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A limited period of chemotherapy during primary immunodeficiency virus infection might provide a long-
term clinical benefit even if treatment is initiated at a time point when virus is already detectable in plasma.
To evaluate this strategy, we infected rhesus macaques with the pathogenic simian/human immunodeficiency
virus RT-SHIV and treated them with the antiretroviral drug (R)-9-(2-phosphonylmethoxypropyl)adenine
(PMPA) for 8 weeks starting 7 or 14 days postinfection. PMPA treatment suppressed viral replication
efficiently in all of the monkeys. After chemotherapy ended, virus replication rebounded and viral RNA in
plasma reached levels comparable to that of the controls in four of the six monkeys. However, in the other two
animals, virus loads peaked only moderately after withdrawal of the drug and then declined to low or even
undetectable levels. These low levels of viremia remained stable for at least 31 weeks after cessation of therapy.
At this time point, these two monkeys were challenged with SIV8980 to evaluate whether the host responses
which were able to keep RT-SHIV replication under control were also sufficient to protect against infection with
a highly pathogenic heterologous virus. Both monkeys proved to be protected against the heterologous virus.
In one of the two animals, low levels of SIV8980 replication were detected. Thus, by chemotherapy during the
acute phase of pathogenic virus replication, we could achieve not only persistent virus load suppression in two
out of six monkeys but also protection from subsequent heterologous challenge. By this chemotherapeutic
attenuation, the replication kinetics of attenuated viruses could be mimicked and a vaccination effect similar
to that induced by live attenuated simian immunodeficiency virus vaccines was achieved.

Antiretroviral chemotherapy so far has concentrated on the
treatment of established chronic human immunodeficiency vi-
rus (HIV) infection to prevent or delay disease progression.
Combination chemotherapy using potent antiretroviral agents
has led to significant advances in the clinical management of
HIV disease (7). Postexposure prophylactic treatment, when
initiated within hours or on the first day, was shown to largely
prevent immunodeficiency virus infection in humans (6) and in
the simian immunodeficiency virus (SIV) rhesus macaque
model (27). Delay of treatment initiation until 2 to 3 days after
inoculation with SIV did not prevent infection (25). However,
early short-term antiretroviral therapy seemed to induce long-
term clinical benefits even if infection was not prevented (29,
30). Emerging clinical evidence also suggests that early che-
motherapeutic treatment may modify the balance between the
immune system and virus replication in favor of the host by
limiting virus infection to the extent that effective immune
responses capable of controlling the infection may be devel-
oped (B. Walker, personal communication).

Further evidence for the existence of various levels of pro-
tection from infection or disease is coming from clinical ob-
servations, as well as from animal models. Certain human
individuals, such as long-term nonprogressors, seem to develop
an immune response capable of keeping the virus under long-

lasting control (5, 21). Attenuated virus strains such as SIV
defective in the gene nef replicate to substantial titers during
the acute phase of infection in rhesus macaques but establish
only low virus loads in the chronic state (10, 15). Beside having
a reduced potential to cause disease, attenuated viruses have
been demonstrated to induce immune responses capable of
controling replication of pathogenic virus strains after chal-
lenge (reviewed in references 1, 9, and 14) even in the absence
of sterilizing immunity (23). Thus, limited and transient infec-
tion may even induce protective immunity.

In the present study, we used the rhesus macaque model to
evaluate whether a long-lasting beneficial effect of antiretrovi-
ral therapy could be obtained when treatment was initiated in
the acute phase of primary virus infection, namely, 1 or 2 weeks
after inoculation. By initiating treatment shortly prior to peak
viremia, we attempted to imitate the growth curves of attenu-
ated immunodeficiency virus vaccines. Therefore, we deter-
mined whether this strategy conferred not only control of the
primary virus infection but also protection against challenge
with a heterologous pathogenic SIV.

