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Kaposi’s sarcoma-associated herpesvirus (KSHV) or
human herpesvirus 8 (HHV-8) is a �-herpesvirus con-
sistently identified in Kaposi’s sarcoma (KS), primary
effusion lymphoma, and multicentric Castleman’s
disease. KSHV infection appears to be necessary, but
not be sufficient for development of KS without other
co-factors. However, factors that facilitate KSHV to
cause KS have not been well defined. Because patients
with KS are often immunosuppressed and susceptible
to many infectious agents including human herpesvi-
rus 6 (HHV-6), we investigated the potential of HHV-6
to influence the replication of KSHV. By co-culturing
HHV-6-infected T cells with KSHV-latent BCBL-1 cell
line, infecting BCBL-1 cells with HHV-6 virions, and
generating heterokaryons between HHV-6-infected T
cells and BCBL-1 cells, we showed that HHV-6 played
a critical role in induction of KSHV replication, as
determined by production of lytic phase mRNA tran-
scripts and viral proteins. We confirmed and ex-
tended the results by using a luciferase reporter assay
in which KSHV ORF50 promoter, the first promoter
activated during KSHV replication, drove the lucif-
erase expression. Besides HHV-6, we also found that
cytokines such as interferon-� partially contributed
to induction of KSHV replication in the co-culture
system. These findings suggest that HHV-6 may par-
ticipate in KS pathogenesis by promoting KSHV rep-
lication and increasing KSHV viral load. (Am J
Pathol 2005, 166:173–183)

Kaposi’s sarcoma-associated herpesvirus (KSHV, also
known as human herpesvirus 8 or HHV-8) is the first

known member of �2-herpesviruses (genus Rhadinovirus)
to infect humans, which was originally discovered by
Chang and colleagues,1 and Moore and colleagues2 in
the lesions of acquired immunodeficiency syndrome-
related Kaposi’s sarcoma (AIDS-KS). Today, KSHV has
been detected in more than 95% of all KS lesions, re-
gardless of the stage or clinical form of the disease.3

KSHV is also known to associate with two lymphoprolif-
erative diseases, multicentric Castleman’s disease and
primary effusion lymphomas (PEL, also termed body
cavity-based lymphomas or BCBL).4 Although epide-
miological evidence strongly implicates KSHV as the
etiological agent of KS,5–11 KSHV infection appears to
be necessary but not sufficient for the development of KS
without the involvement of other factors to reactivate
KSHV lytic replication.

KSHV establishes latent infection in their natural host
cells. During latent infection the viral genome persists as
an episome, and viral gene expression is highly re-
stricted. Pharmaceutically, KSHV can be reactivated by
12-O-tetradecanoylphorbol 13-acetate (TPA) treatment,
resulting in the expression of a wide variety of viral-
encoded proteins, the production of progeny virions, and
eventual death of the host cell. Clinically, lytic cycle rep-
lication is consistently detected in a small subset of cells
within the lesions of KS as well as PEL, and multicentric
Castleman’s disease,12–14 although a vast majority of
cells are latently infected with KSHV. Regulation of viral
replication is critical to disease progression because the
tissue deterioration and infection progression is propor-
tionally related to the percentage of virus-infected cells
undergoing reactivation. Indeed, studies have shown that
KSHV viral load is higher in KS patients than in KSHV-
infected individuals without KS, and KSHV viral load also
increases during progression of this disease.15,16 How-
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ever, who and how to reactivate latent virus are not well
defined.

A couple of agents have been considered as the co-
factors to reactivate KSHV. One potentially important co-
factor is human immunodeficiency virus (HIV). AIDS-KS is
known to be more aggressive, disseminated, and resis-
tant to treatment than other forms of KS disease,17–19

suggesting a role of HIV in the disease progression.
Previous studies have shown that KS tumor cells them-
selves are not infected with HIV-1.20 Therefore, HIV-1
may not play a direct oncogenic role in AIDS-KS. Evi-
dence supports a role of HIV-1 in the initiation and pro-
gression of KS through mechanisms other than immuno-
suppression.21,22 It is possible that diffusible factors
synthesized by HIV may act on and reactivate KSHV.

Besides HIV, several other viruses, including human
herpesvirus 6 (HHV-6), human cytomegalovirus (HCMV),
papilloma virus, and BK virus that are commonly found in
immunocompromised individuals, have been proposed
to play a role in KS.23–27 HHV-6 is a ubiquitous virus that
infects the majority of the human population (�90%).
After primary infection, HHV-6 persists in the host in a
latent form and has the potential to cause disease on
reactivation, particularly in the immunocompromised
host, such as AIDS, KS, or AIDS-KS.28–33 In addition,
early studies have also shown that HHV-6 can activate
Epstein-Barr virus (EBV) replication and contribute to
progression of EBV-associated disease.34 Vieira and col-
leagues35 showed that infection of HCMV increased the
production of KSHV in endothelial cells and activated
lytic cycle gene expression in keratinocytes, suggesting
that HCMV could influence KSHV pathogenesis. The fact
is that HHV-6 is most closely related to HCMV as a
�-herpesvirus and both EBV and KSHV belong to �-her-
pesviruses. Such kinship led us to hypothesize that
HHV-6 may participate in the progression of KS by pro-
moting KSHV replication and increasing KSHV viral load.

To explore the possible role of HHV-6 in the pathogen-
esis of KS or AIDS-KS, in this study, we showed that there
was a lytic cycle replication of KSHV by HHV-6 infection.
The replication was indicated by an increase of both
ORF26 mRNA (encoding minor capsid protein) and viral
protein expressions of KSHV. Furthermore, we confirmed
and extended these results by using a luciferase reporter
assay in which KSHV ORF50 promoter, the first promoter
activated during KSHV replication, drove luciferase ex-
pression. These novel findings are believed to be the first
report on the role of HHV-6 in KSHV lytic replication and
sheds light on the understanding of KS pathogenesis.

