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Summary

(S)-1-(3-hydroxy-2-phosphonylmethoxypropyl)cytosine, HPMPC, and two
HPMPC-related nucleoside analogs, (S)-9-(3-hydroxy-2-phosphonylmethoxypro-
pyl)adenine, HPMPA, and (2-phosphonylmethoxyethyl)guanine, PMEG, were
evaluated for their antiviral activities against guinea pig cytomegalovirus (GPCMYV)
infection in guinea pig embryo (GPE) cells and human cytomegalovirus (HCMV)
infection in human diploid fibroblast (MRC-5) cells. DHPG, 9-(1,3-dihydroxy-2-
propoxymethyl)guanine, was used for comparison. The antiviral activity of HPMPC
against GPCMY infection in vivo and its toxicity to Hartley guinea pigs were also
evaluated. The 50% antiviral effective doses (EDsy) of HPMPC, HPMPA, PMEG
and DHPG against GPCMYV infection in GPE cells were 0.22, 1.4, 0.07 and 62
pM, respectively; and against HCMYV infection in MRC-5 cells, the EDsgs were
0.51, 0.72, 0.01 and 17.5 pM, respectively. Their cytotoxic doses (CyDy,) in GPE
replicating cells were 84, 35, 1.4 and 700 M, respectively and in MRC-5 cells were
approximately 114, 31, 0.86 and 750 uM, respectively. Based on their calculated
therapeutic indexes, HPMPC was the most potent and selective of the four com-
pounds tested. In vivo, during acute infection, the spleen indexes of all infected
animals that were treated with 1.25 to 5.0 mg/kg/day of HPMPC for 5 days were
significantly reduced as compared with sham-treated animals. Virus infectivity ti-
ters in blood and various tissues of infected animals treated with HPMPC, 2.5 or
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1.25 mg/kg/day were not significantly lower than those of the infected, sham-treated
animals; with 5 mg/kg/day, infectivity titers in the blood, spleen, and salivary gland
were significantly lower in HPMPC-treated than in sham-treated animals. How-
ever, HPMPC was toxic to guinea pigs especially at doses of 5 to 10 mg/kg/day.
These data showed that HPMPC was highly active and selective in cultured guinea
pig cells and human fibroblast cells against CMYV infection but did not effectively
inhibit GPCMYV infection in guinea pigs at minimum toxic concentrations.

Cytomegalovirus infection; Antiviral agent; Nucleoside analog; HPMPC; Cul-
tured cell; Guinea pig

Introduction

Human cytomegalovirus (HCMV) has been reported as one of the most fre-
quent cause of mortality in AIDS patients (Quinnan et al., 1984) and in addition,
it is one of the most important pathogen causing opportunistic infection in im-
munocompromised hosts, affecting particularly kidney, liver, heart, lung, and bone
marrow transplant recipients and AIDS patients (Peterson et al., 1980; Meyers et
al., 1982; Macher et al., 1983). So far, only 9-(1,3-dihydroxy-2-propoxyme-
thyl)guanine, DHPG, and phosphonoformate, (PFA), have been pursued for the
treatment of patients with CMV infection (Mills, 1986). However, there are prob-
lems associated with the clinical use of these compounds. The collaborative DHPG
treatment study group reported (Collaborative DHPG Treatment Study Group,
1986) that DHPG causes adverse reactions during the period of treatment, espe-
cially when high doses are used. Owing to the lack of effective treatment for HCMV
infections, the search for more effective and less toxic antiviral drugs for the chem-
otherapy of HCMYV infections is of a high priority. Recently, (S)-1-(3-hydroxy-2-
phosphonylmethoxypropyl)cytosine, HPMPC and HPMPC-related nucleoside an-
alogs have been reported as potent and selective inhibitors against various DNA
virus infections including HCMV (De Clercq et al., 1986; De Clercq et al., 1987,
Votruba et al., 1987; Snoeck et al., 1988).