MATERIALS AND METHODS

Animals. Rhesus monkeys (Macaca mulatta) of Indian origin were purpose
bred at the Biomedical Primate Research Center. At the beginning of the study,
their ages ranged from 2.0 to 2.5 years and their weights were between 2 and 3
kg. The monkeys were in good health; were negative by serology for SIV, simian
T-lymphotropic virus type I, and simian retrovirus type D; and had not been used
in previous experiments.

Viruses. The chimeric simian/human immunodeficiency virus (SHIV) contain-
ing the HIV-1 HXBc2 gene for reverse transcriptase (RT) in the genomic back-
ground of SIVmac239 (RT-SHIV) (28) was used for primary infection, and patho-
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genic SIV strain 8980 (SIV8980) was used for challenge. SIV8980 is a highly
virulent, serially in vivo-passaged strain derived from SIVsmDB670 which has been
used before as the challenge strain in a vaccine study (12). Both virus stocks had
been grown in rhesus monkey peripheral blood mononuclear cells (PBMC) and
had been titrated in vitro in C8166 cells and in vivo in rhesus monkeys after
intravenous injection. The RT-SHIV stock contained 4.0 3 106 tissue culture-
infective doses per ml and 3.2 3 105 50% monkey-infective doses (MID50) per
ml; the SIV8980 stock contained 3.3 3 106 50% tissue culture-infective doses per
ml and 2.5 3 104 MID50/ml.

Test compound. The test compound (R)-9-(2-phosphonylmethoxypropyl)ad-
enine (PMPA) (3, 4), a potent acyclic nucleoside phosphonate analog RT inhib-
itor, was provided by GILEAD Sciences Inc. (Foster City, Calif.). The compound
was suspended in water to a concentration of 30 mg/ml with 0.1 M NaOH added
to obtain a final pH of 7.0 and dissolve it. The solution was then filter sterilized
and stored in aliquots at 220°C.

Infection, treatment, and monitoring. Ten rhesus monkeys were infected in-
travenously on day 0 with 100 MID50 of the RT-SHIV stock. Six monkeys
received PMPA for 57 days, two animals starting on day 7 (8PMPA and
86PMPA) and the other four animals starting on day 14 postinfection (p.i.)
(1PMPA, 4PMPA, 25PMPA, and 28PMPA); four animals were mock treated
with saline instead, two starting on day 7 (16NaCl and 84NaCl) and two starting
on day 14 (19NaCl and 22NaCl) p.i. PMPA or saline was administered subcu-
taneously without sedation at a dose of 30 mg/kg of body weight per day once
daily for 57 days. Four out of the 10 rhesus macaques (1PMPA, 4PMPA,
8PMPA, and 25PMPA) were inoculated 41 weeks after infection with RT-SHIV
with 50 MID50 of cell-free, rhesus PBMC-grown SIV8980 by the intravenous
route. Two naive monkeys were added as infection controls. For blood sample
collection, monkeys were sedated with ketamine. Body weights and temperatures
were measured before the start of the experiment and each time the animals
were sedated for virus injection or blood sample collection. Behavior and clinical
signs (including appetite) were observed twice daily during the whole experi-
ment.

Determination of virus load. Quantitative RNA PCR was used to estimate the
virus load in plasma as described recently (24). In brief, RNA was extracted from
plasma using guanidine isothiocyanate-mediated lysis, followed by propanol-2
precipitation. A known amount of internal standard RNA (IS-RNA) was added
before the RNA extraction and was copurified to monitor the efficiency of
purification. The RNA was reverse transcribed and amplified in a single reaction
using recombinant Tth DNA polymerase and biotinylated primers. The IS-RNA
was coamplified to monitor the amplification efficiency. The amplified fragments
were denatured and hybridized to an immobilized capture probe in a microwell
plate. They were detected by an avidin-enzyme conjugate-mediated colorimetric
reaction. The amplified IS-RNA was hybridized to a different capture probe in
separate microwells. The lower detection limit of this RT-PCR method was 40
RNA equivalents per ml of plasma.