Materials and Methods

Cell Culture and Viral Infection

The BCBL-1 and BC-3 cells, both of which are EBV-
negative and KSHV-positive PEL cell lines, were obtained
through the AIDS Research and Reference Reagent Pro-
gram, National Institutes of Health, Bethesda, MD. The
JJhan cells are the human CD4� T-cell line that was
kindly provided by Dr. W.-H. Wu from the University of

Hong Kong.36 Both BCBL-1 and JJhan cells were main-
tained in RPMI 1640 containing 10% heat-inactivated
fetal bovine serum, 2 mmol/L L-glutamine, 100 U/ml pen-
icillin, and 100 �g/ml streptomycin at 37°C in a humidi-
fied, 5% CO2 atmosphere. BC-3 cells were grown in
RPMI � 20% fetal bovine serum.37

HHV-6 (U1102 strain) was propagated in JJhan cells
as described elsewhere.38,39 HHV-6-infected JJhan cells
were mixed with uninfected cells at a ratio of 1:10. When
75% of the cells showed cytopathic effects, as deter-
mined by light microscope, cell-free culture fluid was
harvested and filtered through a 0.45-�m-pore-size filter
and the virus was pelleted by centrifugation (25,000 � g)
for 90 minutes at 4°C. The virus pellet was suspended in
RPMI 1640 and frozen at �80°C until used. The HHV-6
titer expressed as the 50% tissue culture infective dose
(TCID50) was determined by scoring the number of JJhan
cells exhibiting cytopathic effects. The virus stock used
had a titer of 105 TCID50/ml. BCBL-1 cells (2 � 106 to 3 �
106) were pelleted and infected with HHV-6 (104

TCID50/ml for 106 cells) for 2 hours at 37°C and subse-
quently suspended in 10 ml of culture medium.

Flow Cytometry

The expressions of CD46 antigen on the surface of cell
and viral core protein in the cytoplasm were evaluated by
flow cytometry analysis. To detect the expression of CD
molecules, �1 � 106 cells were washed and suspended
in fluorescence-activated cell sorting (FACS) buffer [1%
bovine serum albumin-0.1% sodium azide in phosphate-
buffered saline (PBS)], then incubated with fluorescein
isothiocyanate-conjugated anti-human CD46-specific
monoclonal antibody (mAb) (anti-human CD46, clone
169-1-E4.3, mouse IgG2a; Dakewe Biotech Co. Ltd.,
Shenzhen City, Guangdong, China) on ice for 30 minutes.
Cells were then washed with PBS, fixed with 1% parafor-
maldehyde in PBS, and analyzed with a FACScan (Bec-
ton-Dickinson). To detect viral core protein expression,
intracellular staining was performed. Briefly, cells in-
fected with HHV-6 for 96 hours were harvested and sus-
pended in FACS buffer, and then fixed in 1% paraformal-
dehyde in FACS buffer for 10 minutes at room
temperature. The cells were washed with 0.03% saponin
prepared in PBS and incubated with 0.5 �g of anti-
gp116/gp64/gp54 (core protein) of HHV-6 mAb (clone
6A5G3, mouse IgG2b; Advanced Biotechnologies Inc.,
Columbia, MD) in 0.3% saponin on ice for 30 minutes,
then washed with FACS buffer. Fluorescein isothiocya-
nate-conjugated goat anti-mouse IgG (Pierce) was then
added, and the mixture was incubated for 1 hour on ice.
Cells were washed in FACS buffer without saponin and
analyzed with a FACScan.

Northern Blot Analysis

Total RNA was isolated from cells by using a phenol/
guanidine isothiocyanate/chloroform extraction tech-
nique (Trizol; Life Technologies, Inc., Gaithersburg, MD).
Twelve �g of total RNA was fractionated on a 1% agarose
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formaldehyde gel and transferred to a nylon membrane
(Zetabind; Cuno Inc., Meriden, CT). Even loading of RNA
and efficiency of transfer was confirmed by staining of the
18S and 28S bands on the membrane with methylene
blue.40 Membranes were prehybridized with Church’s
hybridization buffer and probed with [32P] dCTP-labeled
probes. Probes were generated by using gel-purified
polymerase chain reaction (PCR) products and a random
prime label kit (Roche Molecular Biochemicals, Indianap-
olis, IN). The membranes were washed with sodium
phosphate buffers containing sodium dodecyl sulfate,
ethylenediaminetetraacetic acid, and bovine serum albu-
min and exposed to Kodak film.

Quantitative PCR

Complementary DNA was synthesized from the isolated
RNA using TaqMan Gold reverse transcription reagents
(Applied Biosystems, Foster City, CA). Reverse transcrip-
tion was performed by using oligo dT primers at 25°C for
10 minutes, 48°C for 30 minutes, and 95°C for 5 minutes.
Quantitative PCR was performed in a GeneAmp 7700
sequence detection machine (Applied Biosystems). The
TaqMan PCR Core Reagents kit and primers/probes for
�-actin (Applied Biosystems) were used. KSHV ORF26
primer/probe sequences were: forward 5�-AGC CGA
AAG GAT TCC ACC AT-3�, reverse 5�-GCT GCG GCA
CGA CCA T-3�, and probe 5�-FAM-TGC TCG AAT CCA
ACG GAT TTG ACC TC-BHQ1–3�.41 The PCR reaction
mixture contained AmpErase Uracil N-glycosylase to de-
stroy any previously amplified product as described.42

Efficiencies of the �-actin and ORF26 amplification were
shown to be approximately equal using a validation ex-
periment as described by the sequence detection sys-
tem manufacturer (Applied Biosystems, User Bulletin 2:
Relative Quantitation of Gene Expression).

