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The rate of disease progression varies considerably among human immunodeficiency virus type 1 (HIV-1)-
infected individuals. Several cross-sectional studies have shown an association between the stage of HIV-1
disease and the viral burden or the relative levels of viral gene expression. To study the extent of HIV-1
transcription and replication and its correlations with disease progression, we quantified serial, longitudinal
samples of blood cells from 10 HIV-1-infected individuals with markedly different rates of CD4* T-cell number
decline following seroconversion. After normalization for the input nucleic acid content, multiply spliced viral
mRNA and unspliced viral RNA were quantified by competitive reverse transcription-PCR using oligonucle-
otide primers which flank the major fat/rev/nef splice junction and span an internal region of the gag open
reading frame, respectively. Coamplification of internal cRNA template controls was used to normalize for
variation in the efficiency of reverse transcription and in vitro enzymatic amplification. Similarly, proviral DNA
was also quantified by competitive PCR performed within the linear range of amplification. Viral RNA was
detected in the blood cells of each individual from all time points regardless of the rate of CD4™ T-cell decline.
Unspliced genomic viral RNA rapidly increased in the blood cells from HIV-1-infected individuals who had a
precipitously declining CD4™ T-cell number. In contrast, both unspliced and multiply spliced viral mRNAs
remained relatively stable in the blood cells from HIV-1-infected individuals who have had a relatively benign
clinical course. These data demonstrate that the extent of viral transcription and replication correlates with the
rate of CD4™ T-cell number decline and that quantifying intracellular viral RNA is of potential prognostic

value.

Infection with human immunodeficiency virus type 1 (HIV-1)
usually leads to a defined pattern of disease progression. After the
primary infection, large numbers of infected CD4" T cells and a
large amount of plasma-free virus are found in blood (9, 12, 14).
The amount of circulating virus then rapidly declines as the
humoral and then cellular immune surveillance mechanisms
are engaged (29, 30). These early events are followed by a
variable period of clinical latency that can last for several years.
This latter phase of infection is associated with persistent viral
replication in blood and tissue (15, 18, 41, 50), aberrations in
T-cell function (40), and either a stable, slowly decreasing or
rapidly declining CD4™ T-cell number (11, 31, 38). The onset
of disease coincides with the profound decrease in the numbers
of CD4™ T cells and an increase in the cell-associated and
plasma-free viral burden (24-26). High levels of proviral DNA,
plasma-free viral RNA, and viral mRNA in blood have been
shown by a number of investigators in cross-sectional studies to
correlate with the disease state (2, 3, 10, 23, 37, 42, 46, 52). In
a nested case control study of HIV-1-infected men with differ-
ent rates of disease progression, a rapidly declining CD4™"
T-cell number was associated with a high plasma-free viral
burden, low levels of anti-p24 and CD8" T-cell subsets, and
increased activation markers (22). A recent longitudinal study
also suggested that a high level of intracellular unspliced RNA
was predictive of rapid CD4" T-cell number decline and that
a lack of viral mRNA was associated with clinical nonprogres-
sion (48).
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The reasons for the high degree of variability in the rates of
disease progression are not clearly understood but most likely
depend on parameters that modify the kinetics of viral repli-
cation. In the persistently infected Ul and ACH-2 cell lines,
the transcriptional pattern demonstrates a preponderance of
multiply spliced (1.8- to 2.0-kb species encoding fat, rev, and
nef) and intermediate spliced (4.3-kb species encoding vif, vpr,
vpu, and env) mRNAs and a relative lack of unspliced (9.3-kb
species encoding gag-pol) mRNAs. Following induction of
these cell lines by mitogen or phorbol ester stimulation, there
is a change from the constitutive expression of multiply spliced
mRNAs to the predominant expression of unspliced viral RNA
(6, 36, 45). Additionally, there is an upregulation of total viral
RNA transcription. These findings are consistent with a post-
transcriptional regulatory mechanism for restricting productive
viral infection. In contrast, the persistently infected OM-10.1
and J1.1 established cell lines express low levels of both mul-
tiply spliced and unspliced viral mRNAs in a minority of the
infected cells (7). After induction by tumor necrosis factor
alpha, productive infection can be achieved in the vast majority
of cells. These results are more consistent with a host cell-
specific mechanism for transcriptional regulation. Therefore,
both host cell-specific transcriptional and posttranscriptional
mechanisms may be responsible for the latent or transcription-
ally active but nonproductive state (4, 5, 7, 12, 16, 37, 44,
52-56). Regardless of the mechanism by which the virus is
maintained in a latent state, after the induction of active viral
replication, the rate of virus production becomes a function of
the numbers of productively infected cells. These data indicate
that the temporal kinetics of viral transcription and the regu-
lation of viral gene expression are critical parameters that may
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FIG. 1. Temporal changes in the CD4" T-cell counts after seroconversion (SC) in the progressor (P1 to P6) and nonprogressor (NP1 to NP4) study groups.

be intimately associated with viral pathogenesis and disease
progression.