DNA PCR was used to discriminate between RT-SHIV and SIV8980. DNA
was extracted from purified PBMC using sodium dodecyl sulfate lysis and pro-
teinase K digestion. For each PCR, 1 mg of sample DNA was used to which a
known amount of internal standard was added to monitor the amplification
efficiency. The procedure for detection of the amplified fragments was identical
to the RNA PCR protocol. Discrimination between RT-SHIV and the challenge
virus SIV8980 was achieved by restriction enzyme analysis of the DNA PCR
products.

For quantitative virus isolation (QVI), twofold dilutions of purified rhesus
PBMC were cocultured for 3 to 4 weeks with the CD4-positive lymphocyte cell
line C8166; the cells were then scored for the presence of syncytia.

Measurement of immune responses. Antibodies specific for SIV gp120 were
determined in plasma using an enzyme-linked immunosorbent assay technique.
In brief, plates were coated with the viral protein (National Institute of Biological
Standards and Controls, Potters Bar, United Kingdom) and after incubation with
the plasma to be analyzed, bound antibodies were detected by addition of a
rabbit anti-rhesus immunoglobulin G-alkaline phosphatase conjugate, followed
by chromogenic substrate.

For the analyses of antigen-specific lymphocyte proliferation, PBMC were
stimulated in triplicate with different concentrations of SIV gp120. The negative
control was medium alone, and the positive control was concanavalin A (5
mg/ml). The cells were cultured for 90 h; during the last 18 h, they were pulsed
with 0.5 mCi of [3H]thymidine per 2 3 105 cells. Subsequently, the cultures were
harvested on glass fiber filters and label uptake was determined by counting
simultaneously in an open-well Packard Matrix Counter (Direct Beta Counter)
with 96 counting tubes. Results were expressed as mean counts 6 the standard
deviation, and stimulation indices of triplicate determinations were calculated by
dividing the mean counts of antigen-containing cultures by the mean counts of
cultures without antigen. Stimulation indices higher than 2 were considered
positive.

Fluorescence-activated cell sorter analyses. Phenotyping of cells by flow cy-
tometry was performed with fresh whole blood. The following monoclonal an-
tibodies (Dako) were used for single-, double-, or triple-color staining essentially
by following the manufacturer’s instructions: A, IgFITC and IgPE (controls); B,
CD29FITC, CD4PE, and CD8PerCP; C, CD3FITC, CD4PE, and CD8PerCP. Flow
cytometry was performed on a FACsort using the CellQuest software (Becton

Dickinson, Etten-Leur, The Netherlands), and 5,000 events in a gate set on
mononuclear cells were analyzed per monoclonal antibody mixture.

Euthanasia and necropsy. Animals were euthanized by pentobarbital overdose
at the end of the observation period. If an animal showed clinical symptoms
earlier during the course of the experiment, it was euthanized for ethical reasons.
Criteria for euthanasia were therapy-resistant chronic or recurrent diarrhea,
neurological symptoms, evidence of chronic wasting such as more than 10% loss
of body weight together with persistently low CD4 counts or high viral loads, or
any other poor condition of the animal as judged by clinical veterinarians. A
complete necropsy was performed in which the abdominal and thoracic cavities
and the skull were opened and internal organs were examined in situ. Necropsies
were performed in a blinded fashion. Simian AIDS was diagnosed post mortem
if monkeys had at least two of the following symptoms or pathological alter-
ations: therapy-resistant diarrhea, opportunistic infections, a low percentage of
CD4-positive cells (,10%), or a high viral RNA load (.106 copies/ml).

