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Abstract

Epstein—Barr virus (EBV), human herpesvirus type 6 (HHV-6), and human herpesvirus type 8 (HHV-8) comprise a group of lymphotropic
herpesviruses which are responsible for a wide range of diseases, including lymphoproliferative disorders and tumors. We have developed
several flow cytometric assay (FACS) systems to evaluate antiviral efficacy against EBV, HHV-6 and HHV-8. Assays using either EBV
or HHV-8, members of the gammaherpesvirus subfamily, have shown that while EBV responds well to acyclovir (ACV), HHV-8 was
most sensitive to cidofovir (CDV). Since HHV-6 strains are divided into two sub-groups, A and B, we evaluated antiviral efficacy for
strains from each group. The group A strain, HH¥spwas inhibited by foscarnet (PFA), CDV and ganciclovir (GCV) in both Sup-T1
and HSB-2 cell lines. HHV-8.29, a representative group B virus, was inhibited by GCV and CDV but not by PFA. Our findings indicate
that flow cytometry can be utilized to efficiently evaluate new antiviral agents against lymphotropic herpesviruses and that the results are
comparable to those obtained by other methods such as immunofluorescence.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction epithelium cells Yao et al., 198p and is associated with
infectious mononucleosis, Burkitt's lymphoma, Hodgkin’s
Epstein—Barr virus (EBV), human herpesvirus type 6 disease and nasopharyngeal carcinoma in immunocompe-
(HHV-6) and human herpesvirus type 8 (HHV-8) are mem- tent individuals Henle et al., 1974; Klein et al., 1970;
bers of a subset of lymphotropic human herpesviruses thatReedman et al., 1974; Stowe et al., 1p9&hile treatment
also includes human herpesvirus 7. HHV-6 and HHV-8 of acute infectious mononucleosis with acyclovir (ACV)
are relatively newly described herpesviruses having beenhas reduced the amount of virus shed in saliva, it did not
characterized in 1986S@lahuddin et al., 1986and 1994 alleviate or decrease the duration of clinical symptoms.
(Chang et al., 1994 respectively. HHV-6 is a member of Cessation of treatment with ACV was associated with an
the B herpesvirus family based on its sequence homology increase of viral shedding in the saliva back to levels de-
with human cytomegalovirus, the prototyeherpesvirus, tected prior to treatmentAfdersson et al., 198&rnberg
while EBV and HHV-8 are classified ag herpesviruses  and Andersson, 1986; Tynell et al., 1996
based on their similarity to herpesvirus saimiri. The primary  HHV-6 infects more than 90% of the population by 12
mode of transmission for these common human pathogensmonths of ageKimberlin, 1999 and is subdivided into dis-
is via saliva and nasal secretiorisrifberg and Andersson,  tinct A or B variants based on restriction endonuclease cleav-
1986; Jarrett et al., 1990; Koelle et al., 1997; Yao et al., age patternsAubin et al., 1991; Dominguez et al., 1999;
1989. Currently, there is no antiviral agent with proven Isegawa et al., 1999The HHV-6A variant is isolated pri-
clinical efficacy against lymphotropic herpesviruses. marily from immunocompromised hosts while HHV-6B is
Throughout the world, EBV infects over 90% of the popu- responsible for the majority of childhood ilinesses attributed
lation by adulthood$towe et al., 1998 EBV preferentially to HHV-6 (Lusso, 199% Primary infection with HHV-6
infects peripheral blood B-lymphocytes and oropharyngeal can result inExanthem subituror sixth disease, as well as
rare cases of encephalitis, lymphadenopathy and seizure dis-
orders Braun et al., 1997; Kimberlin, 1998; Kondo et al.,
* Corresponding author. Tek:1-205-934-1990; fax:1-205-975-1992.  1990; Yamanishi et al., 1938HHV-6 infection becomes
E-mail addresskern@uab.edu (E.R. Kern). more significant clinically in immunocompromised hosts
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such as transplant recipients or HIV positive individuals 2. Methods and materials
where it can infect CD4 cells making them more permis-
sive to infection by HIV Lusso et al., 1989; Lusso, 1996  2.1. Virus and cell preparation
In transplant recipients, HHV-6 infection has been shown to
cause several complications including interstitial pneumoni-  Daudi cells (American Type Culture Collection, Manas-
tis, prolonged viremia and has been associated with graftsas, VA), a Burkitt's lymphoma derived B cell line latently
versus host diseas8&ifigh and Carrigan, 19%6Due to the infected with multiple copies of the EBV genome and H1
neurotropic nature of the virus, there has been speculationcells (provided by Dr. Y.-C. Cheng, Department of Pharma-
about the possible role of HHV-6 in the pathogenesis of mul- cology, Yale University School of Medicine, New Haven,
tiple sclerosis Ablashi et al., 1988; Challoner et al., 1995; CN), a subclone of human P3HR-1 cells, were cultured
Braun et al., 1997; Sola et al., 1993 in RPMI-1640 media containing 10% fetal bovine serum
