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Simian immunodeficiency virus (SIV) infection of newborn macaques is a useful animal model of human
pediatric AIDS to study disease pathogenesis and to develop intervention strategies aimed at delaying disease.
In the present study, we demonstrate that very early events of infection greatly determine the ultimate disease
course, as short-term antiviral drug administration during the initial viremia stage significantly delayed the
onset of AIDS. Fourteen newborn macaques were inoculated orally with uncloned, highly virulent SIVmac251.
The four untreated control animals showed persistently high virus levels and poor antiviral immune responses;
they developed fatal immunodeficiency within 15 weeks. In contrast, SIV-infected newborn macaques which
were started on 9-[2-(R)-(phosphonomethoxy)propyl]adenine (PMPA) treatment at 5 days of age and contin-
ued for either 14 or 60 days showed reduced virus levels and enhanced antiviral immune responses. This
short-term PMPA treatment did not induce detectable emergence of SIV mutants with reduced in vitro
susceptibility to PMPA. Although viremia increased in most animals after PMPA treatment was withdrawn, all
animals remained disease-free for at least 6 months. Our data suggest that short-term treatment with a potent
antiviral drug regimen during the initial viremia will significantly prolong AIDS-free survival for HIV-infected
infants and adults.

Although zidovudine administration to human immunode-
ficiency virus (HIV)-infected pregnant women and their new-
borns has greatly reduced the rate of perinatal HIV infection
in developed countries (4, 10), it is currently estimated that
every day, approximately 1,700 newborns become infected
perinatally with HIV, and the majority of these infections oc-
cur in developing countries (43). HIV infection of human new-
borns and infants often results in a more rapid and severe
disease than is seen for adults, as about one-third of these
infants develop symptoms within 1 year and die early (2, 16,
39). Accordingly, there is an urgent need for aggressive but
safe treatment regimens to combat pediatric HIV infection.

Although the recent development of more potent anti-HIV
drugs has led to major improvements in the clinical manage-
ment of HIV-infected adults in the developed countries (5),
progress in the treatment of pediatric HIV infection has been
slower due to several problems. First, many of the antiretrovi-
ral drugs which have been approved for adults have a compli-
cated dosage regimen or have considerable toxicity, which lim-
its their use in infants. In addition, there is still uncertainty
among clinicians regarding when to initiate treatment for pe-
diatric HIV patients (6). For HIV-infected adults, there is a
growing body of evidence which indicates that prolonged an-

tiviral drug treatment initiated during primary infection is ben-
eficial (19, 20, 34). In addition, Luzuriaga and colleagues (24)
have demonstrated that a prolonged combination treatment of
HIV-infected infants starting at $2 months of age resulted in
strong, long-lasting suppression of virus replication, and they
are attempting to treat HIV-infected infants even earlier.
Many clinicians, however, are still reluctant to initiate drug
treatment during the primary viremia stage of pediatric or
adult HIV infection. There are concerns that potent antiviral
drug treatment during the primary stages of HIV infection
might be harmful because of the risk of causing a less vigorous
immune response (40), or because it might induce early emer-
gence of drug-resistant HIV mutants, which could reduce the
efficacy of drug treatment at later disease stages. In addition,
some clinicians think that for drug therapy to be effective, it
should, once initiated, be continued indefinitely. Fears that
prolonged drug therapy will induce harmful side effects, espe-
cially for the growing infant, and concerns for the high costs of
prolonged drug therapy are used as rationales to postpone
drug treatment until later stages of HIV infection.

However, because the rapid development of AIDS in many
infants is associated with high levels of viremia and weak an-
tiviral immune responses (3, 15, 32, 33, 35, 37), it is possible
that even short-term drug treatment during the early stages of
HIV infection may permanently alter the disease course by
reducing the initial viremia which is responsible for early sys-
temic dissemination and virus-induced immunosuppression.
Because it is ethically and logistically difficult to perform these
kinds of studies with human newborns, an appropriate animal
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model can provide a scientifically solid basis to gather infor-
mation regarding the role of early viremia on the subsequent
disease course and regarding the effect of short-term antiviral
drug treatment.

Simian immunodeficiency virus (SIV) infection of newborn
and infant rhesus macaques has been shown to be a very useful
animal model of pediatric AIDS to rapidly evaluate the efficacy
of intervention strategies (45–47, 50, 52). We previously dem-
onstrated that prolonged therapy with the potent reverse tran-
scriptase (RT) inhibitor 9-[2-(R)-(phosphonomethoxy)propyl]-
adenine (PMPA) was highly effective in delaying the onset of
AIDS in newborn macaques with established SIV infections
(47). In the present study, we demonstrate that short-term
PMPA treatment of newborn macaques, starting 5 days after
oral SIV inoculation and continuing for either 14 or 60 days,
resulted in reduced virus levels, enhanced antiviral immune
responses, and a long-lasting delay in the onset of disease.
These results suggest that short-term intervention with a po-
tent antiviral drug regimen during the initial infection can
dramatically improve the course of pediatric HIV infection.