To determine the temporal dynamics of HIV-1 replication in
vivo and its correlation with disease progression, we quantified
viral RNA in serial longitudinal samples of blood cells from
HIV-1-infected men with different rates of CD4" T-cell num-
ber decline after seroconversion. Multiply spliced viral mRNA
and unspliced viral RNA were quantified by competitive re-
verse transcription-PCR (RT-PCR) using coamplification of a
cRNA template as an internal control after normalizing for the
input nucleic acid content. Proviral DNA was also quantified
by PCR performed within the linear range of amplification. As
a measure of viral replication in blood, both multiply spliced
and unspliced viral RNAs were detected in all clinical samples
regardless of the rate of CD4" T-cell number decline after
seroconversion. A high proportion of unspliced mRNA pre-
dominated in the cells from HIV-1-infected men who had a
precipitously declining CD4* T-cell number. These data indi-
cate that the extent of viral transcription and replication cor-
relates with the rate of CD4" T-cell number decline. Addi-
tionally, these data suggest a potential prognostic value for
quantifying intracellular viral RNA.

MATERIALS AND METHODS

Study subjects. Ten participants with demonstrated HIV-1 infection, from the
Chicago component of the Multicenter AIDS Cohort Study, were selected for
this specific investigation. Three participants became infected between semian-
nual visits 1 and 2, two became infected between visits 2 and 3, and five became
infected between visits 4 and 5. The time of infection was arbitrarily set at the
midpoint between the last visit at which the participant was HIV-1 antibody
negative and first visit at which the participant was HIV-1 antibody positive. At
each visit, clinical data from an interval history and physical examination labo-
ratory data from appropriate laboratory tests were obtained (33). Serial blood
samples were separated into plasma and peripheral blood mononuclear cell
(PBMC) fractions by Ficoll-Hypaque discontinuous density gradient centrifuga-
tion, aliquoted, and cryopreserved in liquid nitrogen for future analysis. Fol-
low-up after HIV-1 infection varied between 33 and 100 months, with a mean of
84.5 months, for the four participants (nonprogressor 1 [NP1] to NP4) who did
not develop clinical AIDS or have a decrease in the CD4 " T-cell count to 200/l
or below and 52.2 months for the six who progressed (progressor 1 [P1] to P6) to
clinical AIDS or had a decrease in CD4™ T-cell count to less than 200/l (Fig.
1). Two of the six progressors died, one of lymphoma and one of liver disease. A
third participant who self-reported Preumocystitis carinii pneumonia dropped
out of the study. The remaining three progressors developed a CD4" T-cell
count less than 200/ul but no AIDS-defining condition. Six of the ten partici-
pants, four of the progressors and two of the nonprogressors who had a relatively
low but stable CD4" T-cell count that was below the median (33), received azido
thymidine. The mean decreases in the CD4* T-cell count were 56/pl in the
nonprogressor group (n = 4) and 280/pl in the progressor group (n = 6). These
values were calculated by subtracting the mean of the CD4* T-cell counts
obtained at the last three available visits from the mean of the CD4* T-cell
counts at the first three visits at which the subjects were HIV-1 antibody positive.

Cells. Serial samples of cryopreserved PBMCs stored in 10% dimethyl sulfox-
ide-10% fetal calf serum were available for nucleic acid analysis. The 8ES/LAV

established cell line (obtained from T. Folks through the AIDS Research and
Reagent Program, Division of AIDS, National Institutes of Health, Bethesda,
Md.), containing a single copy of integrated proviral DNA per cell, was used as
the HIV-1-infected cell copy number control. Low-passage-number S8E5/LAV
cells were maintained in RPMI 1640 (Gibco) containing 20% fetal bovine serum
(Gibco), 2 mM L-glutamine, penicillin G (100 U/ml), and streptomycin sulfate
(100 wg/ml) in a humidified incubator with a 5% CO, atmosphere. Cell copy
number standards were generated by serially diluting 8E5 cells (5 to 5 X 10°
cells) into uninfected HY cells (obtained through the AIDS Research and Re-
agent Program, Division of AIDS, National Institutes of Health) at a final
concentration of 1.5 X 10° cells per ml (21).

