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In the absence of antiretroviral therapy, most human immunodeficiency virus type 1 (HIV-1)-infected individuals progress
to AIDS and death. The median time between seroconversion
and the development of AIDS is approximately 10 years (16).
Rates of disease progression, however, are highly variable,
ranging from rapid progression to AIDS within 1 year to longterm asymptomatic survival for over 15 years. The plasma
HIV-1 RNA concentration in untreated HIV-1-infected individuals is a significant surrogate marker of the rate of disease
progression (32). Although both host factors and viral factors
are important determinants of the rate of HIV-1 disease progression, the reasons for variability in plasma HIV-1 RNA
concentration and disease course among individuals with
chronic HIV-1 infection are not fully understood (23, 24).
Multiple host factors have been associated with altered
plasma virus loads and rates of disease progression (reviewed
in references 23 and 24). A 32-bp deletion from the chemokine
receptor CCR5 gene (CCR5⌬32), which prevents normal expression of this HIV-1 coreceptor, has been associated with
diminished susceptibility to HIV-1 infection, lower plasma
HIV-1 RNA concentrations, and delayed disease progression
(13, 15). Levels of CCR5 expression and CD4⫹ T cells differ
greatly even among individuals who are homozygous wild type
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at this locus, and in one study the density of CCR5 molecules
on CD4⫹ T cells correlated with the plasma HIV-1 RNA
concentration (37). Host CD4⫹ cell susceptibility independent
of levels of CCR5 expression has been found to be a critical
determinant of plasma virus concentration and disease progression in macaques infected with the same strain of simian
immunodeficiency virus (19), suggesting that other factors besides CCR5 expression affect host cell susceptibility. Levels of
expression of RANTES, a ␤-chemokine that competitively inhibits HIV-1 entry through the CCR5 coreceptor, have been
associated with altered rates of disease progression (34a). Virus-specific CD8⫹ T cells, which demonstrate potent antiretroviral activity in vitro (43), have been implicated in disease
progression as well. Long-term nonprogressors have vigorous
HIV-1-specific CD8⫹ T-cell responses compared to other
HIV-1-infected individuals (21, 38), suggesting that these responses are critical determinants of disease progression. Removal of CD8⫹ cells from simian immunodeficiency virusinfected macaques augments plasma viremia (28, 39), further
bolstering the hypothesis that CD8⫹ lymphocytes are critical to
virus control in vivo.
Several lines of evidence support an association between
viral phenotype and rate of HIV-1 disease progression. Early
in the HIV-1 epidemic it was recognized that infection with
viruses that induced syncytia on transformed T-cell lines (SI),
and that were subsequently found to use the CXCR4 coreceptor for entry, was associated with higher plasma HIV-1 RNA
concentrations and more-rapid disease progression than infection with viruses that did not induce syncytia on these cell lines
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Although plasma human immunodeficiency virus type 1 (HIV-1) RNA concentration is a major determinant
of the rate of HIV-1 disease progression, the reasons for variability in plasma virus loads among infected
individuals are not fully understood. We conducted investigations with 15 HIV-1-infected individuals who were
not receiving antiretroviral therapy to evaluate the hypothesis that HIV-1 replication rate in vitro is a
significant determinant of plasma virus load. Virus could not be isolated from one subject. Two subjects were
excluded because they had features previously associated with distinct plasma virus loads and altered rates of
disease progression; one harbored a syncytium-inducing virus and the second was heterozygous for a 32-bp
deletion from the CCR5 gene. HIV-1 replication rates were determined by culturing autologous virus isolates
in phytohemagglutinin-treated peripheral blood mononuclear cells (PBMC) and determining the rate of p24
antigen production during the logarithmic phase of viral replication. The contribution of HIV-1 reverse
transcriptase (RT) and protease (PR) alleles to replication capacity was assessed using recombinant viruses
in a single-cycle infection assay. HIV-1 replication rates ranged from 0.15 to 0.76 log10 pg/ml/day and were
reproducible within the same donor PBMC (coefficient of variation ⴞ 4%). RT-PR replication capacity ranged
from 14 to 95% of that of control virus and was linearly related to replication rate (r2 ⴝ 0.53; P ⴝ 0.007).
Plasma HIV-1 RNA concentration was linearly related to replication rate (r2 ⴝ 0.71; P < 0.001) and RT-PR
replication capacity (r2 ⴝ 0.44; P ⴝ 0.019). These data suggest that different RT-PR alleles are important
determinants of HIV-1 replication rates and that HIV-1 replication rate explains much of the variability in
plasma virus load in chronic HIV-1 infection.
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MATERIALS AND METHODS
Human subjects. The subjects of this study were HIV-1-infected individuals
recruited for a study of lymphoid tissue immune responses who were not receiving antiretroviral therapy. Individuals who were known or suspected to have
become infected within the preceding 6 months were excluded. HIV-1-seronegative subjects were laboratory workers who were tested every 6 months for HIV-1
antibodies. Informed consent was obtained from all participants in this study in
accordance with the Colorado Multiple Institutional Review Board.
Plasma virus measurements. The HIV-1 Monitor Assay (Roche Diagnostics,
Indianapolis, Ind.) was used according to the manufacturer’s instructions to
measure HIV-1 RNA levels in plasma.
CCR5⌬32 genotyping. DNA was isolated from subjects’ cells, amplified by
PCR, and analyzed by electrophoresis on ethidium-stained agarose gels as previously described (33). Homozygous wild-type DNA and heterozygous DNA
were run in parallel as controls.
SI phenotype. SI phenotypes were determined on MT2 cells as previously
described (26).
HIV-1 isolation and titration. HIV-1 was isolated from PBMC or inguinal
lymph node tissue by cocultivation with PBMC from multiple HIV-1-seronegative donors according to standard techniques (25). Viral stock titers were determined using a single HIV-1 seronegative donor’s PBMCs that were stimulated

