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Abstract

Human herpesvirus 6 (HHV-6) was examined in vitro for its sensitivity to a broad range of
nucleoside analogues, including acyclovir (ACV), ganciclovir (GCV), penciclovir (PCV), buci-
clovir (BCV), brivudin (BVDU), the N7-isomer of 6-deoxyganciclovir (§2242), foscarnet (phos-
phonoformic acid, PFA), and several acyclic nucleoside phosphonate (ANP) analogues such as
(S)-HPMPA, (S5)-HPMPC, PMEA and PMEDAP. Antiviral efficacy was monitored microscopi-
cally by the inhibitory effect of the compounds on HHV-6-induced cytopathic effect in human
T-lymphoblastoid HSB-2 cells. In addition, a newly developed immunofluorescence / flow cyto-
metric assay (FACS) was used to determine HHV-6-specific antigen expression. A close correla-
tion was observed between the antiviral data obtained by the microscopic assay and the flow
cytometric assay. Marked antiviral efficacy was noted for S2242, PFA and the ANP analogues
(5)-HPMPA, (S)-HPMPC, (S)-cHPMPC, (S)-3-deaza-HPMPA, (S)-3-deaza-cHPMPA, (8)-
HPMPG and (R)-HPMPG. Also, PMEA and PMEDAP proved highly active against HHV-6
infection, whereas (§)-FPMPA and (R)-PMPDAP were inactive. ACV was only slightly protec-
tive against HHV-6, and no activity was found for GCV, PCV, BCV and BVDU. Overall, the
efficacy of the nucleoside analogues against HHV-6 appeared to correlate with their efficacy
against human cytomegalovirus (HCMV).
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1. Introduction

Human herpesvirus 6, one of the most recently discovered members of the herpesviri-
dae, was initially isolated from peripheral blood lymphocytes of patients with the
acquired immune deficiency syndrome (AIDS) or with various lymphoproliferative
diseases (Josephs et al., 1986; Salahuddin et al., 1986). Although HHV-6 is morphologi-
cally similar to other human herpesviruses and may share partial homology with human
cytomegalovirus (HCMV) (Efstathiou et al., 1988), molecular analysis and immunologi-
cal data revealed that HHV-6 is clearly distinct from Epstein-Barr virus (EBV), HCMV,
herpes simplex virus types 1 and 2, and varicella-zoster virus (Josephs et al., 1986;
Salahuddin et al., 1986). Two genetically distinct variants (A and B) of HHV-6 have
been described. Interestingly, most strains that have been isolated from immunosup-
pressed patients (particularly transplant patients) belong to the B subtype (Dewhurst,
1994). These findings suggest that this subtype may be of higher clinical importance
than the A subtype, although the relative prevalence of the two subtypes and their
virological effects in healthy and in patient populations remain issues that need to be
further explored (Yalcin et al., 1994),

HHYV-6 has been implicated in the pathogenesis of a number of diseases. It has been
causally related to exanthema subitum (roseola infantum) (Yamanishi et al., 1988),
heterophile antigen-negative infectious mononucleosis and possibly Kikuchi—Fujimoto’s
disease (Krueger and Sander, 1989; Salahuddin et al., 1993). Also, reactivation of
latently infected cells may contribute to the progression of chronic fatigue syndrome,
certain auto-immune diseases (e.g., systemic lupus erythematosus and Sjogren’s syn-
drome) and various lymphoproliferative disorders (e.g., non-Hodgkin’s lymphomas)
(Krueger and Sander, 1989; Salahuddin et al., 1993).

HHV-6 has also been proposed to be a cofactor in the progression of AIDS, since the
cell tropism of HHV-6 is similar to that of human immunodeficiency virus type 1
(HIV-1). Coinfection of HIV-1-infected lymphocytes by HHV-6 has been demonstrated
to increase the cytopathic effect of HIV-1 (Agut et al., 1989; Lusso et al., 1989). The
stimulating effect of HHV-6 on HIV-1 replication may be based on transactivation of
HIV-1 LTR by HHV-6-specific DNA fragments (Ensoli et al., 1989; Horvat et al., 1989;
Thompson et al., 1994; Wang et al., 1994). Also, HHV-6 infection of lymphocytic cells
has been shown to upregulate CD4 expression, rendering the cells more susceptible to
HIV-1 infection (Lusso et al., 1991). However, the clinical relevance of these in vitro
data remains to be elucidated. The high levels of HHV-6 that have been detected in
AIDS patients, may be related to an activating role of HHV-6 in the progression of
AIDS, or may result from an opportunistic HHV-6 infection in the immunosuppressed
patients (Spira et al., 1990; Corbellino et al., 1993).