DNA and RNA isolation. Total cellular DNA was prepared by suspending 2 X
10° cells in 600 pl of lysis buffer (50 mM Tris-HCI [pH 8.3], 100 mM KCl, 0.1%
Tween 20, and 0.1% Nonidet P-40) and then treating them with proteinase K at
a final concentration of 20 pg/ml for 60 min at 37°C. The proteinase K was
denatured by heating at 95°C for 10 min before the lysates were used for in vitro
enzymatic amplification (20). Total RNA was prepared from 2 X 10° HIV-1-
infected cells by the guanidinium isothiocyanate extraction procedure (8). The
RNA preparations were treated with RQ1 DNase 1 (Promega) (49), and the
DNA-free RNA preparations were used for quantitation.

Oligonucleotides. Oligonucleotides were synthesized on a model 380B DNA
synthesizer (Applied Biosystems) by using phosphoramidite chemistry and puri-
fied of organic contaminants by elution through a Sephadex G-25 (Sigma) spun
column. The positions of the primers and probes correspond to the nucleotide
numbering system for the HIV-1 IIIB/BRU DNA sequencing alignments (39).
Degenerate positions are designated as follows: Y = Cor T,R = Aor G, W =
AorT,S = GorC, and K = G or T. The nucleotide sequences of the
oligonucleotides and any additional sequences incorporated for a 5’ restriction
cleavage site (lowercase letters) are as follows: MF687, 5'-GCtctagaCGACG
CAGGACTCGGCTTGCT-3' (nucleotides 87 to 707) with a 5’ Xbal site;
MF1003, 5'-GCGctcgagCCTGTCTGAAGGGATGGTTGTAGCT-3' (nucleo-
tides 1003 to 978) with a Xhol site; MF818, 5'-CGGGGGAGAATTAGATC
GATGGGA-3' (nucleotides 818 to 841); MF1003D, 5'-GCGctcgagCCTGTCTG
AAGGGATGGTTGAGTTCCCTGCTTGCCCAAACTATATGT-3" (nucleo-
tides 1003 to 978 joined to nucleotides 910 to 887) with an Xhol site; MF8760,
5"-GCGetegagTATCTGTCCCCTCAGCTACTGCTAT-3' (nucleotides 8760 to
8735) with a 5 Xhol site; MF6056, 5'-TGCtctagaCTCATCAAGYTTCTC
TAT-3’ (nucleotides 6056 to 6076) with an Xbal site; MF8760D, 5'-GCGctcgagT
ATCTGTCCCCTCAGCTACTGCTATTCCCACCCCCTGCGTC-3" (nucleo-
tides 8760 to 8735 joined to nucleotides 8650 to 8635) with an X#ol site; MF8629,
5'-TCTGGGACGCAGGGGGTGGGAAG (nucleotides 8629 to 8651); and
MF101D, 5’-GCGectcgagCTATGTCAGTTCCCCCTTGGTTCTGCAG-3' (nu-
cleotides 1501 to 1477 joined to nucleotides 1431 to 1398).

Plasmid constructions. To control for the efficiency of reverse transcription
and in vitro enzymatic amplification, a molecularly engineered cRNA molecule,
generated from a deletion-containing plasmid, was used as an exogenously added
internal control (21). Deletions were generated by PCR with deletion-generating
oligonucleotides within regions flanked by primer pairs MF687-MF1003,
MF6056-MF8760, and SK145-SK101. To generate the MF687-MF1003 cRNA
construct, plasmid pNL4-3 (obtained through the AIDS Research and Reference
Reagent Program, Division of AIDS, National Institutes of Health) was ampli-
fied by using oligonucleotide MF687 and a deletion-generating oligonucleotide,
MF1003D, that contained 5’ sequences from MF1003 contiguous with 3’ se-
quences corresponding to a region 70 nucleotides upstream of MF1003. The
amplification generated a DNA fragment flanked by sequences corresponding to
MF687 and MF1003 but containing a 70-nucleotide deletion between nucleoti-
des 980 and 910. Therefore, the engineered target sequence has the same primer
and probe binding sequences but a deletion within the intervening sequences.
Similarly, DNA from a tat cDNA clone (21) was amplified with primer MF6056
and a deletion-generating oligonucleotide, MF8760D, to produce an 85-nucleo-
tide deletion between nucleotides 8735 and 8650. In both instances, the product
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DNAs were inserted into pBluescript vectors (Stratagene) by using the Xbal site
in the upstream primers and the Xhol site in the downstream primers. The
corresponding full-length fragments were also amplified and inserted into pBlue-
script vectors to produce full-length cRNA. A 45-bp deletion within the region
flanked by SK145-SK101 was also produced by using the deletion-generating
oligonucleotide MF101D and used as an internal control during PCR DNA
amplification.

