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Human Immunodeficiency Virus Type 1 Quasi Species That Rebound

after Discontinuation of Highly Active Antiretroviral Therapy Are Similar

to the Viral Quasi Species Present before Initiation of Therapy

Hiromi Imamichi,1 Keith A. Crandall,3 Ven Natarajan,1

Min Kang Jiang,1 Robin L. Dewar,1 Steve Berg,1

Arunasri Gaddam,1 Marjorie Bosche,1 Julia A. Metcalf,2

Richard T. Davey, Jr.,2 and H. Clifford Lane2

1Science Applications International Corporation Frederick, National

Cancer Institute–Frederick Cancer Research and Development Center,

Frederick, and 2Laboratory of Immunoregulation, National Institute

of Allergy and Infectious Diseases, National Institutes

of Health, Bethesda, Maryland; 3Department of Zoology,

Brigham Young University, Provo, Utah

In an effort to identify the sources of the viruses that emerge after discontinuation of therapy,

analyses of human immunodeficiency virus (HIV) quasi species were done for 3 patients with

sustained levels of HIV RNA of !50 copies/mL for 1–3 years. The sequences found in the

rebounding plasma virus were closely related to those of the actively replicating form of viruses

present before the initiation of combination therapy. All quasi species found in the rebounding

plasma virus were also present in proviral DNA, cell-associated RNA in peripheral blood

mononuclear cells (PBMC), and virion RNA derived from PBMC coculture during periods

when plasma HIV RNA levels were !50 copies/mL. These findings suggest that the rapid

resurgence of plasma viremia observed after discontinuation of therapy and the viruses co-

cultured from PBMC are derived from a relatively stable pool of the replicating form of virus

rather than from activation of a previously latent pool.

The use of highly active antiretroviral therapy (HAART) has

resulted in a decrease in human immunodeficiency virus (HIV)

type 1 replication to levels !50 copies/mL for prolonged periods

of time in many patients with HIV-1 infection [1, 2]. In late

1997, 3 research groups independently reported that, among

patients who have sustained HIV RNA levels of !50 copies/

mL of plasma for an extended period of time, replication-com-

petent HIV-1 could still be recovered from resting memory CD4

cells by an enhanced culture technique [3–5]. Recently, residual

viral replication was demonstrated in some patients with pro-

longed suppression of plasma viremia [6–8]. In addition, the

persistence of viral transcriptional activity in peripheral blood

mononuclear cells (PBMC) has been reported in patients

treated with HAART [9–12], and, after discontinuation of

HAART, plasma levels of HIV-1 returned to baseline levels in

a matter of weeks in the majority of patients [13–16].
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In the present study, we attempted to identify the source

of the rebounding plasma viruses after discontinuation of

HAART, through sequence analysis of changes in virion RNA,

cell-associated viral RNA, and proviral DNA for an extended

period of time.

Methods

Patient population. Three HIV-infected subjects who had been

undergoing HAART for a minimum of 1 year with sustained levels

of HIV RNA of !50 copies/mL form the basis of this report. All

3 patients were enrolled in a study examining the consequences of

discontinuation of antiretroviral therapy. Detailed clinical char-

acteristics of these patients and the study of discontinuation of

therapy have been reported elsewhere [13]. HAART was defined

as a minimum of a 3-drug combination, including at least 2 licensed

reverse-transcriptase inhibitors and at least 1 licensed protease in-

hibitor. Plasma virus loads were measured by use of the branched

DNA signal amplification assay (Chiron) [17].

HIV-1 virion RNA isolation from blood plasma. Peripheral blood

was centrifuged at 400 g for 5 min, and plasma was divided into

aliquots of 1 mL and immediately stored at 21207C until use. Plasma

was concentrated by centrifugation at 150,000 g for 1 h, and virion

RNA was extracted from the subsequent pellet by use of the QIAamp

Viral RNA Mini Kit (Qiagen). The isolated RNA was resuspended

in RNase-free water, and then reverse transcription was done with

Superscript-II reverse transcriptase (Life Technologies). Primers 5′-

TTGTTTTACATCATAAGTGTGGGC-3′ (antisense, nt 3627–3650

in HIV-1 HXB2) and 5′-AGTGCTTCCTGCTGCTCCCAAGAA-

3′ (antisense, nt 7788–7811) were used for cDNA synthesis of the

protease and envelope genes, respectively.

