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Human herpesvirus 8 (HHV-8) infection is associated with Kaposi’s sarcoma, primary effusion lymphoma
(PEL), and multicentric Castleman’s disease. In this study, we used monoclonal antibodies (MAbs) directed
against HHV-8 lytic cycle-associated proteins encoded by open reading frame (ORF) 59 (nuclear PF-8 protein)
and ORF K8.1 (viral envelope glycoprotein K8.1 [gpK8.1]) to investigate HHV-8 lytic infection in single cells.
Lytically infected cells were labeled with MAbs, stained with fluorescently conjugated secondary Abs, and an-
alyzed by flow cytometry. A 3-day stimulation of HHV-8-positive PEL cell lines (BCBL-1 and BC-3) with
12-O-tetradecanoylphorbol-13-acetate (30 nM) or n-butyric acid (0.3 mM) maximized the expression of lytic-
phase viral proteins and minimized cell toxicity. The absolute number of expressing cells was inducer and cell
line dependent. Expression of PF-8 occurred earlier and more frequently (in up to 20% of cells) than did
expression of gpK8.1. A subset of PF-8 positive cells (25%) co-expressed gpK8.1, representing the majority of
gpK8.1 expressing cells. Acyclovir, foscarnet, cidofovir, and PMEA reduced the number of cells expressing
gpK8.1, but not the number expressing the nonstructural early lytic gene product PF-8. By contrast, alpha
interferon (IFN-a) and IFN-b reduced expression of both PF-8 and gpK8.1, implying an overall inhibitory
effect on viral gene transcription or translation. In summary, we have characterized and quantified HHV-8 lytic
infection in single cells by dual measurement of early- and late-lytic-cycle HHV-8 protein expression. This
technique should prove useful for screening of possible antiherpesvirus agents and for detailed phenotypic
characterization of HHV-8-infected cells in vitro and in patients with HHV-8-associated diseases.

Human herpesvirus 8 (HHV-8) infection is associated with
Kaposi’s sarcoma (KS), primary effusion lymphoma (PEL),
and multicentric Castleman’s disease (5, 10, 26, 37). HHV-8 is
present in both diseased tissue and peripheral blood mononu-
clear cells (PBMC) of patients with these conditions (4), a
finding which strengthens the possibility that HHV-8 is in-
volved in disease pathogenesis. Unfortunately, detailed char-
acterization and quantification of single cells infected with
HHV-8 has been limited and technically difficult. Recently,
monoclonal antibodies (MAbs) have been developed against
lytic-cycle viral proteins encoded by open reading frame
(ORF) 59 and ORF K8.1 (8, 39). ORF 59 protein is a putative
viral accessory protein (processivity factor 8 [PF-8]) located in
the cell nucleus and expressed in the early lytic phase of
HHV-8 replication (8, 21). PF-8 binds HHV-8 DNA polymer-
ase, allowing it to synthesize greatly extended DNA products.
By contrast, proteins encoded by ORF K8.1 (glycoprotein K8.1
[gpK8.1], also known as gp35–37) are immunogenic glycopro-
teins expressed in the late lytic phase and are associated with
the viral envelope (9, 30). In this study, we used these new
MAbs to assess early nonstructural and late structural viral
protein expression during active HHV-8 replication in single
cells by flow cytometry. This particular technique should prove