HHV-8 has been reported in 20-30% of the population (FBS), 2mML-glutamine and 10Q.g/ml gentamycin. Su-
with an increased prevalence in HIV-1-infected individuals perinfection of Daudi cells was achieved by incubation with
(Chandran et al., 1998HHV-8 has been detected in pe- EBYV that was prepared from human P3HR-1 cell (American
ripheral blood mononuclear cells, human endothelial cells Type Culture Collection) culture supernatant as described
and oropharyngeal mucos@tfann et al., 2000 This virus previously (idin et al., 1993. As H1 cells continuously
has been associated with body cavity-based lymphoma, lym-produce a high yield of EBV, cells were passaged to main-
phadenopathy, multicentric Castleman’s disease, Kaposi'stain logarithmic growth.
sarcoma (KS) and has the ability to transform primary hu-  The HHV-6A variant, GS (HHV-gs), HSB-2 and Sup-T1
man endothelial cells in vitrdlore et al., 1998 It has been cells were obtained from the NIH AIDS Research and Ref-
found in neoplastic endothelial and spindle cells present in erence Program (Rockville, MD). The cells were cultured in
the lesions of more than 90% of KS patierBoshoff et al., RPMI-1640 media supplemented with 10% heat-inactivated
1995; Chatlynne et al., 1998In HIV-infected individuals FBS and 2 mM.-glutamine. In addition, 100 U/ml penicillin
the presence of HHV-8 in peripheral blood lymphocytes is and 10Q.g/ml streptomycin were added to Sup-T1 cultures.
a risk factor for development of KXpelle et al., 1997; The HHV-6B variant, Z-29 (HHV-8-29; American
Lennette et al., 1996 Type Culture Collection), was assayed in umbilical cord
Currently, there are no proven effective antiviral therapies blood lymphocytes (CBLS) isolated from umbilical cord
available for treatment of individuals infected with these blood (University of Alabama, Birmingham Hospital) us-
viruses. The most widely used antiherpesvirus drug avail- ing histopaque (Sigma, St. Louis, MO) gradient separa-
able at this time, ACV, is transiently effective against EBV tion. Cells were cultured in RPMI-1640 media containing
but ineffective at inhibiting HHV-6 or HHV-8 replication  10% heat-inactivated FBS, 2 mM-glutamine, 0.1 U/ml
in vitro. Ganciclovir (GCV), foscarnet (PFA) and cidofovir interleukin-2 (Sigma), 0.hg/ml Phaseolus vulgarisag-
(CDV) have significant efficacy in vitro against HHV-6 and glutinin protein (Sigma), 100 U/ml penicillin, 1Q0g/ml
HHV-8 but prolonged use of these drugs in humans has streptomycin and 0.2bg/ml fungizone.
been associated with severe side effects due to their toxicity All HHV-6 virus pools were prepared by incubating un-
(Gnann et al., 2000 The broad range and severity of clini- infected cells with virus-infected cells at a 1:5 ratio until
cal manifestations that are attributed to these lymphotropic the cells were more than 60% infected as determined by
herpesviruses illustrates the necessity for effective antiviral IFA. Aliquots containing & x 10° cells were frozen in me-
therapeutic agents. dia containing 5% dimethylsulfoxide (DMSO; Sigma) and
In order to determine the antiviral efficacy against EBV, stored at—80°C. Working dilutions for EBV and HHV-6
HHV-6 and HHV-8, our laboratory has previously utilized virus pools were determined by end point titration using
indirect immunofluorescence assays (IFA). We have concur-1FA, and calculated according to the Reed—Muench method
rently evaluated potential antiviral compounds against EBV (Reed and Muench, 19388
by enzyme-linked immunosorbent assays (ELISA) and in  HHV-8, latently expressed in the primary effusion lym-
situ DNA hybridization assays. The purpose of these stud- phoma derived BCBL-1 cell line (NIH AIDS Research
ies was to develop more efficient assays for the detection ofand Reference Program, Rockville, MD) was induced into
antiviral compounds that are effective against lymphotropic lytic HHV-8 expression by addition of 100 ng/ml phorbol
herpesviruses. Flow cytometry has been utilized previously 12-myristate 13-acetate (TPRenne et al., 1996BCBL-1
for the determination of antiviral efficacy against HHV-6 cells were cultured in RPMI-1640 media containing 10%
and HHV-8 (Manichanh et al., 2000; Reymen et al., 1995; FBS, 2mM vr-glutamine, 1M B-mercaptoethanol and
Zoeteweij et al., 1999; Amjad et al., 200&and we have 30wg/ml gentamycin.
utilized similar assay systems for evaluating antiviral activ-
ity against EBV, HHV-6 and HHV-8. These assays have 2.2. Antiviral drugs
proven to be advantageous by reducing the amount of labor
involved as well as reducing the amount of subjectivity that ~ Six licensed antiviral compounds with well-documented
is intrinsic to other methods. efficacy against herpesviruses were evaluated. GCV, ACV,
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penciclovir (PCV), CDV, and zidovudine (AZT) were pur- 2.5. Preparation of samples for determining antiviral
chased from the University of Alabama Hospital Pharmacy. efficacy against EBV and HHV-6