Transfections and Luciferase Assay

Cells were transfected with Lipofectamine 2000 (Invitro-
gen, Inc., Carlsbad, CA) following the supplied protocol.
Typical transfections of BCBL-1, BC-3, or HHV-6-infected
BCBL-1, BC-3 cells involved the introduction of 0.5 �g of
reporter plasmid DNA (pORF50 promoter, gift from Y.
Yuan, Department of Microbiology, School of Dental
Medicine, University of Pennsylvania43) for 105 cells.
Cells were harvested at 48 hours after transfection.
Luciferase activity was assayed by using the Promega
system. All data points were the averages of at least
five independent transfections.

Cell-Cell Fusion

HHV-6 latent JJhan cells (5 � 106) was mixed with an
equal number of BCBL-1 cells. After washing twice with
PBS, cells were resuspended into 1 ml of 100% (w/v)
polyethylene glycol 4000 in RPMI 1640 containing 5%
(v/v) dimethyl sulfoxide. The cell/polyethylene glycol sus-
pension was centrifuged at 100 � g for 2 minutes, there-
after, 10 ml of RPMI 1640 were added to resuspend the

cell pellet. Cells were then centrifuged at 100 � g for 5
minutes, supernatants were removed, and cells were
finally resuspended into complete medium.44 To calcu-
late the number of fused cells, DNA staining with pro-
pidium iodide solution and flow cytometric analysis were
performed as described previously.45

Reverse Transcriptase(RT)-PCR

Complementary DNA was synthesized from isolated RNA
using the SuperScript Preamplication System for First
Strand cDNA Synthesis (Life Technologies, Inc.) follow-
ing the manufacturer’s instructions. To ensure no DNA
contamination of the RNA, which could lead to false-
positive results, the RNA samples were treated with
DNase I (Life Technologies, Inc.) before reverse tran-
scription. As an additional control, each sample was also
subjected to reverse transcription in the absence of RT.
Single-stranded cDNA was then amplified using stan-
dard PCR techniques as previously described.46 Primers
used for analysis included KSHV ORF26 (also referred to
as KS330) primers originally described by Chang and
colleagues1 and �-actin by Knipping and colleagues.47

Immunoperoxidase Staining

Cytospin preparations of cultured cells were fixed for 10
minutes in 50:50 acetone:methanol and air-dried. The
cells were immunostained to detect two antigens using a
highly sensitive avidin-biotin immunoperoxidase tech-
nique (Vectastain kit; Vector Laboratories, Burlingame,
CA) as previously described.21 The chromogen, 3-ami-
no-4-ethylcarbazole was used, producing a positive red
reaction. The panel of mAbs used included KSHV ORF59
(clone 11D1, mouse IgG2b; Advanced Biotechnologies
Inc.) and KSHV ORF K8.1 A/B (clone 4A4, mouse IgG1;
Advanced Biotechnologies Inc.). Both ORF59 and K8.1
mAbs recognize KSHV lytic cycle proteins and have
been previously described.48–50 To calculate the per-
centage of positive cells, photographs of at least 10
unique fields were taken of every slide, and the number of
positive and negative cells counted separately by three
individuals, including one who was blinded to the results.
Immunostaining was performed on samples from three
separate experiments.

Enzyme-Linked Immunosorbent Assay (ELISA)

Production of interferon (IFN)-� and interleukin (IL)-10
was measured in JJhan, JJhan � HHV-6, BCBL-1, and
BCBL-1 � HHV-6 cells before and after co-culture by
using ELISA kits (Diacone Research, Fleming, Besancon,
France). Undiluted tissue culture supernatants were used
as recommended by the supplier. Each sample was as-
sayed in duplicate and a minimum of three times was
performed.
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Results

Susceptibility of BCBL-1 Cells to HHV-6
Infection

To evaluate whether HHV-6 can affect lytic cycle replica-
tion of KSHV in BCBL-1 cells, it was first necessary to
determine the susceptibility of BCBL-1 to HHV-6 infec-
tion. Flow cytometry performed on normal cell lines
showed that CD46 molecule, a cellular receptor for HHV-
6,51 was readily expressed on the surface of both JJhan
and BCBL-1 cells (Figure 1, top). No detectable levels of
HHV-6 gp116 were expressed in JJhan and BCBL-1 cells
(Figure 1, middle). However, 89.1% JJhan cells and 86%
BCBL-1 cells (the ratio of counts in M2 gate to total
events) were positive for HHV-6 gp116 when these cells
were infected by HHV-6 for 96 hours. These data indicate
that BCBL-1 cells are susceptible to HHV-6 infection.

Co-Culture of BCBL-1 Cells with HHV-6-
Infected Cells Results in Induction of KSHV
Replication

To determine whether HHV-6 can activate KSHV lytic
replication, we infected BCBL-1 cells by co-culturing

BCBL-1 cells with HHV-6-infected JJhan cells (JJhan �
HHV-6). ORF26 mRNA (expressed only during lytic KSHV
replication) was analyzed by Northern blot. We found a
remarkable increase in KSHV ORF26 mRNA at 8 hours,
which gradually decreased with time (Figure 2A). Of in-
terest, ORF26 mRNA also increased after culture with
uninfected JJhan cells, but to a lesser extent than those
with JJhan � HHV-6 at the same time point (Figure 2A).
Analysis of data from five independent experiments dem-
onstrated that, on average, ORF26 expression increased
4.2 � 0.51-fold at 8 hours, 3.12 � 0.39-fold at 24 hours,
1.85 � 0.25-fold at 72 hours, and 1.55 � 0.13-fold at 96
hours, respectively, when comparing BCBL-1 cells co-
cultured with uninfected JJhan cells at same time point
(Figure 2A). Analysis of mRNA for the cellular housekeep-
ing gene glyceraldehydes-3-phosphate dehydrogenase
(GAPDH) on the same membrane indicated equal RNA
loading (Figure 2A). These data suggest that HHV-6 may
activate KHSV lytic replication.