In the present study, we evaluated the inhibitory effect of HPMPC and two
HPMPC-related nucleoside analogs on guinea pig cytomegalovirus (GPCMYV) as
well as HCMV infections in cultured cells. In addition, the efficacy of HPMPC
against GPCMV infections in guinea pigs was investigated.

Materials and Methods
Cell cultures and virus assay

Primary GPE cells were prepared from 30- to 40-day-old embryos of Hartley
guinea pigs as described previously (Hsiung et al., 1978). The cells were grown in
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Eagle’s minimum essential medium in Hanks’ balanced salt solution (MEMH)
containing 10% heat inactivated newborn bovine serum (NBS). When the cells be-
came confluent, the growth medium was replaced with maintenance medium which
consisted of Eagle’s medium in Earle’s balanced salt solution (MEME) supple-
mented with 2% NBS. GPE cells at passage levels one to three were used in the
virus assay either by cytopathic effect (CPE) or plaque formation. GPCMYV strain
22122 was propagated in GPE cells. The virus stock infectivity titer was in the range
of 5 to 5.5 log;y, TCIDgy/ml (50% tissue culture infective dose). MRC-5 cells in 75
or 150 cm? flask were purchased from Viromed Laboratories, Minneapolis, Minn.
HCMYV strain AD169 was used for the preparation of virus stock which was prop-
agated in MRC-5 cells. The virus titer was 5 to 5.5 log;; TCIDsy/ml.

Chemicals

HPMPC and two HPMPC-related compounds, HPMPA and PMEG, were syn-
thesized by procedures described previously (Bronson et al., 1989) and were kindly
supplied by Bristol Meyers Co. They all have good aqueous solubility, and have
excellent stability in powder and solution forms at 4°C. DHPG was supplied by
Merck Sharp and Dohme Research Laboratories, Rahway, NJ. All compounds
were dissolved in phosphate buffered saline (PBS) at concentrations of 1000, and/or
5000 pM, filtered through Millipore filter membranes with pore size of 0.2 um,
and stored at —20°C as stock solutions; they were diluted with MEME for in vitro
assay. HPMPC was dissolved in PBS at concentrations of 10, 5, 2.5 and 1.25 mg/ml
for in vivo studies.

Effect of HPMPC, HPMPA and PMEG on GPCMV and HCMV infection

For virus assay, confluent monolayers of GPE or MRC-5 cells in 24-well panels
were infected with 0.1 ml GPCMYV or HCMYV containing approximately 70-100
PFU. After adsorption at 36°C for 1 h, infected cells were overlaid with MEME
containing 10% NBS and 0.5% methylcellulose, and various concentrations of each
compound. The infected cell cultures were incubated at 36°C in a CO, incubator
for two to three weeks until plaques were visible in the control cultures. Plaques
were enumerated after the cultures were fixed and stained with a solution of 10%
formalin containing 1.3% crystal violet.

Cytotoxicity assays in uninfected replicating GPE or MRC-5 cells

The cytotoxic effect of compounds on uninfected GPE or MRC-5 cells was eval-
uated by measuring the ability of the compounds to reduce the growth rate of cells
in the rapidly replicating stage. The MEME medium containing 10% NBS and
various concentrations of each compound was added to duplicate 6-well panels of
GPE or MRC-5 cells which were seeded 24 h previously; untreated cells were in-
cluded as control. Compound-treated and untreated cells were maintained in the
growing stage at 36°C for three days. Viable cells were counted daily with the aid
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of trypan blue exclusion method. The concentrations of the compounds required
to reduce the growth rate of cells by 50% (CyDsy) were calculated from the
dose-response curves.

Direct virucidal effect

To test whether HPMPC has a direct virucidal effect on the virions when they
are in the cell-free state, GPCMV or HCMV suspensions were mixed with HPMPC
at a concentration of 5 uM, about 5-fold higher than the concentration that com-
pletely inhibited GPCMV or HCMYV replication in GPE and MRC-5 cells, re-
spectively. The virus—compound mixtures and virus suspension alone were incu-
bated at 36°C for 1 h and their infectivity titers were determined by cytopathic effect
(CPE) inhibition assay.

