addition
of estrogen, respectively. This regulation at the protein level is
also reflected at the RNA level. CD83 RNA declined within
24 h after removal of estrogen and was virtually gone after
48 h. CD83 RNA was detected as soon as 2 h after the addition
of estrogen, peaked at 6 h, and leveled off to reach a constant
level of expression after about 18 h.

The rapid induction of CD83 after the addition of estrogen
raised the question of whether CD83 might be a direct target
gene of EBNA2. This turned out not to be the case. The CD83
RNA level did not increase to a significantly higher level in the
presence of estrogen plus CHX compared to the level with
CHX alone (data not shown). Twofold evidence indicated that
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FIG. 5. CD83 promoter constructs. The genomic sequence of the
human CD83 promoter was cloned into the vector pGL Basic contain-
ing the luciferase gene without promoter sequences. The pGL CD83
(—3,037) plasmid contains 3,037 bp upstream of the translation initi-
ation site. The start codon of luciferase is indicated by a bent arrow.
The CD83 promoter contains an NF-kB site (dark gray box) and four
SP1 binding sequences (black boxes). pGL CD83 (—261) contains the
CD83 promoter sequence up to position —261, including the four SP1
and NF-«B sites. pGL CD83 (—123) contains only the NF-kB site. In
pGL CD83 (—123mut), the NF-kB site is mutated at position —115 to
—106 (light gray box) so that NF-kB cannot bind (5). All CD83 pro-
moter mutants were generated by PCR and verified by sequencing.

CDS83 is a target gene of LMP1. Firstly, CD83 remained ex-
pressed upon withdrawal of estrogen in a cell line in which
LMP1 was constitutively expressed (data not shown), and sec-
ondly, in a cell line with a conditional LMP1 gene CD83 was
induced when the NGF-R-LMP1 fusion protein was cross-
linked on the cell surface (Fig. 4).

To identify the mechanism by which CD83 is induced by
LMP1, we performed CD83 promoter studies. A 3-kb frag-
ment encompassing the CD83 promoter as well as 261- and
123-bp derivatives thereof conferred inducibility by LMP1.
Four potential SP1 sites located at a distance between —180
and —261 had no effect on the inducibility of the promoter by
LMP1, whereas deletion or mutation of the NF-kB site com-
pletely abolished inducibility by LMP1. This is in agreement
with the observation that NF-«kB regulates CD83 expression in
activated T lymphocytes, monocytic U937 cells, and dendritic
DC2.4 cells (5, 40). McKinsey et al. (40) identified two NF-«B
binding sites in the CD83 promoter at positions —115 to —106
and —91 to —82 (relative to the translation initiation start), but
the NF-kB site at position —115 to —106 seems to be sufficient
for the LMP1-mediated induction of the CD83 gene (Fig. 6
and 7). Another approach verified that NF-«B is indeed the
critical player for mediating the effect of LMP1 on the CD8&3
promoter. Mutation of the CTAR1 or CTAR2 domain of
LMP1 decreased inducibility by LMP1 by a factor of 2 and 4,
respectively, whereas a double mutation affecting CTARI as
well as CTAR2 completely abolished inducibility by LMP1 in a
fashion similar to the deletion of the complete C terminus of
LMP1.

Since LMP1 is a member of the TNFR family and stimula-
tion of other family members through CD40 ligand or TNF-«
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FIG. 6. The CD83 promoter is activated by LMP1 expression plas-
mids in transient transfections. (A) Fifty nanograms of CD83 promot-
er-reporter constructs were transfected into 293-T cells together with
0.5 pg of LMP1 and 10 ng of B-galactosidase expression plasmids
(black bars). (B) The LMP1 expression plasmid (pSV-LMP1) or LMP1
mutant expression plasmid pSV-LMP1 (A194-386), pSV-LMP1
(PQT—AAA), pSV-LMP1 (Y384G), or pSV-LMP1 (PQT—AAA/
Y384G) (0.5 wg) and 10 ng of B-galactosidase reporter plasmid were
cotransfected with 50 ng of the CD83 promoter-reporter construct
(—261) or pGL Basic, as indicated by black and white bars, respec-
tively. Transfections were harvested the following day, and the lucif-
erase values were normalized, with B-galactosidase as a standard. The
CD83 promoter activity is given as fold induction versus mock-trans-
fected controls. Error bars show standard deviations for at least three
independent experiments.

also contributes to CD83 induction on dendritic cells, we asked
whether these receptors use the same route to induce CD83
expression. This is in fact the case. Chimeric receptors consist-
ing of the transmembrane domain of LMP1 and the signaling
domains of CD40, TNFR1, and TNFR2 also induced the CD83
promoter through NF-«kB activation.

The fact that the CD83 promoter is induced by LMP1
through NF-kB may partly explain the kinetics of CD83 RNA
induction by LMP1. Induction of CD83 RNA is strongly over-
shooting, peaks at a very high level 6 h after the addition of
estrogen, and reaches a fairly low steady-state expression level
in continuously proliferating EBV-immortalized cells. This
pattern of expression may be explained by the fact that NF-kB,
by inducing its own inhibitor, I-kB, induces a negative feedback
loop that limits the expression of its target genes under steady-
state conditions.

A novel mechanism of regulation of CD83 expression has
been described for dendritic cells (35) that affects the efficiency
of RNA transport from the nucleus to the cytoplasm. In our
cell system there is no evidence that CD83 expression might
also be regulated at this level. The stringent regulation of
CD83 RNA in estrogen-deprived versus estrogen-supple-
mented ER/EB2-5 cells rules out the idea that this mechanism
contributes significantly to regulation of CD83 expression by
LMP1.

Many viruses, including herpesviruses (e.g., herpes simplex
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FIG. 7. The CD83 promoter is also activated by TNFR family
members via NF-kB. CD83 promoter-reporter constructs (50 ng) as
described for Fig. 5 were cotransfected into 293-T cells with 0.5 pg of
LMP1-CD40 (A), LMP1-TNFR1, or LMP1-TNFR2 expression plas-
mids (B). In the case of LMP1-TNFRI1, 1.5 pg of p35 plasmid was
cotransfected to avoid apoptosis. The CD83 promoter activity is shown
as fold induction compared to mock-transfected cells (black bars).
Error bars indicate the standard deviations for three independent
experiments.

virus and cytomegalovirus), have evolved a multitude of mech-
anisms that subvert the immune system (for review, see refer-
ences 1 and 56). EBV is peculiar in the sense that it induces a
strong immune response against virus-infected B cells and that
it enhances rather than impairs antigen presentation. Assum-
ing a role for CD83 in antigen presentation and T-cell stimu-
lation, we propose that induction of CD83 is part of this virus-
induced immune enhancement program. There are two
possibilities to explain why EBV induces such a strong immune
response against virus-infected B cells. Firstly, a virus that is as
strongly transforming as EBV might eradicate its host and
eliminate its own niche for survival unless it elicits a strong
immune response that counters the transforming ability of the
virus in vivo. Alternatively, induction of a strong immune re-
sponse against virus-infected cells may be a prerequisite for the
establishment of latency in the B-cell system in vivo. A better
understanding of the mechanisms by which virus latency is
established in vivo might help to discriminate between these
possibilities.
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