PFA was procured from Sigma. A stock solution of 10 mg/mi

PCV was prepared in DMSO and diluted to a final concen-  Antiviral efficacy against EBV and HHV-6 was assessed
tration of 1 mg/ml in minimal Eagle’s medium (MEM) con- in several cell lines. Serial 5-fold dilutions of drug rang-
taining 2% FBS. The remaining compounds were prepareding from 50-0.08.g/ml or 100-0.03.g/ml were prepared
in MEM containing 2% FBS to a final stock concentration fresh in media. Infection was initiated by incubating®10

of 1 mg/ml. cells for 1 h at 37 C with sufficient virus to superinfect 10%
of Daudi cells or infect 25% of the other cell lines. Cells
2.3. Primary antibodies were rinsed with 3ml of media to remove unbound virus

and pelleted by centrifugation at 10@Q; for 5 min prior to

The primary antibodies used for the indirect IFA and flow the addition of 4 ml of appropriately diluted drug. H1 cells,
cytometric assay (FACS) were selected for their antigen that are persistently infected, were incubated with the ap-
specificity, low cross-reactivity with other herpesviruses and propriate dilution of drug. Mock-infected and viral controls
fluorescence intensity as monitored by flow cytometry. Mon- were prepared by adding 4 ml of drug-free media to unin-
oclonal antibodies selected for use in the HHV-6 assay sys-fected and infected cells, respectively. After incubation for
tems were screened for variant specificity and demonstratedthe appropriate times, cells were prepared for the various
no A or B variant cross-reactivity in the assay systems. assays.
Monoclonal antibody 8532 (Chemicon, Temecula, CA) tar-
gets HHV-6-induced early nuclear proteins and was used2.6. Preparation of samples for determining antiviral
as a primary antibody in the HHV; assay systems at a  efficacy against HHV-8
5 ng/ml concentration. Monoclonal antibody 8535 (Chemi-
con), which target a B \ariant 101 kDa virion protein, was Antiviral efficacy against HHV-8 was assessed using
used as a primary antibody in the HH\=69 assay sys-  TPA-induced BCBL-1 cells. Serial 5-fold dilutions of drug
tem at a Gug/ml concentration. The HHV-8 monoclonal starting at 10Qug/ml were prepared in media. Samples
antibody KS8.1 (Bala Chandran, Department of Microbi- were prepared by incubating<110® TPA-induced BCBL-1
ology, Molecular Genetics and Immunology, University of cells with the appropriate dilution of drug at 3¢ for 5
Kansas) targets the HHV-8 viral envelope associated gly- days. Mock-infected and virus controls were prepared by
coprotein 8.1 expressed in the late lytic phase of HHV-8 incubating 1x 10° uninduced and TPA-induced cells, re-
replication Zoeteweij et al., 1999and was used at approxi-  spectively, with 4ml of drug-free media. Cells were fed
mately 5ug/ml. Monoclonal antibody to the EBV viral cap-  with 2ml of media 2 days after infection. After incubation,
sid antigen (VCA) glycoprotein 125 (Chemicon) was used cells were prepared for FACS and IFA, as described below.
at a concentration of 245g/ml for ELISA and 5u.g/ml for
IFA and FACS. 2.7. IFA staining

