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Laurent Coscoy and Don Ganem

Howard Hughes Medical Institute and Departments of Microbiology and Medicine,
University of California Medical Center, San Francisco, California, USA

Address correspondence to: Don Ganem, University of California Medical Center, San Francisco, California 94143-0414, USA.
Phone: (415) 476-2826; Fax: (415) 476-0939; E-mail: ganem@cgl.ucsf.edu.

Received for publication February 2, 2001, and accepted in revised form May 14, 2001.

Kaposi’s sarcoma-associated (KS-associated) herpesvirus (KSHV) is a B-lymphotropic agent linked
to AIDS-related lymphoproliferative disorders and KS. We and others have earlier identified two
viral genes, K3 and KS, that encode endoplasmic reticulum proteins that downregulate surface
MHC-I chains by enhancing their endocytosis. Here we have examined the ability of these proteins
to influence the disposition of other host surface proteins implicated in immune recognition and
activation. We report that K5, but not K3, expression in BJAB cells dramatically reduces ICAM-1 and
B7-2 surface expression; B7-1 expression is unaffected. This K5-induced reduction can be reversed
by coexpression of a dominant negative mutant of dynamin, indicating that the loss of ICAM and
B7-2 surface expression is due to their enhanced endocytosis. This downregulation is functionally
significant, because K5-transfected B cells show substantial impairment in their ability to induce T
cell activation. K5 is thus the first example of a viral modulator of immunological synapse forma-
tion and T cell costimulation. We propose that its expression reduces T cell responses to KSHV-
infected B cells early in infection, thereby diminishing antiviral cytokine release and the production

of stimulatory signals for CTL generation.

J. Clin. Invest. 107:1599-1606 (2001).

Introduction

The generation of an adaptive immune response is a
complex process that requires the engagement of T
cells with professional antigen-presenting cells (APCs),
including dendritic cells, macrophages, and B cells. A
key step in this process is the activation of the T cell,
mediated by interaction of the T cell antigen receptor
(TCR) with antigenic peptides presented by MHC mol-
ecules on the APCs (1). Sustained TCR engagement is
required to generate the full repertoire of T cell
responses, including signal transduction, cytokine gen-
eration, and cell proliferation (2, 3). Although the TCR-
peptide-MHC interaction affords the requisite speci-
ficity for such responses, it does not suffice to ensure
the sustained engagement needed for effective activa-
tion. First, this interaction is generally of modest affin-
ity, and the number of antigenic complexes on the APC
surface can be low (4-8). Second, the presence of abun-
dant and sizeable glycoproteins (e.g., the mucins CD43
and CD45) on cell surfaces poses additional barriers to
effective cell-cell contact (9, 10). Finally, there is strong
evidence that signaling from the TCR receptor is insuf-
ficient for T cell activation (2); costimulatory signals
are required from accessory receptors, most notably
CD28, by interaction with its ligands B7-1 and B7-2 on
the APC surface (11-15). The interaction of LFA-1 with
its ligand ICAM-1 is also well known to be an impor-
tant participant in the activation of T cells (16-18),
lowering the concentration of antigen required for

stimulation and promoting more sustained signaling
from the TCR. Accordingly, APCs expressing both
ICAM-1 and B7 isoforms display enhanced stimulation
of T cell proliferation and IL-2 secretion (19-21).

The recognition and signaling events just described
are now known to be effected by a dynamic structure
known as the immunological synapse, which is assem-
bled upon T cell-APC contact (22-24). The dynamics
of this assembly process are beginning to be under-
stood. In addition to TCR-MHC recognition, adhe-
sion molecules on the APC, notably ICAM-1, make
contact with their ligands (for ICAM-1, LFA-1) on the
T cell and promote apposition of the cell surfaces.
This initiates an active process of cytoskeletal and
membrane reorganization that culminates in the gen-
eration of an ordered structure in which a central core
bearing the TCR-MHC partners is ringed by
ICAM/LFA complexes (25-27). This rearrangement
contemporaneously recruits to the synapse-special-
ized membrane lipid microdomains (rafts) bearing
associated signaling components (kinases, adaptor
proteins). The net result is a structure designed to
assemble and concentrate all the components needed
for effective T cell activation.