RESULTS

Virus load. To investigate whether imitating the growth
curves of live attenuated immunodeficiency virus vaccines by
antiretroviral therapy during primary immunodeficiency virus
infection would also lead to protective immune responses, 10
rhesus monkeys were infected with a SIV/HIV-1 hybrid virus
(RT-SHIV) in which the RT of SIVmac is replaced with the
HIV-1 enzyme (28). RT-SHIV inoculation was shown to in-
duce high viral RNA levels (24) and AIDS-like symptoms and
pathology in rhesus monkeys (28). Six RT-SHIV-infected mon-
keys were treated with the antiretroviral drug PMPA for 8
weeks starting either 1 (Fig. 1B) or 2 (Fig. 1C) weeks p.i.; four
monkeys received saline for the same time period (Fig. 1A).
Viremia was monitored in plasma by RNA PCR (Fig. 1, part
I), and the PBMC-associated viral load was determined by
QVI (Fig. 1, part II). Levels of viremia in the control animals
reached up to 2 3 106 RNA copies per ml of plasma at day 17
and stayed high (.104 copies/ml) for 40 weeks. In the PMPA-
treated animals, viral RNA was already detectable at day 7.
Treatment initiation 1 or 2 weeks p.i. led to an approximately
400- or 6.5-fold reduction of mean peak titers, respectively.
PMPA treatment suppressed viral RNA levels below the level
of detection of 40 RNA copies/ml in four of the six treated
monkeys. The other two monkeys (1PMPA and 28PMPA)
showed low levels of virus replication while being still treated
with the drug.

After termination of PMPA treatment, virus replication re-
bounded in all animals and numbers of viral RNA copies in
plasma in four monkeys (1PMPA, 25PMPA, 28PMPA, and
86PMPA) reached set point levels (6 months p.i.) comparable
to those of the controls. However, in two animals (4PMPA and
8PMPA), virus loads increased only moderately after treat-
ment was ended and became low or even undetectable again
shortly thereafter. Set point RNA levels in these monkeys were
at least 1,000-fold lower than those in untreated control mon-
keys. These low levels of RT-SHIV viremia were maintained
for 31 weeks after termination of PMPA treatment, the time
point at which these monkeys were challenged.

Levels of cell-associated viremia as measured by QVI essen-
tially paralleled those of plasma viremia; the sensitivity of this
assay, however, is approximately 3 orders of magnitude lower
than that of RNA PCR (Fig. 1, part II). For the two monkeys
maintaining low viral RNA levels, no virus could be isolated at
most time points after termination of chemotherapy.

Antiviral immune response. To determine whether the re-
duction of viral load by antiretroviral therapy during primary
infection would influence the humoral immune response,
plasma antibody titers against SIV gp120 protein were mea-
sured by enzyme-linked immunosorbent assay. All saline-
treated monkeys developed high antibody titers that started to
become detectable at week 4 and peaked 8 to 10 weeks p.i.
(Fig. 1A, part III). In all animals having received PMPA treat-
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ment starting 2 weeks p.i., significant antibody responses were
detected from week 4 on and continued to increase slightly
irrespective of drug treatment (Fig. 1C, part III). After PMPA
treatment ended at week 10, the virus load rebound seemed to

induce a further increase in SIV-specific antibody titers. Peak
levels were reached 12 weeks after infection. Obviously, allow-
ing virus replication for 2 weeks before the start of treatment
was sufficient to induce a significant humoral immune re-

FIG. 1. Viral load and antiviral immune responses in RT-SHIV-infected rhesus macaques treated with either saline (A) or PMPA on days 7 to 63 (B) or 14 to 70
(C) p.i. (treatment period shaded). Each monkey is identified by a one- or two-digit number, followed by the name of the substance used for treatment.
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sponse. The two animals having received PMPA treatment
from day 7 on showed low (8PMPA) or even undetectable
(86PMPA) SIV gp120-specific antibody levels during the first
weeks p.i. (Fig. 1B, part III). After treatment ended at week 9
the virus load rebound was followed in these monkeys by an
immediate increase in the humoral immune responses, which
reached levels comparable to those of the other animals. Over-
all, antibody titers correlated with viral loads in the sense that
high levels of viremia induced high humoral immune re-
sponses. However, the quantity of this immune response did
not correlate with the capacity to keep the virus load low after
chemotherapy ended.