In vitro transcription. The deletion plasmid constructs were linearized with
Xhol and purified with Gene Clean II (Bio 101). A 1.5-pl aliquot of the linear-
ized plasmid DNA was transcribed by T7 RNA polymerase by using a Riboprobe
transcription kit (Promega) according to the manufacturer’s recommendations.
The reaction mixture was resolved by electrophoresis on a 5% polyacrylamide
gel. The major cRNA transcript was distinguished by size after ethidium bromide
staining, isolated, and purified from the gel matrix by procedures described
previously (21, 49). Serial dilutions of the cRNA were used along with known
amounts of DNA standards in a dot blot membrane hybridization assay to
accurately determine the RNA copy number.

Enzymatic amplification and quantitation of proviral DNA. Lysate from ap-
proximately 1.5 X 10° cells was used for enzymatic amplification of DNA by PCR
(95°C for 20 s, 55°C for 50 s, and 72°C for 60 s) in buffers (50 mM KCI, 20 mM
Tris-HCI [pH 8.4], 2.5 mM MgCl,, 100 p.g of nuclease-free bovine serum albumin
per ml, 200 uM each dATP, dCTP, dGTP, and dTTP) containing 20 pmol each
of sense and antisense primers and 2 U of Taq polymerase (Perkin-Elmer Cetus)
in a 100-pl total reaction volume (24). The HLA-DQa primer set (GH26-GH27)
(47) was first used to assess the ability of the DNA in a sample to be amplified
and to control for equal input DNA. The SK145-SK101 primer pair was used to
amplify HIV-1 proviral DNA, and probe SK102 was used to detect and quantify
the product DNA on Southern blots. One hundred copies of the linearized
SK145-SK101 deletion plasmid were added to the lysate in each reaction tube to
serve as an internal control. Extended copy number standards (0, 5, 50, 500,
1,000, and 5,000) comprising 8ES5 cells diluted into 1.5 X 10° uninfected H9 cells
were used to generate external calibration curves and to ensure that amplifica-
tions were within the linear range (data not shown) (17). The product DNAs
were resolved by electrophoresis on an 8% polyacrylamide gel, transferred onto
a nylon membrane by using a Trans-Blot apparatus (Bio-Rad), and detected by
a 5'-end 3?P-labeled SK102 probe. Specific bands were excised from the mem-
branes, and the hybridized radioactive signal was quantified by liquid scintillation
counting. The counts corresponding to the full-length band were normalized to
the internal control within each sample, and the copy number was determined
from the external calibration curves. Each experiment was performed in dupli-
cate, and the results were obtained as numbers of copies per 10° PBMCs.

Enzymatic amplification and quantitation of spliced and unspliced mRNAs.
RNA was reverse transcribed by avian myeloblastosis virus reverse transcriptase
(Boehringer Mannheim) for 60 min at 42°C, using 100 pmol of antisense primers
in buffers containing 50 mM KCI, 20 mM Tris-HCI (pH 8.4), 2.5 mM MgCl,, 100
ng of nuclease-free bovine serum albumin per ml, 1 mM (each) dATP, dCTP,
dGTP, and dTTP, and 25 U of RNAsin (Promega) in a 20-ul volume as de-
scribed previously (20). After the addition of 2.5 U of Tag DNA polymerase
(Perkin-Elmer Cetus) and 100 pmol of the sense oligonucleotide primer, the
c¢DNA was enzymatically amplified by PCR (95°C for 30 s, 55°C for 60 s, and
72°C for 150 s) in a 100-pl final total volume. To normalize for the total cellular
RNA input, the cDNA was first amplified by PCR for 20 cycles, using the
RP17-1-RP17-2 primer pair flanking a splice site in the human ribosomal protein
S17 spliced transcript (21).

Five hundred copies of the exogenously added cRNA deletion construct were
added to total cellular RNA isolated from each patient PBMC sample, reverse
transcribed, and coamplified for 25 cycles by RT-PCR using MF687-MF1003 or
MF6056-MF8760. To monitor for any potential contaminating DNA, controls
without reverse transcriptase were run in parallel. The amplified cDNAs were
resolved by electrophoresis on an 8% polyacrylamide gel, transferred onto a
nylon membrane, and detected with the corresponding 5’-end 3?P-labeled oligo-
nucleotide probe (MF818 or MF8629). The radioactively labeled bands were
excised from the membranes, and the hybridized radioactive signal was measured
by liquid scintillation counting. The ratio of the disintegrations per minute in the
bands corresponding to the full-length cDNAs to those in the deletion-contain-
ing cDNA product was proportional to the endogenous mRNA content. Stan-
dard curves were generated in parallel by using cRNA generated from the
full-length products to determine copy numbers and to ensure that PCR was
performed within the linear range of amplification (data not shown). Each
experiment was performed in duplicate, and the results were obtained as num-
bers of copies per 10° PBMCs.