Effect of duration of treatment

Confluent monolayers of GPE cells were infected with GPCMV at a multiplicity
of infection (MOI) of approximately one. After 2 h adsorption, unadsorbed virus
was removed by washing with HBSS for three times, then maintenance medium
containing 5 pM of HPMPC was either added to or removed from the GPCMV-
infected cells at 3, 6, 12, 24, and 48 h postadsorption, and further incubated at
36°C in a CO, incubator. All infected cultures were harvested 72 h postinfection,
frozen and thawed three times and stored at —70°C. Virus infectivity titers of these
samples were assayed in GPE cell monolayers in 24-well panels by CPE method.

Ultrastructural studies

GPE cell monolayers grown in 6-well panels were infected with 0.4 ml of
GPCMYV (MOI of approximately one). Following virus adsorption for 1 h at 36°C,
MEME medium containing 2% NBS and HPMPC at concentrations of 0.01, 0.1,
1, and 10 pM was added to the infected cell cultures and then incubated at 36°C
in a CO, incubator. When approximately 75% of the cells in the virus infected
HPMPC-free cell cultures showed CPE (about three days postinfection), all
HPMPC-treated and untreated cultures were fixed, embedded, sectioned, stained,
and examined under a Philips EM 300 electron microscope using procedures de-
scribed previously (Fong et al., 1987).

Animal inoculation

Young female Hartley guinea pigs (280-320 g) were purchased from Camm Re-
search Institute, Wayne, NJ. Prior to virus inoculation, blood samples were ob-
tained by cardiac puncture from all animals and their sera were tested for the pres-
ence of neutralizing antibodies. For in vivo studies, GPCMV strain 22122 was
passaged in salivary gland as described previously (Bia et al., 1979). Throughout
these experiments, animals were infected intraperitoneally with 0.5 ml of salivary
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gland-passaged GPCMYV suspension which contained infectivity titers ranging from
3.2 t0 5.2 log,y TCIDs4y.

In dose-response experiments for the determination of antiviral activity and toxic
effect, animals (four to eight animals per group) were injected subcutaneously with
HPMPC at concentrations of 10, 5, 2.5 and 1.25 mg/kg/day once daily, starting at
24 h after infection with GPCMYV and continuing for five to eight days. The sham-
treated animals were injected subcutaneously with sterile PBS using the same
schedule. Another group of animals inoculated with virus alone was also included
as control. Body weight of all animals was checked and recorded every day.

Specimen collection and virus isolation

Four of the animals used for drug toxicity test and antiviral dose-response ex-
periments were sacrificed on day 10 and the other four on day 22 after drug treat-
ment. Before animals were sacrificed, blood samples for differential leukocyte
counts were obtained by intracardiac puncture. Differential leukocyte counts were
determined on blood smears stained with Wright’s stain. Virus isolation was done
as previously described (Bia et al., 1979). Blood for virus isolation was collected
in -Alsever’s solution (four parts blood to one part anticoagulant). Packed blood
cells were diluted 10-fold serially with PBS and then inoculated into GPE fibro-
blast monolayer cell cultures in 24-well tissue culture panels. Spleen, lung, liver,
and salivary gland were removed aseptically, finely minced, homogenized with tis-
sue grinders, and suspended (10% weight/volume) in Hanks balanced salt solution
(HBSS). Serial 10-fold dilutions of these tissue cell suspensions were prepared, and
for each dilution of tissue suspension, 0.1 ml was inoculated into each of four du-
plicate wells with GPE cell monolayer cultures. Cell cultures were observed three
to four weeks for the appearance of GPCMV-induced CPE. To confirm that the
isolates were GPCMYV, neutralization tests were performed in selected instances
using specific anti-GPCMYV serum made in rabbit. For histopathologic examina-
tion, portions of various organs were removed, fixed in Bouin’s solution, embed-
ded, processed and examined microscopically. Data analysis between virus-in-
fected controls and drug-treated groups was performed using Student’s -test.