Lymphoproliferative responses to SIV gp120 were not de-
tectable during the period of chemotherapy but developed only
relatively late after infection, namely, 12 to 22 weeks after
infection (Fig. 1, part IV). Positive responses (stimulation in-
dices, .2) were observed in all tested saline controls (16NaCl,
19NaCl, and 22NaCl). Remarkably, SIV-specific T-helper cell
responses in the PMPA-treated group of monkeys (Fig. 1B and
C, part IV) were only detectable in those two animals which
were able to control virus replication after treatment ended,
namely, 4PMPA and 8PMPA. Those PMPA-treated monkeys
that established high virus loads after chemotherapy ended did
not show a lymphoproliferative response to SIV gp120. How-
ever, since the mock-treated control monkeys had also devel-
oped SIV-specific T-helper cell responses and, nevertheless,
showed high steady-state viremia, the proliferative response
observed for animals 4PMPA and 8PMPA was not sufficient to
explain suppression of virus replication in these monkeys.

Heterologous challenge with SIV8980. To evaluate whether
imitating the growth curves of live attenuated immunodefi-
ciency virus vaccines by antiretroviral therapy was sufficient to
confer protection against infection with a heterologous virus,
we challenged those two monkeys which had controlled RT-
SHIV infection after treatment ended (4PMPA and 8PMPA)
with the SIVsmDB670 derived highly virulent SIV8980 strain.
Intravenous inoculation of SIV8980 was performed 41 weeks
after the initial infection with RT-SHIV. Two naive rhesus
macaques (231naive and 378naive) were inoculated in parallel
with SIV8980 as infection controls. Different degress of protec-
tion against the heterologous virus were observed in both pre-
viously RT-SHIV-infected monkeys. In one of them (8PMPA),
the SIV8980 challenge virus was readily detectable (Table 1). In
this animal, a transient increase in the number of RNA copies
per milliliter of plasma up to .106 was observed upon chal-
lenge (Fig. 2B). However, the steady-state level of viremia
established in this animal, predominantly due to SIV8980, was
more than 104-fold lower than the peak viral loads measured in
the two naive control monkeys (Fig. 2A). The other RT-SHIV-
infected animal (4PMPA) showed only a minor increase in

viral load after challenge, and SIV8980 could not be detected at
any time point (Table 1). Monkey 4PMPA, which had been
able to suppress RT-SHIV replication so far, was still able to
control replication of this virus after challenge and showed
undetectable or low numbers of RNA copies per milliliter of
plasma until it was euthanized at week 75 p.i.

As additional controls, two PMPA-treated monkeys which
had high virus loads (1PMPA and 25PMPA) were inoculated
with SIV8980 (Fig. 2B). In both animals, the SIV8980 challenge
virus could not be detected (Table 1). However, since the
plasma levels of RT-SHIV RNA in these two monkeys had
been very high, it is possible that these animals were not pro-
tected by immunological mechanisms but that the large excess

FIG. 2. Plasma viral RNA loads in naive or RT-SHIV-infected macaques
after inoculation with SIV8980. Monkeys 231naive and 378naive served as chal-
lenge controls. Euthanasia of monkeys during the observation period is indicated
by a cross.

TABLE 1. Discrimination of RT-SHIV and SIV8980 after challengea

Monkey
Wk postchallenge

0 1 2 4 6 8 10 12 16 34

4PMPA R R R R R Neg R R Neg R
8PMPA R R S S/R S S S S S S
1PMPA R R R R R R R R R R
25PMPA R R R R R R ND R R R
231naive Neg ND S S S S ND S Sb

378naive Neg ND S S S S ND S Sb

a Discrimination between RT-SHIV and SIV8980 was achieved by DNA-PCR, followed by restriction enzyme analysis. Monkey designations are as described in the
legends to Fig. 1 and 2. R, RT-SHIV; S, SIV8980; Neg, DNA-PCR negative; ND, not done.

b Determined at the time of euthanasia.
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of ongoing RT-SHIV replication interfered with establishment
of SIV8980 infection by competition.