Statistical analysis. For graphic presentation of laboratory covariates, each
participant’s data were used to fit a linear, quadratic, or cubic regression line. For
comparison of and statistical interference between progressors and nonprogres-
sors, the nonparametric Wilcoxon rank sum test was used and the two-tailed P
values were derived. For the levels of HIV-1 proviral DNA, unspliced RNA, and
spliced RNA and the unspliced/spliced RNA ratio, observed datum points at
HIV-1 seroconversion and at 24 months following seroconversion, the last ob-
served value, and the mean of all the values were used in the nonparametric
analysis. The viral nucleic acid content was adjusted to that per 1,000 CD4™" cells
and used in these analyses. Scatter plots were also generated, and nonlinear
regression analysis was performed to demonstrate the relative strengths of cor-
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relation between CD4™ T-cell number and the levels and ratios of viral nucleic
acids. Data analysis performed after representing the viral nucleic acid copy
numbers relative to 1,000 CD4™" T cells did not significantly alter the correlation
profiles (data not shown).

RESULTS

Quantitation of HIV-1 nucleic acids. To quantify proviral
DNA, a conserved 141-nucleotide fragment in the gag region
was amplified by competitive PCR with SK145 and SK101.
Product DNA was detected by hybridization with a radioac-
tively end-labeled SK102 internal probe (47). Multiply spliced
mRNAs were amplified by competitive RT-PCR, using
MF6056 (located in the first exon of tat/rev) and MF8760
(located in the second exon of tat/rev), and used for amplifi-
cation of all spliced mRNA species (21). These primers flank
the major tat/revinef splice junction at nucleotide 6083 and
amplify a 363-bp cDNA fragment by using multiply spliced
mRNAs as templates. The product of MF6056 and MF8760
from unspliced mRNA would be greater than 2.7 kbp in length
and could not be amplified under the PCR conditions that we
used. MF687 and MF1003 flank the major splice donor site at
nucleotide 745 just upstream of the gag start codon. Since all of
the multiply spliced and singly spliced transcripts use the splice
donor at nucleotide 745 (21, 45, 51), these primers generate a
316-bp fragment from the unspliced mRNA species, exclu-
sively.

Initially, we confirmed that the full-length and deletion tem-
plate transcripts amplified with equal efficiencies as described
previously (20). Copy number standards containing 0 to 10,000
copies of full-length transcripts were mixed with 500 copies of
control cRNA molecules and used to generate standard curves.
Amplification was within the linear range if numbers of target
sequences remained below 8,000 copies; 28 cycles of amplifi-
cation were used (data not shown). Similarly, linearity was
observed for fewer than 5,000 copies of proviral DNA contain-
ing 100 copies of the internal control plasmid that was ampli-
fied for 25 cycles (data not shown).

Total RNA and DNA were isolated from 10 cryopreserved
patient PBMC samples from serial time points after serocon-
version. Appropriate internal standards were added to control
for variance in the efficiency of reverse transcription and PCR
amplification. Amplified proviral DNA, unspliced RNA, and
spliced RNAs were quantified and adjusted to a value per 100
CD4™ T cells as described above. Both spliced and unspliced
RNAs were detected in each sample from all patients, regard-
less of the rate of disease progression. Figure 2 shows autora-
diograms of serial amplified intracellular unspliced and spliced
mRNAs from a representative nonprogressor (NP1) and ap-
propriate internal controls. Figure 3 illustrates the temporal
changes in the adjusted levels of proviral DNA, unspliced
RNA, spliced RNA, and total RNA following seroconversion
in the two groups.

Changes in proviral DNA levels during disease progression.
Proviral DNA was detected in all PBMC samples from both
nonprogressors and rapid progressors during all stages of dis-
ease. The proviral DNA content in most of the study partici-
pants was below an unadjusted value of 500 copies per 10°
PBMCs throughout the study period. Figures 3a and b show
the temporal changes in the adjusted levels of proviral DNA
after seroconversion. Although there was a trend toward a
higher proviral burden among the progressors over time, this
could be attributed to an increased proviral burden in the
PBMC:s of two of six men in the progressor group. The Wil-
coxon rank sum test showed that the differences in the proviral
DNA content between the two groups was not statistically
significant at all time points examined (P = 0.91 at serocon-
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FIG. 2. Levels of HIV-1 unspliced (UNSPL) and spliced (SPL) transcripts in
the PBMCs from a representative progressor (P1) and a representative nonpro-
gressor (NP1). The time in months after seroconversion is indicated above each
lane. The more slowly moving band corresponds to products amplified by RT-
PCR from endogenous HIV-1 RNA in infected cells. The lower, faster-moving
band corresponds to 500 copies of deletion cRNA template molecules added into
the reaction mixture to serve as an internal control for the fidelity of reverse
transcription and enzymatic amplification.

