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To elucidate the relationship between early viral infection events and immunodeficiency virus disease
progression, quantitative-competitive and branched-DNA methods of simian immunodeficiency virus (SIV)
RNA quantitation were cross-validated and used to measure viremia following infection of rhesus macaques
with the pathogenic SIVmac251 virus isolate. Excellent correlation between the methods suggests that both
accurately approximate SIV copy number. Plasma viremia was evident 4 days postinfection, and rapid viral
expansion led to peak viremia levels of 107 to 109 SIV RNA copies/ml by days 8 to 17. Limited resolution of
primary viremia was accompanied by relatively short, though variable, times to the development of AIDS (81
to 630 days). The persistent high-level viremia observed following intravenous inoculation of SIVmac251
explains the aggressive disease course in this model. Survival analyses demonstrated that the disease course
is established 8 to 17 days postinfection, when peak viremia is observed. The most significant predictor of
disease progression was the extent of viral decline following peak viremia; larger decrements in viremia were
associated with both lower steady-state viremia (P 5 0.0005) and a reduced hazard of AIDS (P 5 0.004). The
data also unexpectedly suggested that following SIVmac251 infection, animals with the highest peak viremia
were better able to control virus replication rather than more rapidly developing disease. Analysis of early viral
replication dynamics should help define host responses that protect from disease progression and should
provide quantitative measures to assess the extent to which protective responses may be induced by prophy-
lactic vaccination.

Human immunodeficiency virus (HIV) infection can result
in a spectrum of outcomes varying from rapid development of
AIDS to long-term nonprogressive infection. Studies suggest
that both viral and host factors influence the variable course of
lentiviral disease. Viral pathogenicity, inoculum size, viral com-
plexity, and route of inoculation may have roles in disease
progression (14, 36, 46, 74, 79). Divergent patterns of disease
progression following infection from a common source virus
have been cited as evidence of differential host responses to
HIV (45, 52, 57). Host factors that could affect the disease
course include the susceptibility of host target cells to HIV
infection, innate immunity, and acquired immune resistance.
Inherited polymorphisms in genes encoding chemokine recep-
tors and chemokines have also been linked to variable HIV
disease courses (4, 15, 21, 27, 37, 48, 70, 73, 87). HIV-specific
aspects of host resistance could include variable effectiveness
of host CD41-T-helper cells, cytolytic or noncytolytic CD81 T
lymphocytes, and humoral immune responses that limit HIV
infection of target cells and delay disease progression (24, 28,
66, 89). Restricted expansions of CD81 T cells, as determined
by the usage of variable domains of the beta chain of the T-cell

receptor, have been linked with a less effective immune con-
tainment of HIV replication and faster disease progression
(60–62). Other factors associated with rates of disease progres-
sion include age at time of infection, HLA haplotype, natural
killer cell activity, and levels of host immune system activation
(1, 3, 5, 13, 33, 58).

Primary HIV infection is marked by a burst of viral replica-
tion, followed by variable declines in virus load within the
following weeks to months. The emergence of HIV-specific
cytotoxic T lymphocytes (CTLs) is temporally correlated with
control of HIV replication, although mathematical models
have also been proposed that suggest that the initial decline in
levels of HIV replication during primary infection could also
be explained by depletion of susceptible target cells (38, 39, 54,
63, 67). Whereas measures of early HIV replication (usually
obtained within the first months of infection) do not appear to
be associated with disease progression, the plateau concentra-
tion of plasma viral RNA achieved 6 to 12 months after pri-
mary HIV infection is highly predictive of long-term clinical
outcome (49, 51, 60). Although host factors have been corre-
lated with this viral “set point,” their mechanism of action or
effects on the primary virus-host interaction remain to be fully
elucidated (66, 90).

Critical host responses to HIV infection are likely to occur
within days of virus entry, and careful analyses of the initial
lentivirus-host interaction should help elucidate the relation-
ship between early viral infection events and subsequent out-
come. However, analyses of early correlates of HIV disease
progression are hampered by the inability to control for the
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virus isolate and the timing, amount, and route of virus inoc-
ulation. Therefore, investigations of early viral host dynamics
must be performed in animal models, where standardization of
virus inocula and the route of infection, combined with an
ability to perform early and frequent monitoring of infection,
allow the opportunity to test hypotheses and the impact of
interventions. Infection of macaques with simian immunodefi-
ciency viruses (SIV) has been established as a model in which
to study the natural history and pathogenesis of immunodefi-
ciency virus infection. Transfer of SIV from natural African
mangabey hosts to various Asian macaque species results in an
AIDS-like syndrome in the new host (reviewed in reference
19). The resultant SIV strains isolated from immunodeficient
macaques vary in pathogenicity. It appears that increased pas-
sage of SIV in vivo results in increased virulence as evidenced
by significant shortening of the asymptomatic period (83). The
isolates of SIV commonly used have been selected for their
ability to rapidly and reproducibly result in disease. The
SIVmac251 strain that has been used in many studies, includ-
ing this one, typically causes fatal disease within 1 to 2 years
rather than the decade of infection that represents a median
time to progression to AIDS in humans (6, 25, 43, 55).

Intensive analysis of primary SIV replication is made possi-
ble by the recent development of sensitive quantitative meth-
ods for the measurement of plasma SIV RNA levels (11, 26,
75, 77, 85). Frequent, quantitative sampling during primary
SIV infection not only can indicate when the disease course is
established, it may also provide important clues to critical
features of the initial virus-host interaction that determine
disease outcome (44). Although studies suggest roles for both
cellular and humoral immune responses in protection from
immunodeficiency virus-induced disease, rigorous demonstra-
tion of the precise host protective determinants remains a
challenge of AIDS pathogenesis and vaccine research (31).
Intensive virologic analyses could help to identify protective
virologic correlates of primary SIV infection; such virologic
correlates could serve as surrogate markers of host suscepti-
bility and antiviral responses and help to identify candidate
protective host-response mechanisms worthy of further inves-
tigation.