A prime function of the adaptive immune response
is defense against exogenous pathogens. Viruses —
and in particular herpesviruses — have in turn
evolved elaborate strategies for evading such respons-
es (28). Most of these have revolved around down-
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Surface expression of molecules associated with T cell activation. BJAB cells were transduced with PMX-pie (as control), PMX-FlagKs5, or
PMX-HaK3 retroviral vectors. Cells were stained with mAb’s directed against B cell membrane proteins associated with T cell activation
(MHC-II, B7-2, B7-1, ICAM-1, CD58, CD45, and CD43) as well as other B cell membrane proteins as control (CD48, CD40, CD33, CD22,
CD20, CD19, CD18, 32m). Bound Ab’s were revealed by an R-phycoerythrin-conjugated goat anti-mouse Ab, and fluorescence intensity

was monitored by flow cytometry. WT, wild-type.
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regulation of surface MHC-I display, allowing them
to avoid cytotoxic T lymphocyte (CTL) recognition
(29-32). Recently, we (33) and others (34, 35) have
identified two novel proteins that mediate MHC-I
downregulation in the Kaposi’s sarcoma-associated
herpesvirus (KSHV) (also called human herpesvirus-
8). KSHV is a lymphotropic herpesvirus; infection by
this agent is strongly linked to both Kaposi’s sarco-
ma and several AIDS-associated lymphoproliferative
syndromes: primary effusion lymphoma (PEL) and
multicentric Castleman’s disease (36). These pro-
teins, encoded by KSHV genes K3 and K$, are unre-
lated to other viral or cellular proteins, but share 40%
amino acid sequence identity with one another. They
are localized to the endoplasmic reticulum (ER) but
mediate their action distally in the secretory pathway,
promoting endocytosis of surface MHC-I chains.
This MHC-I downregulation has also been observed
recently in cultured PEL cell lines undergoing lytic
reactivation of KSHV (37). Because KSHV predomi-
nantly infects B lymphocytes (36, 38), a cell type com-
petent for antigen presentation to T cells, we hypoth-

esized that this virus may also encode proteins that
specifically alter T cell activation. Accordingly, we
tested the ability of K3 and K5 to modulate the sur-
face display of components involved in the formation
or function of the immunological synapse.

Methods

Plasmids. A Ha-tagged version of K3 and Flag-tagged
version of KS were subcloned from pCR3.1-HaK3 and
pCR3.1-HaK3 into PMX-pie retroviral vector (kindly
provided by L. Lanier, University of California at San
Francisco, San Francisco, California, USA). PMX-pie
contains an internal ribosome entry site (IRES)
between the multiple cloning site (MCS) and the
enhanced green fluorescent protein (EGFP). This per-
mits both the gene of interest (cloned into the MCS)
and the EGFP to be translated from a single
bicistronic mRNA transcribed from the viral long-
terminal repeat. In addition, PMX-pie expresses the
puromycin resistance gene from a SV40 promoter.
The Flag-tagged version of the K5 gene was sub-
cloned from pCR3.1-FlagK5 vector into pBMN-ZIN
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(kindly provided by G. Nolan, Stanford University).
This retroviral vector permits the expression of
FlagK5 and the neomycin resistance gene from a sin-
gle bicistronic mRNA. Vectors expressing the wild-
type dynamin or the K44E dynamin-1 transdominant
negative were kindly provided by R. Vallee (Universi-
ty of Massachusetts Medical School). Plasmids
encoding the luciferase gene under the control of
RE/AP, NFAT, AP-1, or NF-kB transcription elements
were kindly provided by J. Shapiro (University of Cal-
ifornia at San Francisco).