with phytohemagglutinin (PHA) and interleukin-2 (IL-2) (PHA lymphoblasts)
for 3 days as previously described (27). This donor’s PBMCs were never used for
initial virus isolation. The 50% tissue culture infective dose was calculated by the
Spearman-Karber method (J. Hubert, Bioassay, p. 65-66; Spearman-Karber
method, 2nd ed., Hunt Publishing, Dubuque, Iowa, 1984).
HIV-1 replication assays. Replication of HIV-1 isolates was assayed by culturing 2,000 50% tissue culture infective doses of each isolate with 2 ⫻ 106
3-day-old PHA lymphoblasts in 2 ml of growth medium consisting of RPMI 1640
(Gibco BRL, Gaithersburg, Md.) supplemented with 20% heat-inactivated fetal
bovine serum (Sigma, St. Louis, Mo.), penicillin (Sigma) (100 U/ml), streptomycin (Sigma) (0.1 mg/ml), IL-2 (Roche Diagnostics) (10 U/ml), and L-glutamine
(Gibco BRL) (200 nM). PHA lymphoblasts were obtained from the same seronegative donor who provided PBMCs for virus titration. Assays were performed
using four different batches of PHA lymphoblasts obtained from this donor on
four different days. Cultures were incubated with virus for 2 h, washed two times
with phosphate-buffered saline, and incubated in the medium described above
for 10 days at 37°C, 95% humidity, and 5% CO2. A 0.2-ml aliquot of culture
supernatant was harvested on days 0, 1, 2, 3, 4, 6, 8, and 10 and assayed for p24
antigen by enzyme-linked immunosorbent assay (Beckman Coulter, Miami,
Fla.). Cultures were fed with 10% medium changes on the days that the supernatant was harvested.
Drug susceptibility testing. GeneSeq HIV and PhenoSense HIV assays (ViroLogic, Inc., South San Francisco, Calif.) were used as genotypic and phenotypic
assays, respectively, for the determination of virus isolate antiretroviral drug
resistance.
RT and PR replication capacity. The contribution of RT and PR to replication
capacity was assessed using a modified version of the PhenoSense assay (ViroLogic, Inc.). A retroviral vector capable of measuring replication capacity was
constructed using the NL4-3 infectious molecular clone of HIV-1. The vector
contains a luciferase expression cassette replacing the HIV-1 envelope gene. RT
and PR sequences were amplified from autologous virus stocks and inserted into
the vector using defined restriction enzyme sites. Recombinant viruses were
generated by introducing retroviral vector DNA into 293 cells by transfection
along with an expression vector that produces the envelope protein of murine
leukemia virus. At 2 days after transfection, virus was harvested and used to
inoculate new cell cultures, which were incubated for an additional 2 to 3 days.
Input virus at infection was normalized by the efficiency of transfection, as
measured by the luciferase expressed by the vector DNA in the transfected cells.
After normalization, the amount of luciferase activity detected in the infected
cells was used as a direct measure of RT and PR replication capacity. The RT
and PR replication capacity of recombinant viruses derived from patient isolates
was expressed as the percent replication of a recombinant reference virus derived
from NL4-3. The replication capacity of the NL4-3 reference virus (100%)
closely approximates the mean replication capacity of recombinant viruses derived from more than 1,000 wild-type isolates (T. Wrin and C. J. Petropoulos,
unpublished data).