In this study, SIV quantitation assays based on different
principles were cross-validated and applied to the sensitive
virologic monitoring of primary SIVmac251 infection. The ex-
cellent correspondence between results obtained with the
quantitative-competitive RNA PCR (QC-PCR) and branched-
DNA (bDNA) assays suggests that both accurately measure
absolute copy number. The rapid and persistent high-level
viremia resulting from intravenous inoculation of the patho-
genic SIVmac251 isolate exceeds that observed in most HIV
infections of humans and explains the more rapid disease
course observed in macaques. Survival analysis demonstrated
early virologic predictors of disease progression, pointing to
potential host response markers and suggesting avenues for
future virologic and immunologic studies. However, these data
suggest that definition of more subtle aspects of the host-virus
relationship, including those more relevant to HIV infection of
humans, will likely require the use of less pathogenic viruses
than those commonly in use.

MATERIALS AND METHODS

Virus stocks. SIVmac251, generously provided by Ronald Desrosiers (New
England Regional Primate Research Center) was propagated on activated hu-
man peripheral blood lymphocytes as previously described (20). Titration of the
virus stock in a limited number of animals demonstrated that the 1-ml inoculum
used contained approximately 10 50% animal infectious doses. Titration on cells
indicated the inoculating stock contained ;50 50% tissue culture infectious

doses (TCID50)/ml on human peripheral blood mononuclear cells and 1 to 10
TCID50/ml on established T-cell lines (CEMx174, SupT1, and Hut78).

Animals and infections. Rhesus macaques (Macaca mulatta) were housed in
accordance with American Association for Accreditation of Laboratory Animal
Care standards and cared for according to standards set forth in the Guide for
the Care and Use of Laboratory Animals of the Institute of Laboratory Re-
sources (National Research Council, Washington, D.C.). Two groups of six
rhesus macaques (groups 1 and 2) were analyzed as part of a study of the effects
of immunization with commonly used vaccines on the T-cell repertoire of antigen
recognition in SIV-infected animals. Group 1 animals were 2 to 12 years of age
and weighed 3.2 to 14.7 kg. Group 2 animals were 3 to 14 years of age and
weighed 2.7 to 8.8 kg. Group 1 animals were immunized three times at biweekly
intervals with diphtheria-pertussis-tetanus (DPT) vaccine, with the last immuni-
zation being administered two weeks prior to SIV inoculation. The animals in
both groups were intravenously inoculated with ten 50% monkey infectious doses
of the same stock of SIVmac251. Following SIV infection, group 1 animals were
immunized with tetanus vaccine at weeks 10, 14, and 18. Group 2 animals were
immunized with tetanus vaccine at weeks 13 and 24 following SIV infection. Due
to the rapid development of fulminant SIV disease in several of the animals and
the overall rapid disease progression, we found it difficult to obtain meaningful
assessments of vaccine antigen-specific immune function; therefore, this report
focuses solely on early viral replication parameters.

Specimen collection. All animals were frequently phlebotomized during the
first three weeks following infection; group 1 animals were phlebotomized twice
weekly. The weight of each animal in group 2 was used to determine the
maximum allowable blood volume that could be collected. Five of six group 2
animals were phlebotomized at least three times weekly (animal 27141 was only
bled twice a week). The largest animals were phlebotomized almost daily (see
Fig. 2 and Results). Blood was collected in tubes containing either acid citrate
dextrose or EDTA as an anticoagulant for the QC-PCR and bDNA assays,
respectively. Plasma was processed within 3 h of blood draw as previously de-
scribed and frozen at 280°C (75). Serum for Western blot analysis was collected
and processed as previously described (9). Blood for flow cytometry was collected
in heparin tubes and processed immediately.

SIV QC-PCR. Plasma SIV RNA levels were measured in specimens corre-
sponding to early time points (through day 70) from group 1 animals by the SIV
QC-PCR assay (described in reference 75). In this method, a synthetic compet-
itive RNA template, which is derived from viral sequences but is distinguishable
from the real viral RNA by virtue of an internal 40-bp insertion, is included in the
reverse transcription and amplification steps to provide a stringent internal copy
number control. A 162-bp region in the SIVmac239 gag gene, flanked by se-
quences conserved among almost all HIV type 2 (HIV-2)-related SIV isolates,
serves as the target sequence for amplification. Virions from 0.5 to 1 ml of plasma
are concentrated by centrifugation, SIV RNA is extracted, and the RNA is
resuspended in 1/10 volume of H2O. The linear range of the assay is #50 to
50,000 copies, and the interassay variation in this range is ,25%. Typically, RNA
from 0.05 ml of plasma is loaded into each amplification reaction, giving a 1,000
copy/ml quantitation limit. As few as 10 copies of SIV RNA per amplification
reaction can be detected, giving an assay detection limit of 200 copies/ml of
plasma, comparable with high-sensitivity HIV RNA assays. The assay variance is
greater near the limits of assay sensitivity. In order to quantitate SIV RNA from
specimens containing low copy numbers during the first days after infection, the
extracted RNA was resuspended in a smaller volume to achieve greater RNA
input per amplification reaction.

bDNA quantitation of plasma SIV RNA. Plasma SIV RNA determinations
corresponding to late time points for the group 1 animals and to all time points
for the group 2 animals were performed with a bDNA signal amplification assay
(11). This assay is similar to the Quantiplex HIV RNA assay except that target
probes were designed to hybridize with the pol region of the SIVmac group of
strains, including SIVmac239, SIVmac251, SIVmac142, and SIVmne (59). SIV
RNA associated with viral particles was quantified after centrifugation and con-
centration of SIV from 1-ml plasma aliquots (23,000 3 g; 1 h) or by direct lysis
of 50-ml plasma aliquots. Quantitative SIV determinations were made by com-
parison with a standard curve produced by using serial dilutions of cell-free
SIV-infected tissue culture supernatant. (The cell-free SIV standard curve was
previously validated by direct comparison with purified, quantified, in vitro-
transcribed SIVmac239 pol RNA.) The lower quantitation limits of the 1-ml and
50-ml assay formats were 10,000 and 200,000 SIV RNA copies per sample,
respectively.

Comparison of the SIV QC-PCR and bDNA assays. A panel of 41 paired
plasma specimens from SIV-infected animals (group 2) was measured by both
the QC-PCR and bDNA assays. The correspondence of results was analyzed by
Pearson’s product-moment correlation test and the t test for dependent (paired)
samples. All statistical analyses were performed after log10 transformation of
data.