MATERIALS AND METHODS

Animals, virus and PMPA administration. Newborn rhesus macaques (Ma-
caca mulatta) were from the type D-retrovirus- and SIV-free colony at the
California Regional Primate Research Center, and were hand reared in a pri-
mate nursery in accordance with American Association for Accreditation of
Laboratory Animal Care standards. We strictly adhered to the Guide for the
Care and Use of Laboratory Animals prepared by the Committee on Care and
Use of Laboratory Animals of the Institute of Laboratory Resources, National
Resource Council (28a). When necessary, animals were immobilized with ket-
amine HCl (Parke-Davis, Morris Plains, N.J.) (10 mg/kg of body weight) injected
intramuscularly.

Within 3 days of birth, newborn macaques were inoculated orally with 2 doses
of uncloned SIVmac251 under ketamine anesthesia. Each dose consisted of 1 ml
of uncloned SIVmac251, administered atraumatically by dispensing the virus
slowly into the mouth. The SIVmac251 stock used in this study was propagated
in rhesus peripheral blood mononuclear cells (PBMC), had a titer of 105 50%
tissue culture infective doses (TCID50) per ml, and had been used previously to
inoculate newborn macaques by the oral route (45, 50). The second SIVmac251
dose was given 24 h later.

To monitor the immune response to nonviral, nonreplicating antigens, all
newborn rhesus macaques were immunized subcutaneously with 0.1 mg of chol-
era toxin B subunit (List Biological Laboratories, Campbell, Calif.) just before
the first virus inoculation. A booster immunization was given at 7 weeks of age.
The cholera toxin-specific immunoglobulin G (IgG) enzyme-linked immunosor-
bent assay (ELISA) has been described previously (53).

PMPA (Gilead Sciences, Foster City, Calif.) was suspended in distilled water
and dissolved by the addition of NaOH to a final pH of 7.0 at 60 mg/ml and was
filter sterilized (0.2-mm pore size; Nalgene). Starting 5 days after the first SIV
inoculation, PMPA was administered subcutaneously at a dosage regimen of 30
mg/kg of body weight (42) once daily, into the back of the animal. PMPA
treatment was continued for either 14 or 60 days. The untreated control animals
did not receive daily sham inoculations.

Blood samples were collected immediately before virus inoculation and reg-
ularly thereafter for monitoring viral and immunologic parameters; 0.5- to 1-ml
heparinized blood samples were taken weekly for the first 5 weeks, every 2 weeks
for the next 2 months, and then every 3 to 4 weeks. Complete blood cell counts
were done with EDTA-anticoagulated blood samples from all animals. Samples
were analyzed by using an automated electronic cell counter (Baker 9000; Se-
rono Baker Diagnostics, Bethlehem, Pa.); differential cell counts were deter-
mined manually.

Quantitative virus isolation (cell associated and cell free). Levels of infectious
virus in cells and plasma of peripheral blood were determined regularly by a
limiting dilution assay (four replicates per dilution) of PBMC and plasma, re-
spectively, in cultures with CEM3174 cells in 24-well plates and subsequent p27
core antigen measurement in accordance with methods previously described
(51–53). In addition, for animals with low or undetectable virus loads, 1 3 106 to
5 3 106 PBMC were cocultivated for 8 weeks with CEM3174 cells in tissue
culture flasks (51). Virus levels in fresh lymphoid tissues (lymph nodes, spleen,
thymus), collected from the animals at time of euthanasia, were determined by
aseptically teasing tissues into single-cell suspensions of mononuclear cells and
by a limiting dilution culture assay similar to the one described above for PBMC.

Plasma viral RNA levels. Quantitative assays for the measurement of SIV
RNA were performed by using a branched DNA signal amplification assay
specific for SIV (11). This assay is similar to the Quantiplex HIV RNA assay (31)
except that target probes were designed to hybridize with the pol region of the

SIVmac group of strains including SIVmac251. SIV pol RNA in plasma samples
was quantified by comparison with a standard curve produced using serial dilu-
tions of cell-free SIV-infected tissue culture supernatant. The quantification of
this standard curve was determined by comparison with purified, quantified, in
vitro-transcribed SIVmac239 pol RNA. The lower quantification limit of this
assay was 10,000 copies of SIV RNA per plasma sample. Due to the limited
blood volume that can be collected from newborn macaques, plasma volumes of
#50 ml were available during the early time points, which limited the sensitivity
of this assay to $200,000 copies of SIV RNA per ml of plasma.

PCR amplification. Nested PCR was carried out in a GeneAmp 9600 ther-
mocycler (Perkin-Elmer Cetus, Emeryville, Calif.). Two rounds of 30 cycles of
amplification were performed on aliquots (at 5 or 10 replicates per sample) of
PBMC or mononuclear cells of lymphoid tissues using SIVmac-specific gag
primers and conditions described elsewhere (23). Positive controls included
PBMC lysates of known SIV-infected animals. To detect potential inhibitors of
Taq polymerase in cell lysates, b-actin DNA sequences were amplified with two
rounds of PCR (23).

Anti-SIV class-specific antibody determination. The anti-SIV IgG- and IgM-
specific antibody ELISAs have been described previously (30, 50).