Infection of BCBL-1 Cells with HHV-6 Induces
Lytic Cycle Replication of KSHV

Besides HHV-6, many factors may present in the co-
culture system and may affect the results. For instance,
direct cell-cell contact, soluble factors including HHV-6-
related proteins, cytokines and/or growth factors re-
leased by HHV-6 infection may all contribute to the in-
crease of KSHV replication. To determine whether
soluble factors other than cell-cell contact play a major
role in activation of KSHV lytic replication, we cultured
BCBL-1 cells in conditional medium that was collected
from HHV-6-infected JJhan cells at 96 hours, and filtered
to remove contaminating cells. We demonstrated again
that ORF26 mRNA drastically increased throughout time.
ORF26 expression increased 3.91-fold at 24 hours, 4.55-
fold at 48 hours, and 5.82-fold at 96 hours, respectively,
compared to BCBL-1 cells cultured in conditioned me-
dium collected from uninfected JJhan cells at same time
point (Figure 2B). Such increase, however, began to
decline at 120 hours and continually decrease through-
out time (data not shown). These data suggest that sol-
uble factors rather than cell-cell contact are responsible
for the activation of KSHV lytic replication.

Because the conditional medium from the infected
cells may contain infectious HHV-6 virions, which would
complicate interpretation of the results, HHV-6 virions
were depleted from the cell-free condition medium by
ultracentrifuge. HHV-6 was not detected in this virus-
depleted medium by PCR whereas it was readily de-
tected in the medium before centrifugation (data not
shown). BCBL-1 cells cultured in virion-depleted condi-
tional medium showed less effective induction of ORF26
mRNA expression compared to that of cells cultured in
untreated medium (Figure 2, B and C). These results
suggest that HHV-6 virions were the likely major factor for
the ORF26 mRNA induction by the conditional medium
without excluding that other soluble factors may also play
a minor role.

Figure 1. Expression of CD46 and HHV-6 gp116 antigens in JJhan and
BCBL-1 cells. JJhan (A, C) and BCBL-1 (B, D) cells or HHV-6-infected JJhan
(E) and HHV-6-infected BCBL-1 (F) cells were stained with anti-CD46 (top)
or with anti-HHV-6 gp116 (middle and bottom) antibodies (fluorescein
isothiocyanate-labeled monoclonal antibodies). Fluorescein isothiocyanate-
labeled IgG was used as an isotype control antibody. The expressions of
CD46 and HHV-6 gp116 were analyzed by FACS. The black shading
represents anti-CD46 or anti-gp116-specific antibodies and the white shad-
ing represents the isotype control antibody.
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To determine whether the infectious virions of HHV-6
play a major role in induction of KSHV lytic replication, the
BCBL-1 cells were directly infected by the HHV-6 virion
pelleted from HHV-6-infected JJhan cells supernatants.
Analysis of ORF26 mRNA expression demonstrated that
ORF26 mRNA increased in BCBL-1 cells with time after
infection with HHV-6 virions. Analysis of data from three
independent experiments demonstrated that, on aver-
age, ORF26 expression increased 1.2 � 0.29-fold at 16
hours, 1.5 � 0.3-fold at 24 hours, 1.9 � 0.32-fold at 48
hours, 3.5 � 0.51-fold at 72 hours, and 10.6 � 1.59-fold
at 96 hours, respectively, compared to untreated BCBL-1
cells as a control (Figure 3A). ORF26 expression, how-
ever, started to decrease at 120 hours, and gradually
reached almost the same level as that in untreated
BCBL-1 cells at 7 days (data not shown). These data
suggest HHV-6 infection alone is insufficient to induce
KSHV lytic replication.

To more quantitatively measure the level of ORF26
expression, real-time quantitative PCR was performed. In
this experiment, the amount of PCR product was mea-
sured at each cycle using a fluorescently labeled probe.
The results were expressed as Ct values, which corre-
sponded to the cycle at which the fluorescence crosses
a particular threshold. The Ct value of the PCR product of
interest (KSHV ORF26 in these experiments) and a con-
trol mRNA (�-actin) were then used to calculate relative
quantities of mRNA between samples. It was found that
on average ORF26 expression in BCBL-1 cells infected

with pelleted HHV-6 virions was increased 1.07 � 0.12-
fold at 16 hours, 1.26 � 0.13-fold at 24 hours, 2.04 �
0.28-fold at 48 hours, 3.5 � 0.46-fold at 72 hours, 9.9 �
0.95-fold at 96 hours, and 2.23 � 0.30-fold at 120 hours
compared to BCBL-1 cells treated with PBS (Figure 3B).
To determine whether HHV-6-induced KSHV lytic repli-
cation is cell type-specific, another KSHV latently in-
fected cell line, BC-3, was used. After HHV-6 infection
BC-3 showed similar ORF26 mRNA expression pattern to
that of BCBL-1 (Figure 3B). Quantitation showed that
HHV-6 virions were increased 1.1 � 0.13-fold at 16 hours,
1.2 � 0.14-fold at 24 hours, 2.49 � 0.33-fold at 48 hours,
5.1 � 0.56-fold at 72 hours, 11.58 � 1.12-fold at 96 hours,
and 2.08 � 0.29-fold at 120 hours compared to BC-3
cells treated with PBS. These data suggest that HHV-6-
induced KSHV lytic replication is not restricted in BCBL-1
cells and may be a common mechanism that reactivates
KSHV in KS.