Humoral SIVmac responses. Sequential serum samples were assessed for
antibodies to SIVmac251 proteins by Western blotting as previously described
(9).

Calculation of the rates of virus growth and decay during primary infection.
Initial viral replication rates were calculated by using the exponential growth rate
equation: r 5 (lnY1 2 lnY2)/(t1 2 t2), where Y1 and Y2 are the virus load values
at times t1 and t2, respectively. The plasma virus load doubling time, T2, in days
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was calculated by using the equation T2 5 (ln2)/r. Initial growth rates and T2
were calculated with data from days 4 and 7 from group 1 animals and days 6 and
7 for group 2 animals. Rates of viral decay were calculated by using the decay rate
equation: a 5 (lnY1 2 lnY2)/(t1 2 t2). The maximum plasma viral decay half-life
for free virus and productively infected cells, T1/2, in days, was calculated by using
the equation T1/2 5 (ln2)/a. Viral decay rates and T1/2 were calculated with the
steepest interval of the decay curve following the peak datum point.

Statistical analyses. Statistical analyses were performed on log10-transformed
SIV RNA values, or ln values in the case of viral growth and decay rates.

(i) Survival analyses. Proportional hazards modeling was used for analyses of
survival; this approach was chosen in lieu of linear regression analysis due to the
nonnormal distribution of survival times. The endpoint for survival analyses was
the development of simian AIDS, which prompted euthanasia. Proportional
hazards modeling was used to test associations of predictor variables with sur-
vival times (which were nonnormally distributed) (10). The method used assumes
that the effect of a 1-unit increase in the value of a predictor is to multiply the
hazard rate at each time by a constant, called the hazard ratio (HR). Hazard
ratios of greater than 1.0 indicate that higher values of the predictor are asso-
ciated with greater hazard and therefore shorter survival; hazard ratios of less
than 1.0 indicate a protective effect of higher values of the predictor; hazard
ratios near 1.0 indicate no association of the predictor with survival. Because the
two groups of animals used in these studies received vaccinations with DPT or
tetanus vaccine on different schedules and had certain measurements performed
by different methods, multivariate models were used to evaluate predictors while
controlling for any group effect (23). Tests of the assumption that the hazard
ratios are the same at all possible failure times found no statistically significant
evidence against the assumption for the analyses presented here.

(ii) Regression methods. Regression analysis was used to look for associations
among the various viremia variables under study. For this analysis, datum points
that were common to the two groups of animals were used to avoid spurious
associations due to the more frequent sampling of group 2 animals. In order to
determine whether two viremia variables were associated, it was necessary to
adjust the association for the potential group effect. Therefore, multivariate
linear regression models were used, with group as one of the predictors, and
fitted by the method of least squares (17). This fit is obtained by minimizing the
sum of squared distances of the line from the actual response. To perform tests
on the slope, it is necessary to assume that these distances are normally distrib-
uted and independent of one another, with a mean of 0 and unknown constant
variance. An informal test of this assumption was performed by checking the
normality of the responses by the Shapiro-Wilk test (71). There was no statisti-
cally significant evidence against the assumption of normality for these analyses.

RESULTS

This study aimed to elucidate variable host responses to a
constant virus inoculum. Within the group of 12 rhesus ma-
caques studied, diverse clinical outcomes were observed, with
survival times of infected animals ranging from 81 to 630 days
following SIVmac251 infection. In order to test the hypothesis
that events occurring shortly after infection dictated subse-
quent disease outcome, we performed early and frequent vi-
rologic monitoring following SIVmac251 infection.

Ten of the 12 animals studied were euthanized according to
clinical and laboratory criteria established for terminally ill
immunodeficient macaques by the California Regional Pri-
mate Research Center. These criteria include a number of
conditions defining late-stage simian AIDS, such as progres-
sive weight loss (.25% of baseline), severe opportunistic in-
fections unresponsive to specific therapy, persistent anemia
(hemoglobin, ,10; hematocrit, ,30) and other hematologic ab-
normalities, persistent anorexia, intractable diarrhea, and the
presence of neurologic signs. The two longest-surviving ani-
mals in group 2 (22245 and 21332 [see below]) were euthanized
with early-to-intermediate symptoms of gross SIV infection,
including splenomegaly and generalized lymphadenopathy
with histopathological evidence of widespread lymphofollicu-
lar hyperplasia. For statistical analyses, these animals were
considered right censored at the time of euthanasia. In the
statistical analyses discussed below, the P values depend only
on the fact that these two animals lived longer than the other
animals in the group. There were no statistically significant
differences in survival or viremia levels between the two groups
of animals studied. Fluorescence-activated cell sorter analyses
of CD4 cell counts in a subset of animals demonstrated median

50 and 43% declines in absolute CD4 counts and percentage,
respectively, by 6 months postinfection (data not shown). Among
these animals, there was no relationship of CD4 decline to
survival.

The animals described in this study participated in a study of
the effects of commonly used vaccines (DPT and tetanus) on
the T-cell repertoire of specific-antigen recognition in
SIV-infected animals. Due to the rapid development of fulmi-
nant SIV disease in several of the animals, and the overall
rapid disease progression, we found it difficult to obtain mean-
ingful assessments of vaccine antigen-specific immune re-
sponses. The observed high-level viremia, accompanied by sub-
stantial generalized immune activation, rendered the surviving
animals unresponsive to subsequent immunization with spe-
cific antigens (data not shown). These observations are consis-
tent with our previous work, in which HIV-infected humans
with high baseline viremia were the least responsive to influ-
enza vaccine (76). Using historical controls infected with the
same virus inoculum, we could not detect a statistically signif-
icant effect of vaccination on disease progression; however, this
study was not designed to test the effects of vaccination on SIV
disease progression. The use of a less pathogenic SIV infection
model and larger numbers of animals will likely be needed to
ascertain whether more subtle aspects of the host-virus inter-
action, such as exposure to environmental antigens or immu-
nizations, accelerate development of immunodeficiency dis-
ease (see below). Therefore, this report focuses solely on the
relationship between early viral replication parameters and
survival.