version, P = 0.35 at 23 months after seroconversion, and P =
0.91 late in infection). Scatter plots of CD4"* T-cell counts
against proviral DNA content over calendar time also indi-
cated a very poor inverse correlation (? = 0.067) (Fig. 4).
Changes in viral RNA levels during disease progression.
Total cell RNA isolated from longitudinal samples of PBMCs
and the appropriate molecular construct were reverse tran-
scribed and coamplified by competitive RT-PCR with
MF6056-MF8762 and MF687-MF1003. The human ribosomal
protein S17 gene was amplified by PCR with RP17-1-RP17-2
to verify the integrity of the RNA in each sample at each study
visit. Human ribosomal protein S17 mRNA was detected in all
77 PBMC samples tested. Both unspliced genomic mRNA and
multiply spliced viral mRNAs were also detected at the prese-
roconversion visit and at each subsequent interval visit. Figure
3 illustrates the temporal changes in the adjusted levels of
unspliced viral RNA (Fig. 3c and d) and spliced mRNA (Fig.
3e and f) after seroconversion. For both the progressors and
the nonprogressors, the levels of HIV-1 multiply spliced
mRNAs remained relatively stable throughout the course of
infection. Therefore, regardless of the rate of HIV-1 disease
progression, the temporal dynamics of HIV-1 transcription
remained relatively constant for each individual. The levels of
total viral mRNA, however, differed significantly between the
progressors and the nonprogressors. For the nonprogressors,
the full-length-mRNA levels remained relatively constant
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throughout the time course studied (Fig. 3d). In contrast, for
the progressors, the increase in the full-length RNA level cor-
related inversely with the precipitous decline in the CD4*
T-cell number (Fig. 3c). The level of total viral RNA, a mea-
sure of unpackaged or particle-associated genomic RNA, was
an indicator of the extent of viral transcription. Although the
total viral RNA levels differed between the two study groups
(Fig. 3g and h), active viral gene expression was detected in all
stages of HIV-1 infection regardless of the CD4" T-cell num-
ber or the rate of decline.

The ratio of unspliced to multiply spliced viral mRNA was
calculated as a measure of the rate of active viral replication
and an indicator of the fraction of cells that harbor high levels
of HIV-1 genomic RNA. A high ratio of unspliced to multiply
spliced viral mRNA is indicative of a high level of intracellular
genomic RNA synthesis. In contrast, a low ratio is consistent
with the predominant syntheses of multiply spliced mRNA
species relative to unspliced viral RNA in a relatively large
fraction of the infected cells. Figure 5 shows the ratios of
unspliced to multiply spliced viral mRNA over calendar time
following seroconversion. In general, an increased ratio of
unspliced to multiply spliced viral mRNA correlated with the
rate of CD4" T-cell decline. Five of six members of the pro-
gressor group (P1 to P5) had high ratios of unspliced to spliced
viral RNA early after seroconversion, compatible with the high
level of viral replication observed in late-stage infection in vitro
(27). One patient in the progressor group (P6) had a relatively
low ratio of unspliced to spliced viral RNA early after sero-
conversion but had elevated values 25 months later (Fig. 5).
The nonprogressors exhibited much lower unspliced mRNA-
to-spliced RNA ratios during the first 3 years after serocon-
version compared with the progressor group during the same
time period (Fig. 5). Despite a relatively stable CD4™ T-cell
count, one subject (NP4) had a comparatively high unspliced-
to-spliced RNA ratio. Another nonprogressing patient (NP3),
although classified as a nonprogressor by virtue of a relatively
stable CD4* T-cell number, had a ratio of unspliced to mul-
tiply spliced viral mRNA over calendar time after seroconver-
sion commensurate with that of the progressors. Clinical ma-
terials and laboratory data from subsequent time points were
unavailable for analysis. The Wilcoxon test indicated that the
difference in the ratio of unspliced to spliced RNA between the
two groups was significant at later time points (P = 0.17 at
seroconversion, P = 0.04 at 24 months postseroconversion, and
P = 0.01 late after seroconversion).