Ab’s and reagents. For FACS analysis all Ab’s were used
at a concentration of 1 pg/10° cells. Anti-CD18,
-CD33,-CD43, -CD4S5, and -CD48 were kindly provid-
ed by L. Lanier (University of California at San Fran-
cisco). Anti-CD19, -CD20, -CD22, -CD40, -CD58,
-ICAM-1,-B7-1,-B7-2,-MHC-II, and -B2m were pur-
chased from PharMingen (San Diego, California,
USA). Anti-Ha tag fluorescein-conjugated mAb’s were
purchased from Santa Cruz Biotechnology Inc. (Santa
Cruz, California, USA). Staphylococcal enterotoxin E
(SEE) was purchased from Toxin Technology Inc.
(Sarasota, Florida, USA). Ammonium chloride (Fisher
Scientific Co., Fair Lawn, New Jersey, USA) was used at
50 mM. Tetradecanoyl phorbol acetate (TPA) (Cal-
biochem-Novabiochem Corp., La Jolla, California,
USA) was used at 20 ng/ml, and ionomycin (Sigma
Chemical Co., St. Louis, Missouri, USA) was used at
500 nM. Fugene6 was from Roche Diagnostics Corp.
(Indianapolis, Indiana, USA) and used according to
the manufacturer’s recommendation.

Cell lines. BJAB, 721.221, and Jurkat cells were grown in
RPMI-1640 medium supplemented with 10% FCS and
penicillin-streptomycin. The NKL cell line was grown in
RPMI-1640 medium supplemented with 10% FCS, peni-
cillin-streptomycin, none essential amino acids, 5.5 x 102
mM 2-mercaptoethanol, 10 mM HEPES, 2 mM L-gluta-
mine, 1 mM sodium pyruvate, and 200 U/ml of human
recombinant IL-2 (Roche Diagnostics Corp.).

Transfections and luciferase assays. Cells were washed and
resuspended at 2 X 107 cells/ml. A total of 450 pl of cells
and 20 ug of DNA were electroporated in a 0.4-cm gap
cuvette at 250 V, 960 UF, using a BioRad gene pulser
(Bio-Rad Laboratories Inc., Richmond, California, USA).

For luciferase assays, cells were lysed directly into the
wells using 30 pl of 5x reporter lysis buffer (Promega
Corp., Madison, Wisconsin, USA). Fifty microliters of
extract were then used for quantification using a DLReady
(Turner Designs Inc., Sunnyvale, California, USA) or an
Optocomp-1 (MGM Instruments Inc., Hamden, Con-
necticut, USA) luminometer.

Retroviral infection. On transfection with retroviral
vectors (PMX-pie or pBMN), the Phoenix packaging
cell line produces replication-defective viral particles
that can be used for stable expression in BJAB cells.
Phoenix cells were transfected using Fugene6 accord-
ing to the manufacturer’s recommendation. Virus-
containing supernatant was harvested 48 hours after
transfection, filtered through a 0.45-um filter and
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(a) Endocytosis of B cell membrane proteins in K5 expressing BJAB.
BJAB cells expressing K5 were transfected with 20 g of an expression
vector for a Ha-tagged dynamin transdominant mutant (known to
specifically block endocytosis events) or for an expression vector for
the Ha-tagged wild-type dynamin (as control). Forty-eight hours after
transfection, cells were incubated with mAb directed against either
MHC-1, B7-2, ICAM-1, or CD58 and bound mAb’s were revealed by
incubation with an R-phycoerythrin-conjugated goat anti-mouse Ab.
Cells were then fixed, incubated in presence of saponin with a fluo-
rescein-conjugated mAb directed against the Ha tag, and analyzed by
flow cytometry. Results represent the cell surface expression of
MHC-I, B7-2, ICAM-1, and CD58 proteins in the dynamin-transfect-
ed cells. (b) BJAB cells expressing K5 or control cells were incubated
for 12 hours in presence of 50 mM ammonium chloride. Cells were
then fixed, incubated with mAb’s against B7-2 and ICAM-1 in the
presence of saponin, and analyzed by flow cytometry.

diluted with Polybrene (4 wg/ml final dilution). BJAB
cells (5 x 106) were infected by spin infection (800 g for
2 hours at 20°C) using 2 ml of viral supernatant.
Selection of transduced BJAB was started 36 hours
after infection by adding 1.5 mg/ml of G418 or 1
lg/ml of puromycin.