The present study was aimed at evaluating the in vitro sensitivity of HHV-6 to a
number of antiviral nucleoside analogues, known to be effective in the treatment of
infections with other herpesviruses or HIV. We have also evaluated the anti-HHV-6
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activity of several acyclic nucleoside phosphonate (ANP) analogues. These are novel
nucleotide analogues in which an alkyl side-chain containing a phosphonate group, is
linked to a purine or pyrimidine base. This class of broad-spectrum antiviral agents
exhibit potent and selective activity not only against herpes- and retroviruses, but also
against adeno-, pox-, hepadna- and papillomaviruses (De Clercq et al., 1987; De Clercq,
1991, 1993; Balzarini et al., 1993; Naesens et al., 1994). The antiviral activities found
with these compounds were compared with their activities against other human her-
pesviruses, especially HCMV.

2. Materials and methods
2.1. Cells

HSB-2 cells (American Type Culture Collection No. CCL 120.1), an immature
T-lymphoblastoid cell line, established in 1966 from peripheral blood cells (PBL) of a
patient with acute lymphoblastic leukemia (Adams, 1968) were propagated in RPMI
1640 supplemented with 10% fetal calf serum, L-glutamine (2 mM), sodium bicarbonate
(0.075%) and gentamycin. Cell cultures were incubated at 37°C in a CO,-controlled
incubator.

2.2. Virus

The prototype GS strain of HHV-6 (Salahuddin et al., 1986) was kindly provided by
Dr. D.V.M. Ablashi (National Cancer Institute, National Institute of Health, Bethesda,
MD., USA). High-titered virus stocks (10* CCIDs,/ ml, as calculated according to the
method of Reed and Miinch) were prepared in HSB-2 cells. Therefore, approximately
15 X 10° cells were pelleted, infected with HHV-6 in a 1-ml volume and incubated for
1-2 h at 37°C. Then, the infected cells were resuspended in medium at a concentration
of 0.75 X 10% cells/ ml. Cell cultures were subcultivated every three to four days by
two- to three-fold dilution with fresh medium. Viral growth was examined microscopi-
cally by the appearance of cytopathic effect (CPE) and also monitored for antigen
expression by immunofluorescence /flow cytometric analysis (FACS analysis; as de-
scribed below). When CPE was at its maximum (i.e., at seven to ten days after
infection), fetal calf serum was added to a final concentration of 20%. The infected cells
were then thoroughly resuspended, divided in aliquots and stored at —70°C.

2.3. Compounds

Phosphonoformic acid (foscarnet, PFA) and (R)-9-(3,4-dihydroxybutyl)guanine
(buciclovir, BCV) were obtained from Astra Likemedel (Sédertilje, Sweden), 9-(2-hy-
droxyethoxymethyl)guanine (acyclovir, ACV) was purchased from Wellcome Laborato-
ries (Research Triangle Park, NC, USA) and 9-(1,3-dihydroxy-2-propoxymethyl)guanine
(ganciclovir, GCV) was from Syntex (Palo Alto, CA, USA). 9-[4-hydroxy-3-(hydroxy-
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methyl)butyl]guanine (penciclovir, PCV) was obtained from Hoechst AG (Frankfurt am
Main, Germany). (1R-l1a, 28, 3a)-9-{2,3-bis(hydroxymethyl)cyclobutyllguanine
[(—)BHCG] and 1-(2-deoxy-2-fluoro-B-p-arabinofuranosyl)-5-iodocytosine (FIAC) were
obtained from Bristol-Myers Squibb (Wallingford, CT, USA). 2-Amino-7-[(1,3-dihy-
droxy-2-propoxy)methyl]purine ($2242) was kindly provided by Dr. G. Jihne (Hoechst
AG).