useful for developing in vitro HHV-8 infection models and for
performing detailed phenotypic characterization of HHV-8-
infected cells in vivo, thus providing an important new tool in
the study of HHV-8-associated diseases.
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FIG. 1. Expression of ORF 59 protein (PF-8) and ORF K8.1 protein
(gpK8.1) in the BCBL-1 cell line stimulated with TPA or n-butyric acid. Cells
were stimulated with 30 nM TPA or 0.3 mM n-butyric acid for 2 days. Cellular
protein was isolated, separated by gel electrophoresis, and blotted onto nitro-
cellulose membranes. PF-8 (A) and gpK8.1 (B) were labeled with protein-
specific MAbs, coupled to alkaline phosphatase, and visualized with Western
Blue. Lanes: 1, unstimulated cells; 2, TPA-stimulated cells; 3, n-butyric acid
stimulated cells. Data shown are representative of five experiments.
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Interestingly, past use of certain antiherpesvirus drugs (e.g.,
foscarnet and cidofovir) correlates with a reduced risk of de-
veloping KS (11, 15, 19, 24, 33). These and other potential
antiherpesvirus agents may eventually prove to be useful in the
prevention of HHV-8-associated disease in HHV-8-infected

individuals (4). In concordance with these epidemiologic stud-
ies, several investigators have shown that certain antiherpesvi-
rus drugs are capable of blocking HHV-8 replication in chron-
ically infected PEL cell lines (14, 20, 22, 28). These previous in
vitro studies, however, used laborious methods and relied on

FIG. 2. Visualization of PF-8 and gpK8.1 in BCBL-1 cells. Cells stimulated for 2 days with 30 nM TPA were fixed and permeabilized. (A and B) For IFA, cells were
labeled with anti-PF-8 or anti-gpK8.1 MAbs followed by FITC-conjugated secondary Abs. The cells were centrifuged onto glass slides and photographed through a
fluorescence microscope. Expression of PF-8 (A) and gpK8.1 (B) are shown. Magnification, 3245. (C) For colocalization studies, cells were labeled with both anti-PF-8
and anti-gpK8.1 MAbs followed by PE- and FITC-conjugated isotype-specific secondary Abs. Expression of PF-8 (red), gpK8.1 (green), colocalized PF-8 and gpK8.1
(yellow) are shown. Magnification, 3155. (D and E) For electron microscopy studies, cells were labeled with anti-gpK8.1 MAbs followed by gold-coupled secondary
Abs. (D) Three gold beads are seen on a portion of a permeabilized cell, two attached to the nuclear membrane (arrows) and one on the plasma membrane (arrowhead).
Note the moderately electron-dense granular material under the nuclear membrane and two nearby nucleoids (small arrows). Magnification, 352,000. (E) Three 40-nm gold
beads are associated with the surface of a typical mature HHV-8 virion. The nearby plasma membrane is free of label. Magnification, 3110,000. Data shown are representative.
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semiquantitative differences in band intensities to assess the
efficacy of drugs. In this study, we have also applied our system
to characterize the ability of potential antiherpesvirus agents to
block the induction of HHV-8 replication. This method is
rapid and quantitative and therefore can be easily used for
future investigations of novel antiherpesvirus agents.

MATERIALS AND METHODS

Cell lines and reagents. HHV-8-positive and Epstein-Barr virus (EBV)-neg-
ative PEL cell lines BCBL-1 (32) (National Institutes of Health AIDS Research
and Reagent Program, Rockville, Md.) and BC-3 (2) (American Type Culture
Collection, Rockville, Md.), and the EBV-positive (HHV-8 negative) cell line
Daudi (American Type Culture Collection) were grown in RPMI 1640 medium
(Gibco BRL, Gaithersburg, Md.) containing 20% fetal calf serum (Gibco), 2 mM
L-glutamine (Gibco), 100 U of penicillin (Gibco) per ml, 100 mg of streptomycin
(Gibco) per ml, 10 mM HEPES (Gibco), and 5 3 1025 M 2-mercaptoethanol
(Sigma Chemical Co., St. Louis, Mo.). Cells were induced with 12-O-tetradeca-
noylphorbol-13-acetate (TPA) or n-butyric acid (both from Sigma). Phosphono-
acetic acid (foscarnet) and acyclovir were also purchased from Sigma. Cidofovir,
9-2-phosphonyl-methoxypropyl-adenine (PMPA), and 9-2-phosphonyl-methoxy-
ethyl-adenine (PMEA; adefovir) were kind gifts from Gilead Sciences, Inc.
(Foster City, Calif.). Gamma interferon (IFN-g) was purchased from R&D
Systems Inc. (Minneapolis, Minn.), IFN-a was purchased from Endogen
(Woburn, Mass.), and IFN-b was purchased from Gibco. Indinavir, saquinavir,
and ritonavir were kindly donated by M. Hiroaki (National Cancer Institute,
Bethesda, Md.).

