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were centrifuged to pellet the virus from the drug.
Virus pellets were resolved by SDS-PAGE and ana-
lyzed by immunoblot with monospecific rabbit anti-
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Prevention of SIV Infection in Macaques by
(R)-9-(2-Phosphonylmethoxypropyl)adenine
Che-Chung Tsai,” Kathryn E. Follis, Alexander Sabo,

Thomas W. Beck, Richard F. Grant, Norbert Bischofberger,
Raoul E. Benveniste, Roberta Black

The efficacy of pre- and postexposure treatment with the antiviral compound (R)-9-(2-
phosphonylmethoxypropyl)adenine (PMPA) was tested against simian immunodeficiency
virus (SIV) in macaques as a model for human immunodeficiency virus (HIV). PMPA was
administered subcutaneously once daily beginning either 48 hours before, 4 hours after,
or 24 hours after virus inoculation. Treatment continued for 4 weeks and the virologic,
immunologic, and clinical status of the macaques was monitored for up to 56 weeks.
PMPA prevented SIV infection in all macaques without toxicity, whereas all control
macaques became infected. These results suggest a potential role for PMPA prophylaxis
against early HIV infection in cases of known exposure.

An urgent need for new antiretroviral
drugs has become evident as more people
worldwide are exposed to and become in-
fected with HIV. Currently, 3'-azido-3'-de-
oxythymidine (AZT; also called zidovu-
dine) is the most widely used antiviral agent
in both single and combination strategies
for the treatment of acquired immunodefi-
ciency syndrome (AIDS). Unfortunately,
AZT has limited efficacy against HIV in-
fection, and treatment can lead to drug
toxicity and the emergence of drug-resistant
strains of the virus (1). Drugs that are more
efficacious and less toxic than AZT are
clearly needed.

Several acyclic nucleoside phosphonate
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analogs have been developed that exhibit ac-
tivity against retroviruses in vitro (2). Initial
phosphorylation is not required for activation
of these reverse transcriptase inhibitors, and
therefore they may have activity in a wider
range of cell types as compared with AZT
(2, 3). One of these compounds, 9-(2-phos-
phonylmethoxyethyl)adenine (PMEA), has
shown efficacy against SIV in macaques but
with mild-to-moderate toxic side effects in
the form of skin lesions (3-5). A related acy-
clic nucleoside phosphonate, (R)-9-(2-phos-
phonylmethoxypropyl)adenine (PMPA), has
shown potent in vitro efficacy against HIV-1
and Moloney murine sarcoma virus (6), as
well as SIV (Table 1). These in vitro results
prompted us to design an efficacy study of
PMPA against SIV in macaques as a model for
evaluating HIV therapies (7).

Thirty-five age-matched, naive, juve-
nile, long-tailed macaques (Macaca fascicu-
laris) were housed individually in a biolog-
ical safety level 3 animal facility (8). Each
macaque was inoculated intravenously with
1 ml of a 10® cell culture infectious dose
(equivalent to 10 times the 50% monkey

1197



infectious dose) of an uncloned SIV_ . vi-
rus stock (9, 10). PMPA was administered
subcutaneously at a dose of 20 or 30 mg per
kilogram of body weight once daily for 4
weeks (I1). Doses were adjusted weekly
according to body weight. To determine the
pre- and postexposure efficacy of PMPA, we
divided the macaques into five treatment
groups (Table 2). Group 1 was treated with
PMPA at 20 mg/kg starting 48 hours before
SIV inoculation (n = 5); groups 2 to 4 were
treated with PMPA at 30 mg/kg starting
either 48 hours before inoculation (n = 10),
4 hours after inoculation (n = 5), or 24
hours after inoculation (n = 5). Group 5
was treated with physiological saline start-
ing 48 hours before SIV inoculation (con-
trol, n = 10).

The clinical and virologic parameters of
the macaques were monitored for up to 56

Table 1. In vitro efficacy of PMPA, PMEA, and
AZT against SIV_, .. Control or SIV-infected
C-8166 target cells were incubated in the pres-
ence of PMPA, PMEA, or AZT at different concen-
trations (0.0001 to 500 wM) for 7 days. All exper-
iments were conducted in triplicate. A dose-re-
sponse curve was generated for each antiviral
agent. The expression of SIV antigen in cells was
measured by an immunofluorescence assay (24),
from which the 50% inhibitory concentration (ICy,)
of the antiviral agent against SIV was calculated.
Cell viability was determined by the trypan blue
exclusion method (24), from which the 50% cyto-
toxic concentration (CC,,) of the antiviral agent
was calculated. The selectivity index is the ratio of
CCgq to IC,,.