( E)-5-(2-Bromovinyl)-1-( B-p-deoxyribofuranos-1-yDuracil (brivudin, BVDU) and
5-iodo-1-( B-b-2-deoxyribofuranos-1-ylDuracil (idoxuridine, IDU) were synthesized by
Dr. P. Herdewijn (Rega Institute for Medical Research, Leuven, Belgium). 1-8-D-
Arabinofuranosy! (E)-5-(2-bromovinyluracil (sorivudine, BVaraU) was from Yamasa
Shoyu (Choshi, Japan). The acyclic nucleoside phosphonates evaluated were: 9-(2-phos-
phonylmethoxyethyladenine (PMEA) and its bis(pivaloyloxymethyl)-ester [bis(POM)-
PMEA], 9-2(-phosphonylmethoxyethylguanine (PMEG), 8-aza-PMEG, 9-(2-phos-
phonylmethoxyethyl)-2,6-diaminopurine  (PMEDAP), ($)-9-(3-hydroxy-2-phosphonyl-
methoxypropyladenine [(S)HPMPA], (S§)-3-deaza-HPMPA, (S)-cyclic-HPMPA [(S)-
cHMPA], [(S§)-3-deaza-cyclic-HPMPA [(S)-3-deaza-cHPMPA], (S)-7-deaza-HPMPA
[($)-7-deaza-HPMPA], (S)-1-(3-hydroxy-2-phosphonylmethoxypropyl)cytosine
[cidofovir, (S)-HPMPC], (S)-cyclic-HPMPC [(S)-cHPMPC], ($)-9-(3-hydroxy-2-phos-
phonylmethoxypropylguanine [(S)-HPMPG], (R)-9-(3-hydroxy-2-phosphonylmeth-
oxypropyl)guanine [(R)-HPMG], (S)-cyclic-HPMPG [(S)-cHPMPG], (R)-cyclic-
HPMPG [(R)-cHPMPG], (8)-9-(3-hydroxy-2-phosphonylmethoxypropyl)-2,6-di-
aminopurine [(§)-HPMPDAP], (5)-8-aza-HPMPDAP, (R)-9-(2-phosphonylmeth-
oxypropyl)-2,6 diaminopurine [(R)-PMPDAP] and ($)-9-(3-fluoro-2-phosphonylmeth-
oxypropyladenine [($)-FPMPA]. All the acyclic nucleoside phosphonate analogues
were synthesized by Dr. A. Holy and Dr. H. Dvofdkova (Academy of Sciences of the
Czech Republic, Prague, Czech Republic) according to the published procedures (Holy
et al., 1989; Holy, 1993; Starrett et al., 1992; Dvofakova et al., 1993; Dvorakova and
Holy, 1993; Jindfich et al., 1993; Balzarini et al., 1993), except for PMEA, bis(POM)-
PMEA, (S)-HPMPC and (S)-cHPMPC which were kindly provided by Gilead Sciences
(Foster City, CA, USA).

2.4. Anti-HHV-6 assay

The inhibitory effect of the compounds on HHV-6 replication in HSB-2 cells was
monitored by the inhibition of virus-induced cytopathogenicity (CPE), which was based
on the appearance of large refractile cells in HSB-2 cells. Therefore, HSB-2 cells were
infected with HHV-6 at a multiplicity of infection (MOI) of 0.001. Immediately after
infection, 100 wul of the infected cell suspension was transferred to the wells of a
flat-bottomed microtiter plate containing 100 wl of various concentrations of the test
compounds. At day 3 and day 7, cell cultures were subcultivated by two-fold dilution
with medium containing fresh compound. Microscopical evaluation of viral CPE was
performed on day 10. Antiviral activity of the test compounds was expressed as EC,
i.e., the concentration required to inhibit HHV-6-induced cytopathogenicity (CPE) in
HSB-2 cells by 50%. The selectivity index was defined as the ratio of the cytostatic
(CCy,) to the antivirally effective (ECs,) concentration (FACS results).