RESULTS
Study subjects. HIV-1 was isolated from 14 of 15 subjects
from whom virus isolation was attempted. One subject was
excluded from further analysis because he was a CCR5⌬32
heterozygote, and a second subject was excluded because he
harbored a SI virus. The clinical and demographic characteristics of the remaining 12 individuals who are the subjects of
the following analyses are presented in Table 1. All subjects
were male, three-quarters of the group were Caucasian, and
the median age was 36 years. The median CD4⫹ T-cell count
was 403 cells/mm3 (range, 107 to 726 cells/mm3), and the median plasma HIV-1 RNA concentration was 26,145 copies/ml
(range, 538 to 166,875 copies/ml). Eight subjects were antiretroviral therapy naïve, whereas four had received single- or
dual-nucleoside analog RT inhibitor therapy for periods of
time ranging from 2 to 12 months. No subject received antiretroviral therapy within the 3 months preceding virus isolation. None of the virus isolates contained well-recognized PR
or RT inhibitor resistance mutations or exhibited drug susceptibility outside of the natural variation of wild-type viruses.
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(NSI) and that used the CCR5 coreceptor (12, 42). Long-term
nonprogressors who harbor HIV-1 with mutations in nef have
been described, and the viruses infecting those individuals have
been characterized as less fit than wild-type viruses from individuals with progressive disease (5). An assay that measures
the contribution of reverse transcriptase (RT) and protease
(PR) to virus replication has been used to show that drugresistant HIV-1 isolates have impaired replicative capacity
(14). Diminished fitness of these isolates has been hypothesized to explain the clinical benefit of antiretroviral therapy in
the setting of persistent virus replication. Further evidence for
a link between virus replication rate and disease progression is
suggested by the results of a study that showed that HIV-1
harbored by three long-term survivors had significantly less
replicative fitness in growth competition experiments compared with HIV-1 harbored by three individuals with progressive disease (36); viral replicative fitness in these assays was
significantly correlated with subjects’ plasma HIV-1 RNA concentrations.
In the present study, we hypothesized that if the HIV-1
replication rate is a significant determinant of disease progression, a simple measure of the virus replication rate in vitro
would be linearly related to plasma virus concentration. In a
cohort of chronically HIV-1-infected individuals who were not
receiving antiretroviral therapy, we evaluated the relationship
between plasma HIV-1 RNA concentration and the in vitro
replication rate of low-passage-number HIV-1 isolates as well
as the replication capacity of recombinant viruses that contained autologous RT and PR. To avoid potential confounding
effects from other factors known to be associated with HIV-1
disease progression, our analysis was restricted to subjects who
were homozygous for wild-type CCR5 and who were infected
with NSI viruses. The observation that expression of the chemokine receptors CXCR4 and CCR5 is differentially affected
in peripheral blood mononuclear cells (PBMC) under culture
conditions similar to those used in our in vitro replication assay
provided an additional rationale for the exclusion of individuals infected with SI viruses (6).
(These data were presented in part at the 9th Conference on
Retroviruses and Opportunistic Infections, Seattle, Wash., abstr. 346, 27 February 2002.)
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TABLE 1. Demographic and clinical characteristics of study subjects
Race