As a control BCBL-1 cells were also infected with
UV-irradiated or heat-inactivated HHV-6 to determine
whether inactivated HHV-6 could influence the replication
of KSHV. Analysis of ORF26 mRNA expression indicated
that both UV-irradiated and heat-inactivated HHV-6 failed
to induce KSHV replication (data not shown). To confirm
and extend these results, we examined if HHV-6 can
enhance KSHV ORF50 promoter activity. KSHV ORF50
encodes a replication and transcription activator homol-
ogous to the Epstein-Barr virus Rta, which has been
shown to be both necessary and sufficient to activate the

Figure 2. Northern blot analysis for ORF26 mRNA in BCBL-1 cells. A: ORF26 mRNA expressed in BCBL-1 cells after co-culture with HHV-6-infected JJhan cells
by direct cell-cell contact. Total RNA isolated from BCBL-1 cells treated with TPA for 48 hours (positive control, BCBL-1 � TPA 48 hours), BCBL-1 cells co-cultured
with HHV-6-infected JJhan cells (JJhan � HHV-6), 8, 24, 72, and 96 hours, respectively (�JJhan � HHV-6 8 hours, 24 hours, 72 hours, 96 hours), BCBL-1 cells
co-cultured with uninfected JJhan cells, 8, 24, 72, and 96 hours, respectively (�JJhan 8 hours, 24 hours, 72 hours, 96 hours), BCBL-1 cells alone (negative control,
BCBL-1 alone) were transferred to nylon membrane and ORF26 mRNA expression was detected by Northern blot. The same membrane was stripped and reprobed
for GAPDH to demonstrate equal loading of the RNA. B: ORF26 mRNA expressed in BCBL-1 cells cultured for 24 to 96 hours in 50% conditioned medium. ORF26
mRNA expression in BCBL-1 cells cultured in 50% conditioned medium from HHV-6-infected JJhan cells for 24, 48, and 96 hours (�JJhan � HHV-6 24 hours, 48
hours, 96 hours) and BCBL-1 cells cultured in 50% conditioned medium from uninfected JJhan cells for 24, 48, and 96 hours (�JJhan 24 hours, 48 hours, 96 hours)
was detected by Northern blot. C: ORF26 mRNA expressed in BCBL-1 cells cultured for 24 to 96 hours in KSHV-depleted conditioned medium. ORF26 mRNA
expression in BCBL-1 cells cultured in KSHV-depleted conditioned medium for 24, 48, 72, and 96 hours (24 hours, 48 hours, 72 hours, 96 hours) and normal
BCBL-1 cells (control) was detected by Northern blot. All results shown are a representative experiment of at least three independent experiments with similar
results.
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KSHV lytic cycle.52,53 In this assay a 1-kb region up-
stream of the translational start site of ORF50 (KSHV
coordinate 71,598) was used to drive luciferase reporter
gene expression (p50 construct). Lu, Yuan, and col-
leagues50 have previously shown that this p50 construct
has promoter activity in BCBL-1, JSC1, and 293 cells.
Cells transfected with p50 alone showed low baseline
levels of luciferase expression (used as a control), which

Figure 3. Infection of BCBL-1 cells with HHV-6 induces lytic cycle replica-
tion of KSHV. A: ORF26 mRNA expressed in BCBL-1 cells infected with
pelleted HHV-6. ORF26 mRNA expression in BCBL-1 cells infected with
pelleted HHV-6 for 16, 24, 48, 72, and 96 hours (16 hours, 24 hours, 48 hours,
72 hours, 96 hours), and uninfected BCBL-1 (control) cells was detected by
Northern blot. A representative experiment is shown; at least three indepen-
dent experiments were performed with similar results. B: Real-time quanti-
tative PCR for ORF26 mRNA in BCBL-1 and BC-3 cells after infection with
pelleted HHV-6. ORF26 mRNA expression in BCBL-1 (white bar) and BC-3
(black bar) cells infected with pelleted HHV-6 for 16, 24, 48, 72, 96, and 120
hours was quantitated by real-time quantitative PCR. Results shown were the
statistic of three independent experiments performed in triplicate. C: Infec-
tion of HHV-6 promotes induction of KSHV ORF50 promoter activity. BCBL-1
(white bar) and BC-3 (black bar) cells were transfected with pGL-3 basic
control or p50 plasmids. p50-transfected cells were either untreated (p50),
treated with TPA (p50 � TPA), or infected with HHV-6 (p50 � HHV-6).
Luciferase activities were measured as induction (n-fold). Results from a
representative experiment performed in triplicate are shown; five indepen-
dent experiments were performed with similar results.

Figure 4. Expression of ORF26 mRNA in BCBL-1 cells fused with HHV-6-
infected JJhan cells. A: Detection of fused cells in the heterokaryon assay by
flow cytometry. BCBL-1 cells mixed with HHV-6-infected JJhan cells in the
equal number (before fusion) and BCBL-1 cells 20 hours after fusing with
HHV-6-infected JJhan cells (after fusion) were fixed, stained with propidium
iodide, and analyzed for DNA contents of tetraploid cells (M2 and M4 before
fusion, M2 after fusion) by flow cytometry. B: RT-PCR analysis of ORF26
mRNA expression in heterokaryons. ORF26 mRNA expression in BCBL-1
cells fusing with JJhan cells for 15, 20, 24 hours (�JJhan 15 hours, 20 hours,
24 hours) or fusing with HHV-6-infected JJhan cells for 15, 20, 24 hours
(�JJhan � HHV-6 15 hours, 20 hours, 24 hours) was detected by RT-PCR. As
controls, ORF26 mRNA expression in TPA-treated BCBL-1 (BCBL-1 � TPA 48
hours, positive control) cells, PBS-treated BCBL-1 cells (BCBL-1 � PBS),
PBS-treated JJhan cells (JJhan � PBS), or HHV-6-infected JJhan cells (JJhan �
HHV-6) were also detected. C: Real-time quantitative PCR analysis for ORF26
mRNA in BCBL-1 cells fused for 15 to 48 hours with HHV-6-infected JJhan
cells. ORF26 mRNA expression in BCBL-1 fusing with JJhan cells (white bar,
JJhan) or BCBL-1 fusing with HHV-6-infected JJhan cells [black bar, JJhan-
(HHV-6)] for 15 to 48 hours was quantitated by real-time quantitative PCR.
Relative quantities of ORF26 expression are represented on the y axis. *, P �
0.05. Results were the statistic of four independent experiments performed in
triplicate.
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was dramatically enhanced (3.7- and 4.66-fold increase
in BCBL-1 and BC-3 cells, respectively) by stimulation
with TPA (Figure 3C). Infection of the cells with HHV-6
resulted in a statistically significant increase in luciferase
expression (2.15- and 3.1-fold increase in BCBL-1 and
BC-3 cells, respectively, compared to the corresponding
control, P � 0.05; Figure 3C). Together these data sug-
gest that infection of BCBL-1 cells with HHV-6 is respon-
sible for the induction of ORF26 mRNA and the induction
may be partially mediated by ORF50.