Lymphocyte subsets. Fluorescence-activated cell sorter
analysis of blood cell surface antigens was performed through-
out the whole study. Percentages of CD31 and CD31 CD81

lymphocytes on PBMC were essentially stable over the time
span of the experiment; no effect of PMPA treatment or virus
infection was detectable in any monkey (data not shown). The
four RT-SHIV-infected, mock-treated animals showed no sig-
nificant decrease in CD41 T cells during the 40-week obser-
vation period (Fig. 3A). Two of the six PMPA-treated monkeys
(28PMPA and 86PMPA) developed clinical symptoms during
the experimental period (see below). Shortly before they were
euthanized, the proportions of CD4-positive cells were re-
duced to 8 and 12% in monkeys 86PMPA (Fig. 3B) and
28PMPA (Fig. 3C), respectively. The percentages of CD41

lymphocytes in PBMCs of the four challenged animals showed
a tendency to decrease continuously during the 75-week ob-
servation period (Fig. 3B and C). The decrease in percentages

of CD4-positive cells was most pronounced for monkeys
1PMPA and 25PMPA, which contained high steady-state virus
loads. A transient increase in percentages of CD41 T cells was
obvious at weeks 15 and 43 in three out of the four challenged
animals (1PMPA, 8PMPA, and 25PMPA). These increases
were correlated in time and therefore may have been induced
by the rebounding virus replication after PMPA treatment
ended at week 9 or 10 and by the challenge with SIV8980 at
week 41 p.i. For monkey 4PMPA, no detectable increase of
CD4-positive cells around week 15 and only a minor rise at
week 42 were observed. This animal was the one which had
shown only a minor rebound in virus replication after chemo-
therapy ended and in which the SIV8980 challenge virus had not
been detected. In the two naive control monkeys (231naive and
378naive), which rapidly developed simian AIDS after infec-
tion with SIV8980 (see below), CD4 counts were not reduced
(data not shown). This is not unusual, since progression to
AIDS with normal CD4 counts has been repeatedly observed
in rapidly progressing SIV-infected macaques (13, 16, 17).

Clinical observations and findings at necropsy. No abnor-
mal behavior was observed at any time point for any monkey.
No local reactions were detected during subcutaneous PMPA
treatment. It was noticed that all PMPA-treated animals
stopped gaining body weight during the period of drug treat-
ment (Fig. 4). After termination of chemotherapy, the animals
started to gain body weight again with kinetics similar to those
of the saline-treated controls. This side effect of PMPA has
been observed before, particularly when higher doses were
used (26); the weight gain impairment is, however, clearly
reversible after a treatment period of 8 weeks (Fig. 4). Body
temperatures were stable between 38 and 40°C over the time
period of the study.

Two of the six PMPA-treated animals, 86PMPA and
28PMPA, which had high levels of RT-SHIV viremia after
chemotherapy ended were euthanized 49 and 45 weeks p.i.,
respectively, because they showed chronic wasting (Table 2).
At necropsy, evidence of an AIDS-like disease was obtained:
both monkeys showed enlarged lymph nodes and follicular
hyperplasia of the spleen; in 86PMPA, an abscess in the liver
and a yellow, soft foreign body in the gall bladder neck were
detected, which explains the observed jaundice. Pathomorpho-
logical analysis of both animals revealed an opportunistic in-

FIG. 3. Percentage of CD41 cells in PBMC from RT-SHIV-infected ma-
caques treated with either saline (A) or PMPA (B and C). The time point at
which monkeys 1PMPA, 4PMPA, 8PMPA, and 25PMPA were challenged is
marked by a vertical arrow. Euthanasia of monkeys during the observation
period is indicated by a cross. Treatment periods (shaded) and identification of
monkeys are as described in the legend to Fig. 1.

FIG. 4. Body weight differences at different times p.i. with RT-SHIV. The
mean and the standard deviation of four mock-treated and six PMPA-treated
monkeys are shown.
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fection represented by microsporidiosis of the biliary tract as-
sociated with hyperplastic inflammation.

Two of the other four PMPA-treated and then challenged
animals, 1PMPA and 25PMPA, showed lymphadenopathy to-
ward the end of the observation period, and monkey 25PMPA,
in addition, showed significant splenomegaly, which suggested
progression to disease in these two highly viremic monkeys. At
necropsy, monkey 1PMPA showed moderate lymph node en-
largement and follicular hyperplasia of the spleen. Severe hy-
perplasia of the spleen and lymph node enlargement were
found in 25PMPA as well (Table 2).

