
JOURNAL OF VIROLOGY, Oct. 2006, p. 10073–10082 Vol. 80, No. 20
0022-538X/06/$08.00�0 doi:10.1128/JVI.01156-06
Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Asynchronous Progression through the Lytic Cascade and Variations in
Intracellular Viral Loads Revealed by High-Throughput Single-Cell

Analysis of Kaposi’s Sarcoma-Associated Herpesvirus Infection
Laura A. Adang, Christopher H. Parsons, and Dean H. Kedes*

Myles H. Thaler Center for AIDS and Human Retrovirus Research, Box 800734, Departments of Microbiology and
Internal Medicine, University of Virginia Health Systems, Charlottesville, Virginia 22908

Received 4 June 2006/Accepted 31 July 2006

Kaposi’s sarcoma-associated herpesvirus (KSHV or human herpesvirus-8) is frequently tumorigenic in
immunocompromised patients. The average intracellular viral copy number within infected cells, however,
varies markedly by tumor type. Since the KSHV-encoded latency-associated nuclear antigen (LANA) tethers
viral episomes to host heterochromatin and displays a punctate pattern by fluorescence microscopy, we
investigated whether accurate quantification of individual LANA dots is predictive of intracellular viral
genome load. Using a novel technology that integrates single-cell imaging with flow cytometry, we found that
both the number and the summed immunofluorescence of individual LANA dots are directly proportional to
the amount of intracellular viral DNA. Moreover, combining viral (immediate early lytic replication and
transcription activator [RTA] and late lytic K8.1) and cellular (syndecan-1) staining with image-based flow
cytometry, we were also able to rapidly and simultaneously distinguish among cells supporting latent, imme-
diate early lytic, early lytic, late lytic, and a potential fourth “delayed late” category of lytic replication.
Applying image-based flow cytometry to KSHV culture models, we found that de novo infection results in highly
varied levels of intracellular viral load and that lytic induction of latently infected cells likewise leads to a
heterogeneous population at various stages of reactivation. These findings additionally underscore the poten-
tial advantages of studying KSHV biology with high-throughput analysis of individual cells.

Kaposi’s sarcoma-associated herpesvirus (KSHV), also
known as human herpesvirus-8, is the causative agent of
several diseases primarily associated with immunocompro-
mised patients, including Kaposi’s sarcoma (KS), primary
effusion lymphoma (PEL), and multicentric Castleman’s dis-
ease (6, 9, 37, 57). Intracellular viral load varies by disease
type; it is high, for example, in primary effusion lymphomas
and low in infected endothelial (spindle) cells in Kaposi’s
sarcoma lesions (1).

KSHV maintains a biphasic life cycle, and differential pro-
tein expression permits the identification and analysis of viral
activation. Like other members of the herpesvirus family,
KSHV assumes a semiquiescent transcriptional state termed
latency in the vast majority of infected cells. Maintenance of
the circular viral genome (episome) of KSHV during latency
requires the expression of latency-associated nuclear antigen
(LANA), encoded by the viral open reading frame 73 (ORF73)
(2, 3, 20, 38, 54). An unknown regulatory signal causes the virus
to express the replication and transcription activator (RTA),
encoded by the immediate early (IE) gene ORF50, thereby
initiating lytic replication through a cascade of viral protein
expression (25, 26, 28, 44, 45, 52). The final or “late” phase of
the viral lytic cycle is characterized by the assembly of progeny
virions and the expression of structural proteins, including
K8.1, a glycoprotein found on the surface of virions (5, 23, 27,

36, 58). The transition from latency to lytic replication in in-
fected cells likely plays an important role in the pathogenesis
of KSHV-associated disease and the transmission of the virus
(20, 29, 47).

Cell culture-based models of KSHV infection have inherent
limitations that complicate the interpretation of traditional
molecular and cellular assays. Importantly, KSHV-infected
cultures usually exhibit spontaneous lytic replication, where 1
to 5% of cells have entered the lytic gene cascade (39). Assays
on pooled samples, such as DNA array, quantitative real-time
PCR, and immunoblots, by default, include both latent and
lytic subpopulations, thereby obscuring experimental analyses
(8, 17, 32, 43). Since gene expression in lytically infected cells
is robust and involves a wide range of genes, the coexistence of
the two states of infection precludes a precise characterization
of the viral transcriptomes (latent and lytic). As a result, it is
difficult to definitively assign functions to putatively latent pro-
teins in the context of whole-virus infection, since traditional
analyses reflect the average of cells pooled from these nonho-
mogenous populations. Our earlier work suggests highly vari-
able levels of infection within cell culture systems (48). The
importance of viral intracellular load on KSHV gene expres-
sion is currently uncharacterized, but resultant gene dosage
effects could potentially play a role in the differential viral gene
expression patterns and their potential effects on host cells in
KS lesions compared to those in PELs (1, 33). An assay capa-
ble of quantifying and characterizing both latent and lytic
KSHV infections and their effects on cellular protein expres-
sion in individual cells would provide clear advantages in de-
veloping a more precise understanding of KSHV biology and
pathogenesis.
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To address this issue, we developed a high-throughput assay
for the detection of viral and cellular proteins in single cells.
We utilized multispectral imaging flow cytometry (MIFC), a
new technology that integrates digital imaging with flow cytom-
etry in real time to specifically and quantitatively determine the
level of infection within individual cells and to track the phase
of the viral life cycle through expression of cellular and viral
proteins. We found that de novo infection of naı̈ve populations
in culture results in a Poisson-like distribution of viral epi-
somes among the individual cells. In this study, we also inves-
tigated the expression of viral and cellular genes in the context
of the KSHV life cycle. In stably infected cultures, the analysis
of LANA, RTA, syndecan-1, and K8.1 by MIFC allowed high-
throughput identification of cells remaining in a latent state
while also capturing those undergoing different lytic subphases,
including immediate early, early, and late lytic replication, all
on a single-cell basis. The latter data revealed that progression
through lytic reactivation is also a dynamic and heterogeneous
process within the culture.