Prior
therapya

HIV-1
riskb

CD4⫹ T cell count
(cells/mm3)

HIV-1 RNA in
plasma (copies/ml)

1
3
4
5
10
11
13
17
20
23
25
26

37
43
33
24
32
44
38
40
50
32
35
35

Caucasian
Black
Hispanic
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Hispanic

Yes
No
Yes
Yes
No
No
No
No
No
No
No
Yes

M
M
M, I
M, I
M, I
M
M, I
M
I
M
M
M

169
464
163
282
342
591
107
571
215
726
553
473

74,335
149,049
18,742
35,331
29,144
166,875
46,390
1,673
4,380
10,022
23,145
538

a
b

Subjects with a prior history of antiretroviral therapy, which in all instances was limited to nucleoside analog reverse transcriptase inhibitor treatment.
M, men having sex with men; I, intravenous drug use.

HIV-1 replication assays. HIV-1 replication assays from all
subjects demonstrated a triphasic pattern of p24 antigen production, as has previously been observed (11, 31). For all isolates, there was an initial lag phase between days 0 and 1 after
inoculation, a logarithmic phase between day 1 and day 4 or 6,
and a plateau phase between day 4 or 6 and day 10. To investigate the cause of the plateau phase, PHA lymphoblasts were
inoculated with HIV-1 on days 3 and 7. Inoculation of PHA
lymphoblasts on day 3 produced the expected triphasic kinetics
of supernatant p24 antigen accumulation (Fig. 1). In contrast,
no significant p24 antigen production was observed in PHA
lymphoblasts inoculated on day 7 (Fig. 1). Similar results were
obtained in six experiments evaluating growth of three different HIV-1 isolates in lymphoblasts derived from two different
donors (data not shown). These findings suggested that the
plateau in p24 antigen production observed in HIV-1 replication assays could have resulted from loss of ability of PHA

FIG. 1. Growth curves for an HIV-1 isolate in PHA lymphoblasts
inoculated on day 3 (closed circles) and day 7 (open circles). Closed
circles show the typical triphasic growth curve for an HIV-1 isolate
after inoculation of lymphoblasts on day 3, with a lag phase (days 0 to
1), exponential phase (days 1 to 6) and plateau phase (days 6 to 10).
Open circles show growth of the same HIV-1 isolate on PHA lymphoblasts inoculated on day 7. All data points are the mean ⫾ range of two
parallel cultures.

lymphoblasts to become newly infected after day 4 of the assay.
Alternatively, the plateau could be explained by infection of all
susceptible cells in the culture prior to day 4. In either case, the
continued accumulation of p24 antigen between days 4 and 6
likely resulted from virus production in cells infected prior to
day 4.
HIV-1 replication rates. The replication rate of each HIV-1
isolate was determined by linear regression analysis of log10transformed culture supernatant p24 antigen concentration
(Fig. 2). To avoid influences of lag and plateau phases of
HIV-1 replication on measurement of HIV-1 replication rate,
all replication rates were determined from the slope of the
exponential phase of p24 accumulation. In 10 subjects the
exponential phase of p24 accumulation occurred between days
1 and 6, and in 2 subjects the exponential phase occurred
between days 1 and 4. All infections were performed in duplicate. For each isolate there was a strong linear relationship
between mean log10-transformed supernatant p24 antigen concentration and time (r2 range, 0.82 to 1.0). There was a fivefold
range of HIV-1 replication rates (0.15 to 0.76 log10 pg/ml/day;
median, 0.53 log10 pg/ml/day). Replication rate determinations
were highly reproducible. The coefficient of variation for replicate determinations with PBMC from a single donor was ⫾
4% (intradonor variability). To evaluate interdonor variability,
the replication rates of three different viruses were measured
using PHA lymphoblasts from three different donors known to
be homozygous wild type at the CCR5 locus (Table 2). The
coefficient of variation for interdonor variability was ⫾ 9%.
PR and RT replication capacity. PR and RT replication
capacity of recombinant viruses derived from patient isolates
relative to the NL4-3-derived reference virus (100%) ranged
from 14 to 95% (median, 56%). PR and RT replication capacity was linearly related to the HIV-1 replication rate measured
in PHA lymphoblasts (r2 ⫽ 0.53; P ⫽ 0.007) (Fig. 3).
Relationship between in vitro measurements of HIV-1 replication and plasma HIV-1 RNA concentration. There was a
strong linear relationship (r2 ⫽ 0.71; P ⬍ 0.001) between the
HIV-1 replication rate and plasma HIV-1 RNA concentration
(Fig. 4). This relationship spanned a range of plasma HIV-1
RNA levels of 3 orders of magnitude. The relationship between the growth rate and plasma HIV-1 RNA concentration
was statistically significant even when the highest (r2 ⫽ 0.66; P
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Subject