Results

Inhibitory effects of HPMPC and HPMPC-related compounds on GPCMV and
HCMYV plaque formation

Table 1 summarizes the comparative antiviral activities of the various com-
pounds obtained from the plaque reduction assays. The EDss against GPCMV for
compounds HPMPC, HPMPA, PMEG, and DHPG were 0.22, 1.4, 0.07, and 62
rM, respectively, and against HCMV were 0.51, 0.72, 0.01 and 17.5 uM, respec-
tively. Thus, the relative potencies of the four antiviral compounds against both
GPCMV and HCMV infections were consistent being PMEG>HPMPC>
HPMPA>DHPG.
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TABLE 1

Comparative antiviral activities of HPMPC, HPMPA, PMEG and DHPG against both GPCMV and
HCMYV infections in cultured cells

Compounds GPCMV HCMV

EDs* (uWM) CyDs®(pM) Th. In.© EDs; (uM) CyDsy (pM) Th. In.©
HPMPC 0.22 84 389 0.51 114 224
HPMPA 1.40 35 25 0.72 31 43
PMEG 0.07 1.4 19 0.01 0.86 86
DHPG 62.00 700 11 17.5 750 43

2EDs, = 50% effective dose (plaque reduction method).
"CyDsy = 50% cytotoxicity dose (reduction in the number of replicating cells).
“Therapeutic index = CyDsy/EDs,.

The cytotoxicity assay was conducted in uninfected replicating GPE or MRC-5
cells. The results are also summarized in Table 1. HPMPC reduced the GPE or
MRC-5 viable cell counts by 50% (CyDs,) at a concentration of 84 and 114 pM,
respectively; these concentrations were 389- and 224-fold higher than its EDsgs.
HPMPC was the least toxic to replicating GPE or MRC-5 cells when compared
with HPMPA and PMEG. Based on these data, the calculated therapeutic indexes
for HPMPC, HPMPA, PMEG, and DHPG against GPCMYV and HCMV were 389
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Fig. 1. Effect of HPMPC on GPCMV replication in cultured cells. Drug was added or removed at
different times, 3, 6, 12, 24 and 48 h postinfection.
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and 224, 25 and 43, 19 and 86, and 11 and 43, respectively. Among these four
chemicals tested, it appears that HPMPC is the most selective inhibitor.

Direct virucidal effect

When suspensions of GPCMV or HCMV were mixed directly with HPMPC at
a concentration of 5 pM, there were no significant differences in infectivity titers
between the compound-treated and untreated virus suspensions (data not shown).

Effect of duration of treatment

To determine the stage in the GPCMYV replication in which HPMPC exerted its
maximum activities, the drug addition-removal experiments were conducted. Fig.
1 shows the effect of HPMPC (5 pM) against GPCMYV infection after adding or
removing the compound at different times (3, 6, 12, 24 and 48 h postadsorption).
When HPMPC was added at 6 h post-adsorption or earlier, GPCMYV replication
was completely inhibited, while at 12, and 24 h postadsorption, virus yield reduc-
tions were 2.0 and 1.0 log,, TCIDs,, respectively. There was no reduction in the
virus yield when HPMPC was added at 48 h postadsorption. When HPMPC was
removed at 24 h postadsorption or later, GPCMYV replication was completely in-
hibited, while removal of the compound at 12, 6, or 3 h postadsorption, virus yield
reductions were 4, 3.3 and 1.8 log TCIDs,, respectively. The data showed that
HPMPC appeared to inhibit GPCMYV replication in GPE cells at an early stage of
the GPCMV replication cycle.

Effect of HPMPC on GPCMV ultrastructural development

The effect of HPMPC on GPCMYV replication was evaluated at ultrastructural
level. Fig. 2, panels A and B, illustrates the normal development of GPCMYV in
GPE cells; it includes formation of intranuclear tubular structures, viral nucleo-
capsid at different states of development in the nucleus (A), and the release of
mature enveloped virus particles and dense bodies into the extracellular space (B).
Infected cells usually became rounded and enlarged. When GPCMV-infected GPE
cells were treated with 0.01 uM of HPMPC, intranuclear tubular structures and
only a few nucleocapsids without dense cores were observed. Enveloped virions
and dense bodies were not detected. At higher concentrations, 0.1, 1.0 and 10.00
M of HPMPC, only tubular structures were observed (Fig. 2C).