T-lymphocyte phenotyping. T-lymphocyte antigens were detected by direct
labeling of whole blood with PerCP-conjugated anti-human CD8 (Leu-2a; Bec-
ton Dickinson Immunocytometry Inc., San Jose, Calif.), phycoerythrin-conju-
gated anti-human CD4 (OKT4; Ortho Diagnostic Systems Inc., Raritan, N.J.),
and fluorescein-conjugated anti-human CD3 (Pharmingen, from Becton Dick-
inson). Erythrocytes were lysed, and the samples were fixed in paraformaldehyde
by using the Coulter Q-prep system (Coulter Corporation, Hialeah, Fla.). Lym-
phocytes were gated by forward and side light scatter and were then analyzed
with a FACScan flow cytometer (Becton Dickinson).

Drug susceptibility assay. Phenotypic drug susceptibility was characterized by
a previously described assay which is based on a dose-dependent reduction of
viral infectivity (52); this assay was used previously to detect SIV mutants with
fivefold-reduced susceptibility to PMPA (47).

Sequencing of viral RT region. CEM3174 cells infected with virus isolated
from the SIV-infected animals were harvested as soon as culture supernatants
were positive by antigen capture ELISA (22). The genomic DNA preparation,
PCR, and sequencing of the RT region were done according to methods previ-
ously described (47). This method can detect the presence of a 20% subpopu-
lation in the PCR mixture.

Criteria for euthanasia. Euthanasia of animals with simian AIDS was indi-
cated by three or more of the following clinical observations: weight loss of
.10% in 2 weeks or .30% in 2 months; chronic diarrhea unresponsive to
treatment; infections unresponsive to treatment; inability to maintain body heat
or fluids without supplementation; persistent, marked hematologic abnormal-
ities, including lymphopenia, anemia, thrombocytopenia, or neutropenia; and
persistent, marked splenomegaly or hepatomegaly (25). A complete necropsy
examination was performed on all animals, and a routine histopathologic exam-
ination was done on tissues collected at necropsy.

Statistical analysis. Statistical analysis was used to compare PMPA-treated
and untreated SIV-infected animals with regard to survival and virus levels.
Survival was compared by the generalized Wilcoxon test (12). Virus levels in
peripheral blood and development of antibody responses were compared by
calculating the area under the concentration-time curve for each animal for the
first 11 weeks after SIV inoculation, followed by analysis according to the Wil-
coxon rank-sum test (12). We have previously shown that these analyses can
distinguish biologically relevant differences (25, 52).

RESULTS

Study design. Within 3 days of birth, newborn macaques
were inoculated orally with SIVmac251 (Table 1). One group
of four animals consisted of untreated SIV-infected control
animals (Table 1, group A). Five days after virus inoculation,
the other groups were started on PMPA treatment. PMPA
treatment was continued for either 14 or 60 days (Table 1,
groups B and C). To monitor the immune response to nonviral,
nonreplicating antigens, all newborn rhesus macaques were
also immunized subcutaneously with cholera toxin B subunit
prior to the SIV inoculation, and a booster immunization was
given at 7 weeks of age. To determine virus levels in lymphoid
tissues at the end of drug treatment, two animals (Table 1,
group C-II) were euthanized at the end of the 60-day PMPA
treatment period. The other SIV-infected animals were eutha-
nized when their conditions were judged terminal (53); animals
that did not develop AIDS during the course of this study were
euthanized at 24 weeks of age.

Control newborn macaques infected with SIVmac251. The
four untreated control animals became infected and main-
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tained persistently high virus levels in peripheral blood follow-
ing infection (Fig. 1). Three of the four animals (no. 30013,
30073, and 30079) made a detectable SIV-specific IgM re-
sponse between 1 and 7 weeks after SIV inoculation (data not
shown). Three of these four untreated SIV-infected animals
failed to make a detectable anti-SIV IgG response; the fourth
infant (30079) developed an anti-SIV IgG titer of 1:6,400 at 3
to 5 weeks, but this declined rapidly to undetectable levels at
time of clinical disease (Fig. 1). Two untreated animals (30013
and 30079) developed a persistent IgG response to cholera
toxin B subunit following immunization, while the other two
untreated animals (30015 and 30073) had weak or transient
IgG responses to this antigen (Fig. 1). All four untreated con-
trol animals developed clinical signs consistent with progres-
sive immunodeficiency and were euthanized between 11 and 15
weeks of age. These animals had widespread systemic dissem-
ination of virus in lymphoid tissues (Table 2), and histopatho-
logical findings were consistent with terminal SIV infection in
this age group (Table 1).

Early short-term PMPA treatment benefits SIVmac251-in-
fected newborn macaques. Virus was isolated from PBMC of
all animals 5 days after oral SIVmac251 inoculation, just prior
to the start of PMPA treatment. Some animals demonstrated
very high titers in peripheral blood at this very early time point;
animal 30053 had 3,160 TCID50 per million PBMC, 2,150
TCID50 per ml of plasma, and 8.4 3 107 RNA copies/ml of
plasma (Fig. 1).