Application of the SIV bDNA and QC-PCR assays to the
measurement of plasma SIV load demonstrates excellent cor-
relation. Because these studies relied extensively on the use of
recently developed quantitative SIV RNA assays, we first val-
idated the research utility of these assays on a panel of relevant
research specimens. The “target amplification” SIV QC-PCR
method was compared with the “signal amplification” SIV
bDNA method (11, 75). The SIV bDNA assay has a sensitivity
of 10,000 copies/ml with a 1-ml input and has a mean coeffi-
cient of variation (CV) of 25%. The SIV QC-PCR assay can
detect as few as 200 copies of SIV RNA per ml of plasma and
can reliably quantitate 1,000 copies/ml with ,25% interassay
variation. Assignment of absolute copy number for the bDNA
assay is based on in vitro RNA transcripts of the pol gene,
whereas the QC-PCR assay utilizes in vitro transcripts from the
gag gene. The comparison of two assays based on different
principles and internal standards offered the opportunity to
further validate the reliability of the absolute copy number
determinations obtained by these different approaches.

Cross-validation of the assays was performed through the
analysis of 41 paired plasma specimens. The specimens repre-
sented a range of plasma viral RNA concentrations (range,
.103 to 109 SIV RNA copies/ml of plasma [Fig. 1]). Statistical
analyses of the assay comparison gave the following correla-
tions: Pearson (parametric) correlation, r 5 0.94 and P ,
0.0001; Spearman (nonparametric) correlation, R 5 0.93 and
P , 0.0001. A t test for dependent samples indicated that
bDNA and QC-PCR values were not significantly different
(P 5 0.21). QC-PCR results were, on average, 0.08 log units, or
1.2-fold, higher. (The correction factor, 1/1.2, is used to adjust
QC-PCR values to match bDNA values.) This cross-validation
of the bDNA and QC-PCR assays increases the confidence
that the absolute copy number values obtained are accurate
and supports the observation that typical plasma SIVmac251
RNA levels observed in experimentally inoculated macaques
are substantially higher than the HIV-1 levels typically ob-
served in infected humans.
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Intravenous inoculation of SIVmac251 results in rapid, high
peak viremia, followed by limited restriction of virus growth.
In order to characterize the early course of viremia following
intravenous inoculation of SIVmac251, frequent measure-
ments of plasma virus concentration were performed. Two
groups of six rhesus macaques were infected. The animals in
the first group (group 1) had plasma viral RNA levels moni-
tored twice weekly during the first 3 weeks following inocula-

tion, followed by weekly measurements thereafter (Fig. 2A and
B). Animals in the second group (group 2) were phleboto-
mized more frequently; the four largest animals were phlebot-
omized at daily or near-daily intervals for 2 to 3 weeks postin-
fection, followed by weekly bleeds thereafter (Fig. 2C and D).

All group 1 animals manifested levels of SIV RNA that
could be readily detected or quantified by the SIV QC-PCR
assay by day 4, the first day of sampling, with copy numbers

FIG. 1. Comparison of QC-PCR and bDNA assays for SIV (n 5 41). Eq, equivalents.

FIG. 2. Plasma SIV RNA copy numbers during the first 100 days following primary infection of rhesus macaques inoculated with SIVmac251. For clarity, animals
manifesting the slowest courses of disease (26852 and 21332; slow progressors) are compared to the most rapid progressors within each group (26494 and 27141).
Animals manifesting intermediate survival times are plotted separately as intermediate progressors. Only SIV copy numbers above 3 to 5 log units of SIV RNA/ml are
shown in order to adequately represent different patterns of peak viremia and viral decline observed during early infection. The survival time for each animal is indicated
as the day (d) post-SIV infection when euthanasia was performed. (A and B) Rhesus macaques from group 1. Animal 26494 did not seroconvert to SIV antigens and
was terminated with fulminant SIV infection 99 days postinoculation. The remaining five animals seroconverted and were euthanized between 148 and 630 days
postinfection. For animal 26852, the plasma virus load after day 100 decreased to approximately 5 3 105 SIV RNA copies/ml and remained fairly steady until
termination at day 630. (C and D) Rhesus macaques from group 2. Animals 27141, 21350, and 23810 did not seroconvert and were euthanized with progressive disease
at 81, 167, and 178 days, respectively, postinfection. The remaining three animals seroconverted and were euthanized between 183 and 312 days postinfection. Animal
21332 was terminated with a plasma virus load of 8.7 3 105 SIV RNA copies/ml.
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ranging from ;2 3 102 to 8.6 3 103 SIV RNA copies/ml of
plasma (Table 1, group 1). This suggested early and rapid
growth of SIVmac251 in the newly infected hosts. At day 7, the
measured copy numbers ranged from 2.6 3 105 to 1.6 3 107.
Measurements at days 4, 7, 11, 14, and 19 demonstrated single
peaks of viremia at days 11 or 14 in all of the animals (Fig. 2A
and B). The maximum SIV RNA copy numbers attained were
high, varying from 3.6 3 107 to 1.9 3 109 SIV RNA copies/ml.
Thereafter, SIV RNA levels decreased by various extents,
ranging from 0.3 to 2.0 log10 in the 1 to 2 weeks after peak
viremia, followed by a continued slower decline in some ani-
mals. The animals appeared to establish quasi-steady-state lev-
els of plasma viremia by 4 to 6 weeks postinfection, with levels
ranging from 105 to .108 SIV RNA copies/ml of plasma (Fig.
2A and B). These “postacute” viremia levels are substantially
higher than those usually seen in humans. Western blot anal-
ysis of anti-SIV antibodies at 6 weeks postinfection demon-
strated that five of the six animals had seroconverted (data not
shown). Animal 26494, which did not seroconvert, developed
fulminant SIV disease and was the first animal to be eutha-
nized, with signs of simian AIDS at 99 days postinfection.