Protein extraction and Western blot analysis. Cells were incubated for 10 min
on ice in a lysis buffer containing 0.75% (vol/vol) Triton X-100, 0.2% dimethyl
sulfoxide, 300 mM NaCl, 50 mM Tris-HCl, 10 mg of leupeptin per ml, 20 mg of
aprotinin per ml, 25 mM p-nitrophenyl-p9-guanidinobenzoate, and 10 mM KNI
(pH 7.4). The preparations were centrifuged for 10 min at 10,000 rpm to remove
cellular debris. Supernatants were analyzed for proteins by using the NuPage
System (Novex, San Diego, Calif.). Briefly, proteins were separated on 4 to 12%
Bis-Tris-HCl-buffered polyacrylamide gels under reducing conditions with the
NuPage morpholinepropanesulfonic acid (MOPS) sodium dodecyl sulfate run-
ning buffer. The proteins were transferred to nitrocellulose membranes, which
were then incubated overnight in a blocking solution (20 mM Tris-HCl, 150 mM
NaCl, 0.05% [vol/vol] Tween 20, 1% bovine serum albumin [BSA]) at 4°C.
Membranes were washed twice with blocking solution, labeled for 2 h with MAbs
(5 mg/ml) directed against the ORF 59-encoded protein PF-8 (MAb 11D1) or
against the ORF K8.1-encoded protein gpK8.1 (MAb 19B4), washed again,
incubated for 30 min with alkaline phosphatase-conjugated goat anti-mouse
immunoglobulin G IgG, and, finally, washed with Tris-buffered saline. Protein
bands were visualized with Western Blue substrate for alkaline phosphatase
(Promega, Madison, Wis.).

Analysis of HHV-8 protein expression by flow cytometry. Cells were seeded
into culture flasks (2 3 105 cells/ml) and grown for 24 h. Then inducers were
added, and the cells were cultured for another 1 to 4 days. For some experiments,
antiviral drugs or IFNs were added 2 h before the inducers. After being har-
vested, the cells were washed with phosphate-buffered saline (PBS), resuspended
in PBS containing 0.1% (wt/vol) BSA and 0.05% (wt/vol) NaN3, and transferred
to V-bottom 96-well plates (3 3 105 cells/well). Dead cells were stained with
Dead Red (Live/Dead kit; Molecular Probes, Eugene, Oreg.) for 20 min at 4°C,
and all of the cells were washed four times. All of the cells were fixed and
permeabilized with the Cytofix/Cytoperm kit (Pharmingen, San Diego, Calif.)
and washed with PermWash buffer (Pharmingen). For analysis of HHV-8 pro-
teins, cells were resuspended for 30 min at 4°C in PermWash buffer containing
mouse MAbs (1 mg/ml) directed against PF-8 and/or gpK8.1 (8, 39). Then the
cells were washed twice and incubated for 30 min at 4°C with fluorescein iso-
thiocyanate (FITC)-labeled goat anti-mouse IgG (Caltag Laboratories, Burlin-
game, Calif.), or with phycoerythrin (PE)-labeled goat anti-mouse IgG2b
(Caltag) and FITC-labeled goat anti-mouse IgG1 (Caltag) in experiments where
cells were double stained for both PF-8 and gpK8.1. The cells were washed three
times, resuspended in PBS containing 0.1% (wt/vol) BSA and 0.05% (wt/vol)
NaN3, and analyzed for fluorescence on a FACScan flow cytometer (Becton
Dickinson, Mountain View, Calif.). Dead cells were identified by Dead Red
fluorescence and excluded from all analyses.