Activation of KSHV Transcription by HHV-6 in
Heterokaryons

To examine whether HHV-6 can activate replication of the
latent KSHV in the same cell, we generated heterokary-
ons between JJhan and BCBL-1 cells, which are latently
infected with HHV-6 and KSHV, respectively. First, DNA
staining with propidium iodide solution and subsequent
flow cytometric analysis was performed to calculate the
number of successfully fused cells. Of the fused cells,
9.23% exhibited DNA contents of tetraploid cells in cell-
cell fusion mixture 20 hours after fusion (Figure 4A).

RT-PCR analysis for ORF26 transcript in the fused cells
demonstrated that expression of ORF26 mRNA could be
detected 15 hours after fusion, and it was enhanced
throughout time (Figure 4B). To more quantitatively mea-
sure the level of ORF26 expression, real-time quantitative
PCR was performed. We found that on average ORF26
expression in heterokaryons increased 5.9 � 0.55-fold at
15 hours, 2.7 � 0.39-fold at 20 hours, 2.3 � 0.31-fold at
24 hours, 2.0 � 0.29-fold at 36 hours, and 1.5 � 0.16-fold
at 48 hours compared to the heterokaryons between
BCBL-1 cells and uninfected JJhan cells (Figure 4C).
These results suggest that HHV-6 can activate the repli-
cation of latent KSHV in heterokaryons.

Induction of KSHV Lytic Cycle RNA Also Results
in Induction of Lytic Cycle Protein

To determine whether induction of KSHV lytic cycle
RNA by HHV-6 also resulted in induction of lytic cycle
proteins, immunostaining of BCBL-1 cells was per-
formed to detect two KSHV lytic cycle proteins (K8.1
and ORF59). After 3 days of co-culture with JJhan cells
infected with HHV-6 (JJhan � HHV-6), 10.8 � 0.9% of
BCBL-1 cells expressed ORF K8.1 compared to 4.1 �
0.4% of BCBL-1 cells cultured with JJhan cells and
1.1 � 0.2% of untreated BCBL-1 cells (P � 0.05; Figure
5, the second, fourth, and fifth panel of top row). Sim-
ilarly, 13.5 � 1.1% of BCBL-1 cells expressed ORF59
compared to 4.3 � 0.5% of BCBL-1 cells cultured with
JJhan cells and 1.0 � 0.1% of untreated BCBL-1 cells
(P � 0.05; Figure 5, the second, fourth, and fifth panel
of bottom row). Furthermore, after 6 days of infection
with HHV-6, 21.3 � 1.5% of BCBL-1 cells expressed
ORF K8.1 compared to 1.1 � 0.2% of BCBL-1 cells
cultured with PBS buffer (P � 0.05; Figure 5, the sixth
and seventh panel of top row). Similarly, 27.6 � 1.8% of
BCBL-1 cells expressed ORF59 compared to 1.2 �
0.3% of BCBL-1 cells cultured with PBS buffer (P �
0.05; Figure 5, the sixth and seventh panel of bottom
row). This was consistent with the previous report that
the expression of ORF59 occurs earlier and more fre-
quently in the lytic cycle, compared to the expression
of ORF K8.1.54 As positive controls, it was found that
31.3 � 1.9% and 41.1 � 2.1% of BCBL-1 cells ex-
pressed ORF K8.1 and ORF59, respectively, after
treatment with TPA (Figure 5, the third panel). These
results indicate that the induction of KSHV lytic cycle
RNA by HHV-6 also results in the induction of lytic
cycle proteins.

Figure 5. Immunohistochemisty staining of BCBL-1 cells co-cultured with HHV-6-infected JJhan cells and infected with pelleted HHV-6. KSHV lytic proteins ORF
K8.1 (top) and ORF59 (bottom) expression in JJhan cells, BCBL-1 cells, TPA-treated BCBL-1 cells (BCBL-1 � TPA), PBS-treated BCBL-1 cells (BCBL-1 � PBS),
BCBL-1 cell co-cultured with JJhan cells (BCBL-1/JJhan), BCBL-1 cell co-cultured with HHV-6-infected JJhan cells (BCBL-1/JJhan � HHV-6), or HHV-6 infected
BCBL-1 cells (BCBL-1 � HHV-6) were detected by immunohistochemistry with ORF K8.1 and ORF59 monoclonal antibodies. * and **, Statistically significant
increases in ORF K8.1 and ORF59 expression compared to that of BCBL-1 cells co-cultured with normal JJhan cells for 3 days and cultured in PBS buffer for 6
days, respectively. Original magnifications, �60.
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Th-1 Cytokine, IFN-�, Partially Contributes to
Induction of KSHV Replication

Because there was still a slight increase of ORF26 mRNA
in BCBL-1 cells cultured in virus-depleted conditioned
medium compared to that of untreated medium at 24
hours (Figure 2, B and C), we reasoned that, besides
HHV-6 virions, soluble factors produced by or in re-
sponse to HHV-6-infected cells, in part, induced KSHV
lytic replication. Cytokines released in the co-culture sys-
tem were the most likely candidates to mediate this re-
sponse. To identify the cytokines involved in this process
and to determine the level of their expression, commer-
cially available ELISA assay for IFN-�, a representative of
Th-1 cytokines, and IL-10, a representative of Th-2 cyto-

kines, were used, respectively. We found that IFN-� was
readily detected in BCBL-1 cells, particularly, after co-
culture with JJhan � HHV-6 (threefold increase at 24
hours and 2.1-fold increase at 48 hours compared to that
in co-culture with normal JJhan cells) (Figure 6A). Simi-
larly, IFN-� was also detectable in BCBL-1 cells cultured
in the conditional medium from HHV-6-infected JJhan
cells. Its expression was increased 2.1-fold at 48 hours
and rose to a 2.5-fold increase at 72 hours compared to
that of BCBL-1 cells cultured in supernatants from unin-
fected JJhan cells (Figure 6A).