Flow cytometry analysis. Cells were washed in PBS 1%
BSA and incubated with specific mAb’s (1 pg/10° cell)
for 30 minutes at 4°C. Bound mouse Ab’s were
revealed by an R-phycoerythrin-conjugated goat anti-
mouse Ab. Cell surface fluorescence was analyzed with
a Becton Dickinson FACScalibur (Becton Dickinson,
San Jose, California, USA). For intracellular staining,
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Figure 3
T cell activation by K5 expressing BJAB cells. (a) Twenty-four hours

after

transfection with a RE/AP reporter plasmid, Jurkat cells were

stimulated by incubation with BJAB cells and SEE. Jurkat activation
was quantified by luciferase assays 16 hours after stimulation. Each
luciferase assay was done in triplicate on at least three different inde-

pend

were

ent transfection experiments. For blocking conditions, BJAB cells
preincubated with Ab’s 30 minutes before addition of Jurkat cells

and SEE. (b) Jurkat cells were transfected with NFAT, AP-1, or NF-xB
reporter plasmid and stimulated as in a. Stimulation with TPA/iono-
mycin was used as positive control. (¢) Jurkat cells were left unstimu-

lated
SEE.

, stimulated with PMA/iono, or stimulated with BJAB cells and
After 16 hours, cells were stained with an R-phycoerythrin-con-

jugated anti-CD19 Ab and a fluorescein-conjugated anti-CD69 Ab.
Jurkat cells were identified as being negative for CD19 (a B cell mark-
er, present at the cell surface of BJAB cells). Histograms represent
CD69 expression on Jurkat cells.
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cells were fixed in 4% paraformaldehyde before incu-
bation with a specific anti-Ha tag Ab in a buffer con-
taining 0.02% saponin (Sigma Chemical Co.).

Jurkat cell stimulation. Jurkat cells were transiently
transfected with plasmids encoding the luciferase gene
under the control of multimerized copies of RE/AP,
NFAT, AP-1, or NF-xB transcription elements. Twenty-
four hours after transfection, 10 transfected Jurkat
cells were stimulated with 104 BJAB cells and SEE (200
ng/ml) in a final volume of 100 pl. Sixteen hours after
stimulation, the cells were harvested for luciferase
assays. For blocking experiments, Ab’s were used at a

final concentration of 10 ug/ml and added to the BJAB
cells 30 minutes before the addition of Jurkat cells and
SEE. As a positive control for transfection efficiency,
transfected Jurkat cells were incubated with TPA (20
ng/ml) and ionomycin (500 nM).

NK cell-mediated cytotoxicity. Cytotoxicity of NKL cell
line was measured in a standard 4-hour 3'Cr release
assay using Na,;3!CrOg-labeled cells as targets. Experi-
ments were conducted in triplicate at various effector-
to-target ratios. The percentage of specific 5!Cr release
(specific lysis) was calculated according to the formu-
la: percentage of specific lysis = [(experimental release
- spontaneous release)/(maximum release - sponta-
neous release)] x 100.

Results

KS but not K3 downregulates B7-2 and ICAM-1. To address
the possibility that K3 or K5 could modulate other
APC components implicated in immune activation, we
transduced a B cell line (BJAB) with retroviral vectors
expressing K3 or K5. Mass cultures of each transduc-
tion, representing pools of more than 100,000 colonies
of primary transductants, were selected for assay. Each
pool displayed strong downregulation of MHC-I and
B2-microglobulin (B2m), as judged by flow cytometry.
(Figure 1). These cells were then assayed for surface lev-
els of B7-1 (CD80), B7-2 (CD86), and ICAM-1 (CD54).
As shown in Figure 1, K3 expression did not influence
the surface distribution of any of these molecules.
However, K5 expression diminished B7-2 surface
expression 60- to 100-fold, while it had no impact on
B7-1 surface accumulation. Cells expressing K5 dis-
played an equally large decrement in ICAM-1 surface
staining. These decrements were specific: neither K5
(Figure 1) nor K3 (data not shown) reduced the surface
levels of MHC-II, CD43, CD58, CD40, CD48, CD33,
CD 22,CD20,CD19, or CD18. Thus, this downregula-
tion is not the result of global redistribution of all
polypeptides from the BJAB cell membrane. It is also
not the result of K5 overexpression: levels of K5-specif-
ic mRNA are, in fact, lower in these lines than in lyti-
cally induced BCBL-1 cells (L. Coscoy, unpublished
data). While this manuscript was under review, similar
results were reported by Ishido et al. (39).