Immunofluorescence assay (IFA). As described above, cells were harvested,
transferred to V-bottom 96-well plates, fixed and permeabilized, and labeled with
HHV-8 protein-specific Abs followed by FITC- or PE-conjugated secondary Abs.
The cells were cytospun onto clean glass slides, mounted in PermaFluor (Lip-
shaw Immunon, Pittsburgh, Pa.), and examined under a fluorescence micro-
scope.

TEM. Cells were fixed overnight in neutral buffered 2.5% (vol/vol) glutaral-
dehyde and then mixed and pelleted in warm agar, which was then cooled
overnight to harden. The cells were postfixed in 1% OsO4, dehydrated in graded
ethanol-propylene oxide, and embedded in Spurr’s epoxy. Semithin 1-mm plastic
sections were stained with methylene blue, azure II, and basic fuchsin for light
microscopic selection of blocks for thinning. Thin sections were stained with
uranyl acetate and lead citrate and examined on a Zeiss EM10 electron micro-

scope at 60 kV. Immunogold labeling for transmission electron microscopy
(TEM) was carried out at 4°C on permeabilized and nonpermeabilized cells in
suspension. The cells were labeled with anti-gpK8.1 MAbs followed by goat
anti-mouse IgG bound to 40-nm-diameter gold beads.

RESULTS

Identification of HHV-8 lytic proteins PF-8 and gpK8.1 in
HHV-8-infected cells by Western analysis, IFA, and TEM.
HHV-8 lytic replication was induced in the B-cell lines BCBL-
1 and BC-3 by TPA or n-butyric acid. Stimulated B-cell lines
were labeled with MAbs against lytic cycle-associated proteins
encoded by ORF 59 or ORF K8.1. The 50-kDa ORF 59 pro-
tein PF-8 is recognized by MAb 11D1 and localized in the
nucleus (8). We confirmed the induction of this 50-kDa protein
in 2-day-stimulated BCBL-1 (or BC-3) cells by Western blot-
ting (Fig. 1) and its nuclear localization by IFA (Fig. 2A and
C). A new MAb (19B4) directed against the ORF K8.1-en-
coded protein gpK8.1 identified the two expected bands at 35
and 37 kDa (30, 39) by Western blotting in induced cells (Fig.
1). By IFA, gpK8.1 was expressed in a nonuniform patchy
distribution; at times, nuclear and plasma membrane localiza-
tion was clearly observed (Fig. 2B). Colocalization of PF-8 and
gpK8.1 is illustrated by IFA (Fig. 2C). Antigen-expressing cells

FIG. 3. Detection of PF-8 and/or gpK8.1 in single cells by flow cytometry. (A
to C) TPA-stimulated BCBL-1 cells were labeled with Dead Red, washed, fixed,
and permeabilized. The cells were labeled with anti-PF-8 or anti-gpK8.1 MAb
followed by FITC-conjugated secondary Abs. They were examined for fluores-
cence by flow cytometry. Dead Red-negative cells (representing the viable cell
population) were gated (A) and examined for PF-8 (B) or gpK8.1 (C) expression.
The numbers of cells in the defined regions were used for quantification and are
shown in further experiments. No PF-8- or gpK8.1-expressing cells were ob-
served when isotype control antibodies or HHV-8-negative cell lines were used
(results not shown). (D) For coexpression experiments, cells were double labeled
with anti-PF-8 and anti-gpK8.1 MAbs followed by PE- and FITC-conjugated
isotype-specific secondary Abs. The numbers of viable cells expressing only PF-8,
only gpK8.1, or both PF-8 and gpK8.1 are noted in the relevant quadrants. Data
shown are representative of numerous experiments.
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were rarely found in uninduced cell populations, and no cross-
reactivity was detected in HHV-8-negative, EBV-positive B-
cell lines (results not shown).