MATERIALS AND METHODS

Cell culture and viral preparation. BCBL-1 cells were grown in RPMI me-
dium supplemented with L-glutamine, penicillin-streptomycin, sodium bicarbon-
ate, 10% fetal bovine serum, HEPES (pH 7.4), and beta mercaptoethanol as
described previously (31). HeLa cells (American Type Culture Collection) were
grown in Dulbecco’s modified Eagle medium (GIBCO) supplemented with pen-

icillin-streptomycin and 10% fetal bovine serum. KSHV virion production in
BCBL-1 cells was induced with 0.6 �M valproic acid (2-propylpentanoic acid); 6
days postinduction, KSHV virions were purified by centrifugation as described
previously (31). In brief, virus was sedimented by centrifugation (13,000 rpm for
3 h in a Sorvall Super T21, SL-250T rotor) from media precleared of cellular
debris. For the BCBL-1 induction assays, cells were harvested at 24, 48, and 72 h
after addition of valproate (0.6 �M), O-tetradecanoylphorbol 13-acetate (TPA)
(20 ng/ml), and/or sodium butyrate (300 �M). To infect HeLa cells, concentrated
virus (multiplicity of infection of 0.1 to 10) and 8 �M Polybrene (Sigma-Aldrich)
were added to the HeLa media. After 3 h, the cells were washed twice with 1�
phosphate-buffered saline (PBS) and then replaced with fresh media. Infected
cells were passaged as normal until harvest.

Immunostaining of cells for flow cytometry. Following trypsinization, 2 � 106

to 5 � 106 HeLa cells per condition were washed twice in 1 ml staining buffer
(SB; 3% fetal bovine serum, 0.09% sodium azide in PBS). Cells were fixed with
fixation buffer (FB; eBiosciences) or 2% paraformaldehyde (Fisher) for 20 min
at room temperature (RT), resuspended in 1 ml permeabilization buffer (PB;
eBiosciences), and then incubated for 10 min to block nonspecific antibody
binding. Rat anti-LANA monoclonal antibody (1:1,000) in PB was added to the
cells for 1 h at 4°C. Cells were washed twice with PB, fixed with FB, and
resuspended in 100 �l PBS. Prior to sample collection, after fixation, 50 �M
DRAQ5 (BioStatus Ltd, United Kingdom) was added to each experimental
sample. The results shown in Fig. 1 are representative of multiple independent
experiments.

For analysis of the latent-to-lytic switch, 5 � 106 BCBL-1 cells were washed
twice with SB, fixed with FB for 20 min at RT, and resuspended in cold methanol
while vortexing at a low speed. Cells were then washed twice in SB, with a 10-min
incubation step per wash to block nonspecific staining. Anti-LANA rat mono-
clonal antibody conjugated to Alexa 488 was diluted as described above, and
K8.1 A/B mouse monoclonal antibody (ABI) was conjugated to Alexa 610-
phycoerythrin by use of a Zenon kit (Molecular Probes) and used at 1:400.