D. Reymen et al. / Antiviral Research 28 (1995) 343-357 347
2.5. Flow cytometric assay

After microscopical evaluation, cell cultures were further analyzed by an indirect
immunofluorescence / flow cytometric assay (FACS analysis). The cells were cen-
trifuged, washed twice with phosphate-buffered saline, and a high-titered anti-HHV-6
polyclonal antiserum (kind gift from Dr. G.R.F. Krueger, University of Cologne,
Germany) was added. After 50 min incubation at 37°C, the cells were washed twice with
PBS. Then, the cells were incubated with fluorescein isothiocyanate conjugated F(ab'),-
fragments of rabbit anti-human immunoglobulin antibody [RaH-Ig-F(ab'),-FITC] (Pro-
san, Ghent, Belgium) for 50 min at 37°C, washed once with PBS and fixed in 0.37%
paraformaldehyde in PBS. The samples were then analyzed with a fluorescence-activated
cell sorter (FACStar, Becton Dickinson, Mountain View, CA, USA) equipped with an
argon-ion laser (Spectraphysics Model 164) at 488 nm and 250 mW light output. The
green fluorescence was filtered through a 530,30 band pass adsorption filter. For each
sample, 5000 to 10,000 cells were analyzed by a CONSORT 30 system (Becton
Dickinson). The threshold of positivity for the green fluorescence was arbitrarily set,
based on the uninfected control samples. All the data were expressed in a log
fluorescence histogram form; a three-dimensional display of the histograms was ob-
tained by the LYSYS software program (Becton Dickinson). The EC,, that is the
concentration required to suppress HHV-6-specified antigen expression by 50%, was
calculated from the concentration-dependent inhibition curves.

2.6. Cyrostatic assay

HSB-2 cells were transferred to the wells of a flat-bottomed microtiter plate and
cultured in the presence of different concentrations of the test compounds. The cultures
were subcultivated as mentioned above. On day 7, the cells were counted with a Coulter
Counter. Cytostatic effects of the compounds were expressed as CCs,, or concentration
required to inhibit cell growth by 50%.

3. Results

The anti-HHV-6 activity of different nucleoside analogues was investigated in
HHV-6-infected HSB-2 T-lymphoblastoid cells. As shown in Fig. 1, infection of the
cells resulted in a clear HHV-6-induced cytopathic effect (CPE), i.e., refractile balloon-
ing cells (panel B), as compared to mock-infected cells (panel A). Suppression of viral
CPE by (S§)-HPMPC at a concentration of 4 ug/ml (14 wM), is visualised in panel C.
Potential toxicity of the compounds was also scored microscopically {panel D; (S)-
HPMPC at a concentration of 100 pg/ml (360 wM)]. This toxicity could be easily
distinguished from the cytopathic effect of the virus (compare panel B with D). This
enabled accurate determination of the antiviral efficiency of the test compounds, relative
to their cytostatic effect.

In addition, the efficacy of the test compounds against HHV-6 was determined from
their inhibitory effect on HHV-6-induced antigen expression in HHV-6-infected HSB-2
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cells, as measured by a newly developed, highly sensitive indirect immunofluorescence /
flow cytofluorographic method (FACS analysis). This technique specifically distin-
guishes between the uninfected and the infected cell population and allows a reliable
determination of the percentage of HHV-6-infected cells in the whole cell population.
With this method, concentration-dependent inhibition curves were obtained, as exempli-
fied for PFA, PMEDAP, (8)-HPMPC and acyclovir (ACV) in Fig. 2.

Fig. 1. Inhibitory effect of (S)-HPMPC against HHV-6-induced cytopathic effect (CPE) in HHV-6-infected
human T-lymphoblastoid HSB-2 cells. Panel A: mock-infected cells; Panel B: HHV-6-infected HSB-2 cells at
day 7 post infection; Panel C: HHV-6-infected cells treated with (S)-HPMPC at a concentration of 4 p.g/ml;
Panel D: mock-infected cells treated with (S)-HPMPC at a concentration of 100 pg/ml.
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Fig. 1 (continued).

PFA was a potent inhibitor of HHV-6 replication with an EC,; of 5.8 uM, as
measured by the indirect immunofluorescence / flow cytometric assay (Table 1; FACS).
The selectivity index of PFA, or ratio of cytostatic over antivirally effective concentra-
tion, was 141. These data are in agreement with those published elsewhere (Agut et al.,
1989a, 1991; Streicher et al., 1988). Therefore, PFA was used as a reference compound
throughout the subsequent antiviral activity and cytotoxicity experiments.