Toxicity of HPMPC to guinea pigs with or without GPCMV infection

The effect of HPMPC treatment on body weight of uninfected guinea pigs was
evaluated and the results are shown in Fig. 3. The average body weight of animals
in each group treated with 1.25, 2.5, 5, or 10 mg/kg/day for five days are shown
in Fig. 3. In the group treated with 10 mg/kg/day for five days, the average body
weight continued to decrease during the 14 days of observation; six animals died
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Fig. 2. GPCMV-infected GPE cell, 72 h postinfection. (A and B) without drug treatment: (A) nu-
cleocapsids (NC) with or without dense cores and tubular structures (TS); (B) many dense bodies; (C)
treated with 0.1 pM HPMPC, only tubular structures were seen. Bars = 0.5 pm.
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average body weight of the sham-treated group was up to 150% of their initial av-
erage body weight on day 22.

Fig. 4 shows the effect of HPMPC treatment on body weights of infected and
uninfected guinea pigs treated with 1.25 mg/kg/day for eight days and 2.5 mg/kg/day
for five days, PBS sham-treated and infected untreated controls. The body weight
of infected, untreated animals (virus control) was increased up to 141% of their
initial body weight on day 22, while uninfected animals treated with 1.25 mg/kg/day
for eight days gained weight during the first six days after treatment, but subse-
quently decreased to 100% of their initial body weight, and then slowly increased
again up to 106%. In contrast, body weights of infected animals treated with
HPMPC at concentrations of 1.25 mg/kg/day for eight days or 2.5 mg/kg/day for
five days tapered throughout the entire period of observation.

HPMPC inhibition of GPCMV replication in guinea pigs

Table 2 summarizes the results of GPCMYV isolations from tissues of animals
treated with different concentrations of HPMPC for five to eight days and then
sacrificed on day 10 postinfection. Virus infectivity titers in blood, spleen, and sal-
ivary gland but not in the lung of infected animals treated with 5 mg/kg/day (Expt.
1, Group B) were significantly lower than sham-treated animals (P<0.01 or <0.05),
especially in the salivary gland where the virus infectivity titer was 2.9 log,, TCIDs,
lower than that of sham-treated control. Tissue cells obtained from animals that
received 10 mg/kg/day of HPMPC were toxic to GPE cells even at a dilution of
10% tissue suspension; no virus was recovered in any of their tissues examined (data
not shown). It was possible that there were very small amounts of virus which was
beyond the sensitivity of the test. Virus infectivity titers in blood and various tis-
sues of infected animals treated with 1.25 mg/kg/day for five days (Expt. 1, Group
C) or eight days (Expt. 2, group F) or 2.5 mg/kg/day for five days (Expt. 2, Group
E), were lower than those of the infected sham-treated animals, but there was no
significant difference between treated and untreated groups (P>0.05), except in
the salivary gland of group E.

Table 3 summarizes the effects of HPMPC on mononuclear cell count in pe-
ripheral blood and on the indexes of spleen, lung, and salivary gland on day 10
postinfection. There was significantly lower lymphocytosis in the group of infected
animals treated with HPMPC at concentrations of 5.0 or 2.5 mg/kg/day for 5 days
than in the group of untreated, infected animals (P<0.01 or <0.05). Indexes of
spleen, lung and salivary gland in all the groups of animals treated with HPMPC
were lower than those of the untreated-infected control; however, only spleen in-
dexes were significantly decreased. The group of animals treated at a dosage of
1.25 mg/kg/day for eight days also showed significantly lower salivary gland index
than the untreated control.
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Histological findings