FIG. 1. KSHV-infected HeLa cells are effectively separated by LANA dot fluorescence by use of multispectral imaging flow cytometry. (A) To
more accurately measure cell morphological characteristics, the contours of the cells were mapped by creating a mask, as shown in the blue overlay
(right column, Mask �) (default bright-field mask eroded by 2 or 3 pixels). Representative cells are shown with and without the mask. (B) Single
cells were gated by graphing the mask-corrected parameters of aspect ratio and area. Gate R1 represents nonclumped, single cells, which can be
confirmed visually by selecting individual dots in the scatter plot (left column). Aggregated cells, gate R2, were not included in further analyses
(right column). (C) A population of KSHV-infected HeLa cells displays heterogeneous LANA dot fluorescence. To determine if the variation in
LANA dot fluorescence correlates with nuclear focal maxima of fluorescence, peaks 1 to 4 were selected for further visual analysis. (D) Repre-
sentative images from cells comprising peaks 1 to 4 indicate that increasing LANA dot fluorescence correlates with increasing LANA dot number.
Staining represents DRAQ5 (NUC) and LANA antibody conjugated to Alexa 488 (LANA). The images on the left side of each column, for LANA
alone, are shown in black and white. In the superimposed pictures, LANA appears yellow-green over a red nucleus.
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Syndecan-1 antibody (CD138) (BD Pharmingen) was purchased preconjugated
to phycoerythrin and used at 1:20. Rabbit polyclonal RTA antibody was a gift
from D. Lukac and was used at 1:600; secondary goat anti-rabbit antibody
conjugated to fluorescein isothiocyanate (Jackson Laboratories) was used at
1:300. All antibodies were diluted in SB and incubated with the cells for 1 h at
4°C, and then the cells were washed twice in SB and fixed in FB for 20 min at RT
in the dark. Cells were resuspended in 100 �l PBS and stained with DRAQ5 as
described above. The results shown in each figure are for two independent
replicates; however, the representative images (see Fig. 3A) are from one ex-
periment.

Annexin V staining was conducted as described by the manufacturer (Becton
Dickinson), and cells were collected by traditional flow cytometry using a BD
FACSCalibur instrument. The results are from three (24-h, 48-h, and 72-h) and
four (0-h) independent experiments and are given as means � standard errors of
the mean (SEM) as follows: for 0 h, 9.7% � 3.3%; for 24 h, 11.2% � 1.4%; for
48 h, 8.4% � 2.0%; and for 72 h, 13.0% � 4.9%. Annexin V staining was
performed separately from the MIFC experiments. Syndecan-1 expression levels
following TPA and sodium butyrate treatments were measured following anti-
body staining as described above and were determined in duplicate; the error
bars represent ranges. These data were collected by use of a BD FACSCalibur
instrument. The value for syndecan-1 expression without induction was 89% �
1%. For the treatments with sodium butyrate alone, TPA alone, and TPA and
sodium butyrate combined, the values were, respectively: for 24 h, 81% � 4%,
85% � 2%, and 78% � 3%; for 48 h, 87% � 5%, 80% � 3%, and 73% � 5%;
and for 72 h, 88% � 6%, 67% � 2%, and 56%� 6%.

Cell sorting and multispectral imaging flow cytometry. Cells were sorted on a
four-stream Becton Dickinson FACSVantage SE turbo sorter with Diva option.
MIFC was performed on an ImageStream100 (Amnis Corporation, Seattle, WA)
using the manufacturer’s collection program, IDEAS (14). Fluorometric com-
pensation was digitally calculated by analysis software (INSPIRE; Amnis Cor-
poration) based on single-stain controls. The data were analyzed according to the
manufacturer’s instructions by use of INSPIRE software. Briefly, we selected
individual, nondoublet cells by comparing the bright-field aspect ratio to the
bright-field area. Single cells were rounder (aspect ratio, �1) and smaller than
clumps of cells. Identification of K8.1- and CD138-positive cells was based on
selection of distinct cell populations above background fluorescence and con-
firmed visually by the appearance of cytoplasmic and circumferential fluores-
cence signals, respectively. The mean fluorescences of LANA dots among in-
fected cells were quantified by the small-spot total intensity analysis, assisted by
visual and morphological analysis. Small-spot total intensity (LANA dot fluores-
cence) is calculated by summing for each cell the fluorescence intensity of focal
maxima no greater than 7 pixels (in any contiguous arrangement) after subtract-
ing from each measurement the surrounding background fluorescence (within a
3-pixel radius of each maximum). A spot size of seven contiguous pixels accom-
modates a single LANA dot regardless of its shape, and the small-spot total
intensity algorithm allows the inclusion of LANA dot fluorescence regardless of
the proximity of the maxima. The number of dots per cell was manually calcu-
lated from a mean of 400 cells per condition to help further validate the auto-
mated approach. Total cell area was calculated using the area of each bright-field
image eroded by 3 pixels to more accurately reflect cell size. The data presented
in Fig. 2 are derived from two independent experiments.

The geometric mean fluorescence intensity of LANA staining and the visually
quantified LANA dots per cell shown in Fig. 2C and E are representative of the
mean � standard error of the mean from one experiment. The mean percentage
of LANA-positive cells, as determined by LANA dot intensity, and the relative
amount of KSHV DNA in each sorted sample are the average values � ranges
(n � 2) (Fig. 2D and F).

DNA extraction and quantitative real-time PCR. Following cell sorting based
on LANA mean fluorescence intensity, DNA was extracted and ethanol precip-
itated using standard methods from approximately 2 � 106 to 4 � 106 cells
collected from each gate. After resuspension in distilled water, total DNA con-
centrations were determined using a spectrophotometer (SmartSpec 3000; Bio-
Rad, Hercules, CA) by measuring the optical density at 260 nm for each sample
to guide the initial normalization of samples added to each PCR.