Lytically infected cells were distinguished from latently in-
fected cells in TEM by their characteristic nuclear changes
(intranuclear inclusions). A band of moderately electron-dense
granular material located adjacent to nuclear membranes
(which occasionally extended deeper within nuclei) was typi-
cally observed (Fig. 2D). This material was detected before the
appearance of mature virus particles, and even before classic
herpesvirus hexagonal intranuclear nucleoids could be seen.

When present, nucleoids were found at the edge of, but not
within, this substance (Fig. 2D). Immunogold labeling showed
that anti-gpK8.1 MAb localized predominantly to scattered
sites on the plasma membrane where no viral morphogenesis
was evident and to the surface of mature virions (Fig. 2D and
E). gpK8.1 was not detected in the absence intranuclear nucle-
oids. In permeabilized cells, gold-labeled gpK8.1 could also be
seen on the cytoplasmic surface of the nuclear membrane (Fig.
2D) and occasionally on membranes of the endoplasmic retic-
ulum, suggesting sites of protein transit from the nucleus to the
plasma membrane (results not shown).

FIG. 4. Time- and dose-dependent expression of PF-8 and gpK8.1 in TPA-stimulated PEL cell lines. PEL cell lines were stimulated with various concentration of
TPA for several days. At various time points, the cells were harvested, labeled with Dead Red, washed, fixed, permeabilized, and labeled with anti-PF-8 or anti-gpK8.1
MAbs followed by FITC-conjugated secondary Abs. The number of cells expressing PF-8 or gpK8.1 was determined as described in the legend to Fig. 3. BCBL-1 (A
to C) and BC-3 (D to F) cells were examined for viability (A and D), PF-8 (B and E), and gpK8.1 (C and F). Symbols: E, unstimulated cells; F, 0.3 nM TPA; ■, 3 nM
TPA; Œ, 30 nM TPA. Data represents the mean and standard error of the mean of at least three separate experiments.
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Quantification and characterization of HHV-8 lytically in-
fected cells by flow cytometry. To quantitate HHV-8 lytic in-
fection, the number of cells expressing HHV-8 lytic proteins
was determined by flow cytometry. HHV-8-positive B-cell lines
were induced with TPA or n-butyric acid at various concentra-
tions. At different time points, uninduced and induced cells
were collected, fixed and permeabilized, and labeled with spe-
cific MAbs directed against HHV-8 lytic proteins followed by
fluorochrome-conjugated secondary Abs. Dead cells were la-
beled with Dead Red dye before the fixation-permeabilization
step. Dead Red-negative cells (i.e., viable cells) were gated and

examined for PF-8 or gpK8.1 expression (Fig. 3A to C). Fur-
thermore, coexpression of PF-8 and gpK8.1 is shown after
double labeling of 2-day-TPA-stimulated cells with the MAbs
against PF-8 and gpK8.1 followed by isotype-specific secondary
antibodies (anti-mouse IgG1-FITC for gpK8.1 MAb, anti-
mouse IgG2b-PE for PF-8 MAb). Most of the cells express-
ing HHV-8 proteins expressed only PF-8 (Fig. 3D). A subset
(#25%) of PF-8-expressing cells coexpressed gpK8.1. This par-
ticular subset, however, contained the majority ($75%) of the
cells expressing gpK8.1.