Changes in levels of viral RNA relative to DNA over time.
The RNA/DNA ratio was calculated as an indicator of the
mean transcriptional activity (3). Figure 5 shows that within
each group, the values for this ratio were within similar ranges
with the exception of one progressor (P2), who had very low
values. Examination of the temporal changes in the viral nu-
cleic acid ratios indicates that the ratio of total viral RNA to
DNA in each group also paralleled the ratio of unspliced to
spliced RNA. The distinction between the progressor and non-
progressor groups was more pronounced for the ratios of un-
spliced to spliced RNA than for the ratio of RNA to DNA.
There was no significant difference between the progressor and
nonprogressor groups for the RNA/DNA ratios alone (P =
0.61 at seroconversion, P = (.48 at 24 months postseroconver-
sion, and P = 0.11 late after seroconversion). Scatter plots also
indicated a more significant correlation between the temporal
change in the CD4" T-cell number and the ratio of unspliced
to spliced RNA (+* = 0.55) than the RNA/DNA ratio (¥ =
0.033) (Fig. 6).
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DISCUSSION

In this study, we quantified the levels of viral mRNA and
proviral DNA in serial blood samples from 10 HIV-1-infected
individuals. Six of these ten seroconverters had CD4" T-cell
numbers which gradually declined to less than 200/ul, or an
AIDS-defining condition. The remaining four participants had
stable CD4" T-cell numbers and remained disease free
throughout the study. For both the progressors and the non-
progressors, we found evidence for viral replication at the
preseroconversion visit and at each subsequent visit through-
out the course of infection. While the levels of multiply spliced
viral mRNAs remained relatively stable, qualitative differences
in the amount of unspliced viral RNA were observed for these
two groups. Furthermore, the amount of unspliced viral RNA
correlated inversely with the CD4" T-cell number. Subjects
with the highest rate of CD4* T-cell number decrease over
time had the largest increase in the amount of unspliced viral
RNA. Therefore, the temporal association between the in-
creased amount of unspliced viral RNA and the decreased
number of CD4™ T cells suggests a significant association be-
tween the extent of viral transcription and the rate of disease
progression. These data are consistent with models of viral

pathogenesis that equate clinical quiescence and retroviral per-
sistence with a reduced level of viral expression and increased
viral replication with subsequent disease progression (37, 52).
Our results confirm and extend earlier cross-sectional stud-
ies that also found productive viral infection at all stages of
disease and an association between the relative levels of viral
mRNAs and the HIV-1 disease state (1, 2, 10, 28, 36, 52). In a
previous study of asymptomatic infected individuals who either
ultimately progressed or failed to progress to clinical disease, a
change in the transcriptional activity was found to precede the
decline in the CD4 " T-cell number at the inflection point (48).
Since we did not examine the blood of patients who matched
this clinical profile, we could not confirm this finding. As in this
previous study, however, each of the six participants who did
progress could be discriminated from those who did not by
their mRNA splicing profiles at the time of infection. In con-
trast to this previous study, subjects in both the progressor and
nonprogressor groups established a pattern of mRNA splicing
shortly after the primary infection that persisted over time.
The extent of viral replication can be governed by the num-
bers of persistently infected cells or the numbers of virions
produced per productively infected cell. The reservoir of per-



2098 FURTADO ET AL.

J. VIROL.

Ratio of Unspliced/Spliced RNA Ratio of Unspliced/Spliced RNA

Progressor

0O 5 10 15 20 25 30 35 40 45 50 55 60 65
Time after Seroconversion (months)

Ratio of Total RNA/DNA

Progressor

200

NUCLEIC ACID COPY NUMBER

150
100

50

o . 8w -Ta

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Time after Seroconversion (months)

Non-Progressor

12

10

0
0 5 10 15 20 25 30 35 40 45 50 55 60 65
Time after Seroconversion (months)

Ratio of Total RNA/DNA

Non-Progressor

200

0
0 5 10 15 20 25 30 35 40 45 50 55 60 65

Time after Seroconversion (months)

FIG. 5. Comparison of changes in the ratio of HIV-1 unspliced to spliced RNA and total RNA/proviral DNA ratio during the course of infection. Shown are values
for the progressors (P1 [V], P2 [m], P3 [#], P4 [O], P5 [A], and P6 [X]) and the nonprogressors (NP1 [X], NP2 [+], NP3 [O], and NP4 [+]).

sistently infected cells represents a dynamic equilibrium be-
tween the cell populations that are productively infected, are
latently infected, or contain defective virus. Modification of the
relative numbers of persistently infected cells would, at a rel-
atively constant rate of replication, increase virus production.
Alternatively, at the single-cell level, viral expression in a single
productively infected cell is a function of either an increased
proviral burden that provides a larger number of templates for
transcription or upregulation of the rate of endogenous tran-
scription. To discriminate between these two alternative mech-
anisms for increasing viral transcription, we compared the lev-
els of proviral DNA with the relative contribution of the
multiply spliced and unspliced species to the total RNA con-
tent. While all of the immunological progressors had escalating
ratios of multiply spliced to unspliced viral mRNAs, the intra-
cellular proviral DNA content was stable in five individuals but
temporally increased in one, suggesting that in this limited data
set, both posttranscriptional control mechanisms may occur in
vivo.