Because IFN-� was detected at the protein level in
pg/ml concentrations, experiments were designed to
determine whether recombinant cytokines could also
induce KSHV lytic replication. BCBL-1 cells were stim-

Figure 6. IFN-� partially contributes to induction of KSHV replication. A: Expression of IFN-� in BCBL-1 cells co-cultured for 8 to 120 hours with HHV-6-infected
JJhan cells and cultured in 50% conditioned medium. Supernatants from BCBL-1 cells co-cultured with JJhan (JJhan � BCBL-1), HHV-6-infected JJhan
[JJhan(HHV-6) � BCBL-1] or BCBL-1 cells cultured in conditioned medium from JJhan cell culture (SuJJhan � BCBL-1) and HHV-6-infected JJhan cell culture
[SuJJhan(HHV-6) � BCBL-1] for various times indicated were collected for detection of IFN-� by ELISA. Results were the statistic of three independent experiments
with duplicate. B: Real-time quantitative PCR analysis for ORF26 mRNA expression in blocking assay by mAb against IFN-�. Real-time quantitative PCR was used
to detected relative quantities of ORF26 mRNA in normal BCBL-1 cells (BCBL-1 alone), IFN-�-treated BCBL-1 cells (IFN-� � BCBL-1), BCBL-1 cells co-cultured
with JJhan cell (JJhan � BCBL-1), HHV-6-infected JJhan cells [JJhan(HHV-6) � BCBL-1], or HHV-6-infected JJhan cells plus mAb treatment [JJhan(HHV-6) �
BCBL-1 � mAb] for various times indicated. The ORF26 mRNA expression in BCBL-1 cells cultured in conditioned medium from JJhan cell (SuJJhan � BCBL-1),
HHV-6-infected JJhan cells [SuJJhan(HHV-6) � BCBL-1], or HHV-6-infected JJhan cells plus mAb treatment [SuJJhan(HHV-6) � BCBL-1 � mAb] for various times
indicated was also detected by real-time quantitative PCR. The statistic of three independent experiments performed in triplicate was shown. C: Northern blot
analysis for ORF26 mRNA expression in blocking assay by mAb against IFN-�. Northern blot analysis was used to detect ORF26 mRNA in BCBL-1 cells co-cultured
with HHV-6-infected JJhan cells at 24 and 48 hours or cultured in conditioned medium at 48 and 72 hours before or after treatment with mAb against IFN-�,
respectively. Lane 1 (from left), BCBL-1 co-cultured with HHV-6-infected JJhan cells (BCBL-1 � JJhan � HHV-6), 24 hours; lane 2, BCBL-1 co-cultured with
HHV-6-infected JJhan cells with addition of mAb against IFN-� (BCBL-1 � JJhan � HHV-6 � mAb), 24 hours; lane 3, BCBL-1 � JJhan � HHV-6, 48 hours; lane
4, BCBL-1 � JJhan � HHV-6 � mAb, 48 hours; lane 5, BCBL-1 cells cultured in conditioned medium from HHV-6-infected JJhan cells with addition of mAb against
IFN-� (BCBL-1 � C.M. � mAb), 72 hours; lane 6, BCBL-1 � C.M., 72 hours; lane 7, BCBL-1 � C.M. � mAb, 48 hours; lane 8, BCBL-1 � C.M., 48 hours. A
representative experiment is shown; three independent experiments were run and gave similar results.
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ulated with recombinant IFN-� (R&D Systems, Minneapolis,
MN) at the final concentration of 50 to 1000 U/ml and KSHV
replication was examined. Using real-time quantitative PCR,
studies demonstrated that ORF26 mRNA in BCBL-1 cells
stimulated with IFN-� was increased 1.1-fold at 8 hours,
1.3-fold at 16 hours, 1.9-fold at 24 hours, 3.6-fold at 48
hours, 4.3-fold at 72 hours, 4.1-fold at 96 hours, and 3.8-fold
at 120 hours, respectively, compared to untreated BCBL-1
cells as a control (Figure 6B), which is consistent with the
previous report.21

To test our hypothesis that IFN-� overexpression may,
at least in part, modulate KSHV lytic replication by HHV-6,
mAb against IFN-� blocking assay was performed. As
shown in Figure 6B, after addition of mAb to the co-
culture of BCBL-1 cells with HHV-6-infected JJhan cells,
the expression of ORF26 mRNA markedly decreased. In
particular, the expression of ORF26 mRNA decreased
2.2-fold at 24 hours and 1.74-fold at 48 hours compared
to the groups without mAb treatment. Similarly, after the
addition of mAb to the BCBL-1 cells cultured in condi-
tioned medium from HHV-6-infected JJhan cells, the ex-
pression of ORF26 mRNA decreased 1.91-fold at 48
hours and twofold at 72 hours compared to the groups
without mAb treatment (Figure 6B). The expression of
ORF26 mRNA was not thoroughly blocked by mAb
against IFN-� compared to BCBL-1 cells co-cultured with
normal JJhan cells and cultured in the supernatant from
normal JJhan cells (Figure 6B). To more visually evaluate
the level of ORF26 expression, Northern blot analysis for
ORF26 mRNA was performed. As shown in Figure 6C,
after the addition of mAb to the co-culture system, the
expression of ORF26 mRNA was really inhibited both in
co-culture and conditioned medium culture (Figure 6C).
These results indicate that IFN-� partially plays a role in
modulating KSHV lytic replication by HHV-6 infection.
ELISA assays were also performed for IL-10. Expression
of IL-10 in BCBL-1 cells cultured in the conditioned me-
dium and co-cultured with HHV-6-infected JJhan cells
were only slightly higher than controls, however, they
were not statistically different between the groups and
throughout time (data not shown).