Acyclovir (ACV) had a rather poor protective effect with an EC, of 270 uM and a
selectivity index of only 3. However, compounds that are structurally related to ACV,
namely, ganciclovir (GCV), buciclovir (BCV) and penciclovir (PCV) displayed no
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Fig. 2. Inhibitory effect of PFA, PMEDAP, (S)-HPMPC and acyclovir (ACV) against HHV-6-specific antigen
expression in HHV-6-infected HSB-2 cells, as determined by indirect immunofluorescence /flow cytometric
analysis (FACS). CC = mock-infected cell control; VC = virus-infected cell control.

anti-HHV-6 activity at subtoxic concentrations (Table 1). Nor did FIAC, BVDU and its
congeners BVaraU and IDU. In contrast (—)BHCG displayed moderate anti-HHV-6
activity with and ECy, of 8.4 uM and a selectivity index of 4. Marked antiviral activity
was also noted for the N’-isomer of 6-deoxy-ganciclovir $2242 (EC,,: 0.02 uM,
selectivity index: 42), which is in agreement with the data reported by Neyts et al.
(1994).

Several acyclic nucleoside phosphonates displayed a marked inhibitory effect on
HHV-6 replication. The highest antiviral activity was noted with the HPMP derivatives,
their EC;, values being (in increasing order): 1.2 uM [(S)-3-deaza-HPMPA], 3.7 uM
[(§)-3-deaza-cHPMPA], 5.6 uM [(S)-cHPMPC], 5.6 uM [(S§)-HPMPG], 6.2 uM
[(R)-HPMPG], 10 uM [(S)-cHPMPG] and 11 uM [($)-HPMPC]. For these compounds,
the selectivity index was 10—30. A strong anti-HHV-6 activity was also observed for the
PME derivatives PMEA and its bis(POM) ester prodrug bis(POM)-PMEA, PMEG and
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Antiviral efficacy of selected nucleoside analogues in HHV-6 infected HSB-2 cells
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Compound * EC,, * (uM) based on CCy, € (M) Selectivity index ¢
CPE FACS

PFA 8.4+48 5.8+2.3 818 +316 141
$2242 0.03+0.02 0.02 +0.003 0.85+022 42
PMEDAP 11 £4.1 9.1+6.1 164 +23 18
PMEA 30 +14.3 28 +22.1 175 +38 6
bis-(POM)-PMEA 0.56+0.08 0.53+0.1 1.9+1.4 4
PMEG 1.74£0.4 1.5+0.9 1.6+0.2 1
8-aza-PMEG > 25 >25 45 +1.6 ~
(S)-HPMPA 10 +3.6 8.0+3.0 46 +9 6
(S)-cHPMPA 42 +1.3 32 +£148 146 +47 S
(§)-3-deaza-HPMPA 1.4+0.25 1.2+0.3 36 +0.5 30
(S)-3-deaza-cHPMPA 3.6+1.3 3.7+2.7 45 +30 12
(8)-7-deaza-HPMPA >10 > 10 12 +2 -
(S)-HPMPG 49409 5.6+0.5 122 22
(R)-HPMPG 5.6 +0.01 6.2+02 87 14
(8)-cHPMPG 69+1.3 10 £4.1 153 +£32 15
(R)-c-HPMPG > 25 > 25 57 +40 -
(S)-HPMPDAP 26 +3.1 27 +8.5 404 +147 15
(S)-8-aza-HPMPDAP > 300 > 300 > 300 -
(S)-HPMPC 14 +6.6 11 £10.6 141 +£16 13
(8)-c-HPMPC 6.3+3.0 56+5.5 109 +86 20
(8)-FPMPA > 300 > 300 > 300 -
(R)-PMPDAP > 300 > 300 > 300 -
ACV 179 +52 270 +70 861 +73 3
GCV > 25 > 25 54 +£2.0 -
BCV > 200 > 200 277 +53

PCV > 400 > 400 ND -
(—)BHCG 7.440.0 8.4+0.4 37 +8.0 4
FIAC >1 >1 24427 -
BVDU >1 >1 1.2+0.8 -
IDU > 1500 > 1500 > 1500 -
BVaraU >75 >75 >75 -

ND = not determined.

* For abbreviations: see section 2.3.
® Antiviral activity was expressed as EC,, or compound concentration required to exert a 50% inhibition of
HHV-6-induced cytopathic effect (CPE), or a 50% inhibition of HHV-6-specific antigen expression, as
determined by immunofluorescence /flow cytometric analysis (FACS).
¢ Cytostatic effect was expressed as CCs,, or compound concentration that reduced cell growth by 50%.
¢ Selectivity index was defined as the ratio of CC o over ECy, (as determined by FACS analysis).