There were no significant differences in the extent of virus induced pathologic
changes between the drug-treated (2.5 mg/kg/day) and control animals. Both groups
of animals had interstitial pneumonia, inflammation of the kidneys, and inflam-
mation of the salivary glands at day 10 after infection; virus-induced inclusions and
inflammation of the salivary gland were noted at day 24 after infection. Drug treated
animals, (5 mg/kg/day or higher) had marked drug-associated pathological changes
to the kidneys and bone marrow. At day 10 after infection, the kidneys had ne-
crosis of the proximal tubular epithelial cells, with acute inflammation, and an
aberrant proliferative response of the remaining cells, resulting in megaloblastic
epithelial cells. At day 24, the acute necrosis had disappeared, but the megalo-
blastic changes persisted. In addition, there was no interstitial fibrosis. In the bone
marrow, drug treatment caused a decreased amount of erythropoiesis, and re-
placement of active marrow with fat. This was roughly twice as severe in the an-
imals given 2.5 mg/kg compared with the animals receiving 1.25 mg/kg.

Discussion

Results of our study showed that HPMPC is a potent and selective agent against
HCMYV in MRC-5 cells as well as against GPCMYV in GPE cells. Compared with
DHPG, HPMPC was 35- and 5-fold more selective in GPE cells and MRC-5 cells,
respectively. Snoeck et al. (1988) reported that HPMPC inhibits the replication of
HCMY in cultured cells. In their in vitro studies, the inhibitory activity of HPMPC
against HCMYV infection in HEL cells was 10-fold greater than that of the DHPG;
and they also reported that if HPMPC was added immediately postinfection, a 24-
or 48-h incubation time sufficed to obtain a marked inhibitory effect on HCMV
replication. Bronson et al. (1989) also reported that this new compound (HPMPC)
is a highly potent and selective agent against HCMV, herpes simplex virus types
1 and 2, and murine cytomegalovirus (MCMV) in vitro. Our data confirmed their
results; HPMPC has potent and selective activity against HCMYV infection and also
against GPCMYV infection in vitro (Table 1). To inhibit GPCMYV replication in GPE
cells completely, HPMPC has to be added 6 h postadsorption or earlier, and needs
to remain in contact with the infected cells for at least 24 h postadsorption. These
observations are also in agreement with the data reported by Snoeck et al. (1988).

The efficacy of HPMPC against MCMYV in vivo also showed some advantage in
that it had low toxicity in mice; the highest dosage used was 200 mg/kg/day and ail
the mice survived (Bronson et al., 1989). In our experiments, however, HPMPC
was highly toxic to guinea pigs which was unexpected. Some of the uninfected an-
imals treated with 10 or 5 mg/kg/day for 5 days died during the period of 22 days
of observation; and the body weight of animals treated with 2.5 mg/kg/day for 5
days still tapered during treatment. Infected animals treated with HPMPC at con-
centrations of 2.5, or 1.25 mg/kg/day lost weight throughout the entire period of
observation, and their virus infectivity titers were not significantly suppressed. Thus,
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we prolonged the treatment with a dosage of 1.25 mg/kg/day for eight days, but
the virus infectivity titers still were not significantly reduced. Histopathological
findings, similarly, showed marked drug-associated pathological changes to the
kidneys and bone marrow of HPMPC-treated, infected animals, and virus-induced
lesions were not significantly reduced.

There are many antiviral agents that have shown inhibitory activity in cultured
cells but are either ineffective (Oxford et al., 1977) or very toxic when adminis-
tered to animals, and also there may be examples of drugs that show little or no
activity in cell cultures but are active in animal models and/or human patients. The
reasons for these differences are manifold, and some were explained by Sidwell
(Sidwell et al., 1979). In the present study, it was found that HPMPC was highly
selective against GPCMV and HCMYV infections in cultured GPE or MRC-5 cells.
However, significant reduction of virus titers were obtained at higher dosage i.e.
5 mg/kg/day but did not effectively inhibit GPCMYV infection in guinea pigs at min-
imum toxic concentration, i.e. 1.25 mg/kg/day.
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