In BCBL-1 cells, TPA induced PF-8 within 24 h followed by

FIG. 5. Time- and dose-dependent expression of PF-8 and gpK8.1 in n-butyric acid-stimulated PEL cell lines. PEL cell lines were stimulated with various
concentrations of n-butyric acid for several days. At various time points, the cells were harvested, labeled with Dead Red, washed, fixed, permeabilized, and labeled
with anti-PF-8 or anti-gpK8.1 MAbs followed by FITC-conjugated secondary Abs. BCBL-1 (A to C) and BC-3 (D to F) cells were examined for viability (A and D),
PF-8 (B and E) and gpK8.1 (C and F). Symbols: E, unstimulated cells; F, 0.03 mM n-butyric acid; ■, 0.3 mM n-butyric acid; Œ, 3 mM n-butyric acid. Data represents
the mean 6 standard error of the mean of at least three separate experiments.
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gpK8.1 expression, to reach a maximum in 3 days of 12% of
cells expressing PF-8 and 7% expressing gpK8.1 (Fig. 4A to C).
In general, higher doses of TPA (.30 nM) or longer exposure
to TPA (4 days) increased toxicity but not the number of
positive cells (results not shown). TPA was more toxic and
PF-8 was more rapidly and more frequently expressed (up to
20%) in BC-3 cells than in BCBL-1 cells, whereas gpK8.1
expression was similar (Fig. 4D to F). Compared to TPA,
n-butyric acid (0.3 mM) also induced PF-8 within 24 h to reach
a maximum in 3 days of 15% (BCBL-1) or 10% (BC-3) (Fig. 5).
Expression of gpK8.1 started between 24 and 48 h and maxi-
mized at levels of 8% (BCBL-1) or only 1% (BC-3) of cells.
Higher concentrations of n-butyric acid (.0.3 mM) increased
toxicity and not the number of positive cells. Uninduced
BCBL-1 or BC-3 cells contained a very small number of cells
expressing gpK8.1 (0.2%) or PF-8 (0.8%) (Fig. 4 and 5). No
expression of HHV-8 lytic proteins was found in the HHV-
8-negative, EBV-positive B-cell line Daudi in the presence or
absence of inducers (results not shown). In summary, the time-
and dose-dependent expression patterns of PF-8 or gpK8.1
after TPA or n-butyric acid induction were comparable in the
two cell lines. However, less toxicity (with TPA induction) and
more gpK8.1 expression (with n-butyric acid induction) fa-
vored BCBL-1 over BC-3 cells. Both cell lines were used for
further experiments, but only the results of experiments with

BCBL-1 cells are shown because the results with BC-3 cells
were very similar.

Characterization of antiherpesvirus agents. We used our
assay to characterize potential antiherpesvirus drugs. BCBL-1
cells were induced with TPA (30 nM) or n-butyric acid (0.3
mM) in the presence or absence of antiviral drugs, and expres-
sion of HHV-8 lytic proteins was measured as described above.
Acyclovir and foscarnet inhibited the expression of gpK8.1
after induction with TPA or n-butyric acid (Fig. 6A and B).
However, expression of the early lytic protein PF-8 was not
inhibited by these drugs (Fig. 6C and D). By contrast, the
antiviral cytokines IFN-a and IFN-b inhibited the expression
of PF-8, as well as gpK8.1, after both TPA and n-butyric acid
induction (Fig. 7). IFN-a and IFN-b reduced the number of
cells expressing PF-8 by 62 and 53%, respectively, after a 2-day
TPA induction and by 76 and 62%, respectively, after a 2-day
n-butyric acid induction (all results are statistically significant;
P , 0.01 by the two-tailed Student t test). The number of cells
expressing gpK8.1 decreased by .70% after treatment with
IFN-a or IFN-b. IFN-g was less effective in inhibiting HHV-8
protein expression. Inhibition of HHV-8 protein synthesis did
not correlate with less toxicity or decreased cell numbers (re-
sults not shown). Finally, dose-dependent inhibition of gpK8.1
expression of several antiherpesvirus drugs was compared.
Cidofovir was the most potent drug, followed by foscarnet and