In the two animals with stable low virus loads, no clinical
abnormalities were observed. However, at autopsy, monkey
8PMPA also showed evidence of immunodeficiency virus in-
fection, i.e., moderate to severe follicular hyperplasia of the
spleen and lymph node enlargement (Table 2); this animal was
the RT-SHIV-infected one which could be superinfected with
SIV8980. Remarkably, animal 4PMPA, which had a low level of
RT-SHIV viremia and in which the SIV8980 challenge virus
could not been detected, showed only minor abnormalities of
the lymphatic tissues.

The two naive challenge control monkeys (378naive and
231naive) had to be euthanized 14 and 16 weeks, respectively,
after infection with SIV8980. Clinically, severe loss of body
weight and anemia and, in addition, diarrhea in animal
378naive were observed (Table 2). Findings at autopsy con-
firmed the clinical evidence of simian AIDS: histology revealed
an opportunistic infection (cryptosporidiosis) of the gall blad-
der and/or pancreas in both animals and primary SIV-associ-
ated giant cell disease in the brain, lungs, and intestinal tract of
in monkey 231naive. Both animals also showed enlargement of
the lymph nodes.

DISCUSSION

Attempts to mimic the replication kinetics of live attenuated
immunodeficiency viruses by short-term antiretroviral therapy
of primary immunodeficiency virus infection led to persistent
suppression of the viral load and to protection against subse-
quent challenge in two out of six RT-SHIV-infected macaques.
A comparison of the results obtained for the monkeys main-
taining low levels of viremia after cessation of treatment with
those developing high viral loads revealed a similarity to effec-
tive versus noneffective live attenuated immunodeficiency virus
vaccines. The degree of protection of live attenuated immuno-
deficiency virus vaccines seems to correlate with the amount of
replication of the vaccine virus in the host (20, 32). Similarly,

monkey 86PMPA, in which virus replication was most effi-
ciently suppressed by PMPA treatment, developed high viral
loads after cessation of treatment. This suggests that protective
immune responses were not induced and is reminiscent of
highly attenuated immunodeficiency viruses, which do not in-
duce protection either (9). A slightly higher level of virus
replication, as observed in monkey 8PMPA, led to establish-
ment of reduced viral loads after cessation of therapy and after
challenge. This monkey was protected from rapid progression
to AIDS in the absence of sterilizing immunity. In monkey
4PMPA, the peak viral load during the acute phase of infection
was similar to that induced by effective live attenuated SIV
vaccines, and superinfection was not detectable after chal-
lenge. This suggests that the level of virus replication before
drug-mediated suppression is crucial for the long-term out-
come of infection and that a certain minimum level is needed
to induce sufficient host immune responses. It is apparent that
a balance must be reached, since higher levels of initial virus
replication may proove to be immunosuppressive. The molec-
ular cause of the attenuation of the vaccine virus does not seem
to be important for protection, since chemotherapeutic atten-
uation of primary infection induced protection similar to that
induced by genetically attenuated immunodeficiency virus vac-
cines.

Evidence for a beneficial effect of short-term postexposure
prophylactic treatment on the course of immunodeficiency vi-
rus infection has been observed previously even if treatment
did not prevent infection. In SIVmne-infected juvenile mon-
keys, PMPA treatment initiation 2 or 3 days after infection led
to sustained viral load suppression in two out of four monkeys
in each group (25). However, one out of four untreated control
monkeys showed a similar attenuated course of infection.
Treatment initiation 5 days after infection of newborn mon-
keys reduced viral loads and delayed disease progression (29).
Similar to our study and in contrast to the study by Tsai et al.
(25), virus replication was detectable prior to treatment initi-
ation. Since vigorous virus replication during the first weeks
after infection leads to rapid dissemination of the virus and
might already block the development of protective antiviral
immune responses, it was questionable whether a further delay
in treatment initiation would also lead to long-term beneficial
effects.