Age
(yr)
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⫽ 0.003) or the lowest (r2 ⫽ 0.52; P ⫽ 0.013) values were
omitted from the calculation. However, when data from the
subjects with the two lowest plasma HIV-1 RNA concentration
results (subjects 17 and 26) were removed from the analysis,
TABLE 2. Measurement of HIV-1 replication rates in PBMC from
different donors
HIV-1 replication rate (log10 p24 pg/ml/day)b

Virus
isolatea

Donor A

Donor B

Donor C

3
10
17

0.49
0.83
0.32

0.40
0.87
0.34

0.54
0.76
0.34

a

HIV-1 isolates from corresponding subjects described in Table 1.
HIV-1 replication rates were determined by measurement of the rate of p24
accumulation in culture supernatants as described in the legend to Figure 2. All
donors were homozygous wild-type CCR5.
b

the linear relationship did not reach statistical significance (r2
⫽ 0.33; P ⫽ 0.08). Thus, the strong overall relationship between the replication rate and plasma HIV-1 RNA concentration was not overly influenced by data points at the extreme
high and low ends of the spectrum of plasma HIV-1 RNA
concentration but was dependent on analysis of data from
subjects with a broad range of plasma virus load. RT and PR
replication capacity levels were linearly related (r2 ⫽ 0.44; P ⫽
0.019) with plasma HIV-1 RNA concentration as well (Fig. 5),
although the relationship was not as strong as that for the
HIV-1 replication rate and plasma HIV-1 RNA concentration.
DISCUSSION
In chronic HIV-1 infection, the plasma HIV-1 RNA concentration represents a quasi-steady-state equilibrium between
virus production and virus clearance. Over the past decade,
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FIG. 2. Measurement of HIV-1 replication rate. PHA lymphoblasts from a single donor were infected with NSI HIV-1 isolates from 12 different
subjects on day 0. Data during the phase of exponential increase of supernatant p24 were fitted by linear regression. The coefficient of
determination (r2) and slope (m) for each regression are shown. The slope (m) is the viral replication rate. All data points are the mean ⫾ range
of two parallel cultures. (A) Subject 1. (B) Subject 3. (C) Subject 4. (D) Subject 5. (E) Subject 10. (F) Subject 11. (G) Subject 13. (H) Subject 17.
(I) Subject 20. (J) Subject 23. (K) Subject 25. (L) Subject 26.
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much attention has been focused on the latter part of this
equation, namely, on virus clearance. It has become widely
accepted, on the basis of compelling data that CD8⫹ T cells
mediate potent antiretroviral activity both in vitro (8, 10, 43,
45) and in vivo (28, 39) and that differences in HIV-1-specific
CD8⫹ T-cell responses account for most differences in plasma
virus concentration among HIV-1-infected individuals. Nevertheless, increasing evidence suggests that this paradigm might
not be correct. With few exceptions (9, 34), the results of most
studies of chronically infected individuals have shown that the
magnitude and breadth of HIV-1-specific CD8⫹ cell responses