Proviral DNA and cell-associated viral RNA isolation from
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Table 1. Characteristics of 3 patients with human immunodeficiency virus (HIV) type 1 infection before, during, and after

highly active antiretroviral therapy.

Drug regimen

Time,

months
a

HIV RNA,

copies/mL
b

Sequences detected by sensitive nested PCR
c

HIV-1 DNA

in PBMC

HIV-1 RNA

in PBMC

HIV-1 RNA

in plasma

Qualitative

coculture assay
d

Total CD4

cells/mL

Patient 1

AZT 1 3TC 214 27,440 1 (22, 5) 1 (28, ND) 1 (21, 14) 1267

3TC 1 d4T 1 Sqv 0 !50
e

1 (22, 8) 1 (4, ND) 2 1 (5, ND) 1242

3TC 1 d4T 1 Nfv 1 Sqv 6 !50 1 (24, 8) 1 (2, ND) 2 1 (1, ND) 1065

3TC 1 d4T 1 Nfv 1 Sqv 12 !50 1 (33, 6) 1 (5, ND) 2 2 990

Discontinued therapy 17 !50 1078

Discontinued therapy for

4 weeks 18 3495 1 (11, 7) 1 (18, ND) 1 (14, 12) 1138

Patient 2

3TC 1 d4T 25 3016
f

1 (18, 15) 1 (12, ND) 1 (18, 7) 900

3TC 1 d4T 1 Idv 0 !50
e

1 (25, 11) 1 (4, ND) 2 1005

3TC 1 d4T 1 Idv 12 !50 1 (31, 16) 1 (8, ND) 2 1 (4, ND) 1184

3TC 1 d4T 1 Idv 18 !500 1 (33, ND) 1 (2, ND) 2 925

Discontinued therapy 28 !50 1021

Discontinued therapy for

3 weeks 29 3902 1 (13, 9) 1 (12, ND) 1 (12, 15) 980

Patient 3

None 220 18,000 1 (31, 9) 1 (16, ND) 1 (15, 11) 203

3TC 1 d4T 1 Idv 0 !50
e

507

3TC 1 d4T 1 Idv 5 !500 2 740

3TC 1 d4T 1 Idv 12 !50 1 (21, 10) 1 (14, ND) 1 (3, ND) 882

3TC 1 d4T 1 Idv 17 !500 1 (15, 10) 1 (12, ND) 1 (3, ND) 908

3TC 1 d4T 1 Idv 22 !50 2 722

3TC 1 d4T 1 Idv 28 !50 2 852

3TC 1 d4T 1 Idv 30 !50 1 (16, 5) 1 (15, ND) 1 (8, ND) 901

3TC 1 d4T 1 Idv 32 !50 1 (16, 11) 1 (15, ND) 1 (4, ND) 1123

Discontinued therapy 36 !50 767

Discontinued therapy for

2 weeks 36 6166 1 (9, 9) 1 (17, ND) 1 (12, 12) 524

NOTE. Blank spaces indicate that no experiments were done at those time points. 3TC, lamivudine; AZT, zidovudine; d4T, stavudine;

Idv, indinavir; ND, not done; Nfv, nelfinavir; PBMC, peripheral blood mononuclear cells; PCR, polymerase chain reaction; Sqv, saquinavir.
a

Time relative to first documented HIV RNA measurement of !50 copies/mL.
b

Measured by the branched DNA signal amplification assay (Chiron).
c

Nos. in parentheses represent no. of sequences obtained for protease and for envelope genes. 1, Sequence detectable; 2, sequence

undetectable.
d

Coculture of CD8 cell–depleted patient PBMC with CD8 cell–depleted donor PBMC stimulated with anti-CD3 antibody and67 3 10

interleukin-2.
e

First documented HIV RNA measurement of !50 copies/mL.
f

Measured by modification of Roche Amplicor assay with detection limit of 50 HIV RNA copies/mL.