To explore the fate of the B7 and ICAM chains, we
asked if the disappearance of these chains from the cell
surface, like that of MHC-I and 2m chains, was due to
enhanced endocytosis. To do this we asked if surface lev-
els of the downregulated proteins could be restored by
coexpression of a dynamin dominant negative mutant.
Dynamin is an essential participant in endocytosis, and
its inhibition selectively blocks the endocytic pathway.
The dynamin K44E mutation is negative for dynamin
function and strongly inhibits endogenous (wild-type)
dynamin function (40), making it a useful reagent for
this purpose. Figure 2a shows that, in the presence of
K44E, but not wild-type dynamin, surface levels of both
B7-2 (CD86) and ICAM-1 (CD354) are restored to near-
ly normal levels. This effect is specific, since overexpres-
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Human peripheral blood-derived NK cell lines do not stain for CD28.
Human PBMCs were isolated from heparinized venous blood from
four healthy adult volunteer donors by Ficoll-density centrifugation.
Cells were stained with saturating amount of fluorescein-conjugated
anti-CD28, TriColor anti-CD3, and phycoerythrin-conjugated anti-
CD56 Ab’s and analyzed by flow cytometry. Dot plots represent the
CD28 and CDS56 expression status of the CD3-negative population.

sion of K44E does not affect the cell surface expression
of other molecules, for example CDS58 (Figure 2a).These
data indicate that, as for MHC-], the downregulatory
effect of K5 protein is exerted chiefly through enhanced
endocytosis of its ICAM and B7 targets.

What is the fate of the chains that have undergone
endocytosis? Figure 2b shows that the reduced levels
of surface staining of both molecules is mirrored by a
reduced level of intracellular accumulation of the
chains, as revealed by flow-cytometric analysis in the
presence of saponin. This suggests that the chains
underwent degradation after internalization. This
degradation can be partially relieved by exposure of
the cells to ammonium chloride, which raises
endolysosomal pH and impairs protease activity in
this compartment (Figure 2b). This suggests that
most newly internalized chains are degraded by
endolysosomal proteases.

Functional significance of KS-mediated B7-2 and ICAM
downregulation. We next tested the functional signifi-
cance of ICAM-1 and B7-2 downregulation in T cell
stimulation accompanying antigen presentation. Since
KS5 does not function in murine cells (ref. 35; L. Coscoy,
unpublished data), we were unable to use standard in
vitro assays involving antigen-specific stimulation of

antigens mimic conventional antigens in that they lead
to functional interactions of TCR with MHC molecules;
however, they have the advantage of allowing recogni-
tion of multiple TCR v-regions, producing strong T cell
responses. Our assay measures the ability of BJAB cells
(bearing or lacking KS genes) to stimulate Jurkat T cells
in the presence of SEE. Activation is assayed by the
upregulation of several transcription factors known to
be stimulated by T cell-APC engagement, including
NFAT and AP-1. Since their upregulation is resistant to
CTLA4-Ig, NFAT and AP-1 activation reflect stimulato-
ry pathways other than those mediated by B7-CD28
(42), most likely those mediated by TCR-based ITAM
signaling. (These pathways, in turn, are known to be
augmented by ICAM/LFA-1 interactions.) To assay for
B7-CD28-dependent pathways, we took advantage of
the fact that such pathways activate a composite tran-
scription factor-binding site known as RE/AP (42).
Luciferase genes under the control of the RE/AP ele-
ment faithfully recapitulate CD28-dependent costimu-
lation, and their expression is blocked by CTLA4-Ig (42).
In fact, upregulation of this reporter correlates closely
with enhanced IL-2 release during T cell activation (42).

Accordingly, Jurkat cells were transiently transfected
with luciferase reporters under the control of either
the RE/AP, NFAT, or AP-1 regulatory elements from
the IL-2 promoter. Sixteen hours after transfection,
these Jurkat cells were stimulated by incubation with
SEE plus control BJAB cells or K5-expressing BJAB,
and luciferase activity was measured 12 hours later. As
shown in Figure 3a, incubation of transfected Jurkat
cells with BJAB or BJAB-KS alone without SEE was
insufficient for activation of the RE/AP-dependent
promoter. As expected, activation of this reporter was
strongly induced by the combination of BJAB and
SEE. However, this activation was greatly reduced
(60-80%) by the expression of K5 in the BJAB line,
indicating that reduction in B7-2 strongly attenuated
T cell activation. There was, however, a small amount