We initiated PMPA treatment 1 or 2 weeks p.i. At that time,
viral RNA levels were between 5 3 102 and 3 3 105 copies/ml.
In two of the six RT-SHIV-infected monkeys, viral RNA set
point levels after termination of therapy were below 200 cop-

TABLE 2. Clinical symptoms and pathological alterationsa

Monkey Time of death
(wpi/wpc) Clinical symptom(s) Pathology

86PMPA 49/NA Diarrhea, jaundice, loss of body weight Liver abscess, biliary microsporidiosis, diffuse
peritonitis, enteropathy, ELN (11, mesenteric only),
FH (111)

28PMPA 45/NA Diarrhea, loss of body weight Diffuse peritonitis, enteropathy, biliary microsporidiosis,
ELN (11), FH (1)

1PMPA 75/34 Lymphadenopathy ELN (11), FH (11)
4PMPA 75/34 None ELN (1), FH (1)
8PMPA 75/34 None ELN (11), FH (11)
25PMPA 75/34 Lymphadenopathy, splenomegaly ELN (11), FH (111)
231naive NA/16 Anemia, loss of body weight ELN (mesenteric, 111; peripheral, 1), biliary and

pancreatic cryptosporidiosis, giant cell disease
378naive NA/14 Anemia, diarrhea, loss of body weight ELN (1), biliary cryptosporidiosis

a Monkey designations are as described in the legends to Fig. 1 and 2. wpi, weeks p.i. with RT-SHIV; wpc, weeks postchallenge with SIV8980; FH, follicular hyperplasia
of the spleen; NA, not applicable; ELN, enlarged lymph nodes. Grading: 1, mild; 11, moderate; 111, severe.
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ies/ml. Since viral RNA levels in SIV-infected macaques were
shown to be predictive of disease progression (24, 31), our
findings suggest that short-term antiretroviral therapy during
primary immunodeficiency virus infection can lead to long-
term benefits, even if therapy is initiated after immunodefi-
ciency virus infection can be diagnosed. Persistent viral load
suppression after cessation of therapy suggests that the treat-
ment can alter the balance between the immune system and
virus replication in favor of the host. Further support for the
hypothesis that attenuation of primary immunodeficiency virus
infection by antiretroviral therapy could facilitate the develop-
ment of protective immune responses comes from the chal-
lenge experiment. The two monkeys maintaining low viral
loads after cessation of therapy were also protected from sub-
sequent challenge with a highly pathogenic heterologous virus.
The precise nature of the host responses controlling virus rep-
lication and mediating protection from infection and disease
remains to be determined.

In our experiment, only intermediate levels of virus replica-
tion prior to initiation of therapy seemed to induce long-term
clinical benefits. Lack of persistent viral load suppression after
cessation of highly active antiretroviral therapy (HAART) in a
small number of patients with primary HIV-1 infection (8, 22)
suggests that at the time of diagnosis it was too late to achieve
long-lasting beneficial effects. However, another patient
treated early during primary HIV infection maintained a low
viral load after cessation of therapy (19). Since primary HIV-1
infection is often asymptomatic and therefore not diagnosed,
short-term antiretroviral therapy during primary infection
might only be possible in a small number of patients. Mimick-
ing of the replication kinetics of live attenuated vaccines might
also be beneficial in a more widely applicable clinical situation
if the immune system can indeed recover under HAART (2,
11, 18). In patients successfully treated with HAART for an
extended period of time, the viral load usually rebounds to
high levels after cessation of therapy. One could speculate that
short-term omission of HAART in these patients until mod-
erate viral loads have developed, followed by immediate reini-
tiation of HAART, might also potentiate protective immune
responses capable of controlling virus replication if treatment
is later discontinued. Mimicking of the replication kinetics of
live attenuated immunodeficiency virus vaccines by antiretro-
viral therapy is an alternative strategy to long-term HAART
which warrants further consideration.
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