FIG. 4. HIV-1 replication rate in PHA lymphoblasts was linearly
related to plasma HIV-1 RNA concentration. Plasma HIV-1 RNA
values are from Table 1 and virus replication rate is the slope of the
regressions in Fig. 2. Solid line indicates fit of data by linear regression
(r2 ⫽ 0.71; P ⬍ 0.001). Dashed lines indicate the 95% confidence
interval for the regression.
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FIG. 5. HIV-1 RT and PR replication capacity was linearly related
to plasma HIV-1 RNA concentration. RT and PR replication capacity
was determined in a single cycle-based assay using recombinant virus
as described in the legend to Fig. 3. Solid line indicates fit of data by
linear regression (r2 ⫽ 0.44; P ⫽ 0.019). Dashed lines indicate the 95%
confidence interval for the regression.

are not inversely correlated with the plasma HIV-1 RNA concentration (1, 2, 20, 29), contrary to what would be expected if
these immune responses were the primary determinant of the
plasma HIV-1 RNA concentration. Indeed, in some instances
HIV-1-specific CD8⫹ T-cell responses have correlated directly
with the plasma HIV-1 RNA concentration (4, 17). Studies
within our own laboratory that included some of the same
subjects in the present study failed to reveal significant correlations between the plasma HIV-1 RNA concentration and
HIV-1-specific CD8⫹ cell response in either PBMCs or lymph
node cells (R. Schlichtemeier, J. E. Forster, S. MaWhinney,
A. M. Mian, J. M. Folkvord, A. H. Harken, and E. Connick,
unpublished data) and provided the impetus for the present
investigation of HIV-1 replication rate.
We evaluated the relationship between HIV-1 replication
rate in vitro and plasma HIV-1 RNA concentration in a cohort
of individuals who were not receiving antiretroviral therapy.
Subjects with SI virus or CCR5⌬32 heterozygosity, both features known to be associated with distinct rates of disease
progression and viral loads, were excluded from the analysis. It
is notable that most individuals are initially infected with NSI
viruses (46) and that the majority of HIV-1-infected individuals are homozygous wild type at the CCR5 locus (33, 41). Thus,
only a minority of individuals (14%) were excluded from our
analyses as a result of these restrictions. We found a strong
linear relationship between HIV-1 replication rate and plasma
HIV-1 RNA concentration that spanned a fourfold range of
viral replication rate and a 3 log10 range of plasma HIV-1 RNA
concentration. These data suggest that HIV-1 replication rate
is a major determinant of plasma virus concentration, and this
finding is likely widely applicable to many HIV-1-infected individuals.
The notion that virus replication rate is a significant determinant of plasma virus load and disease progression is not new
but was proposed early in the HIV-1 epidemic, when it was
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FIG. 3. HIV-1 replication rate in PHA lymphoblasts was linearly
related to HIV-1 RT and PR replication capacity. HIV-1 replication
rate is the slope (m) of the regressions in Fig. 2. RT and PR replication
capacity were determined in a single cycle-based assay using recombinant virus that contained the RT and PR genes of each HIV-1 isolate.
The replication capacity is the percentage of virus replication relative
to the reference virus strain, NL4-3. Solid line indicates fit of data by
linear regression (r2 ⫽ 0.53; P ⫽ 0.007). Dashed lines indicate the 95%
confidence interval for the regression.
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virus replication rate. The RT and PR replication capacity
assay measures solely the contribution of these two viral proteins to replication rate. Nevertheless, and somewhat surprisingly, we observed a significant linear relationship between RT
and PR replication capacity and HIV-1 replication rate, suggesting that different RT-PR alleles contribute significantly to
virus replication rate in vitro. Several studies have documented
diminished replication capacity or diminished fitness of HIV-1
isolates with drug resistance mutations in these proteins (35).
Virus from subjects with partial virus suppression in the context of antiretroviral therapy has been shown to have impaired
RT and PR replication capacity compared to the wild-type
virus of these same individuals in the absence of antiretroviral
therapy (14). The magnitude of difference in replication capacity in this earlier study was found to correlate with the
magnitude of increase in plasma HIV-1 RNA concentration
when antiretroviral therapy was discontinued. Drug resistance,
however, is unlikely to explain the differences in virus replication rate among subjects in the present study, since the majority of subjects were antiretroviral therapy naïve and none harbored significant drug resistance mutations. The present study
demonstrates that RT and PR contribute significantly to virus
replication rate and plasma virus concentration in antiretroviral naïve or minimally treated individuals. It is conceivable that