X%}
[
>
;.% —O—721.221
;’.)_ .- & --BJAB-K3
© - - @ - -BJAB-vector
§ — & BJABK5
&
1
15
Ratio: effector/target
Figure 5

primary T cells from TCR-transgenic mice. Therefore, NKL mediate MHC-restricted cytotoxicity. Each target cell line was

we used instead a mod.el system that employs Cult.ured assessed for killing by the NKL cell line at various effector-to-target
human T and B cell lines and replaces conventional ratios (721.221 is a human B cell line lacking MHC-I molecules).

antigen with staphylococcal superantigen (41). Super-  Cytotoxicity was measured by S'Cr release after 4 hours.
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of residual RE/AP activation observed in the presence
of K5 (Figure 3a). Unlike primary B cells, which do not
express B7-1 in the resting state, BJAB cells constitu-
tively express both B7-1 and B7-2; we speculated that
this residual activation was due to the presence of
B7-1 on the BJAB cell surface. Consistent with this,
this residual RE/AP activity could be ablated by incu-
bating the BJAB-K5/Jurkat cocultures with anti-B7-1
Ab (Figure 3a). Thus, KS expression effectively removes
virtually all functional B7-2 from the cell surface. The
significance of the remaining B7-1 will be considered
in the Discussion section.

Using an identical assay format, but replacing the
RE/AP reporter in Jurkat cells with a luciferase reporter
dependent upon NFAT activation, we found that sub-
stantially less NFAT activity was induced in T cells
stimulated by BJAB-KS cells than by control BJAB cells
(Figure 3b). A smaller but still significant inhibition of
AP-1 activation was likewise observed when KS was
expressed in the SEE-presenting BJAB cells (Figure 3b).
SEE-dependent NF-kB activation was also strongly
diminished by KS expression (Figure 3b). Thus, path-
ways that are not dependent upon B7-CD28 interac-
tions are also downregulated by KS expression. ICAM-
LFA interactions are known to contribute to some of
these activation events (43, 44).

The ability of KS to impair T cell activation was also
assayed by examining surface expression of CD69 in
the responding T cell. CD69 is a marker of cell activa-
tion that is prominently induced via TCR-mediated
signaling. BJAB cells expressing K5 or a control vector
were added to Jurkat cells in the presence of SEE, and
the levels of CD69 expressed in Jurkat cells were exam-
ined by flow cytometry. As shown in Figure 3c, KS
expression in the APCs substantially impaired surface
upregulation of CD69 in the responding T cells.

KS expression does not lead to resistance of cells to NK-medi-
ated cytolysis. In their earlier work, Ishido et al. (39)
reported that K5 expression reduced the susceptibility
of target cells to killing mediated by the NK cell line
YTS. This cell line, derived from a leukemic patient, is
very unusual in that it displays expression of CD28 and
can recognize B7 molecules on the target cell surface
(45). Ishido et al. showed clearly that the escape from
YTS killing was due to KS-mediated downregulation of
B7-2 and suggested that the function of KS was to pro-
mote escape from NK cell killing (to which KSHV-
infected cells would otherwise be susceptible based on
the reduction of surface MHC-I molecules mediated by
the joint action of K3 and KS5) (33-35).

While the escape from YTS killing is clearly docu-
mented, it remains unclear whether K5’s prime func-
tion in vivo is to mediate escape from NK cell killing
more generally. Figure 4 shows that when the NK cell
population in the circulation of four independent nor-
mal human subjects is examined by flow cytometry,
cells bearing NK markers (CD56) lack evidence of
CD28 expression. Indeed, similar findings have been
observed previously in cultured primary human NK

cell lines expanded from the PBMC compartment (46).
To determine the functional consequences of K5
expression for NK cell-mediated cytotoxicity, we
employed a more representative NK cell line, NKL, ina
killing assay. Like primary NK cells, NKL cells do not
express surface CD28 (47). As expected, NKL cells effi-
ciently killed control BJAB cells expressing the empty
pcDNA3 vector (Figure 5). More importantly, however,
BJAB cells engineered to express K5 not only displayed
susceptibility to NKL killing but were, in fact, more
sensitive to this killing than the controls (Figure 5).
This result is in accordance with the diminished levels
of MHC-I on such cells that result from the K5-stimu-
lated endocytosis of class I chains (33, 34). While we do
not observe strong effects of K5 on protection from
NK-mediated cytolysis, we acknowledge that the pauci-
ty of cultured NK lines and their uncertain relationship
to in vivo NK cells makes it difficult to entirely exclude
such effects. Whatever their role in NK biology may be,
the best-established functions of B7-2 and ICAM-1 are
in the pathway of T cell costimulation, and our data
strongly support a major role for KS in the modulation
of this pathway (see below).