As expected, the 14 or 60 days of PMPA treatment resulted
in a dramatic decrease (100- to 1,000-fold) in virus levels in
peripheral blood, and in some instances no virus was detected
during PMPA treatment (Fig. 1; P , 0.01). Different patterns
of SIV replication were observed following withdrawal of
PMPA treatment. For each of the two PMPA-treated groups,
there was one animal (30023 and 30054; Fig. 1) for which
PBMC-associated virus became detectable following the dis-
continuation of PMPA treatment, but viral RNA and infec-

tious virus levels in plasma remained below the limit of detec-
tion. The other three animals in each group showed an
increase in both PBMC-associated and plasma viremia as well
as viral RNA levels following PMPA withdrawal (Fig. 1). Over-
all, virus levels in the animals which had received 60 days of
PMPA treatment remained approximately 10- to 100-fold
lower than those in the animals that had only received 14 days
of PMPA treatment (Fig. 1).

To monitor whether this short course of PMPA treatment
resulted in the rapid development of PMPA-resistant viral
mutants, we tested virus isolates obtained from all PMPA-
treated animals at the end of PMPA treatment or, in case no
virus could be isolated, at the earliest available time point after
PMPA treatment was withdrawn. All virus isolates tested were
found to have wild-type susceptibility to PMPA in vitro (Table
3). Because reduced susceptibility of SIV to PMPA is associ-
ated with the development of an arginine-to-lysine amino acid
substitution (K65R) in RT (47, 48), the region of RT encom-
passing amino acid 65 was sequenced: all these virus isolates
obtained following short-term PMPA treatment had the wild-
type amino acid arginine (K) at position 65 of RT (Table 3).

The short course of PMPA treatment resulted in enhanced
antiviral immune responses for the SIV-infected infant ma-
caques, as these animals made detectable and strong (titer,
$1:25,600) anti-SIV IgG responses (Fig. 1). The animals which
received only 14 days of PMPA treatment experienced a very
rapid increase in anti-SIV IgG following PMPA withdrawal
(titer, $1:6,400 by 7 weeks); in three animals (30020, 30022,
and 30024), anti-SIV IgG levels started to decline as viral RNA
levels increased at about 24 weeks of age (Fig. 1). Of the
animals which received 60 days of PMPA treatment, the two
animals (30054 and 30055) which had virus levels at day 5
lower than the other two animals in their group had a relatively
slower rise in anti-SIV IgG titer while on PMPA treatment,
presumably due to a lower expression of viral antigens. But
following PMPA withdrawal, anti-SIV IgG levels in all these

TABLE 1. Short-term PMPA treatment of early SIV infection in newborn macaques: summary of study design and outcomea

Group (size) Period of PMPA
treatmentb

Animal
no. Clinical outcomec Histopathology

A (n 5 4) None 30013 AIDS at 12 wks Typhlocolitis; Cryptosporidium-positive enteritis and cholecystitis; interstitial
pneumonia

30015 AIDS at 13 wks Pancreatitis; Cryptosporidium-positive enteritis; hepatitis
30073 AIDS at 11 wks Cryptosporidium-positive enteritis; mixed pattern of lymphoid hyperplasia/

depletion
30079 AIDS at 15 wks Cryptosporidium-positive cholecystitis, cholangitis, pancreatitis and enteritis;

lymphoid depletion

B (n 5 4) Days 5–19 30020 Healthy at 24 wks Cryptosporidium infection of upper respiratory tract; lymphoid hyperplasia
30022 Healthy at 24 wks Lymphofollicular hyperplasia of spleen; Cryptosporidium infection of upper

respiratory tract; glomerulonephritis; paracortical depletion of lymph nodes
30023 Healthy at 24 wks Lymphoid hyperplasia
30024 Healthy at 24 wks Lymphoid hyperplasia; Cryptosporidium-positive cholecystitis; pancreatitis

C-I (n 5 4) Days 5–65 30053 Healthy at 24 wks Lymphoid hyperplasia
30054 Healthy at 24 wks Lymphoid hyperplasia
30055 Healthy at 24 wks Lymphoid hyperplasia
30061 Healthy at 24 wks Lymphoid hyperplasia

C-II (n 5 2) Days 5–65 30074 Healthy at day 65 Mild lymphoid hyperplasia; mild enteritis; meningoencephalitis
30077 Healthy at day 65 Moderate acute typhlocolitis; mild lymphoid depletion of lymph nodes

a Within 3 days of birth, all animals were inoculated orally with SIVmac251.
b Groups B and C were started on short-term PMPA treatment (30 mg/kg subcutaneously once daily) 5 days after SIV inoculation.
c Statistical analysis of survival showed the significant benefit of PMPA treatment on clinical outcome (group A versus B or group A versus C-I, P 5 0.014; group

A versus groups B and C-I, P , 0.003). Animals of groups B and C were euthanized either at the end of PMPA treatment (day 65, group C-II) or at 24 weeks of age
(groups B and C-I), prior to the development of clinical simian AIDS.
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animals equaled or exceeded those of the animals which had
received only 14 days of treatment and remained high
($102,400) throughout the 24 weeks of observation (Fig. 1).
All PMPA-treated animals made strong IgG responses follow-
ing cholera toxin B subunit immunization (Fig. 1).