PMEDAP, the latter having an ECy, of 9.1 uM and a selectivity index of 18. In
contrast, no anti-HHV-6 activity was observed for the PMP and FPMP derivatives.

In parallel with FACS analysis, microscopy was performed to determine the in-
hibitory effect of the test compounds on HHV-6-induced cytopathogenicity. The micro-
scopical data showed a close correlation with the results obtained by the indirect
immunofluorescence / flow cytometric method (Table 1). A correlation coefficient of
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Fig. 3. Comparison of the antiviral data based on HHV-6-specific antigen detection, as determined by
immunofluorescence /flow cytometric analysis (FACS), and on microscopical evaluation of HHV-6-induced
cytopathic effect (CPE). Data shown are the ECy, values extracted from Table 1, and for: PFA, compound
$2242, ACV, PMEDAP, PMEA, (S)-HPMPA, (S)-HPMPC, (S)-HPMPDAP, (5)-3-deaza-HPMPA, (5)-3-
deaza-cHPMPA, (S)-cHPMPA, (§)-HPMPG, (R)-HPMPG, (§)-cHPMPG and (S)-cHPMPC.
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Fig. 4. Comparison of the anti-HHV-6 activity (FACS results) of several nucleoside analogues and their
efficacy against HCMV [data taken from Snoeck et al. (1988), Andrei et al. (1991), Balzarini et al. (1993) and

Neyts et al. (1994)].
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0.972 was calculated upon correlation analysis of the EC,, values obtained by the flow
cytometric method and those obtained by the microscopic assay (Fig. 3).

4, Discussion

Among the different compounds examined here, PFA emerged as the most selective
anti-HHV-6 agent, with an ECs, of 5.8 uM (as measured by FACS analysis) and a
selectivity index of 141. This result is in agreement with the data obtained by several
other groups (Streicher et al., 1988; Agut et al., 1989a, 1991). Overall, PFA and its
closely related pyrophosphate analogue phosphonoacetic acid appear as strong inhibitors
of HHV-6 replication. Therefore, PFA can be regarded as a reference compound for
HHV-6 drug sensitivity determinations. In contrast, literature data (Streicher et al., 1988;
Russler et al., 1989; Agut et al., 1989a, 1991; Burns and Sandford, 1990; Di Luca et al.,
1990) on the anti-HHV-6 activity of ACV and related acyclic nucleoside analogues
show less consistency. It should be noted that these reported results were obtained under
different experimental conditions, i.e., with different HHV-6 strains, in different cell
types and using various procedures for viral infection.

These differences in sensitivity appear not to be related to the HHV-6 strain used
since Agut et al. (1991) have demonstrated homogeneous susceptibility of different
HHV-6 isolates from HHV-6 subtype A or B to a number of antiviral compounds in
vitro. However, the cell type used may be a more important factor in the discrepancies
seen in the antiviral results. Data on efficacy of ACV and GCV against HHV-6 have in
all previous cases been obtained in fresh human lymphocytes (Streicher et al., 1988;
Russler et al., 1989; Agut et al., 1989a, 1991; Bums and Sandford, 1990), the antiviral
concentrations ranging from 2 to 20 uM for ACV and from 1 to 25 uM for GCV. In
HSB-2 cells, we and others (Streicher et al., 1988) observed only moderate anti-HHV-6
activity for ACV and little if any activity for GCV.

Several authors (Streicher et al., 1988; Burns and Sandford., 1990; Di Luca et al.,
1990; Gompels et al., 1995) have suggested that HHV-6 lacks its own phosphorylating
enzymes [such as viral thymidine kinase (TK)]. Thus it appears that, in order to exert
their antiviral effect on HHV-6, ACV and GCV merely depend on the phosphorylating
capacity of the cells, which may differ considerably from one cell type to-another. The
inactivity of BYDU and related analogues (i.e., BVaraU) against HHV-6, may be
explained by the absence of a virus-encoded TK in the HHV-6-infected HSB-2 cells. In
contrast to nucleoside analogues which are substrate analogues of the DNA polymerase,
PFA interacts with the active site of the enzyme as a product analogue of pyrophosphate.
In this context, the consistency in the antiviral data for PFA is most probably related to
the fact that no phosphorylation is required for PFA to be active against the viral DNA
polymerase.