PBMC. PBMC were obtained by ficoll-hypaque density gradient

centrifugation of peripheral blood and were viably frozen at

21207C in aliquots of 107 cells before use. One aliquot, containing

∼107 cells, was divided for proviral DNA isolation and for cell-

associated viral RNA isolation. Proviral DNA was isolated from

106 cells, as described elsewhere [18]. Cell-associated viral RNA

was isolated from cells by use of TRIzol reagent (Life69 3 10

Technologies) according to the manufacturer’s protocol. The iso-

lated RNA was treated with DNase I (Life Technologies), and then

reverse transcription was done as described above. A reverse tran-

scriptase–negative control was set up for each reaction to control

for the possibility of proviral DNA contamination.

Polymerase chain reaction (PCR) and sequencing. Single mol-

ecules of proviral DNA or viral cDNA, obtained through limiting

dilution, were amplified and sequenced directly to minimize resam-

pling errors. Up to 33 separate limiting dilution–PCR amplifica-

tions were done for each sample (table 1). The reproducibility of

the assay was assessed by 2 independent amplifications of proviral

DNA (31 and 35 separate limiting dilution–PCR amplifications for

data sets A and B, respectively) from different cell aliquots of the

same sample. The 2 independent data sets yielded comparable quasi

species (data not shown). PCR amplification was done with the

Expand High Fidelity PCR System (Roche Molecular Biochemi-

cals). Amplification of the HIV-1 protease gene was done in a 50-

mL reaction containing 13 Expand High Fidelity buffer 3, 0.2 mM

dNTPs, 2 mM MgCl2, 20 pmol of primers, and 1.75 U of Expand

High Fidelity PCR System enzyme mix. The forward primer was

5′-CAGAAGAGAGCTTCAGGTTTGGG-3′ (sense, nt 2165–

2187) and the reverse primer was 5′-ACTTTTGGGCCATCCATT-

CCTGGY-3′ (antisense, nt 2588–2611) in a first-round reaction.

One microliter of the PCR product from the first reaction was used

in a second-round reaction with a forward primer of 5′-TCAGAA-

GCAGGAGCCGATAGAC-3′ (sense, nt 2208–2229) and a reverse

primer of 5′-TGGTACAGTCTCAATAGGACTAATGGG-3′ (an-

tisense, nt 2550–2576). Amplification of the C2-V3 region of the

HIV-1 envelope gene was done by use of the procedure just de-

scribed for the protease gene but with the following primers: 5′-

TACAATGTACACATGGAATT-3′ (sense, nt 6958–6977) for the
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forward primer and 5′-ATTACAGTAGAAAAATTCCCC-3′ (an-

tisense, 7362–7382) for the reverse primer for the first reaction and

5′-TGGCAGTCTAGCAGAAGAAG-3′ (sense, nt 7010–7029) for

the forward primer and 5′-CTGGGTCCCCTCCTGAGG-3′ (an-

tisense, nt 7315–7332) for the reverse primer for the second reac-

tion, as described elsewhere [19]. Each round of PCR consisted of

25 cycles, with the initial denaturation at 947C for 2 min, followed

by 25 cycles of denaturation at 947C for 15 s, annealing at 507C

for 30 s, and extension at 727C for 2 min, with the final extension

at 727C for 7 min. The PCR products were purified with the QIA-

quick PCR purification kit (Qiagen). To determine the error rate

of Taq polymerase for the protease gene, a recombinant plasmid

containing the HIV-1 NL4.3 protease gene underwent end-point

dilution and was amplified by PCR (nested PCR, 25 cycles for each

round). A total of 20 amplicons of 297 bp of the protease gene

were independently obtained for sequencing. The protease se-

quences of each amplicon were identical to the template protease

sequence (data not shown). In addition, no mutational hot spots

or nucleotide-change bias (such as GrA hypermutation) were ob-

served. Taken together, the data suggest that the level of noise

introduced by Taq polymerase was low. The DNA was sequenced

with the dRhodamine Terminator Cycle Sequencing Ready Re-

action with AmpliTaq DNA Polymerase (PE Applied Biosystems)

and analyzed with an automated sequencing system (model 377;

Applied Biosystems) as described elsewhere [20].