Group 2 animals were monitored with the SIV bDNA assay
throughout the entire course of SIV infection. The bDNA
assay was chosen because it readily allows simultaneous quan-
titation of a large number of specimens from the same animals.
Because limited plasma volumes were available, the 50-ml for-
mat of this assay was used, limiting SIV RNA detection to
200,000 copies per ml and precluding viral RNA quantitation
at the earliest time point (day 4). At day 6, SIV was quantifi-
able in three of five animals tested (range, 9.7 3 105 to 6.4 3
106), and it was quantifiable in all six animals by day 7 (range,
4.4 3 105 to 4.0 3 107) (Fig. 2C and D). The group 2 animals
manifested early viral growth comparable to that in the animals
in group 1, with the exception of animal 22245, which demon-
strated a lag in early replication (Fig. 2D). With the more
frequent monitoring of viremia in group 2, initial peaks of
viremia were observed between days 8 and 13 in all of the
animals, with copy numbers ranging from 6.1 3 107 to 2.2 3
108 SIV RNA copies/ml. Two animals manifested two peaks of
viremia at days 11 and 17 postinfection. The second peaks, at
3.3 3 108 and 4.2 3 108 copies/ml, were approximately twofold
higher than the first peaks observed in the same animals (con-
firmed by application of both the QC-PCR and bDNA assays
[Fig. 2C and D]). It is important to note that such double peaks
were not observed in group 1 animals, monitored less fre-
quently. Viral titers decreased by 0.4 to 1.8 log10 units in the 1
to 2 weeks following peak viremia, followed by a more gradual
decline. The quasi-steady-state viremia levels established in
these animals ranged from 105 to .108 SIV RNA copies/ml of
plasma (Fig. 2C and D). Overall, the measured levels of early
viremia in group 2 animals were not statistically different from
the values obtained for the group 1 animals. Three of six
animals in group 2 seroconverted to anti-SIV antibodies by
week 12 postinfection. The three animals that did not serocon-

vert (26141, 21350, and 23810) were the first animals to be
euthanized, at days 81, 167, and 178 postinfection, respectively.

Prior to clinical decline and euthanasia, levels of SIV repli-
cation increased by approximately 1 to 2 log units above the
nadir attained in most animals (not shown). None of the ani-
mals was able to suppress viral replication to the levels typically
seen in HIV-infected humans. Together, these observations
show that intravenous inoculation of SIVmac251 can result in
rapid, high peak viremia, followed by a variable but rather
limited restriction of virus growth.

Similar initial virus growth rates are followed by more vari-
able virus decay rates. In order to more precisely characterize
initial virus growth and subsequent decay, growth and decay
slopes were calculated. Early restrictions in viral replication
would manifest as variable virus growth in the newly infected
host. Early virus replication in individual hosts was assessed by
estimation of mean rate (r) and standard deviation (SD) of
virus growth and the corresponding doubling time, T2 (de-
scribed in Materials and Methods). Growth slopes, in ln units,
were calculated by using the initial two quantifiable datum
points for each animal. For group 1 animals, these datum
points corresponded to days 4 and 7 postinfection and gave a
mean growth rate (r) of 2.55 (SD 5 0.46; range, 1.86 to 3.22)
(Table 1). This growth slope corresponds to a T2 of 0.27 days,
or 6.5 h. Since the first two quantifiable datum points for group
2 animals were on days 6 and 7, these time points were used to
estimate growth slopes, giving a mean r value of 2.00 (SD 5
0.53; range, 1.47 to 2.53) and a T2 value of 0.35 days, or 8.4 h
(Table 1). The lower growth rate calculated with later time
points for group 2 may reflect deviation from exponential
growth as the growth curves approach peak viremia (Fig. 2).
Variabilities in growth slopes, calculated as the CV (CV 5
SD/mean), were 18 and 26% for group 1 and 2 animals, re-
spectively, suggesting modest variation in initial growth slopes
(Table 1). Although this analysis does not address the deter-
minants of the initial rates of SIV replication, it suggests that
SIVmac251 infection of rhesus macaques results in similar
rates of early virus growth in different hosts.

The determinants of the magnitude of reduction of viremia
following peak viremia are poorly understood. The two pre-
vailing models of viral suppression invoke either target cell
availability or antivirus immune responses as the primary de-
terminants of a decline in peak viremia (38, 39, 63). This phase
of SIVmac251 infection was analyzed by calculation of slopes
of viral decay and plasma virus load half-life, T1/2 (see Mate-
rials and Methods). Decay slopes, in ln units, were calculated
from the steepest interval of the decay curve following peak
viremia for each animal. (The steepest interval was chosen as
an approximation of the fastest rate of viral decay in each
animal. This approach does not account for potentially chang-
ing rates of viral decay during resolution of primary infection.)
For group 1 animals, the mean decay rate was 0.48 (SD 5 0.25;
range, 0.21 to 0.85) (Table 1), corresponding to a T1/2 of 1.44
days. Group 2 animals manifested a mean of 0.51 (SD 5 0.32;

TABLE 1. Viral replication dynamics parametersa before and after peak viremia

Group Mean growth
rateb (SD) Rangec Doubling

time (days) Range Mean decay
rated (SD) Range Half-life

(days) Range

1 2.55 (0.46) 1.86–3.22 (n56) 0.27 0.21–0.37 0.48 (0.25) 0.21–0.85 (n56) 1.44 0.82–3.3
2 2.00 (0.53) 1.47–2.53 (n55) 0.35 0.27–0.47 0.51 (0.32) 0.05–0.99 (n56) 1.36 0.70–13.9

a In ln units.
b Based on earliest available time points (days 4 and 7 for group 1 and days 6 and 7 for group 2).
c Ranges of observed values.
d Based on the steepest interval of the decay curve following peak viremia.
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range, 0.05 to 0.99) and a corresponding T1/2 of 1.36 days. In
contrast to more similar initial virus growth slopes prior to
peak viremia, the CVs associated with the slopes of viral de-
cline were larger (52 and 64% for groups 1 and 2, respectively),
and a broad range of viral T1/2s were observed (1 to 14 days).
These data suggest differential host responses to virus during
this phase of the early virus-host interaction (Fig. 2), although
the mechanisms of virus reduction remain to be elucidated.