FIG. 6. Antiherpesvirus drugs inhibit gpK8.1 but not PF-8 expression. BCBL-1 cells stimulated with 30 nM TPA (A and C) or 0.3 mM n-butyric acid (n-BA) (B
and D) in the presence or absence of antiherpesvirus drugs were examined for gpK8.1 (A and B) or PF-8 (C and D) expression. Symbols: E, unstimulated cells; F,
stimulated cells; h, plus 0.5 mM acyclovir; ‚, plus 0.5 mM foscarnet. Data represents the mean and standard error of the mean of at least three separate experiments.
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acyclovir in TPA- or n-butyric acid-induced BCBL-1 cells (Fig.
8). The broad-spectrum antiviral drug PMEA (adefovir) also
inhibited gpK8.1 expression, while another nucleoside phos-
phonate analog (PMPA) did not. Again, PF-8 expression was
never inhibited by any of these drugs at any concentration.
Because of reports of KS regression in patients receiving highly
active antiretroviral therapy, we tested several HIV protease
inhibitors in our assay for activity against HHV-8. However,
indinavir, saquinavir, and ritonavir did not exhibit anti-HHV-8
activity (results not shown).

DISCUSSION

Studies to quantify and characterize productive HHV-8 in-
fection have been technically limited due to the nature of the
currently used molecular biologic assays. Particularly, defining
the lytic life cycle of HHV-8 in single cells has not been feasible
but would be invaluable for the development of in vitro HHV-
8 infection models, identification of infected host cells in vivo,
and evaluation of potential antiherpesvirus agents. The recent
development of MAbs directed against HHV-8 lytic-cycle-
associated proteins (8, 39) has provided a new way to monitor
HHV-8 active replication. By using these MAbs in a flow
cytometry-based detection system, we established a rapid tech-

nique for quantification and characterization of HHV-8 lytic
infection in single cells.

HHV-8 infection in PEL cell lines is predominantly latent,
but active replication can be induced by TPA or n-butyric acid,
as shown by the formation of nucleoids and expression of
specific viral proteins (6, 29, 32, 34). Viral proteins expressed in
lytic HHV-8 infection have been classified as early lytic and
late lytic proteins (34). PF-8 is an HHV-8 accessory protein
essential for viral replication and expressed in the early lytic
phase (8, 13, 31, 34, 41). We show that gpK8.1 is an HHV-8
structural protein and forms part of the viral envelope as dem-
onstrated by electron microscopy. gpK8.1 is also present on the
plasma membrane as well as associated with other intracellular
membranes. Structural proteins, such as viral envelope glyco-
proteins, are expressed in the late lytic phase (9, 34). Indeed, in
our system, early-lytic-phase PF-8 was expressed more rapidly
upon induction than was the late-lytic-phase gpK8.1. Our stud-
ies further suggest that cells entering the early lytic phase do
not necessarily proceed to expression of late lytic proteins.
Curiously, a very small group of cells expressed the late lytic
gpK8.1 without detectable expression of the early lytic PF-8.
Possibly, PF-8 expression was transient and had been lost in
those cells by the time gpK8.1 was detected. Alternatively,
expression of the full array of lytic-phase proteins might be

FIG. 7. IFNs inhibit gpK8.1 and PF-8 expression. BCBL-1 cells stimulated with 30 nM TPA (A and C) or 0.3 mM n-butyric acid (n-BA) (B and D) in the presence
or absence of IFN-a, IFN-b, or IFN-g were examined for gpK8.1 (A and B) or PF-8 (C and D) expression. Symbols: E, unstimulated cells; F, stimulated cells; h, plus
20 ng of IFN-a per ml; ‚, plus 20 ng of IFN-b per ml; ■, plus 20 ng of IFN-g per ml. Data represents the mean and standard error of the mean of at least three separate
experiments.
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subjected to some degree of randomness or errors and there-
fore may not always proceed in a regimented manner.