Importantly, all the SIV-infected infant macaques that re-
ceived short-term PMPA treatment were healthy at 24 weeks
of age; there were no significant clinical signs of AIDS, and
CD41 and CD81 T-cell counts were normal (.500/ml; data
not shown). The short course of PMPA treatment did not
result in detectable toxicity. All PMPA-treated animals were
euthanized at 24 weeks of age in order to determine infectious
virus levels in lymphoid tissues and to conduct histopathology
(Tables 1 and 2). Three of the animals which had received only
2 weeks of PMPA treatment and which had developed rela-
tively high virus levels at 24 weeks of age (Fig. 1; Table 2)
demonstrated histopathological evidence of opportunistic in-
fections (Table 1, group B); the fourth animal (no. 30023),
which had the lowest virus levels (Fig. 1; Table 2), manifested
only lymphoid hyperplasia. The only significant finding for the

four animals that had received 60 days of PMPA treatment was
lymphoid hyperplasia (Table 1, group C-I). As expected, there
was a strong, positive association between virus levels in pe-
ripheral blood and spleen and lymph nodes (Table 2). How-
ever, virus levels in the thymus in all the PMPA-treated infant
macaques were low, which was unlike those of the untreated
control animals (Table 3). PCR analysis of proviral DNA gave
similar results; while proviral DNA could be detected consis-
tently in PBMC, spleens, and lymph nodes of all these PMPA-
treated animals, no proviral DNA could be detected in thymus
lysates of animals 30023, 30054, and 30055 (Fig. 2). While the
CD41/CD81 T-cell ratio in the thymuses of all SIV-infected
control animals was less than 1, this ratio was higher (.1) in
most PMPA-treated animals at time of euthanasia; only one
animal (30022), which had high viremia and signs of opportu-
nistic infections at time of death, had a CD41/CD81 T-cell
ratio ,1 in the thymus at time of euthanasia (Table 2). The
CD41/CD81 T-cell ratios in other lymphoid tissues and in
peripheral blood were more variable and did not differ signif-
icantly from those of PMPA-treated and untreated animals at

TABLE 2. Infectious virus levels in blood and lymphoid tissues at time of euthanasia or death, and CD41/CD81 T-cell ratio in thymus cells

Animal group
and numbers

Period of PMPA
treatmenta

Time of
euthanasiab

TCID50
c

CD41/CD81

thymus cellsd
PBMC Plasma Spleen Mes. LN Ing. LN Ax. LN Thymus

A
30013 None 12 wks 1,000 1,000 2,153 464 4,640 215 1,778 0.60
30015 13 wks 316 1,000 2,153 2,153 1,000 100 316 0.36
30073 11 wks 464 3,160 3,160 3,160 3,160 32 316 0.38
30079 15 wks 32 316 100 316 32 22 316 0.51

B
30020 Days 5–19 24 wks 100 1,000 100 1,000 46 316 3 5.96
30022 24 wks 3,160 100,000 10,000 10,000 178 3,160 #3 0.85
30023 24 wks #1 #3 100 3 #1 5 #0.3 9.69
30024 24 wks 22 #3 100 100 316 32 22 1.09

C-I
30053 Days 5–65 24 wks 316 215 3,160 10,000 2,153 10,000 #1 1.82
30054 24 wks 10 ,3 588 178 46 178 #3 1.08
30055 24 wks 10 #3 46 100 100 100 #0.3 1.79
30061 24 wks 316 59 3,160 1,778 215 588 #3 1.79

C-II
30074 Days 5–65 65 days 5 #3 46 5 3 #3 #0.1 2.11
30077e 65 days #0.1 #3 #0.1 #0.1 #0.1 #0.1 #0.1 2.44

a Within 3 days of birth, all animals were inoculated orally with SIVmac251; groups B and C were started on PMPA treatment at 5 days of age for 14 days (group
B) or 60 days (group C).

b Animals of group A were euthanized at time of clinical immunodeficiency (simian AIDS), while animals of groups B and C were euthanized prior to development
of simian AIDS, either at the end of PMPA treatment (group C-II) or at 24 weeks of age (group B and C-I).

c Cell-associated and cell-free virus levels in peripheral blood and fresh lymphoid tissues collected at time of euthanasia were determined by limiting dilution culture
of single-cell suspensions or plasma and are expressed as the numbers of TCID50s per 106 mononuclear cells or per milliliter of plasma. When no virus could be detected,
the detection limit is given, based on the number of mononuclear cells or the amount of plasma available for virus isolation. Abbreviations: Mes. LN, Ing. LN and Ax.
LN indicate mesenteric, inguineal and axillary lymph node, respectively.

d Ratio of CD41CD31 over CD81CD31 thymus cells was determined by flow cytometry.
e Virus could not be isolated from animal 30077 from 0.5 ml of plasma or from 107 cells of each lymphoid tissue at time of euthanasia.