2.4. Determination of cytotoxicity Infected or control cells were rinsed with PBS and resus-
pended to a final concentration ofx110° cells/ml. Slides
The cytotoxicity of antiviral compounds was determined were prepared for IFA by spotting wells with>210* cells
using Trypan blue exclusion. Serial 5-fold dilutions of an- for each drug concentration and controls. Slides were dried,
tiviral compounds starting at either 50 or 06/ml were fixed in ice-cold acetone for 1 h, rinsed and stored 20°C
prepared and incubated withx110P cells. The duration of  before staining for IFA. Daudi cells were rehydrated then
the incubation period varied according to the cell line. Daudi blocked in PBS containing 5% FBS and 4% normal goat
cells were incubated at 3T for 3 days, HSB-2 cells for 4  serum (NGS). H1 cells were rehydrated, blocked and per-
days, BCBL-1 and H1 cells for 5 days, and CBL and Sup-T1 meabilized in PBS containing 0.1% saponin and 1% FBS.
cells for 6 days. After incubation, cells were rinsed with PBS All other cells were rehydrated and then blocked and per-
and pelleted by centrifugation at 1000g for 5min. Cells meabilized in PBS containing 5% FBS, 4% NGS and 0.5%
were resuspended in 4 ml of 0.2% Trypan blue in PBS and DMSO for 30 min. Cells were then incubated in a hydra-
spotted onto hemocytometer slides. The proportion of live tion chamber at 37C for 1 h with 20wl of primary antibody
cells for each drug dilution was determined, and the 50% diluted in blocking solution. Following a rinse with PBS,
cytotoxic concentration (Cfg) was extrapolated from the cells were incubated at 3T for 1 h with 20ul of 3 pg/ml
plot of drug concentration versus the concentration of live FITC-conjugated goat anti-mouse lgdgM secondary an-
cells. The concentration required to inhibit cell proliferation tibody (Jackson ImmunoResearch, West Grove, PA). Cells
by 50% (1Gsg) was extrapolated from the plot of drug con- were rinsed with PBS prior to staining with 0.1% Evans blue
centration versus the total number of cells. These plots weredye (Fisher, Fair Lawn, NJ) in PBS for 5min. Slides were
evaluated using the MacSynergy I, version 1.0 (University rinsed to remove any excess contrast dye and coverslips were
of Michigan, 1992 release) linear regression program. mounted using a solution of 50% glycerol in PBS.
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Cells were viewed at a magnification of 40Qusing a containing 5% acetic acid in ethanol for 20 min at room
Nikon (Nikon, Melville, NY) fluorescence microscope. For temperature and rinsed three times with PBS. Cells were
each concentration of drug, 500 cells were counted and thethen incubated for one hour at 3¢ with 2.5ug/ml mon-
percentage of antigen-positive cells was calculated. The drugoclonal antibody to EBV VCA (Chemicon), followed by
concentration required to inhibit virus replication by 50% a 30 min incubation with horseradish peroxidase labeled
(ECs0) was determined by plotting drug concentration versus goat anti-mouse 1gG1 (Southern Biotechnology, Birming-
the percentage of antigen positive cells. These plots wereham, AL) for 30 min. Plates were rinsed with PBS containing

evaluated as described above. 0.05% Tween 20 between incubations. Substrate contain-
ing O-phenylenediamine dihydrochloride, citrate buffer (pH
2.8. FACS staining 5.0) and hydrogen peroxide was added to each well. Plates