Our assay could differentiate between early and late stages
of the viral lytic life cycle, and was rapidly quantitative by using
flow cytometry. As observed here and by others (7, 25, 27), only
a minority of HHV-8-infected cells (,20%) were susceptible
to induction of the viral lytic phase. Although the overall pat-
terns of HHV-8 lytic-protein expression in the different PEL
cell lines BCBL-1 and BC-3 were quite similar, several quan-
titative variations were observed between the different cell
lines and different inducers (40). For examples, BC-3 cells were
less useful than BCBL-1 cells because TPA induction was too
toxic and n-butyric acid induction in BC-3 cells resulted in poor
expression of viral glycoproteins. Thus, our assay enabled easy
quantitative comparison between (i) different cells for their
capacity to express HHV-8 lytic-phase proteins and (ii) the
time- and concentration-dependent efficacy of different induc-
ers of viral replication.

Expression of late-lytic-phase herpesvirus structural proteins
is dependent on the viral DNA polymerase (9). Accordingly,
inhibition of DNA polymerase with known antiherpesvirus
drugs inhibited the expression of gpK8.1. Inhibition by anti-
herpesvirus drugs also correlated with reduction in the number
of cells containing herpesvirus nucleoids and mature herpes-
virus particles as observed by TEM (results not shown). Con-
sistent with other studies (22, 28), cidofovir was the most
potent and acyclovir was the weakest inhibitor of HHV-8
replication. However, the effective dose of cidofovir was higher
than described previously, which may be due to our short-term
culture system or to other differences in experimental condi-
tions. Additionally, the antiretrovirus nucleoside analog PMEA
displayed antiherpesvirus activity, again correlating with inhi-
bition of gpK8.1 expression in our system. By contrast, all of
the antiretrovirus protease inhibitors we tested were ineffective
in blocking HHV-8 replication (results not shown). Our find-

ings also clearly demonstrated that inhibition of the HHV-8
DNA polymerase does not prevent expression of early-lytic-
phase antigens. This may be important for the evaluation of
potential drugs if early-lytic-phase viral gene products are
shown to play a role in HHV-8-induced pathogenesis. If so,
IFN-a and IFN-b may be more beneficial because of their
capacity to inhibit early-lytic-phase as well as late-lytic-phase
protein expression. Taken together, our system enables rapid
screening of possible antiherpesvirus agents and contributes
information on their possible mechanism of action. Although
antiherpesvirus drugs may not benefit patients with established
KS (because tumor spindle cells are predominantly latently,
not lytically, infected with HHV-8), this therapy may prove
useful in blocking the initiation of KS in HHV-8-infected in-
dividuals (e.g., in AIDS patients or transplant recipients [4]).

Controversy currently exists about the circulating blood cell
type infected with HHV-8 in individuals with KS (4). With
DNA from unselected PBMC populations, most studies have
detected HHV-8 by PCR in over half of all KS patients (1, 18,
38). One group of investigators, by documenting the presence
of linear forms of viral genomes, has shown that active HHV-
8 replication occurs in the blood of KS patients (12). In se-
lected or sorted cell populations, HHV-8 has been found by
PCR within circulating B cells (1, 16, 17, 23), monocytes (3),
CD341 spindle cells (35), and, rarely, CD81 T cells (16, 36).
These studies, however, were PCR based and were not per-
formed on a single-cell level; therefore, the results are prone to
error due to small numbers of contaminating cells in selected
populations of cells. Our MAb/fluorescence-activated cell sort-
er-based system to detect individual cells lytically infected with
HHV-8 should prove invaluable in more precise identification
and phenotyping of HHV-8-infected cells in vivo.

In summary, we describe HHV-8 lytic-phase infection in
single cells by dual measurement of early and late lytic protein
expression by using flow cytometry, providing rapid quantita-
tive and qualitative detection of viral activation. Antiherpesvi-
rus agents were characterized for their ability to block com-
plete or partial viral gene transcription and translation. This
work should foster future detailed studies on HHV-8-induced
pathologic changes and aid in the design and development of
new treatments for HHV-8-associated diseases.
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