Patterns of early viremia are associated with differences in
levels of postpeak viremia and survival. The animals in this
study manifested variable courses of disease and were termi-
nated with signs and symptoms of AIDS at widely varying
times, ranging from 81 to 644 days postinfection. In this small
group, neither age nor baseline CD4 count was predictive of
disease course. In order to ascertain whether the character of
early primary viremia predicted disease course, statistical anal-
yses were performed. The primary viremia variables chosen for
survival analyses included early viral growth, peak viremia, the
decline in viremia, and postacute viremia. Associations be-
tween these viremia parameters were also assessed. Propor-
tional hazards modeling was used to test associations of puta-
tive predictor variables with survival (10). Because the two
groups of animals used in these studies were handled differ-
ently and had a subset of virus load measurements performed
by different methods, multivariate models were used to evalu-
ate predictors while controlling for any group effect. Linear
regression analyses were performed to look for associations
between viremia variables.

(i) Early viremia (days 4, 6, and 7) and virus growth rates.
Because the extent of early virus growth might influence the
resulting host-virus equilibrium, or set point, we looked for an
association between viremia levels at days 4, 6, or 7 and post-
acute viremia or survival. There was no correlation among
these parameters. There also did not appear to be any corre-
lation between early virus growth rates and subsequent viro-
logic events or survival. These data are consistent with the lack
of large variation in early SIVmac251 growth rates (Table 1),
and they differ from the variable early virus growth observed
for less virulent SIVsmE660 infection (44).

(ii) Peak viremia. Peak viremia might reflect the extent of
activated cell targets available for SIV replication, as well as
ensuing factors which abrogate SIV replication. Interestingly,
the highest peak viremia was observed in animal 26852, which
thereafter exhibited relative control of virus replication and the
longest survival (630 days [Fig. 2A]). These data suggest the
possibility of a more optimally activated CD41-T-lymphocyte-
based antiviral immune response in this animal (see Discus-
sion). Hazards modeling, used to test the putative association
between peak viremia and survival, suggested that each
1-log10-unit increase in peak viremia was associated with a 0.19
relative hazard ratio (HR) of progression to AIDS, or an
approximately fivefold-decreased risk (P 5 0.026) (Table 2).
When the two animals with the most extreme values were
removed from this analysis, (animals 26852 and 26494), the
association between peak viremia and survival was no longer
statistically significant; thus, studies with larger numbers of
animals will be needed to confirm these provocative results.
Higher peak viremia was also associated with larger subse-
quent declines in viremia, calculated as the difference between
peak viremia and average postacute viremia over days 35 to 60
(P 5 0.009). Conversely, animals with the lowest peak viremia
exhibited an inability to control virus replication thereafter
(Fig. 2A and C).

(iii) Decline in viremia. The postpeak decline in viremia
might represent the best measure of host ability to suppress
virus replication. Viremia decline, measured as the difference

between peak and average postacute viremia (days 35 to 56),
was significantly correlated with both lower postacute viremia
(P 5 0.0005) and increased survival (P 5 0.004) (Table 2).
Each 1-log10-unit increment in the difference between peak
and postacute viremia was associated with an HR of 0.11, or an
approximately ninefold-reduced hazard of AIDS. Thus, the
magnitude of early viral decline is positively linked to longer
survival.

(iv) Postacute viremia. Higher postacute viremia, defined as
the average viremia over days 35 to 60 postinfection, was sig-
nificantly correlated with an increased risk of progression to
AIDS (HR 5 12.6; P 5 0.007) (Table 2). In order to determine
how soon after the initial decline in viremia postacute viremia
measures predicted survival, the predictive value of viremia at
days 28, 35, and 42 was analyzed. Viremia levels 28 days postin-
fection did not correlate with survival, consistent with some
animals not yet having reached a nadir in viremia. A significant
correlation between postacute viremia and survival was first
detected at day 35, with each 1-log10-unit increase in viremia
associated with a 3.5-fold-increased hazard of progression to
AIDS (95% confidence interval [CI], 1.2, 10.3; P 5 0.021) (Fig.
2). By day 42 postinfection, the HR associated with each
1-log10-unit increase in viremia had risen to 30.2 (95% CI, 1.3,
684; P 5 0.032).

Although either peak viremia or postacute viremia alone
predicted survival (Table 2), there did not appear to be a
significant correlation between these two parameters. After
adjustment for postacute viremia, the P value of peak viremia
as a survival predictor was 0.07, with an HR of 0.17, suggesting
the possibility that peak viremia might be an independent
predictor of survival.

DISCUSSION

This study analyzed different patterns of virus replication
following inoculation of SIVmac251 into 12 rhesus macaques.
A constant viral inoculum was used in order to elucidate vari-
ation in host response to primary SIV infection. The ability to
control the virus inoculum and timing of infection allowed us
to make observations not feasible in studies of primary HIV-1
infection of humans.

We applied two sensitive methods for the analysis of SIV
replication following primary infection of rhesus macaques.
The comparison of two methods for plasma SIV RNA quan-
titation, target amplification (QC-PCR) and direct detection
(bDNA) (11, 75), demonstrated excellent concordance be-
tween the assays (Fig. 1), suggesting that the measured high
levels of SIV plasma viremia are a close approximation of the

TABLE 2. Early plasma viremia correlates of SIV disease
progression (n 5 12)

Predictora HRb (95% CI) P value

Peak viremia (days 8–17) 0.19 (0.05, 0.82) 0.026
Postacute viremia (days 35–60)c 12.6 (2.0, 80) 0.007
Absolute decline in viremiad 0.11 (0.02, 0.49) 0.004
Day 35 viremia 3.5 (1.2, 10) 0.021
Day 42 viremia 30.2 (1.3, 684) 0.032

a All viremia measurements were analyzed as the log10 (SIV RNA).
b HR for progression to AIDS, determined by proportional hazards modeling

controlled for group in a bivariate (two-predictor) proportional hazards model.
HR corresponds to each 1-log10-unit increase in SIV RNA for all viremia mea-
sures.

c Calculated as the average of the log10 SIV RNA levels on days 35 to 60
postinfection.

d Log10 peak viremia 2 log10 postacute viremia.
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absolute copy number. Frequent virus load monitoring eluci-
dated aspects of the dynamic primary viremia period that were
not observed in other longitudinal disease progression studies
with less intensive monitoring (26, 85) and allowed the corre-
lation of early virologic events to subsequent disease course
and survival time.