FIG. 1. Time course of SIVmac251 infection of newborn macaques and the therapeutic effects of PMPA. All newborn macaques were inoculated at birth orally with
uncloned SIVmac251. The left graphs show data for the untreated control animals; the middle and right graphs show data for the animals which were given PMPA
treatment (shaded area) between days 5 and 19 or 5 and 65 (Table 1, groups A to C, respectively). Figure symbols for each vertical set of five graphs are indicated at
the bottom. Plasma RNA levels (I) were measured by branched DNA assay; plasma (II) and PBMC-associated (III) virus levels were determined by limiting dilution
culture of plasma and PBMC, respectively. IgG titers to SIV (IV) and cholera toxin B subunit (V) were determined by ELISA and are expressed as the reciprocals
of the highest of fourfold dilutions (starting from 1:100 dilution, with two replicates per dilution) which gave a positive optical density above the cutoff value. Cholera
toxin subunit B immunizations were given at birth and at 7 weeks of age (arrowheads); four uninfected newborn macaques from a different study which received cholera
toxin B subunit immunizations had IgG titers that were $6,400 at 4 weeks and $102,400 at 12 weeks of age (45). The untreated control animals all died between 11
and 15 weeks of age. Statistical comparison of values of the area under the concentration-time curve demonstrated significant reduction of virus levels and enhanced
immune responses in PMPA-treated animals versus untreated SIV-infected animals (P , 0.01).
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time of euthanasia; absolute CD41 T-cell counts in peripheral
blood were less reliable parameters, as the untreated SIV-
infected animals often had high CD41 T-cell counts due to
lymphocytosis (data not shown).

Two animals (30074 and 30077) were given 60 days of
PMPA treatment starting at day 5 and were euthanized at the
end of PMPA treatment to measure virus levels in lymphoid
tissues (Table 1, group C-II); neither of these animals had clin-
ical signs of AIDS at the time of necropsy. One of these ani-
mals (30074) had detectable but low virus levels in most lym-
phoid tissues at the end of PMPA treatment (Table 2). For the
other animal (30077), virus was isolated from PBMC only at 5
days of age (approximately one infected cell per 106 PBMC);
no virus could be isolated from this animal during PMPA
treatment or from lymphoid tissues collected at necropsy at the
end of the 60 days of PMPA treatment (Table 2). Proviral
DNA was not detected at time of euthanasia by PCR in PBMC,
spleen, thymus, and inguineal lymph node of animal 30077, but
a low level of proviral DNA was detected in the mesenteric and
axillary lymph nodes (Fig. 2); because no infectious virus could
be isolated from 107 mononuclear cells of these lymphoid
tissues, this proviral DNA may have been defective. This ani-
mal had made a detectable anti-SIV IgM response (titer, 1:200
at 2 weeks of age; data not shown), but was the only PMPA-
treated SIV-infected animal that did not mount a detectable
anti-SIV IgG response. It is unclear whether virus levels in
animal 30077 would have increased again if this animal had
been monitored after PMPA withdrawal or whether animal
30077 had experienced PMPA-induced transient viremia (50).

DISCUSSION

The results of the present study provide strong evidence that
very early events during viral infection determine the ultimate

disease course in simian AIDS. Studies with older macaques
have already suggested an association between early virus rep-
lication and the subsequent disease course (17, 18, 21, 29). The
demonstration that the severity of acute HIV-1 illness in HIV-
infected adults correlates with the long-term prognosis also
suggests the importance of early events in HIV pathogenesis
(38, 44). In the present study, we used short-term antiviral drug
treatment as an intervention tool to temporarily disturb pri-
mary viremia. The finding that this short-term reduction of SIV
primary viremia induces long-term therapeutic effects is the
strongest evidence of a causal relationship between very early
events in viral infection and the subsequent rate of disease
progression. Our results strongly support the immediate use of
potent antiviral drug treatment for human newborns of HIV-
infected women and, by extension, for adults following expo-
sure to HIV.

In the present study, groups of newborn macaques were
inoculated orally with SIVmac251. In untreated control ani-
mals, SIV replicated rapidly to high titers. This high viremia
during the initial weeks of infection probably leads to rapid and
early dissemination of virus to all lymphoid tissues. The inabil-

FIG. 2. Detection of proviral DNA in SIV-infected infant macaques. New-
born macaques were inoculated orally with uncloned SIVmac251. Animals of
group A were untreated control animals and were euthanized at the time of the
development of simian AIDS. Groups B and C were started on short-term
PMPA treatment 5 days after SIV inoculation, for a duration of 14 days (B) or
60 days (C). Animals of groups B and C were euthanized either at the end of
PMPA treatment (day 65; C-II) or at 24 weeks of age (B, C-I), prior to the
development of clinical simian AIDS. PCR results are presented as number of
positive reactions out of total number of replicates. Solid borders indicate at least
one positive reaction. Abbreviations: d, day; wks, weeks; Mes., Inguin., and Axill.:
mesenteric, inguineal, and axillary lymph node, respectively.

TABLE 3. Phenotypic and genotypic PMPA susceptibility of virus
isolates obtained from SIV-infected infant macaques

following short-term PMPA treatment

Animal
no.

PMPA
treatment

perioda

Time point (day)
of virus isolateb

Phenotype
IC95 (mM)c

RT
codon 65d

30020 Days 5–19 26 40 K
30022 26 40 K
30023 26 40 K
30024 19 40 K

30053 Days 5–65 79 45 K
30054 79 40 K
30055 79 40 K
30061 65 40 K

30074 Days 5–65 65 45 K
30077 NA NA NA

a Animals were started on short-term PMPA treatment (30 mg/kg subcutane-
ously once daily) 5 days after oral wild-type SIVmac251 inoculation for a total
duration of 14 or 60 days.

b Virus was isolated from PBMC at the end of PMPA treatment or at the first
available time point after PMPA withdrawal. NA, not available (no virus could
be isolated from animal 30077 during PMPA treatment or at time of euthanasia
at day 65).