To measure KSHV DNA within each sample, quantitative real-time PCR
experiments amplifying a 67-bp fragment within the latent KSHV gene ORF73
were performed using 200 ng of input DNA in 25-�l reaction mixtures incorporating
0.2 �M of forward (TACTTTACCGGTGGCTCCCA) and reverse (GGGTAAG
AGTGCCGGTGGA) primers and 0.1 �M of a sequence-specific TaqMan (ABI)
dye-labeled probe (6-carboxyfluorescein–CACCCGCTCCCGCAACACCTTTA
C–6-carboxytetramethylrhodamine) (Applied Biosystems, Foster City, CA) with
12.5 �l TaqMan universal PCR master mix (ABI) as previously described (34).
To control more precisely for total DNA loaded in each reaction mixture, a

portion of the human glyceraldehyde-3-phosphate dehydrogenase gene (hu-
GAPDH) was amplified for each sample in 25-�l reaction mixtures incorporating
50 ng of input DNA with 0.2 �M of forward (CCACCCATGGCAAATTCCA
TGGCA) and reverse (TCTAGACGGCAGGTCAGGTCCACC) primers
(Operon, Huntsville, AL) with 12.5 �l SYBR green PCR master mix (ABI).
Amplification experiments were carried out on an ABI PRIZM 7700 sequence
detector, and the resulting amplification plots were analyzed using SDS 1.9
software (ABI). Cycle threshold (CT) values were tabulated in duplicate for each
sample for both KSHV ORF73 and human GAPDH, and water controls were
performed to ensure minimal background contamination. By use of mean CT

values, the increase (n-fold) in KSHV DNA amplification for each aliquot rel-
ative to the background amplification signal and normalized to huGAPDH was
determined using the formula 2x, where x � (CT for huGAPDH sample � CT for
ORF73 sample) � (CT for huGAPDH background � CT for ORF73 back-
ground).

Statistical analysis. Fluorescence data, such as mean fluorescence of LANA
dots, are presented in Fig. 3 as the relative geometric mean, with the value for the
lowest signal (R1) gate arbitrarily set at 1. Linear correlations were calculated as
R2 values using the Excel spreadsheet program (Microsoft). When the mean
values of two independent experiments are presented, the error bars represent
the range; otherwise they represent the standard error of the mean.

RESULTS

High-throughput detection and quantitation of LANA dots
in individual cells. To measure the levels of infection in indi-
vidual cells, we employed a fluorometric assay using MIFC, a
novel technology that integrates cell microscopy with flow cy-
tometry, creating digital images of each cell as it passes
through the detector (see Materials and Methods). Using this
approach, we examined the expression of LANA, a latency-
expressed viral protein that tethers the viral episome to the
host chromatin within the nucleus (2, 3, 13). The assay exploits
the distinct punctate nuclear pattern of LANA in KSHV-in-
fected cells and the unique ability of MIFC to combine visible
and immunofluorescence microscopy with the statistical power
of high-throughput traditional fluorescence flow cytometry.
We collected data on infected HeLa cells by MIFC and ana-
lyzed the results using the accompanying software package (see
Materials and Methods).

Utilizing MIFC’s ability to combine flow cytometry with
high-throughput imaging, we first employed the system’s soft-
ware to generate a digital cell mask algorithm to more accu-
rately represent cell morphological features (Fig. 1A). This
mask contours to the size and shape of each individual cell
automatically throughout the population. This application de-
termines, for each identified cell, the characteristics of aspect
ratio (roundness) and area. Digitally restricting aspect ratio
and area eliminates aggregated cells from further analysis (Fig.
1B). The total intensity of focal maxima of 7 pixels or less
(small-spot total intensity) in each cell generated a value that
we refer to as LANA dot fluorescence (Fig. 1C). De novo-
infected HeLa cells typically displayed heterogeneous numbers
of LANA dots per cell—a multiplicity of infection of 1 yielded
a range of 0 to 20 or more dots per cell (data not shown). This
allowed us to test a range of LANA dots per cell within a single
population. Moreover, by compiling the digital images of all
the analyzed cells, we confirmed the nuclear localization and
numbers of visible LANA dots as a function of LANA dot
fluorescence, thereby ensuring the specificity of the assay (Fig.
1D). Visual analysis of cells digitally separated by LANA dot
fluorescence (Fig. 1C, peaks 1 to 4) confirmed that the high-
throughput determination of spot fluorescence is a reliable
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FIG. 2. Number of LANA dots per cell directly correlates with intracellular KSHV DNA. (A) To simultaneously assess the correlation between
LANA dots and KSHV episome copy number within a population and test the ability of MIFC to detect low and high frequencies of LANA dots within
cells, KSHV-infected HeLa cells were physically sorted into four groups using nonoverlapping gates (R1 to R4) based on LANA fluorescence intensity.
Unstained control cells are shown in the shaded overlay histogram. (B) The traditional flow cytometry measurement of the geometric mean fluorescence �
SEM of LANA dots was measured by MIFC in sorted samples. (C) The mean percentage (n � 2) � range of LANA-positive cells was determined
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method by which to determine the total numbers of discrete
LANA dots (Fig. 1C and D). Importantly, this method can
distinguish and digitally analyze subpopulations of cells differ-
ing by as few as one or two LANA dots per cell and can do so
with a dynamic range of at least 20-fold (Fig. 1 and 2). Our
earlier efforts to assess LANA by traditional flow cytometry
reliably distinguished only between cells with approximately
�2 and those with approximately 	40 dots per cell (48).