Discussion

We report here, in agreement with Ishido et al. (39),
that the KSHV K5 (but not K3) protein downregulates
ICAM-1 and B7-2 from the cell surface of B cells by
inducing their endocytosis and degradation. This
downregulation is strong enough to impair T cell stim-
ulation induced by B cell-T cell interactions during
antigen presentation. To our knowledge, this is the first
report describing a viral protein that modulates the
process of T cell costimulation.

We were initially surprised that a viral blockade of
costimulation would be focused selectively on B7-2
rather than attacking both B7-1 and B7-2. Many func-
tions of these two proteins are redundant, a result
strongly attested to by the fact that in knockout mice
lesions affecting these loci singly have a much less dra-
matic phenotype than does the double knockout (48).
However, in such animals immune responses involve
many types of APCs, including dendritic cells and
macrophages as well as B cells. Of those cell types, only
B cells are efficiently infected by KSHV in vivo.

In contrast to naive B cells, it is now accepted that
activated B cells are potent APCs (49-52). This differ-
ence has generally been attributed to the induction of
B7 costimulatory molecules, which are absent on naive
B cells by B cell activation. Activation of B cells (e.g., via
CD40-CD40L signaling resulting from interaction
with activated T cells) leads to efficient upregulation of
surface B7-2 within 4 hours. By contrast, upregulation
of B7-1 upon stimulation appears to be much more
modest and occurs substantially later (53). B cells can
also be activated by signals other than those provided
by activated T cells, for example, cross-linking of B cell
antigen receptors by anti-Ig Ab’s and/or antigen (51,
52, 54) or exposure to bacterial LPS. In several recent
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studies (52, 55, 56) it has been reported that B cells acti-
vated by soluble antigen exposure can even prime naive
T cells. This priming appears to depend solely upon
B7-2, because B7-1 is not expressed by B cells in vivo in
this context (52, 57). Thus, it appears that B7-2 plays a
strong role in the antigen-presenting behavior of pri-
mary B cells in vivo. Moreover, we note that KS expres-
sion is part of the lytic replicative cycle of KSHV. The
herpesviral lytic cycle is strongly cytopathic, leading to
inhibition of host cell macromolecular synthesis and
host cell death as viral replication progresses. Such con-
ditions would be expected to interfere with the late
upregulation of B7-1.

ICAM-1 is thought to function to promote immune
synapse formation (25-27) and promote sustained
TCR signaling (17, 18). Accordingly, ICAM-1 downreg-
ulation would be expected to contribute to impaired T
cell activation and TCR signaling. While it is difficult
to rigorously quantitate the contribution of ICAM-1
blockade to the impairment of T cell activation
observed here, the fact that T cell signaling pathways
not ablated by CTLA4-Ig were impaired by K5 expres-
sion in the APCs suggests that these effects were not
the result of the B7-2 downregulation and were likely
due, at least in part, to ICAM-1 modulation.

We propose that downregulation of proteins associ-
ated with immune synapse formation and costimula-
tion may reduce the visibility of KSHV-infected B-cells
to T helper cells, thereby diminishing CD4* T cell-medi-
ated cytolysis, antiviral cytokine production, and
upregulation of stimulatory signals for CTL generation.
We think it likely that this effect is most important early
in the natural history of KSHV infection, when the
number of infected cells is small and the levels of solu-
ble viral particles and antigens are low. These conditions
maximize dependence upon costimulatory signals; also,
at this point in infection most viral antigens will be con-
fined to infected B cells. Diminished T cell recognition
of such cells would result in reduced antiviral cytokine
responses and impaired production of stimulatory sig-
nals for CTL generation, thereby allowing the virus to
establish a foothold in the infected host.
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