the RT and PR replication capacity assay may be even more
strongly related to plasma HIV-1 RNA concentration and virus
fitness in antiretroviral treatment-experienced populations of
HIV-1-infected individuals than in antiretroviral treatmentnaïve populations.
We observed a significant linear relationship between HIV-1
replication rate in vitro and plasma HIV-1 level in vivo. These
data suggest that differences in HIV-1 replication rates among
HIV-1 isolates are a major determinant of disease progression.
It is likely that differences among individuals in HIV-1 replication rate have obscured other relevant determinants of virus
replication in vivo. For example, although HIV-1-specific
CD8⫹ cell responses have often not correlated with plasma
HIV-1 RNA concentration, it is conceivable that a relationship
might emerge after controlling for virus replication rate. Other
host cellular factors have also been implicated in control of
virus replication (22, 40), and their role in vivo may be more
easily discerned after controlling for virus replication rate as
well. A better understanding of the contribution of virus replication rate to plasma HIV-1 RNA concentration is critical to
unraveling other determinants of disease progression in HIV-1
infection.
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observed that virus was more readily isolated from individuals
with highly symptomatic HIV-1 infection and replicated more
quickly in vitro than virus from less symptomatic or asymptomatic individuals (3). The switch from usage of the CCR5 coreceptor (NSI virus) to usage of the CXCR4 coreceptor (SI
virus) for virus entry was frequently found to be associated with
increased cytopathicity and viral load (12). Subsequent studies
demonstrated that HIV-1 NSI virus often increased in cytopathicity and replication rate during the course of progressive
HIV-1 infection even without changing coreceptor usage (11,
30). Studies of long-term nonprogressors, which used techniques similar, but not identical, to those used in our laboratory, found evidence of impaired HIV-1 replicative capacity in
approximately half of the individuals who were long-term nonprogressors (5, 7). More recently, Quiñones-Mateu et al. (36)
used a dual infection competition assay to show that virus from
three long-term nonprogressors was significantly less fit than
that from three progressors; a significant correlation between
plasma virus concentration in vivo and virus fitness in vitro was
observed. Our study is unique in that it utilized virus isolates
from a cohort of HIV-1-infected individuals and did not preselect for individuals with rapid or slow disease progression.
Furthermore, the present study demonstrates that during a
short period of in vitro culture, substantial differences in virus
replication rate can be detected with a simple viral growth
assay.
There are several potential limitations to the replication rate
assay that we employed in this study. First, the assay was
performed with PBMC from a single donor, as measurements
of cells from different donors had greater variability than cells
from a single donor. Indeed, studies using macaque PBMCs
have demonstrated that CD4⫹ cells from different individuals
may differ greatly in their ability to support retrovirus replication, independent of CCR5 expression, and CD4⫹ cell susceptibility to infection is a predictor of the virus set point (19).
Thus, measurements of replication rate among different donors are not likely to be directly comparable. A second potential limitation of the replication rate assay is that it involves
treatment of PBMC with PHA and IL-2. These culture conditions have been shown to upregulate CXCR4 expression rapidly on CD4⫹ cells, whereas CCR5 expression increases more
slowly (6). This differential effect on coreceptor expression
could alter the replication rate of viruses that use the different
coreceptors with respect to each other. It remains to be determined whether replication rates of SI and NSI viruses are
comparable in this system. Another potential limitation of the
assay’s reliance upon PHA lymphoblasts is that they are highly
activated cells that are not necessarily physiologically similar to
the cells in lymphoid tissues that are infected in vivo and
produce the majority of plasma virus. The impact of viral
proteins, such as Tat and Nef, which have been shown to play
a critical role in activating CD4⫹ T-cells and enhancing HIV-1
replication (44), would likely be minimized in our assay. Thus,
it is conceivable that this assay underestimates the contribution
of virus replication rate to plasma HIV-1 RNA concentration.
More physiologically relevant models, such as lymphoid tissue
histoculture systems (18), may be necessary to fully discern the
relationship between virus replication rate and plasma virus
concentration.
A number of HIV-1 gene products may contribute to overall
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