were covered and gently shaken at room temperature for
Daudi cells were rinsed and blocked in PBS containing 10 min. The reaction was stopped by the addition of 3N sul-
5% FBS and 4% NGS, while H1 cells were blocked and per- furic acid and plates were read immediately on a microplate
meabilized in PBS containing 0.1% saponin and 1% FBS. reader (Bio-Tek Instruments, Winooski, VT) at 492 nm. The
HHV-6- and HHV-8-infected cells were rinsed with PBS EGCsq value for each drug was extrapolated from the linear
and permeabilized overnight in 2ml methanol-a80°C. regression plot of drug concentration versus averaggs®D
These cells were blocked in PBS containing 5% FBS, 4%
NGS and 0.5% DMSO for 30 min at 3. Samples were
incubated with 2G| of primary antibody diluted in block- 3. Results
ing solution for 1 h at 37C. Samples were rinsed twice with
4 ml of blocking solution and pelleted by centrifugation at ~ The efficacy and toxicity values for ACV, GCV, PCV,
1000 x g for 5min. Following the second rinse, 0.5ml of CDV, and AZT were obtained from multiple assays against
3pg/ml FITC conjugated goat anti-mouse lg@gM (Jack- EBV, HHV-6, and HHV-8 utilizing both FACS and IFA. The
son ImmunoResearch) was added and samples were incuECsg values determined by FACS were found to be statisti-
bated for 1 h at 37C. Cells were rinsed twice with PBS cally similar to those obtained by IFA in all assay systems
and pelleted by centrifugation before being resuspended andMann—Whitney Confidence Interval Test). All values fell
fixed in 0.5 ml of 2% paraformaldehyde. within an acceptable range of assay variability and served to
Flow cytometry data was acquired using a Becton- validate efficacy values obtained by both assay systems. Typ-
Dickenson FacsCalibur instrument (Becton-Dickenson, ical flow cytometry for GCV as an example are illustrated
Franklin Lakes, NJ) and data were analyzed using the Win- in Fig. 1. These histograms illustrate the pattern of staining
MDI 2.7 data analysis program (Scripps Research Institute, obtained in negativeH{g. 19 and virus Fig. 1h controls as
La Jolla, CA). The resulting dot plots were gated to remove well as the dose-dependent response of HH\LEto vari-
non-specific and background staining from further consid- ous concentrations of GC\F{g. 1b—9.
eration and the M1 bar was set so thal% of the cells in In the EBV assays, ACV with an Egvalue of 1.3.g/ml
the negative control were included in the determination of served as our positive control as no other antiviral tested sig-
percent positive cells. The EBgvalue for each drug was nificantly inhibited EBV replicationTable 1. Previous re-
extrapolated from the plot of drug concentration versus sults in our laboratory have shown that EBV-infected Daudi
percentage of antigen positive cells as described above. and Raji cells had similar BEfg values for ACV. To obtain a
higher infection rate for FACS analysis, H1 cells were also
2.9. EBV in situ hybridization used. In situ hybridization assays and ELISA were also used
in order to assess antiviral efficacy against EBV. Results
Monitoring EBV DNA synthesis in the presence of an- obtained by in situ DNA hybridization and ELISA proved
tiviral compounds was performed using the Simply Sensi- to be consistent with FACS and IFA results in EBV assays
tive Horseradish Peroxidase-AEC In Situ Detection System and were shown to be statistically similar (Kruskal-Wallis
(Enzo Diagnostics, Farmingdale, NY). Slides were prepared Test). All four assay systems proved to be reliable systems
as described above and staining and detection were perfor evaluation of antiviral efficacy against EBV.
formed according to the Manufacturer’s instructions. Five  Assays for HHV-&gs (A variant) were performed in both
hundred cells were counted and the percentage of positiveHSB-2 and Sup-T1 cell linesTébles 2 and Band the sus-
cells was calculated for each concentration of drug. The ceptibility of HHV-6gs to all the compounds was similar in
ECso value for each drug was extrapolated as described both cell lines. Effective inhibitors of HHV€s replication
above. in both cell lines included PFA, GCV and CDV, with B
values less than 10&g/ml, while PCV and AZT with EGp
2.10. EBV enzyme-linked immunosorbent assay (ELISA) values of >100 and >916g/ml, respectively, were ineffec-
tive. ACV was weakly active against HHVsg in HSB-2
Daudi cells were rinsed with PBS and seeded into 96-well cells with an EGg value of 27.3.g/ml, but was inactive in
plates at 4 10° cells per well. Cells were fixed in a solution  Sup-T1 cells with an E& value of >59.5.g/ml.
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Fig. 1. Ganciclovir was assayed in HH\&-6g-infected cord blood lymphocytes according to the protocol for determining antiviral efficacy against HHV-6gsgen 2. Samples were stained and
analyzed according to the staining protocol for flow cytometry Seetion 2. These histograms depict (a) uninfected cord blood lymphocytes, HH)-thfected cord blood lymphocytes that have
been treated with (b) 50g/ml, (c) 10png/ml, (d) 2pg/ml, (e) 0.4ug/ml, (f) 0.8pg/ml, (g) 0.016ug/ml, or (h) Opg/ml of ganciclovir. In each histogram theaxis denotes the intensity of FITC staining
and they-axis denotes the number of events. The M1 bar indicates the proportion of the cells considered to be positive for the HHV-6 antigen.
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Table 1
Antiviral efficacy against EBV and cytotoxicity in Daudi cells
Drug EGpo (rg/ml)? Toxicity (ng/ml)?
Viral capsid antigen detection DNA detection 6&C 1Cso
IFA FACS ELISA In situ
CDhV >39.3+ 18.6 >50 >50 >28.H1 23.4 >50 >45.6+ 7.7
GCV >42.0+ 13.9 >50 >50 >44.5k 9.5 >50 >30.4+ 26.4
ACV 2.7+ 1.3 (6f 1.3+ 1.1 (7p 23+ 05 45+ 43 >50 >50
PFA >50 >47.7+ 3.9 >21.6+ 24.6 >50 >50 >50
PCV >33.0+ 24.7 >50 45.1+ 6.8 39.5+ 8.0 >50 >50

aValues are expressed as the meastandard deviation of three replicate assays. Single assay values pfj#BDare assigned a value of R@/ml
for the purpose of calculation and the mean value is designated with a ‘>’ symbol. Similarly, single assay vahi@e88pfg/ml are assigned a value
of 0.08ug/ml for the purpose of calculation and the mean value is designated with symbol.

b Assays were performed in H1 cells.

Table 2

Antiviral efficacy against HHV-6(A}s and cytotoxicity in HSB-2 cells

Drug EGo (ng/ml)@ Toxicity (pug/ml)?