Multispectral imaging flow cytometry measurement of LANA
dots correlates with KSHV DNA. To assess whether LANA dots
within individual cells are proportional to the amount of viral
DNA and thus verify the use of LANA as a surrogate marker for

viral infection, we physically sorted KSHV-infected HeLa cells
into four nonoverlapping subpopulations based on LANA mean
fluorescence intensity (see Materials and Methods) (Fig. 2A). We
then analyzed each subpopulation (R1 to R4) both fluorometri-
cally and visually using MIFC (Fig. 2B to D and G). The geomet-
ric mean of LANA fluorescence, the absolute percentage of
LANA-positive cells, and the manually calculated mean number
of LANA dots per cell within each population (Fig. 2B to D)
increased progressively between gates R1 and R4. In parallel, we
extracted total DNA from each sorted population and, using
quantitative PCR, found that the relative amounts of viral DNA
(1, 1.8, 2.4, and 6.9 for R1, R2, R3, and R4, respectively) also

by the percentage of cells with a threshold level of LANA dot fluorescence intensity (see Materials and Methods). (D) The average numbers � SEM of
LANA dots per cell within each sorted population were visually counted. (E) Relative amount of KSHV DNA normalized to cellular GAPDH and
arbitrarily set to a value of 1 for gate R1. (F) Relationships between relative amount of KSHV DNA per sorted sample and MIFC measurements of
LANA: geometric mean fluorescence intensity (R2 � 0.78), LANA dot fluorescence (R2 � 0.90), and LANA dots per cell (R2 � 0.99). Error bars were
omitted for clarity; refer to panels B, D, and E. (G) Representative MIFC images from each gate of bright-field (BF), LANA, and nuclear (NUC)
staining. For ease of visualization, we selected images for each category at the upper end of the range of LANA dots per cell.

FIG. 3. Characterization of the KSHV latent-to-lytic switch in stably infected BCBL-1 cells. (A) BCBL-1 cells were treated with valproate to
induce productive lytic replication. The percentages � ranges (n � 2) of cells positive for syndecan-1, LANA, RTA, and K8.1 following lytic
induction were calculated by MIFC. For RTA, values represent means of samples � standard deviations (n � 2 for 24 and 48 h; n � 4 for 0 and
72 h). (B) Representative images of BCBL-1 cells 0, 24, 48, and 72 h after valproic acid induction of the viral lytic cycle. Images represent
bright-field-masked cells (BF), LANA, syndecan-1 (SDC-1), K8.1, and DRAQ5 (NUC). (C) K8.1 expression is exclusive of syndecan-1 expression
at both 0 and 72 h after lytic induction, and less than 1 percent of cells are copositive.
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increased with higher levels of LANA mean fluorescence (Fig. 2E
and F).

To characterize more directly the correlation between
KSHV DNA and LANA, we next compared the relative
amounts of KSHV DNA to three MIFC parameters of LANA
expression: (i) geometric mean fluorescence intensity, (ii)
LANA dot fluorescence, and (iii) the average number of
LANA dots for each of the four subpopulations (Fig. 2A, R1 to
R4). Geometric mean fluorescence, a typical output reading of
traditional flow cytometry, had the worst correlation with
KSHV DNA levels (R2 of 0.78) (Fig. 2F). In contrast, the
high-throughput measurement of LANA dot fluorescence and
the manually calculated average number of LANA dots per
cell resulted in linear correlations with viral DNA that had
markedly higher predictive values (R2 values of 0.90 and 0.99,
respectively) (Fig. 2F).

Tracking the KSHV lytic viral cascade. Following initial
infection, KSHV, like all herpesviruses, assumes a prolonged
period of latency. Lytic reactivation of the virus, however, is a
critical phase in viral pathogenesis, as it leads to progeny virion
production, horizontal spread, and viral transmission, as well
as the expression of potentially pathogenic lytic genes (17). To
explore the ability of MIFC to differentiate between the phases
of viral reactivation, we chemically induced the latently in-
fected primary effusion lymphoma cell line BCBL-1 with val-
proic acid and measured expression of the essential latent
protein, LANA; the lytic switch protein, RTA; and the late
lytic marker, K8.1, at hours 0, 24, 48, and 72 (Fig. 3) (5, 23, 36,
42, 56). Prestimulation, RTA and K8.1 were each present in
approximately 2% of cells, consistent with spontaneous lytic
replication (Fig. 3A, bottom panels). By day 3 poststimula-
tion, however, RTA and K8.1 were present in 23% and 7%
of the total population, respectively (Fig. 3A, bottom pan-
els). Of note is the fact that the percentage of cells positive
for LANA dots decreased over this same 3-day period by
�30% (91% at 0 h, 83% at 24 h, 69% at 48 h, and 61% at
72 h) in rough correspondence to the number of lytic
(RTA�) cells in the population (Fig. 3A, upper left panel).
Moreover, this decrease in LANA did not correlate with an

increase in cell death, as shown by annexin V staining (see
Materials and Methods) (49).