This is the first report on the anti-HHV-6 activity of the acyclic nucleoside phospho-
nate (ANP) analogues. Interestingly, several compounds belonging to the HPMP series
emerged as potent and selective inhibitors of HHV-6: (S)-HPMPC, (S§)-cHPMPC,
(5)-HPMPA, (5)-3-deaza-HPMPA, (S)-3-deaza-cHPMPA, (S)-HPMPG, (S)-cHPMPG
and (R)-HPMPG, their EC,, values ranging from 1 to 11 uM and their selectivity index
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ranging from 6 to 30. Thus, the broad-spectrum anti-herpesvirus activity of the HPMP
analogues extends to HHV-6.

Marked anti-HHV-6 effect was also noted with the PME compounds PMEA and
PMEDAP (EC,,: 28 uM and 9.1 uM, respectively; selectivity index: 6 and 18,
respectively), which have previously been shown to inhibit retroviruses as well as
herpesviruses (Balzarini et al., 1989, 1991; Naesens et al., 1989, 1994). In contrast,
(S)-FPMPA and (R)-PMPDAP, which are known to be active against retroviruses, but
not herpesviruses (Balzarini et al., 1991a, 1993), likewise failed to show efficacy against
HHV-6.

The activity of the ANP analogues against HHV-6 was compared with their activity
against HCMV (Fig. 4). To plot this figure, data for HHV-6 were taken from Table 1
(FACS analysis), whereas the HCMYV data were taken from the literature (Snoeck et al.,
1988; Andrei et al., 1991; Balzarini et al., 1993; Neyts et al., 1994). It should be taken
into account that the activity against HHV-6 and HCMV was determined at different
occasions, in different cells and by different methods. A better correlation may have
been found if experiments with both viruses could have been done in the same cells.
Nevertheless, it appears that the DNA polymerases of HCMV and HHV-6, which have
been shown to be structurally related, also display a similar sensitivity to polymerase
inhibitors (Bapat et al., 1989).

HHV-6 seems to be sensitive to those nucleoside analogues, such as (§)-HPMPC and
other ANP analogues, that for their antiviral activity do not depend on activation by the
viral TK (Neyts et al., 1990). It is generally hypothesized that the anti-HCMV activity of
(S)-HPMPC is based on inhibition of HCMV DNA polymerase by the active metabolite
(S$)-HPMPCpp, which is formed from (S)-HPMPC by cellular enzymes (Ho et al., 1991;
Sullivan et al., 1993). Further studies are needed to reveal whether (SYHPMPCpp, and
the ANP analogues in general, act against HHV-6 according to the same mechanism as
for HCMV.

Several authors have suggested, based on in vitro data, that HHV-6 may enhance HIV
replication and play a crucial role in the progression of AIDS (Agut et al., 1989; Ensoli
et al., 1989; Horvat et al., 1989; Lusso et al., 1989, 1991; Thompson et al., 1994; Wang
et al., 1994). The clinical implications of these in vitro findings remain to be clarified
(Spira et al., 1990). Also, the clinical role of HHV-6 as an opportunistic pathogen in
HIV-infected individuals remains unclear. Nevertheless, compounds that inhibit HHV-6
replication may be beneficial in the treatment of AIDS patients, either directly by
suppressing an opportunistic HHV-6 infection, or indirectly by inhibiting the stimulation
of HIV replication by HHV-6. In this context, the dual antiviral activity of PMEA and
PMEDAP against both HIV and HHV-6 makes these compounds of potentially great
value in the treatment of HIV-infected individuals.

In conclusion, from the present studies, several acyclic nucleoside phosphonate
analogues proved to be efficient against HHV-6. The highest potency and selectivity was
exhibited by the HPMP congeners [i.e., (S)-HPMPC], and these agents should be further
explored in their own right for the therapy of HHV-6 infections. Also, clinical studies
should be performed to assess the potential of PMEA and PMEDAP in the treatment of
AIDS patients suffering from concurrent infections by herpesviruses such as HHV-6.
Biochemical studies are underway to delineate which enzymes are involved in the
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activation and antiviral action of the ANP analogues. Furthermore, we are planning to
evaluate in vitro the efficacy of the ANP analogues against dual infections by HIV and
HHV-6.
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