c In vitro susceptibility to PMPA is indicated by the 95% inhibitory concen-
tration. SIVmac mutants with K65R mutation in RT and fivefold-reduced sus-
ceptibility to PMPA, which emerged in SIVmac251-infected infant macaques
following prolonged PMPA treatment, are described elsewhere (47). The IC95 of
PMPA for wild-type SIVmac251 was 30 to 50 mM (with a K at RT codon 65) and
the IC95 of PMPA for mutant SIVmac was 150 to 250 mM (with an R at RT
codon 65).

d Amino acid at codon 65 of RT. K, arginine; R, lysine.
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ity of most untreated newborn macaques to mount detectable
anti-SIV IgG responses also indicates virus-induced immuno-
suppression during these initial weeks of infection (30). This
inability to control virus replication resulted in rapidly progres-
sive fatal immunodeficiency within approximately 3 months.
The fulminant disease course observed in the four untreated
newborn macaques in the present study is representative of a
much larger number of historical control animals inoculated at
birth with uncloned SIVmac251 (25, 47, 52, 53).

To determine the effects of short-term drug administration
during the primary infection stage, groups of SIVmac251-in-
fected newborn macaques were started on short-term PMPA
treatment 5 days after virus inoculation; PMPA treatment was
continued for either 14 or 60 days. The rationale for waiting 5
days before starting PMPA administration was that previous
studies had demonstrated that short-term PMPA treatment of
newborn or juvenile macaques starting near the time of virus
inoculation was highly effective in preventing the establishment
of persistent SIV infection (41, 42, 45, 50). Therefore, in the
present study, we started PMPA treatment at a time when
animals were SIV infected (as determined by detectable virus
isolation from the peripheral blood) but prior to the develop-
ment of peak viremia. The present study demonstrates that
even when virus infection cannot be prevented, early short-
term drug administration still has a dramatic impact on the
long-term disease course of SIV-infected newborn macaques.

As expected, early PMPA administration starting 5 days
after SIV inoculation greatly reduced virus levels in the pe-
ripheral blood throughout the drug treatment period. Even
though virus levels increased in most animals once PMPA
treatment was withdrawn, animals stayed healthy for at least 6
months. Several factors may contribute to this delayed disease
progression. The early short-term suppression of virus replica-
tion by PMPA treatment may have reduced the establishment
of virus reservoirs in lymphoid tissues. In this context, the
untreated SIVmac251-infected infants had high virus levels in
all lymphoid tissues which were tested, including the thymus.
This systemic virus dissemination is consistent with findings
from our previous studies with SIVmac251-infected infant ma-
caques (49). In contrast, virus levels in the thymus of the
short-term PMPA-treated animals at 6 months of age were low
or undetectable, even for the animals in which virus levels in
peripheral blood and other lymphoid tissues had increased
following PMPA withdrawal; in addition, the PMPA-treated
animals maintained higher CD41/CD81 T-cell ratios in the
thymus. Also for HIV-infected infants, a strong association was
found between thymic dysfunction and disease progression
(28). Considering the role of the thymus in the ontogeny of
immune responses, it is likely that early drug treatment can
limit virally induced depletion of thymus cells and thereby have
a long-term beneficial effect on the immune system. A benefi-
cial effect of antiviral drug treatment on thymopoiesis has been
demonstrated in HIV-infected human thymic implants in the
SCID-hu mouse model (56).

Another important finding of the present study was that
early short-term drug treatment enhanced the development of
SIV-specific IgG responses. This observation extends our pre-
vious reports that prolonged antiviral drug treatment of SIV-
infected infant macaques augmented antiviral immune re-
sponses (47, 52). Because the infant macaque model is
predictive of the immunogenicity of antigens for human infants
(54), similar results can be expected for HIV-infected human
infants. The development of SIV-specific immune responses in
the present study may have limited the rebound in viremia
once PMPA treatment was withdrawn. In HIV-infected adults,
an inverse relationship between the strength of HIV-specific

CD41 T-cell proliferative responses (indicators of T-helper-
cell function) and virus levels exists. It has been demonstrated
that early drug intervention enhanced these HIV-specific im-
mune responses, while drug intervention during chronic infec-
tion did not restore these responses (36). Because T-helper-
cell responses are required for the production of most antiviral
antibodies, the results of our studies with newborn macaques
provide strong in vivo evidence that virus-specific CD41 T-
helper-cell responses are severely suppressed in untreated
SIV-infected newborn macaques, and that early drug interven-
tion enhances these antiviral antibody responses, possibly by
preventing CD41 T-cell destruction and dysfunction. Virus-
specific CD41 T-helper-cell responses presumably contribute
to the control of viremia and a delay in disease progression.
Our data suggest that some level of viral antigen expression is
needed during drug treatment to stimulate the strongest anti-
viral immune responses. It has also been shown in HIV-in-
fected infants receiving early, aggressive combination therapy
that the development of HIV-specific antibodies may be damp-
ened in those infants for whom virus levels became undetect-
able (24). These findings suggest that it may be worthwhile to
investigate whether boosting these antiviral immune responses
by vaccination during the period of drug treatment would fur-
ther limit the rebound in viremia following drug withdrawal.