Syndecan-1 is present during immediate early lytic replica-
tion but absent during the late lytic phase. We also examined
BCBL-1 cells for their levels of expression of syndecan-1
(CD138), a cell surface protein that serves as a biomarker for
diagnosing KSHV-associated and other lymphomas (10). Syn-
decan-1 staining markedly decreased following lytic induction,
a finding we confirmed visually (Fig. 3A and B). In individual
cells, K8.1 and syndecan-1 expressions were mutually exclusive,
with or without chemical induction (Fig. 3C). To rule out
apoptosis or cell death as the cause of the drop in syndecan-1
expression, we also stained the cells with annexin V, a marker
of early apoptosis or necrosis (49). We found that at each of
the time points (from 0 to 72 h postinduction) the portion
(approximately 10%) of cells staining with annexin V remained
statistically unchanged, arguing against cell death as the cause
of syndecan-1 downregulation (see Materials and Methods).
Moreover, the loss of syndecan-1 expression was not specific to
exposure to valproate, since it also occurred following induc-
tion by TPA and TPA combined with low-level sodium bu-
tyrate (see Materials and Methods). We found that RTA was
present in a portion of cells expressing syndecan-1, though the
remainder had lost syndecan-1 expression (Fig. 4A). We rea-
soned that this population of RTA single positive cells (synde-
can-1�/K8.1�) may represent the early lytic replication phase
(Fig. 4) marked in these experiments by syndecan-1 downregu-
lation prior to K8.1 expression.

Through the use of syndecan-1, RTA, and K8.1, we were
able to simultaneously measure the phases of lytic replication
within a single population (Fig. 4B). Specifically, we combined
visual and fluorometric analyses through MIFC and distin-
guished latent (LANA�/syndecan-1�/RTA�/K8.1�) from im-
mediate early lytic (syndecan-1�/RTA�/K8.1�), presumed
early (syndecan-1�/RTA�/K8.1�), and late lytic (syndecan-1�/
RTA�/�/K8.1�) viral infection among individual cells in a pop-
ulation undergoing dynamic changes among these different
stages. We followed each of the stages over time and, consis-
tent with their classification, found that the immediate early

FIG. 4. Visualization of BCBL-1 cells reveals four distinct lytic subpopulations. BCBL-1 cells were lytically reactivated with valproate, and
protein expression within individual cells was measured by MIFC. (A) Images representing the distinct phases of syndecan-1 (SDC-1), RTA, and
K8.1 expression are shown in addition to images of bright-field-masked cells (BF) and nuclei as stained by DRAQ5 (NUC). Proposed corre-
sponding viral phases are indicated to the left as latent, immediate early (IE), early (E), late (L), and delayed late (L*). Note that there are two
distinct populations clustered into the late category. Cells chosen are all from the 48-hour time point. (B) Percentage of BCBL-1 cells in each of
the viral lytic subcategories at 0, 24, 48, and 72 h. Black bars represent IE, gray early, and white late. The IE population has its greatest period
of expansion between 0 and 24 h, the early population between 24 and 48 h, and the late population between 48 and 72 h.
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population increased most markedly between 0 and 24 h
postinduction (	8-fold increase), whereas the late lytic group
increased most between 48 and 72 h (	6-fold increase) (Fig.
4B). The putative early lytic population increased most during
the intermediate time period of 24 to 48 h (	4-fold increase)
(Fig. 4B).

Although we have designated all cells expressing K8.1 as late
lytic in Fig. 4A, we found that over half of these cells did not
coexpress RTA (62% at 0 h, 67% at 24 h, 57% at 48 h, and
60% at 72 h). This loss of RTA signal is suggestive of a po-
tential fourth “delayed late” lytic subcategory occurring after
the initiation of K8.1 (late lytic protein) expression. This de-
layed late lytic subpopulation increased in absolute percentage
following lytic induction, though the levels of annexin V stain-
ing, as we mention above, were statistically indistinguishable
during the time course (see Materials and Methods). These
latter findings suggest that the loss of RTA expression in this
lytic subset was likely not a result of cell death but may instead
have identified these cells as ones approaching the final stages
of lytic replication.