Discussion

Co-factors that enhance the lytic replication of KSHV may
play an important role in the pathogenesis of KS. Lytic
replication is required for the initial spread of KSHV to
target B lymphocytes and monocytes after exposure to
KSHV. Additional rounds of productive replication are
required for KSHV to infect the endothelial cell progeni-
tors to form the spindle cells that are characteristic com-
ponents of KS tumor. It is likely that high levels of lytic
replication will alter the balance between clearance of the
infected cells by the host immune system and infection of
new cells by virus, favoring the spread of virus to new
tissues. Co-factors that are present in the microenviron-
ment of cells infected with KSHV may thus enhance early
viral spread and ultimately enhance pathogenicity. Fac-
tors enhancing lytic replication may also play a role in the
disease process at later time points. At the time that a

tumor is first evident, most spindle cells harbor KSHV in
the latent phase replication.16 However, a subpopulation
of cells undergoing lytic replication are uniformly present
in tumors, and these cells have been postulated to play a
role in the maintenance of the tumor. Monocytes in KS
tumors have been shown to be productively infected with
KSHV;55 these cells may be an important reservoir of
virus and may be responsible for the high KSHV viral load
that is seen in the late stages of KS. The identification of
co-factors that enhance KSHV lytic replication at both
early and late time points after infection is thus an impor-
tant goal in understanding KS pathogenesis.

Early studies have shown that HHV-6 can activate EBV
replication and contribute to the progression of EBV-
associated disease.34 In our current study, we showed
that HHV-6 can also activate KHSV in BCBL-1 cell and
may be a co-factor of KS disease. Our results reveal
several novel points in understanding KS disease pro-
gression.

First, our results provide direct experimental evidence
that HHV-6 can be a potential co-factor of KS. Several
factors have been previously shown to be co-factors of
KS.20–27 For instance, Vieira and colleagues24 showed
infection of HCMV increased the production of KSHV in
endothelial cells and activated lytic cycle gene expres-
sion in keratinocytes, suggesting that HCMV could influ-
ence KSHV pathogenesis. Here we have demonstrated
that infection of BCBL-1 cells with HHV-6 is a critical
factor that is responsible for the induction of KSHV lytic
replication, suggesting that HHV-6 may promote KS pro-
gression by reactivating KSHV lytic replication.

Second, we provide experimental evidence to suggest
that co-infection of HHV-6 may promote KSHV lytic rep-
lication in KS progression. The molecular switch that
controls the transition from KSHV latency to lytic replica-
tion is the product of the ORF50 gene, designated KSHV
Rta (replication and transcription activator).52,53,56 KSHV
ORF50 is an immediate-early KSHV gene product whose
expression is detectable before that of early lytic gene
products. Expression of ORF50 in PEL cell lines results in
activation of expression of early lytic cycle genes such as
the polyadenylated nuclear RNA (PAN), viral interleukin 6
(vIL-6), K8, and ORF59, as well as the activation of late
lytic gene.52,53,57 As an important and well known co-
factor for the development of KS, HIV-1 activated lytic
cycle replication of KSHV through induction of KSHV
ORF50 promoter activity.58 Here we provided direct evi-
dence that infection of HHV-6 can also initiate induction
of KSHV ORF50 promoter activity. Of course, our results
did not eliminate the possibility that other immediate-early
KSHV genes and their promoters or soluble factors pro-
duced by or in response to HHV-6-infected PEL cell lines
may also be involved in this process.

Third, we showed that IFN-� partially contributes to
induction of KSHV replication by infection of HHV-6.
IFN-� has long been of particular interest to investigators
studying AIDS-KS and KSHV. Previous studies demon-
strated that IFN-� is produced in KS, which is known to
promote the growth and proliferation of KS tumor cells in
vitro.59–62 In addition, cytokines including IFN-� have
been show to induce normal endothelial cells, the likely
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precursor cell of the KS tumor cell, to acquire the char-
acteristics typical of KS tumor cells, including spindle-
shaped morphology, production of angiogenic factors,
and expression of activation markers. Recent studies by
Mercader and colleagues21 have indicated that co-cul-
ture of HIV-1-infected T cells with KSHV latently infected
PEL cell lines induced KSHV reactivation. This induction
was the result of soluble factors released by the co-
cultured cells, and several cytokines, including IFN-�,
oncostatin M (OSM), and hepatocyte growth factor/scat-
ter factor (HGF/SF).21 In the current study, we demon-
strated that IFN-� produced by the co-culture of BCBL-1
cells with HHV-6-infected T cells is able to play a role in
the activation of KSHV lytic replication. These results add
additional support to the hypothesis that cytokines play a
critical role in the initiation and development of KS by
activating KSHV, promoting production of angiogenesis
factors, and by providing the necessary growth factors
for the tumor cells.63 Whether other factors, such as
HHV-6-related proteins or additional cytokines may also
be involved in this process is still unknown.

Because the majority of the population is seropositive
for HHV-6, reactivation of HHV-6 in immunocompromised
patients, such as KS, and AIDS-KS, may further accen-
tuate KSHV replication and thereby contribute to KS and
AIDS-KS progression. In addition, HIV-1 Tat, which has
also long been of particular interest to investigators
studying AIDS-KS pathogenesis has been implied to be
able to induce KSHV replication.44,64 On the molecular
level, HHV-6 gene products and HHV-6-induced cellular
factors can trans-activate the HIV-1 LTR leading to HIV-1
replication.65 On the other hand, HIV-1 Tat can also en-
hance replication of HHV-6.66 Therefore, further studies
are needed to better understand how interactions among
three viruses may contribute to the progression of the
AIDS-KS disease.
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