Our results indicate that a longer duration of PMPA treat-
ment early in infection results in longer-lasting therapeutic
benefits following withdrawal of drug administration. The SIV-
infected infant macaques that received 60 days of PMPA treat-
ment had generally lower plasma RNA levels when PMPA
treatment was stopped than most animals that received only 14
days of PMPA treatment. In addition, the animals which had
received 60 days of PMPA treatment had only generalized
lymphoid hyperplasia at 24 weeks of age, while three of the
four animals that received only 14 days of PMPA treatment
had histopathologic evidence of more advanced immune dys-
function as indicated by the presence of opportunistic infec-
tions.

It was previously demonstrated that the outcome of neonatal
SIV infection is largely dependent upon the virulence of the
virus inoculum (25, 30). The virus inoculum which we used in
this study, uncloned SIVmac251, is the most virulent virus
isolate we have available to inoculate newborn macaques.
Demonstration of efficacy against a highly virulent virus isolate
is the best indicator of the success of a therapeutic interven-
tion. The disease course in the SIVmac251-infected newborn
macaques which received short-term PMPA treatment became
similar to that seen in juvenile or adult macaques following
infection with virulent SIVmac251. It is of interest that in each
group of PMPA-treated animals, there was one animal which,
even after PMPA withdrawal, maintained low virus levels
which are typically seen in SIV-infected adult macaques with
very slow disease progression. The demonstration that short-
term drug intervention drastically changed the disease course
with the most virulent virus isolate in a highly vulnerable host
(i.e., a newborn macaque) suggests that early drug treatment
following infection with a less virulent virus isolate is likely to
result in even more pronounced long-term benefits, and that
similar strategies are likely to be even more effective in an
adult population (1). Support for this hypothesis comes from
two studies, which demonstrated that 16 weeks of stavudine
(d4T) treatment of HIV-2 infected macaques, and 4 weeks of
9-(2-phosphonylmethoxyethyl)adenine (PMEA) treatment of
SIVmac239-infected macaques induced sustained suppression
of viral replication in most animals following drug withdrawal
(18, 55).

Current Public Health Service guidelines recommend using
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antiviral drugs for health-care workers following occupational
exposure to HIV (e.g., through needle-stick) (8). Due to a lack
of efficacy data, however, there is no recommendation for or
against antiviral drug administration following nonoccupa-
tional (such as sexual or intravenous-drug-use) exposure to
HIV (7); in addition, the guidelines question the usefulness of
initiating antiviral drug treatment when the time interval be-
tween exposure and initiation of drug administration is beyond
36 to 72 h (7). Our data obtained with SIV-infected macaques
are strong evidence in support of prompt antiviral drug use
following any exposure to HIV. Even in cases where it may no
longer be possible to eradicate the initial infection, short-term
drug administration starting in the first few days after exposure
may produce profound long-lasting clinical benefits.

The present study allays the concerns that early drug inter-
vention will rapidly select for the emergence of drug-resistant
mutants, which would reduce the efficacy of drug treatment at
a later stage of the disease. The 14 or 60 days of PMPA
administration during early SIV infection did not result in the
detectable emergence of viral mutants with reduced suscepti-
bility to PMPA. The initiation of drug treatment at 5 days is
more likely to result in a slower emergence of drug-resistant
viral mutants than initiating drug treatment once widespread
systemic virus dissemination has occurred and many more viral
variants exist (9). In this context, we have previously demon-
strated that prolonged PMPA treatment of SIV-infected new-
born macaques starting 3 weeks after oral SIVmac251 inocu-
lation resulted in the emergence of SIV K65R mutants with
low-level (fivefold) reduced susceptibility to PMPA after 5 to
15 weeks of treatment. We have, however, also observed that
PMPA treatment of infant macaques still had therapeutic ef-
ficacy against infection with these low-level PMPA-resistant
SIV mutants (48). Recent data from phase I/II human trials
have demonstrated very potent antiviral effects of PMPA for
HIV-infected patients, and no emergence of PMPA-resistant
HIV mutants was observed during up to 4 weeks of treatment
(13, 14, 26). In a phase II trial with the related analog PMEA,
very few patients developed HIV mutants with reduced drug
susceptibility to PMEA following 6 to 12 months of treatment,
but even these patients had sustained suppression of virus
levels (27). Altogether, these data suggest that short-term
PMPA administration during the initial stages of HIV infec-
tion will not abrogate the potential of using PMPA treatment
again to strongly suppress virus replication at a later stage of
the disease course.

In conclusion, our data demonstrate that early short-term
PMPA treatment limited systemic spread of the virus, reduced
virus-induced immunosuppression, enhanced antiviral immune
responses, and significantly delayed disease progression for
SIV-infected newborn macaques. Together, these observations
further support the use of potent anti-HIV drug therapy for
human newborns and adults as soon as possible following HIV
exposure. Especially when financial resources are limited, even
treatment for only a few weeks is superior to postponing treat-
ment until systemic infection is established.
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J.-F. Navé, P. Casara, and O. Narayan. 1997. Early treatment with 9-(2-
phosphonylmethoxyethyl)adenine reduces virus burdens for a prolonged pe-
riod in SIV-infected rhesus macaques. AIDS Res. Hum. Retroviruses 13:
241–246.
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