DISCUSSION

New techniques to evaluate the effect of KSHV in individual
cells and qualitatively assess lytic replication are necessary to
develop a more through understanding of the virus’s biology
and pathogenesis. Our adaptation of MIFC to KSHV infection
allows for sensitive detection of intracellular viral load as well
as quantitative analysis of diverse cellular processes and the
asynchronous viral life cycle in single cells. Until now, charac-
terization of KSHV in the laboratory setting has relied primar-
ily on pooled samples of infected cells, which do not reflect the
inherent the heterogeneity of KSHV infection.

The paradigm of high-throughput single-cell analysis, tradi-
tional flow cytometry, is unable to distinguish among small
variations in the numbers of LANA dots per cell and suffers
from low overall sensitivity, requiring high numbers of intra-
cellular LANA dots to discriminate infected from uninfected
cells (48). Such high levels of infection, however, may be phys-
iologically relevant only in models of primary effusion lympho-
mas that have high copy numbers of LANA dots (50 or more)
on average per cell (1). In contrast, infected cells seen in cases
of multicentric Castleman’s disease and KS are associated with
six or fewer dots (1). To assess intracellular viral load in indi-
vidual cells, we employed HeLa cells, since they are readily
infected by KSHV (in the presence of Polybrene) and display
heterogeneity in the number of LANA dots per cell following
infection (Fig. 1). The LANA pattern we detected by MIFC is
reminiscent of staining that we and others have observed by
immunofluorescence microscopy (2, 12, 20, 21). Our data in-
dicate that the automated determination of the total fluores-
cence of the LANA dots correlates with the viral load in
individual cells, validating our sensitive single-cell detection
system (Fig. 1 and 2) (34). This approach discriminated among
subpopulations differing by as few as one or two dots per cell
(Fig. 1D and Materials and Methods). The difference in KSHV
detection levels between these two flow-based techniques is
due to the ability of MIFC to quantify signal intensities ema-
nating from small, localized maxima of fluorescence such as
LANA dots and the tabulation by traditional flow cytometry of

the total fluorescence intensity irrespective of the signal distri-
bution within the cells (e.g., cytoplasmic or nuclear, diffuse or
punctuate) (14). Since currently available software limits
MIFC to single-plane fluorescence microscopy, it remains a
formal possibility that this method may not measure LANA
grossly out of the center of the cell.

We also exploited the sensitivity and specificity of MIFC to
accurately monitor, at the single-cell level, the viral life cycle
within a heterogeneous population. In culture systems, chem-
ical agents such as valproate, sodium butyrate, or TPA, as well
as transduction with adenovirus-encoded ORF50, induce lytic
replication (30, 42, 55). Using the BCBL-1 PEL line, we in-
duced cells to undergo lytic reactivation with valproate and
observed a consistent decrease in the fraction of LANA-posi-
tive cells that approximated the portion of cells initiating the
lytic cascade (Fig. 3B). This contrasts with previous work that
has suggested that there is no lytic protein-associated decrease
in LANA protein by immunoblotting (30). This discrepancy
may be due to the inherent nature of immunoblot analysis,
which detects a single signal averaged over an entire popula-
tion of cells, rendering the technique less sensitive to small
changes. Further, in contrast to immunoblotting, MIFC is able
to distinguish between diffuse and punctate patterns of LANA
signaling, with only the latter form of the protein likely asso-
ciated with viral episomes (4, 13, 40). A better understanding
of this observation of LANA dot loss will require further stud-
ies on its mechanism and its physiological implications. Nev-
ertheless, a simple explanation might be that in the later stages
of lytic replication, the degradation of LANA may be greater
than its synthesis, thereby lowering its concentration to one
below the threshold of MIFC detection. Alternatively, LANA
in these cells may no longer associate with the host hetero-
chromatin, potentially contributing to a relocalization within
the cell and possibly the loss of its characteristic punctate
localization. Of note is the fact that Kudoh and coworkers
found that EBNA-1, the functional homolog of LANA in the
closely related Epstein-Barr virus (human herpesvirus-4), loses
its chromatin-tethering function and redistributes within the
nuclei following lytic reactivation (22). The assays were limited
to cells the investigators followed by fluorescence microscopy,
and thus they may not have detected whether a minor subset of
the infected cells had lost the EBNA-1 signal at later stages of
the lytic cycle.

In this study, we investigated the expression of two lytic viral
proteins: the immediate early protein RTA, which initiates the
lytic cascade; and the late lytic gene product K8.1, a glycopro-
tein found on the surface of virions (5, 23, 25–27, 36, 58). The
levels and patterns of RTA and K8.1 expression following
induction that we observed were similar to those evident in
other studies (23, 45, 58). In uninduced cells, �2% cells ex-
pressed RTA, reflecting baseline levels of spontaneous lytic
replication (39). MIFC has clear advantages in identifying lytic
populations, since it can identify and evaluate individual cells
expressing different combinations of viral proteins while pro-
viding high-throughput statistical data and visual information,
such as protein localization. Moreover, MIFC analysis of the
KSHV life cycle is effective without synchronization of viral
gene expression.