Antiviral ICqq CCqp Selectivity
agent (n.M) (1M) index
PMPA 1.5 >500 >333
PMEA 1.7 65 38
AZT 0.005 5 1000

Table 2. Virus, antibody, and clinical status of macaques inoculated with SIV,

weeks postinoculation (PI). Blood samples
were collected on a weekly basis during
treatment, biweekly for the next 2 months,
and then every 4 to 8 weeks until the end of
the study. Clinical evaluations included
complete blood counts, blood chemistry
profile (including liver and renal func-
tions), and lymphocyte subset analysis (12).

PMPA-treated
Mock-treated 24 hours
control after exposure
Week 20 ! ) s I
gp120- il e elan
- “ 9 ] pt
- e -
vy =4 b 2]
p28— L M!!I
H g FRB. g
p16- - -
ple- MECREB===s
pe- = —— -
Macaque: 1 2345678910 12345

Fig. 1. Protein immunoblot analysis of SIV-specif-
ic antibody response in macaques 20 weeks
postinoculation (Pl) with SIV,... Mock-treated
control macaques (n = 10) and macaques treated
with PMPA starting 24 hours Pl (n = 5) are repre-
sented. Antibodies to env protein gp120, gag pro-
teins p28, p16, and p8 and vpx protein p14 were
detected in the control macaques. None of the
macaques treated with PMPA starting 24 hours PI
showed SIV-specific antibodies. Identical analy-
ses were performed at various time points on all of
the PMPA-treated macagues, and SIV-specific
antibodies were never detected.

mne

EDTA-anticoagulated blood was sepa-
rated into cellular and plasma fractions by
centrifugation for virology and serology
studies. Plasma p27 antigenemia was mea-
sured by a commercial SIV core antigen
capture assay (13). Cell-free virus titers
were determined by a limiting dilution assay
of the plasma after treatment with polyeth-
ylene glycol (14). Peripheral blood mono-
nuclear cells (PBMCs) were isolated from
the cellular fraction of the blood by Ficoll-
Hypaque gradient centrifugation (9). Cell-
associated virus load in PBMCs was deter-
mined by a limiting dilution assay of 10°
PBMCs. For macaques with an undetect-
able virus load in 10® PBMCs, cultures of 5
X 10° PBMC:s were assayed (3). Plasma and
PBMC cultures were maintained for 5
weeks, and supernatants were sampled
weekly for SIV p27 by the SIV core antigen
capture assay. Detection of proviral DNA in
PBMCs was accomplished by nested poly-
merase chain reaction (PCR) techniques
(15). SIV-specific antibodies in plasma
were detected by immunoblotting (10) and
SIV antibody titers were determined by an
immunofluorescence antibody assay (9).

For further virologic studies, inguinal
lymph node biopsies were performed on
each macaque at 16 or 26 weeks PI. Two
PMPA-treated macaques (groups 1 and 2)
were euthanized 40 weeks PI for complete
necropsy and tissue survey (16). The lymph
node biopsies and tissues taken at necropsy
(25 different tissues including lymphoid tis-
sue and major organs) were evaluated for
the presence of SIV by coculture, PCR, and
immunohistochemistry (5, 9).

When PMPA treatment was adminis-
tered starting 48 hours before, 4 hours
after, or 24 hours after inoculation with
SIV,... none of the macaques became

and treated with PMPA or mock-treated.

PMPA treatment*

Virus load SIvV

. - Lymph
Group Dose Dli\lr;A§ Szla\rlwt!i;t? ci;:;/flic node Clinical status#
Time started (ma/kg) Plasmat PBMCsti PBMCs biopsyq
1(h=5) 48 hours preinoculation - - - - Four healthy, 56 weeks;
one euthanized at 40
weeks, healthy
2 =10) 48 hours preinoculation - - - - Nine healthy, 36 to 56
weeks; one
euthanized at 40
) weeks, healthy
3(n=5) 4 hours postinoculation - - - - Healthy, 36 weeks
4(n=5) 24 hours postinoculation - - - - Healthy, 36 weeks
5 =10) Control, mock-treated None + + + + Transient rash, diarrhea,
enlarged lymph nodes
20 to 36 weeks Pl

*A single daily dose of PMPA was administered subcutaneously for 28 to 30 15).
+Cell-free virus load was determined in polyethylene glycol-treated plasma
samples (74); (—) not detected; (+) detected (for the control macaques, cell-free SIV was
iCell-associated (PBMC) virus
load was determined by a limiting dilution assay; for the PMPA-treated macaques, 5 X
108 PBMCs were cocultured; for the control macaques a minimum of 10 to 102 PBMCs
§SIV DNA in PBMCs was detected by PCR (3,

days.

persistently detected at dilutions of 10=2 to 1073).

were needed to detect SIV.
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|ISIV antibody titers and SIV-specific antibodies were detected by immunofluo-
rescence antibody assay and by immunobilotting (9, 70).
biopsied from each macaqgue at 16 or 26 weeks postinoculation (Pl) and examined for the
presence of SIV by coculture, PCR, and immunohistochemistry.
of the treated macaques was monitored for 36 to 56 weeks PI; two healthy macaques
were euthanized at 40 weeks PI for complete necropsy; mock-treated macaques were
monitored for 20 to 36 weeks Pl.