IFA FACS CGo ICs0
cbv 12.84 8.0 (4) 46+ 35 (4) 39.6+ 22.8 (4) >82.7+ 30.0
GCV 15.1+ 3.0 (2) 10.6+ 1.0 (2) 16.0+ 3.6 (2) 79.14 4.2 (2)
ACV 42,6+ 52.1 (2) 27.2+ 136 (2) 36.4+ 26.2 (2) >97.9+ 3.0 (2)
PFA 8.8+ 5.0 (7) 9.5+ 5.7 (7) >100 (6) >100 (6)
PCV 53.7+ 30.7 >100 77.3: 21.1 >76.7+ 40.0

2Values are expressed as the mean of three replicate assays; the number of experiments is shown in parentheses if other than three replicates. ¢
Table 1for the definition of <’ or >

Table 3

Antiviral efficacy against HHV-6(A3s and cytotoxicity in Sup-T1 cells

Drug EGyo (ng/ml)? Toxicity (ng/mi)@

IFA FACS CGo ICs0
cDV 16+ 1.7 (2) 2.0+ 0.8 58.6+ 21.4 85.6+ 6.1 (2)
GCV 3.6+ 26 7.6+ 4.9 (13) 39.5+16.2 (12) >80.0+ 24.0 (7)
ACV NTP >59.5+ 28.7 (7) 70.2+ 39.0 >100
PFA 5.3+ 4.1 (2) 6.3+ 4.5 (4) >85.2+ 21 (2) >100 (2)
PCV NT? >100 >90.8+ 8.1 >99.8+ 0.3
AZT NTP >91.6+ 16.9 (4) 48.3+ 28.9 (4) >96.3+ 7.0 (4)

2Values are expressed as the mean of three replicate assays; the number of experiments is shown in parentheses if other than three replicates. ¢
Table 1for the definition of <’ or *>".
b Not tested.

Table 4

Antiviral efficacy against HHV-6(B)-29 and cytotoxicity in CBL

Drug EGso (pg/ml)? Toxicity (ng/ml)@

IFA FACS CGo 1Cs0
cbv 2.0+ 1.2 (5) 1.4+ 0.6 (5) 37.2+ 23.8 (4) >100 (5)
GCV 1.3+ 0.9 (9) 2.1+ 0.7 (9) >59.5+ 43.5 (9) >88.6+ 18.3 (9)
ACV 12.84+ 1.1 (2) 16.94+ 2.4 (2) >92.5+ 10.6 (2) >79.3+ 29.3 (2)
PFA 27.5+ 23.3 (5) 35.9+ 18.8 (5) >79.7+ 37.8 (5) >100 (5)
PCV 37.4+ 415 (2) 55+ 58.4 (2) 30.8+ 38.5 (2) >100 (2)

2Values are expressed as the meastandard deviation. The number of replicate assays is shown in parentheses to the right of the valakleSee
for the definition of <’ or *>'.
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Table 5
Antiviral efficacy against HHV-8 and cytotoxicity in BCBL-1 cells
Drug EGyo (pg/ml)? Toxicity (ng/ml)?

IFA FACS CGo 1Cso

CDV 31+16 3.9+ 21 >89.2+ 22.4 (9) >68.0+ 27.3 (9)
GCV 60.2+ 42.0 53.7+ 20.5 20.9+ 17.8 >96.4+ 6.2
ACV 53.7+ 26.4 38.3+ 17.3 (4) >100 >100 (4)
PFA 729+ 7.2 74.7+ 15.0 >87.24+ 22.2 >90.4+ 16.7
PCV 74.8+ 7.9 (2) >82.0+ 15.9 >86.9+ 16.1 >100
AZT >100 >100 32.2+ 255 58.9+ 14.7

2Values are expressed as the meastandard deviations for three replicate assays; the number of experiments is shown in parentheses if other than

three replicates. Se®able 1for the definition of <’ or *>'.

The susceptibility of HHV-6-29 (B variant) was similar
to that of HHV-Gss with the exception of PFATable 4.
Antiviral compounds that effectively inhibited HHVz69
replication included GCV and CDV, with Egvalues of 2.1
and 1.4.9/ml, respectively. Moderate efficacy was demon-
strated by ACV, with an Egp value of 16.9ug/ml, while
PFA and PCV were ineffective against HH\-69 in this
assay system having Egvalues of 35.9 and 550g/ml,
respectively. With the exception of PFA, the B variant of
HHV-6 was slightly more sensitive to the antivirals tested
than the A variant of HHV-6.

CDV was the only effective antiviral tested in the HHV-8
assay system having an Efvalue of 3.9.g/ml (Table 5.

No cytotoxicity of CDV was observed in BCBL-1 cells.
All other antiviral drugs examined had little or no effect on
HHV-8 replication in BCBL-1 cells.

4, Discussion

EBV, HHV-6, -7, and -8 are lymphotropic herpesviruses

these cell lines to metabolize antiviral compounds may differ
from CBLs and all the viruses do not seem to grow in all cell
lines. Our HHV-&s data has demonstrated the variability
of continuous cell lines in their response to antiviral com-
pounds. While most antiviral drugs responded similarly, we
occasionally encountered drugs whose efficacy varied from
one cell line to the next suggesting that the use of a single
cell line for these types of assays may not result in a true
reflection of a compound’s activity against these viruses.