We wanted to explore the ability of this technique to simul-
taneously study cellular and viral proteins, but previous reports
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have shown that BCBL-1 cells express only a limited number of
surface markers (18, 46). Accordingly, we chose to follow syn-
decan-1, since the fraction of positive cells is greater than 80%,
a phenotype that has made it a routine marker to help identify
primary effusion lymphomas in clinical isolates (11). The data
in this study are the first to demonstrate that syndecan-1 ex-
pression depends on the state of the viral life cycle (Fig. 3 and
4). The loss of syndecan-1 expression occurred following the
expression of RTA but prior to the expression of K8.1. We
assigned the RTA single positive (RTA�/syndecan-1�/K8.1�)
subpopulation as those cells supporting early lytic gene expres-
sion, because the proportion of cells displaying this profile
expanded after the immediate early and prior to the late
(K8.1�) lytic subpopulation expansions (Fig. 4). The RTA�/
syndecan-1�/K8.1� cell category likely reflects the majority of
the early lytic population, but better delineation of the transi-
tions between each lytic phase will require further experimen-
tation with an additional array of lytic protein-specific antibod-
ies. Moreover, the focus of this study was on protein expression
profiles within the first 3 days after lytic induction in the pri-
mary effusion lymphoma cell line BCBL-1. Our results suggest
that the initial stages of lytic induction are not associated with
an increase in cell death by annexin V staining. Investigation
into protein expression profiles at later time points might re-
veal relevant information on the mechanism(s) of cell death. It
is likely that cell death (apoptosis or necrosis) would occur at
later times, following the peak of virion release.

Since the absence of syndecan-1 expression was evident in
K8.1-positive cells undergoing low levels of spontaneous lytic
reactivation, the loss of the cellular protein likely is not due to
a nonspecific effect of valproic acid but rather is a direct or
indirect viral effect (Fig. 3A and C). Furthermore, the loss of
detectable syndecan-1 (and LANA dots) did not correlate with
cell death, since the percentage of annexin V-positive cells was
statistically unchanged following lytic induction (Fig. 3 and 4
and Materials and Methods). Several possibilities for the po-
tential mechanism of syndecan-1 downregulation exist. One is
that that syndecan-1 protein production is specifically de-
creased by the lytic expression of SOX, encoded by ORF37,
which shortens the half-life of targeted cellular mRNAs (15,
16). Alternatively, syndecan-1 may be actively downregulated
at the surface of the cell by a viral ubiquitin E3 ligase, such as
MIR1 (ORF K3) or MIR2 (ORF K5) (7, 41). Yet another
alternative is that syndecan-1 is shed from the surface of cells.
The mechanism underlying syndecan-1 shedding in other set-
tings can involve several proteins, including matrix metallopro-
teinase-9, a cellular protein potentially upregulated by the lytic
virally encoded K1 protein (50). Moreover, all of these viral
candidates, SOX, K1, K3, and K5, are expressed after RTA
expression and prior to K8.1 expression, conforming to the
“early lytic” pattern of syndecan-1 expression that we find
during lytic cycle progression. A better understanding of the
potential role that loss of syndecan-1 following lytic induction
may have in KSHV pathogenesis will require further study,
including an initial focus on the underlying mechanism in-
volved.

By monitoring the levels of viral proteins in individual cells,
we have potentially identified a fourth lytic subcategory of cells
that express the late lytic viral protein K8.1 but have lost RTA
expression (Fig. 4A). We hypothesize speculatively that these

may be cells supporting the last stages of the productive phase
of the lytic cycle and no longer requiring continued initiation of
the lytic cycle by RTA. We have named this subcategory the
delayed late lytic stage (Fig. 4). The identification of this de-
layed late population is supported by several other studies
which demonstrate the repression of immediate early genes in
the later stages of lytic replication (19, 24, 35, 51, 53). Our
ability to detect this previously uncharacterized RTA�/K8.1�

subpopulation may simply reflect the increased sensitivity and
specificity inherent in high-throughput analysis of single
cells—an approach that avoids attenuation or loss of subtle
differences as a result of averaging signals over heterogeneous
populations. The functional or mechanistic implications of this
lytic phase will also require additional experimentation.

In this paper, we employed a novel high-throughput single-
cell methodology to characterize intracellular viral load and
progression through the lytic cycle in populations of KSHV-
infected cells. The MIFC algorithm that we have devised to
detect LANA dot fluorescence specifically and sensitively iden-
tifies infected cells even if they are present at low frequencies
and further distinguishes these cells based on the level of
infection. Moreover, by combining LANA detection with ad-
ditional viral and cellular protein markers, we used the image-
based flow cytometric approach to determine the number (and
proportion) of cells undergoing each of the major stages of the
lytic gene cascade. Our data argue that even within controlled
culture systems, de novo infection with KSHV and its reacti-
vation from latency are complex and heterogeneous processes.
As a result, the approaches we have developed in this study
should help decipher the interplay between virus and host not
only in cell culture but also in in vivo models of KSHV infec-
tion and potentially in clinical samples from patients (34).
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