Within the infected cell, postintegration viral persistence can
be achieved by posttranscriptional regulatory control of retro-
viral gene expression by both cellular and viral transcriptional
factors (13, 16, 53, 55, 56). rev-dependent viral determinants
and differential utilization of splice acceptor sites are potential
mechanisms which regulate viral gene expression (17, 43). rev
interacts with a cis-acting rev-responsive element within the env
coding region to regulate the expression of the intermediate

spliced and unspliced mRNAs (35). If rev is expressed at a
subthreshold level required for functional multimerization
(34), then a predominant multiply spliced mRNA pattern may
result. Alternatively, multiple inhibitory sequence elements in
the gag, pol, and env coding regions may act as RNA recogni-
tion sites for cellular factors to downregulate expression of
these viral genes (51). rev may modulate the action of these
cellular factors and subsequently change the mRNA splicing
pattern. Differential utilization of splice acceptor sites medi-
ated by changes in the levels of cellular splicing factors has
been observed for both adenovirus and simian virus 40 infec-
tions (19, 32, 57). Therefore, the comparably low levels of viral
transcription in persistently infected cells may be a conse-
quence of several independent mechanisms. Regardless of the
precise mechanism by which postintegration viral persistence is
achieved, it is ultimately the transcriptional activity and repli-
cative capacity of the virus that become critical determinants of
viral pathogenesis.

To assess the magnitude of viral replication, we calculated
the ratio of unspliced to multiply spliced viral mRNA. This
ratio is also a relative indicator of the fraction of cells that
harbor high levels of HIV-1 genomic RNA. While a high ratio
of unspliced to multiply spliced viral mRNA is indicative of a
high level of intracellular genomic RNA synthesis, a low ratio
is consistent with the predominant syntheses of multiply
spliced mRNA species relative to unspliced viral RNA in a
relatively large fraction of the infected cells. Five of the six
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FIG. 6. Scatter plots showing trends in the unspliced/spliced (UNSPL/SPL)
(a) and RNA/DNA (b) ratios of HIV-1 nucleic acids in relation to the absolute
CD4" lymphocyte counts. Nonlinear regression analysis was executed with a
confidence interval of 95%, and the regression line was superimposed on the
data. The equations defining the relationship between the viral nucleic acid ratios
(v) and the CD4" T-cell counts (x) and the 1? values are given.

subjects in the progressor group had high ratios of unspliced to
multiply spliced viral mRNA following seroconversion. The
single subject in the progressor group who had a relatively low
ratio after seroconversion had an increasing ratio coincident
with disease progression. Among the nonprogressors, there
was a general trend toward a lower, relatively stable ratio.
Although two of the nonprogressors had ratios of unspliced to
multiply spliced viral mRNA commensurate with the ratios for
the progressor group, prospective clinical data and additional
sequential samples needed to define clinical outcome for these
individuals were lacking. Previous in vitro studies have shown
a temporal shift in the transcriptional pattern from the expres-
sion of multiply spliced viral mRNAs to the predominance of
unspliced viral mRNAs coinciding with the productive infec-
tion (37, 52). Although the trends in the ratio of unspliced to
multiply spliced viral mRNA are compatible with a posttran-
scriptional block to replication, the observed differences in the
relative abundance of the different mRNA species in the pro-
gressors are more consistent with de novo viral replication.
Comparisons with plasma viral RNA levels and quantitative
analyses at the single-cell level using PCR-driven in situ hy-
bridization will be required to further elucidate and differen-
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tiate these potential mechanisms for increased viral replica-
tion.

Our data also suggest that defining the viral transcriptional
activity may be an important surrogate marker for assessing
disease progression, antiretroviral efficacy, and the ability of a
prophylactic vaccine to ameliorate disease. Changes in the
splicing pattern of HIV-1 RNA have been observed following
the administration of antiretroviral therapy (21). Although
transient, these changes may be useful for understanding the
kinetics of replication and assessing antiviral activity in vivo
once efficacious therapeutic agents do become available. The
HIV-1 RNA splicing pattern is also an important parameter
for determining whether a prophylactic vaccine can ameliorate
disease in an infected vaccine recipient. If the natural history of
infection is modified and this can be determined rapidly, then
defining the HIV-1 RNA splicing pattern will be extremely
valuable for monitoring outcome of vaccine trials. These and
other data (42) indicate that the HIV-1 RNA burden in blood
cells has predictive value and biological relevance to the dis-
ease process.
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