Differential host responses to viral infection could be due to
genetic factors affecting the differing ability of host cells to
support SIV replication, as recognized previously for HIV and
as reported recently for SIVsm infection (44, 88). Host cells
could also vary in their activation or proliferation state, de-
pending on baseline immune activation in the animal (18) as
well as the extent of T-cell activation induced by SIV antigens.
Individual hosts likely vary in their ability to mount innate or
adaptive immune responses. Antiviral immune responses, such
as CTLs, could be influenced by macaque major histocompat-
ibility complex haplotype or other genetic factors (42).

SIV was detected in the plasma as early as 4 days postinfec-
tion (the first time point at which blood was collected) in all
animals monitored by QC-PCR, suggesting that SIVmac251
rapidly infected all animals with similar efficiency. This initial
appearance of virus is faster than that reported in a study of
SIVsmE660 infection of Macaca nemestrina (56). Estimation of
rates of initial virus replication demonstrated that circulating
virus levels double approximately every 7 to 8 h during this
phase (Table 1). These growth rates are similar to those re-
cently reported for SIVsmE660 infection of M. nemestrina,
despite the reduced magnitude of early SIVsmE660 viremia
relative to that observed here for SIVmac251 (56). Modest
host-to-host variation in initial SIVmac251 growth rates sug-
gests limited differences in the initial virus-host interaction,
perhaps due to the overwhelming nature of the virus inoculum.

The timing of initial peak viremia, occurring between 8 and
14 days postinfection, is similar to, or slightly earlier than, that
reported following SIVsmE660 infection of M. mulatta or M.
nemestrina (56, 85). Peak viremia levels ranged from 3.6 3 107

to 1.9 3 109 SIV RNA copies/ml. These peak values are higher
than those observed for SIVmac239 and SIVsm and are con-
sistent with the known increased virulence of SIVmac251 rel-
ative to SIVmac239 (26, 34, 56, 85). This peak SIVmac251
viremia is also higher than that reported in most primary
HIV-1 infection studies, although human studies can only
rarely precisely pinpoint peak viremia (35, 49, 68, 69). Viral
diversity analysis in a subset of animals (based on the SIV env
V1-V2 region) indicated that the SIV quasispecies detected
early after intravenous inoculation resembled the virus inocu-
lum, suggesting that little selection or “filtering” of viral vari-
ants had occurred (22). This is in contrast to mucosal trans-
mission of HIV or SIV, in which a subset of variants in the
donor may become the major quasispecies in the newly in-
fected recipient (74, 91). Taken together, these data suggest
that SIVmac251 is an exceptionally virulent virus which, upon
intravenous inoculation, grows explosively in macaques. The
seroconversion rates and survival times of the animals de-
scribed in this study are similar to those observed by other
investigators with the SIVmac251 isolate.

Following peak viremia, the rate and extent of viral decay
observed in the different animals was quite variable, with the
magnitude of early virus load decreases ranging from 0.3 to 2.0
log10 units. Following initial rapid declines in viremia, most
animals continued to manifest more-gradual decreases in vire-
mia over the course of several weeks, with individual animals
establishing different quasi-steady-state levels of viremia 4 to 6
weeks postinfection. However, a prolonged steady-state vire-
mia, similar to that observed in many HIV-infected humans,
was not observed. Most animals established postacute viremia

levels ranging from 106 to 108 SIV RNA copies/ml, in contrast
to the levels typically seen in HIV infection (#105 copies/ml).
The inability to gain substantial control of initial viral rep-
lication and the continued high postacute viremia explain
the accelerated disease course observed in rhesus maca-
ques, nonnatural hosts of SIV, intravenously inoculated with
SIVmac251.

More frequent sampling of group 2 animals indicated the
presence of two peaks of viremia in the first 3 weeks of infec-
tion in some animals. Double peaks were not observed in
animals monitored less frequently, emphasizing the impor-
tance of near-daily monitoring for the accurate characteriza-
tion of early primary viremia events. The observed double
peaks may reflect temporal variations in target cell availability
and in the course of virus dissemination within the host, as well
as the kinetics of host response to infection. However, the
appearance of a second, higher peak in some animals is diffi-
cult to reconcile with acquired immunity being the sole or
perhaps even predominant driving force in the resolution of
the first peak.

The outcome of SIVmac251 infection was related to viral
replication dynamics occurring during the first 3 weeks after
infection. Following peak viremia, there was considerable vari-
ation in viral decay or suppression (Table 1), and this variation
was related to the disease course. The mean T1/2 of decline of
plasma SIVmac251 in this study (1.4 days) is comparable to
that observed following resolution of primary SIVsm infection
of M. nemestrina (56). The most significant virologic correlate
of slower disease progression was the magnitude of postpeak
decline in viremia; larger differences between the peak and
postacute viremia levels predicted both lower postacute vire-
mia and better survival. Other studies have correlated the
appearance of SIV-specific CTLs or NK cells with the decline
in virus load, suggesting a role for these cellular immune re-
sponses in early virus suppression (31, 65, 72). If “protective”
patterns of early viral replication can be reproducibly linked to
identifiable immune responses, then measures of early viral
dynamics might serve as surrogates for monitoring the effects
of interventions. Vaccine study design could include well-char-
acterized virologic markers to assess how well ex vivo measures
of immune function correlate with the in vivo effectiveness of
vaccine-elicited host immune responses in controlling the ex-
tent of virus replication.

Consistent with other studies of HIV and SIV, postacute
viremia was found to significantly predict the risk of disease
progression (26, 78, 85). However, in contrast with previous
studies, the correlation between higher postacute viremia and
greater risk of SIV disease progression could be detected even
earlier, as soon as 35 days postinfection (Table 2). Each 1-log-
unit increase in postacute SIV viremia was associated with a
3.5- to 30-fold-increased hazard of progression to AIDS, a risk
comparable to that associated with increased HIV levels in
people (Table 2) (50).