Once cell lines have been selected, screening antibodies
for antigen specificity and fluorescence intensity are essen-
tial to the development of FACS systems. Both IFA and
FACS rely on highly specific antibody—antigen interactions.
We found that antibodies that are sufficient for immunofluo-
rescence analysis do not necessarily provide good peak sep-
aration in the analysis of FACS data. Antibodies to late lytic
antigens allowed us to monitor antiviral compounds that act
either early or late in the replicative cycle. Implementation
of these indirect fluorescence, flow cytometry-based assays
has allowed us to evaluate currently licensed antiviral drugs
for efficacy against EBV, HHV-6 and HHV-8.

that have emerged as important targets for antiviral therapy. Several factors influence the level of activity of an an-

The wide variety and severity of clinical manifestations in

tiviral compound including choice of cell line, duration of

humans pose a serious public health concern, particularly forincubation, concentration of drug and choice of detection
immunocompromised patients. The lack of antiviral agents methods. Although antiviral assays are commonly refed with
with efficacy against lymphotropic herpesviruses dictates multiple doses of drug during incubation, our efficacy val-
the necessity for broad range screening of new compoundsues are based on assays where cells are initially exposed
We have developed flow cytometry-based assays in order toto antiviral compounds and fed, if required, with drug-free
eliminate some of the time, cost and subjectivity that are media. These results accurately reflect the antiviral and cy-
intrinsic to other detection methods such as IFA. The pur- totoxic effects of a single administration of drug. TheggC
pose of our studies was to determine if FACS are sensitive, values obtained by our method are generally higher than

quantitative, and reproducible systems for evaluating antivi-

ral agents.

those reported by other laboratoridddgerbach et al., 1998;
Neyts and De Clercq, 1997; Reymen et al., 1995; Amjad

Lymphotropic herpesviruses infect non-adherent cell et al., 200}, and this may be due to the differences in as-
lines that are particularly suited to analysis by flow cytome- say methodologies cited above. Using DNA hybridization
try. Selecting the proper lymphocytic cell lines was essential and IFA on P3HR-1 cells that were TPA-induced and al-
to the development of these assay systems. Primary humarowed to incubate with test compounds for 7 days, EBV was
umbilical CBLs in an exponential growth phase are the found to be susceptible to CDV, GCV, and ACMégerbach

ideal cells for assaying all the lymphotropic herpesviruses.

Unfortunately, human CBLs have limited availability, are

expensive to isolate and vary in growth characteristics. Con-

et al., 1998. Both CDV and GCV were shown to be active
against HHV-8 using DNA hybridization assays performed
on TPA-induced BCBL-1 cells\eyts and De Clercq, 1997

tinuous lymphocytic cell lines provide a reasonable option Inthese assays, cells were allowed to incubate for 7 days and
for culturing lymphotropic herpesviruses but the ability of were fed with drug-containing media on day 4.Reymen
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et al. (1995) HHV-6gs in HSB-2 cells was shown to be 1988. Utilization of human hematopoietic cell lines for the propagation
susceptible to CDV. GCV and PFA using CPE and FACS and characterization of HBLV (human herpesvirus 6). Int. J. Cancer
' . 42, 787-791.

a;says on Ce"S_ t,hat Were_ incubated for 10 days and fedAgut, H., Collandre, H., Aubin, J.-T., Guetard, D., Favier, V., Ingrand,

with druQ'Contam'n_g _med'a on days 3 and _7- A_IthOUQh D., Montagnier, L., Huraux, J.-M., 1989. In vitro sensitivity of human

the results were similar to those observed in this paper, herpesvirus 6 to antiviral drugs. Res. Virol. 140, 219-228.

ECso values were generally lower. These differences were Amjad, M., Gillespie, M.A., Carlson, R.M., Karim, M.R., 2001. Flow

likely due to the additional feedings with test compounds. cytometric evaluation of antiviral agents against human herpesvirus 6.

. . Microbiol. Immunol. 45, 233-240.