9inguinal lymph nodes were

#The clinical status



infected (Table 2). SIV was not detected
in plasma or PBMCs, and SIV DNA was
not detected in PBMCs throughout the
entire study (Table 2). Similarly, lymph
node biopsies taken from the PMPA-treat-
ed macaques were virus free. The lym-
phoid tissues and major organs of two
healthy, PMPA-treated macaques eutha-
nized 40 weeks PI were also free of SIV
infection. SIV-specific antibodies were
not detected in any of the PMPA-treated
macaques (Fig. 1). Clinical signs of PMPA
toxicity did not occur, nor were there any
significant changes in complete blood
counts or blood chemistries during or after
the 4-week treatment regimen. Addition-
ally, the absolute number of CD4" and
CD8" cells did not differ significantly be-
tween the PMPA-treated macaques.

By comparison, 2 of 10 mock-treated
control macaques had detectable virus 1
week PI, and all 10 macaques were persist-
ently viremic 3 weeks PI. Cell-free and cell-
associated virus load in these control ani-
mals were high. Plasma dilutions of 1072 to
107? were persistently SIV positive, and as
few as 10 to 10°> PBMCs were sufficient to
detect SIV (Table 2). Antibody titers to SIV
in the control macaques were first detected
3 weeks PI, and SIV-specific antibodies per-
sisted throughout the study (Fig. 1). Inguinal
lymph node biopsies taken from the control
macaques 16 weeks PI were also positive for
SIV by isolation, PCR, and immunohisto-
chemistry (Table 2).

These findings show that the antiretro-
viral compound PMPA prevented the es-
tablishment of SIV infection in 25 of 25
macaques (100%) without toxicity when
administered up to 24 hours after virus in-
oculation. These significant results in the
macaque model are extremely encouraging
compared with data obtained from efficacy
studies of other nucleoside analogs such as
PMEA and AZT. A previous study in four
pretreated rhesus macaques showed that a
daily dose of PMEA at 10 to 20 mg/kg for 4
weeks suppressed SIV, . pras replication
without toxic side effects, although anti-
body to SIV was detected 1 to 2 weeks after
treatment was stopped (4). More recently,
it was shown that PMEA prevented SIV_ ..
infection in 10 of 12 pretreated, long-tailed
macaques (83%) (3) and in 1 of 5 (20%)
macaques treated 4 hours after inoculation
(17). Toxic side effects were evident in the
form of mild skin lesions (3). By contrast, a
daily dose of AZT at 100 mg/kg for 4 weeks
prevented SIV,_ _ infection in only 1 of 18
pretreated macaques (6%) (18) and in none
of the macaques treated 4 hours after inoc-
ulation (19), and there were signs of hema-
tologic toxicity as indicated by decreased
erythrocyte counts and hemoglobin mea-
sures. Although other related studies con-
firm the limited efficacy of pre- and postex-
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posure treatments with AZT against SIV in
juvenile and adult macaques (20), a study in
infant macaques showed that AZT prevent-
ed infection when treatment was initiated 2
hours before exposure to SIV but was inef-
fective after exposure (21). Hematologic
toxicity in the form of thrombocytosis and
anemia was also evident (20, 21). A com-
parison of these data clearly shows that
PMPA is more efficacious and less toxic
than either PMEA or AZT. Additional
studies are in progress to assess the upper
limit for the time after virus inoculation
that PMPA could protect macaques from
SIV infection.

Currently, postexposure prophylaxis of
AZT against HIV is widely accepted and is
used in humans despite numerous reports of
failure (22). In the PMPA study reported
here, our pre- and postexposure findings in
the SIV-macaque model indicate that
PMPA is a promising candidate for anti-
HIV treatment. Postexposure prophylaxis
with PMPA could have a significant impact
on preventing HIV infection in health care
workers or others accidentally exposed to
the virus. Furthermore, the results from sev-
eral recent anti-HIV clinical trials indicate
that combining nucleoside analogs, such as
AZT, with lamivudine (3TC) or proteinase
inhibitors can enhance antiviral efficacy
(23). Therefore, PMPA may also have an
important role in combination therapies or
strategies against HIV.
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