Unexpectedly, among these animals with overall high-level
viremia, the animals with the lowest peak viremia were unable
to control virus replication and experienced a rapid disease
course whereas animals with higher peak viremia (occurring
between days 8 and 17 postinfection) manifested larger post-
peak declines in viremia and better survival (Fig. 2). For a
given virus strain, a positive correlation between peak viremia
and increased survival has not been reported, although most
published studies have used less frequent monitoring and
therefore would not precisely identify the timing and magni-
tude of peak viremia (26, 85). A recent SIV study which did
include frequent virologic determinations used the apparently
less pathogenic SIVsmE660 and a molecularly cloned variant,
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SIVsmE543-3; the variable early growth of these isolates ap-
peared to be the primary predictor of lower postacute viremia
(44). When early viral growth is restricted or variable, as is seen
in comparisons of attenuated and pathogenic SIVs, then this
early variable growth may be a predominant determinant of
the subsequent disease course (16). The level of peak viremia
will be influenced by significant variation in early virus growth.
For example, in this study, animal 22245 manifested a lag in the
first appearance of viremia, followed by lower peak and post-
acute viremia levels (Fig. 2D). Thus, less vigorous early virus
replication could give the immune response an advantage in
the dynamic host-virus interaction that occurs very early after
infection. In this study, very similar and robust initial
SIVmac251 growth rates were followed by varying levels of
peak viremia. It remains to be determined which features,
namely variable early virus growth or variable peak viremia,
are predominant determinants of subsequent outcome in HIV-
infected humans.

Although either peak viremia or postacute viremia alone
predicted survival (Table 2), a correlation between these pa-
rameters was not detected, suggesting that peak viremia may
either be an independent predictor of survival or represent one
of two or more factors that influence postacute viremia. This
latter possibility is supported by the results in the SIVsm
model, which identify early virus growth (day 7 viremia) as a
predictor of steady-state viremia (44). Better understanding of
the various determinants of infection outcome will require
further analysis of the various SIV infection models and larger
sample sizes.

The SIVmac251 isolate used in these studies was originally
selected for its dramatic disease-causing properties in rhesus
macaques (12, 43) (although the passage history and culture
conditions of SIVmac251 stocks used by different investigators
may vary in ways that affect the relative virulence of a partic-
ular stock). For as yet unknown reasons, sequential intrave-
nous passage of SIV or simian-human immunodeficiency virus
(SHIV) recombinants in macaques or HIV in chimpanzees can
select for extremely pathogenic viruses that cause rapid CD4
decline, even when the initial virus strain replicated poorly in
vivo and was of limited pathogenicity (32, 83). This type of
rapid, extreme selection does not appear to occur in natural (as
opposed to experimental) HIV transmission. Furthermore, the
size of the inoculum typically used to achieve 100% infection of
animals is likely much larger than that involved in natural
host-to-host transmission events. Finally, the intravenous inoc-
ulation route used to introduce virus bypasses mucosal barri-
ers, which nascent HIV infections must traverse, including
tissue dendritic and antigen-presenting cells. The consequently
rapid delivery of virus to the bloodstream and to central and
peripheral lymphatic tissues, where numerous susceptible tar-
get cells reside and where activation of the immune system in
response to virus infection takes place, may facilitate the mag-
nitude of virus growth and the associated pathogenic conse-
quences. Thus, the rapid disease course following SIVmac251
infection may bear limited resemblance to the viruses selected
during the course of natural HIV transmission or to the disease
course following HIV infection of humans. Because highly
pathogenic viruses may obscure more subtle aspects of the host
virus relationship, they should be used cautiously in studies
designed to test concepts relevant to HIV-induced disease. For
example, in this study, the rapid disease progression and high-
level immune activation resulting from SIVmac251 infection
compromised our ability to analyze the impact of immuniza-
tion with specific antigen on the CD41-T-cell repertoire of
antigen recognition and response. Furthermore, the use of
SIVmac251 and similar or derivative viruses (e.g., SHIV89.6P)

as vaccine challenge stocks may present an overwhelming in-
fection against which it is difficult to mount immunologic pro-
tection (29, 30, 32, 64).

The development of optimal antiviral immunity is depen-
dent upon the magnitude and quality of the primary T-cell
immune response to viral infection (reviewed in reference 2),
with a majority of responding cells being virus specific as op-
posed to non-antigen-specific bystanders (7, 8, 41, 53). Because
HIV and SIV replication are driven by T-cell activation (86), it
will be important to determine how primary SIV-specific
CD41-T-cell proliferative responses contribute to the pool of
susceptible target cells available to support SIV production
(66) and the relationship of primary CD4 responses to CD81-
CTL responses. HIV-specific CD41-T-cell proliferative re-
sponses have been reported to be found only in rare individuals
with slowly progressing or nonprogressing HIV infection,
where they are seen in conjunction with HIV-specific CTL
responses and low viremia (40, 66). Administration of antiret-
roviral therapy or anti-SIV antibodies near the time of primary
immunodeficiency virus infection may partially recapitulate
this beneficial host-virus equilibrium, perhaps by inhibiting the
earliest rounds of virus replication, giving the immune re-
sponse an opportunity to establish more effective antiviral im-
munity before irreversible immune system damage occurs (47,
80–82, 84). In this study, the observation that the animal with
the lowest peak viremia was unable to mount humoral immune
responses and rapidly succumbed to disease suggests that fu-
ture studies should investigate the fate of virus-specific im-
mune effector cells during the course of SIV infection.

This study highlights the role of very early events in the
establishment of the SIV disease course. If the HIV disease
course is established at a similarly early time, then alteration of
the natural host-virus equilibrium may only be possible
through prior vaccine intervention or antiretroviral therapy
applied within days of HIV exposure. It is important to fully
define the window of opportunity within which potentially pro-
tective interventions can alter the host-virus equilibrium. The
simian model will be essential for the further elucidation of
early determinants of disease progression, their time course of
expression, and how these determinants are influenced by vac-
cines and other interventions. Future study design should in-
clude the use of more natural virus stock challenges, which may
present more realistic tests of immunodeficiency virus replica-
tion dynamics in vivo and the impact that vaccine-induced
immune responses can exert to prevent immunodeficiency vi-
rus infection or disease.
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