In HHV_GZ'Zg_mfeCted _MOLT_:S Cells allowed to incubate Andersson, J., Britton, S., Ernberg, I., Andersson, U., Henle, W., Skdlden-

for 7 days without add't'Pnal feedmgs' the eﬁe(?tsl of GCV, berg, B., Tisell, A., 1986. Effect of acyclovir on infectious mononu-

ACV, PFA and PCV Amijad et al., 200} were similar to cleosis: a double-blind, placebo-controlled study. J. Infect. Dis. 153,

those observed in this paper confirming that differences in  283-290.

results like those observed above could be attributed to vari-Aubin, J-;jT-r Co”a_”?]rea H., Candotti, D., Ingrand, D., Rouzioux, C-vl

ations in assay methodologies. The efficacy values that we Eur9ard. M. Richard, S., Huraux, J.-M., Agut, H., 1991. Severa
. . . . groups among human herpesvirus 6 strains can be distinguished by

repo_rt are consistent af:ro_ss dlffer.e.nt d_eteCt|0n methods, in- Southern blotting and polymerase chain reaction. J. Clin. Microbiol.

cluding FACS, IFA and in situ hybridization, and we are able 29, 367-372.

to use these results to identify active antiviral compounds. Boshoff, C., Schulz, T.F., Kennedy, M.M., Graham, A.K,, Fisher, C.,

This equates to previous work in which cytopathic effect ~ Thomas, A, McGee, J.OD., Weiss, R.A., O'Leary, J.J., 1995. Kaposi's

s . . sarcoma-associated herpesvirus infects endothelial and spindle cells.
inhibition, IFA, and DNA hybridization were compared to Nat. Med. 1. 1274-1278,

evaluate anuwral compounds against HHVﬁg(Jt Qt al., Braun, D.K., Dominguez, G., Pellett, P.E., 1997. Human herpesvirus 6.
1989. Their work, as well as that presented in this paper,  clin. Microbiol. Rev. 10, 521-567.
indicates that methods which measure accumulation of viral Challoner, P.B., Smith, K.T., Parker, J.D., MacLeod, D.L., Coulter, S.N.,

proteins are comparable to those which measure accumula- Rose, TM., Schulz, ER., Bennett, J.L., Garber, R.L., Chang, M.,
tion of viral DNA Schad, P.A., Stewart, P.M., Nowinski, R.C., Brown, J.P., Burmer, G.C,,

. .. . 1995. Plaque-associated expression of human herpesvirus 6 in multiple
There are several established antiviral drugs with known . erosis. Proc. Natl. Acad. Sci. U.S.A. 92, 7440-7444.

efficacy against some herpesviruses but there remains achandran, B., Smith, M.S., Koelle, D.M., Corey, L., Horvat, R., Goldstein,
need to find more effective antiviral drugs against lym-  E., 1998. Reactivities of human sera with human herpesvirus-8-infected
photropic viruses. An accurate assessment of antiviral BCBL-1 cells and identification of HHV-8-specific proteins and gly-

activity is dependent on the accuracy of the antiviral ef- _ SOProteins and the encoding cDNAs. Virology 243, 208-217.
fi d icity d FACS id f Chang, Y., Cesarman, E., Pessin, M.S., Lee, F., Culpepper, J., Knowles,
icacy and cytotoxicity data. provides a means o D.M., Moore, P.S., 1994. Identification of herpesvirus-like DNA se-

objective determination of antiviral efficacy and has proven  quences in AlDS-associated Kaposi's sarcoma. Science 266, 1865—
to be a reproducible, reliable detection method. We have 1869.

utilized FACS analysis in order to rapidly and consis- Chatlynne, L.G., Lapps, W., Handy, M., Huang, Y.Q., Masood, R., Hamil-
tently identify potential antiviral compounds for efficacy ton, A.S., Said, J.W., Koeffler, H.P., Kaplan, M.H., Friedman-Kien,

. A., Gill, P.S., Whitman, J.E., Ablashi, D.V., 1998. Detection and titra-
against HHV-6, HHV-8 and EBV and have found that re- tion of human herpesvirus-8-specific antibodies in sera from blood

sults obtained using these assays are consistent with other donors, acquired immunodeficiency syndrome patients, and Kaposi's
established methods for screening antiviral compounds in- sarcoma patients using a whole virus enzyme-linked immunosorbent
cluding IFA and in situ hybridization. Determination of assay. Blood 92, 53-58.

antiviral efficacy by flow cytometry offers advantages over PoMinguez, G., Dambaugh, T.R., Stamey, F.R., Dewhurst, S., Inoue, N.,

th . thods b duci th t of lab Pellett, P.E., 1999. Human herpesvirus 6B genome sequence: coding
other screening methods Dy reducing the amount ot 1abor,  .,nent and comparison with human herpesvirus 6A. J. Virol. 73,

eliminating the subjectivity involved in other antiviral drug 8040—8052.
assay systems and providing a rapid and reliable method toEmberg, I., Andersson, J., 1986. Acyclovir Efficiently inhibits oropharyn-
screen potential antiviral compounds against lymphotropic geal excretion of Epstein—Barr virus in patients with acute infectious
herpesviruses. mononucleosis. J. Gen. Virol. 67, 2267-2272.
Flore, O., Rafii, S., Ely, S., O'Leary, J.J., Hyjek, E.M., Cesarman, E.,
1998. Transformation of primary human endothelial cells by Kaposi's
sarcoma-associated herpesvirus. Nature 394, 588-592.
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