Genotypic analyses. Nucleotide sequences were aligned by use

of the default settings of the CLUSTAL W program [21] and sub-

sequently were edited by hand with the MASE (multiple-aligned

sequence editor) program [22]. Pairwise distances among sequences

were estimated by use of the show-pairwise-distances option in the

PAUP* (phylogenetic analysis using parsimony and other methods)

program [23]. Phylogenetic relationships among the protease and

envelope sequences were estimated, by use of the neighbor-joining

method [24], with the PAUP* program. The appropriate model of

evolution was determined, by use of the likelihood-ratio tests of

the model of evolution, with the Modeltest program [25]. The Ki-

mura 3ST model of evolution [26] and the HKY model of evolution

[27] were used in the present study. Gaps were ignored for affected

pairwise comparisons. Statistical support for various nodes in the

neighbor-joining tree was obtained by 1000 replications of the boot-

strap procedure [28]. Topology of each phylogenetic tree was sta-

tistically tested by use of the Kishino-Hasegawa test [29]. All new

sequences reported in the study were compared with 19 known

laboratory strains of HIV-1 and a total of 97 molecular clones that

were recently obtained in the laboratory from another 6 patients.

The phylogenetic tree showed that there was no indication of lab-

oratory cross-contamination during the PCR amplification (data

not shown). For signature-type analyses, amino acid sequences

were realigned with the CLUSTAL W program and grouped on

the basis of sequence similarity. The VESPA (viral epidemiology

signature pattern analysis) program [30] was used to detect a set

of amino acids that is unique for each subgroup, by use of the

HIV-1 NL4.3 sequence as a reference. The groups of sequences that

shared unique signature patterns were designated as signature types

1–7 in the analyses. The sequence data used in this study have

been deposited in GenBank under accession numbers AF299692–

AF299961 (patient 1); AF299427–AF299691 (patient 2); and

AF299962–AF300280 (patient 3).

PBMC coculture assays. PBMC cultures were done by means

of the procedure described elsewhere [31]. Patient PBMC were sep-

arated by ficoll-hypaque density gradient centrifugation and were

depleted of CD8 T cells by use of antibody-coated beads (Dynal).

Cells were seeded into a 12-well plate at a density of cells/67 3 10

well in 2 mL of RPMI medium supplemented with 10% heat-in-

activated fetal bovine serum, phytohemagglutinin (4 mg/mL;

Sigma), and irradiated PBMC ( cells per well) from HIV-610 3 10

1–seronegative persons. The next day, the medium was changed to

RPMI supplemented with 10% heat-inactivated fetal bovine serum,

20 IU/mL interleukin-2 (Roche Molecular Biochemicals), and

CD8 cell–depleted donor PBMC activated with 200 pg/61.5 3 10

mL anti-CD3 antibody (Ortho Diagnostic Systems) for 3 days. At

weekly intervals, about half the cells were split and fed with

freshly prepared CD8 cell–depleted donor PBMC acti-61.5 3 10

vated by anti-CD3 antibody. At days 4–7 and 11, half of the culture

medium was collected from each well and replaced with fresh me-

dium containing 20 IU/mL interleukin-2. The collected culture su-

pernatants were centrifuged at 1600 g for 10 min and then were

passed through a 0.22-mm filter. The cell-free supernatants were

divided into aliquots and stored at 21207C before use. The co-

culture supernatants were centrifuged at 150,000 g for 1 h, and

virion RNA was extracted from the subsequent pellets by use of

the QIAamp Viral RNA Mini Kit (Qiagen). The isolated RNA

was treated with DNase I (Life Technologies), and reverse tran-

scription was done as described above.

Statistical analysis. All analyses were done with StatView ver-

sion 4.5 (Abacus Concepts). A paired t test was used to evaluate

the significance of differences among within-sample variations and

nucleotide distances from baseline consensus.

Results

Patient characteristics. Three patients, aged 38, 40, and 50

years, were studied (table 1). The patients had been infected

with HIV-1 for at least 6 years before initiation of combination

antiretroviral therapy. For all patients, levels of HIV RNA

declined to !50 copies/mL during antiretroviral combination

therapy that included a protease inhibitor, and plasma HIV

RNA levels were maintained at !50 copies/mL for 17, 28, and

36 months for patients 1, 2, and 3, respectively, before discon-

tinuation of therapy (figure 1).

By use of a nested PCR technique with a sensitivity of ∼10

copies/mL, plasma virus could not be detected in patients 1 and

2 but could be detected in patient 3. Proviral DNA, cell-asso-

ciated HIV RNA, and virion RNA from cell coculture super-

natants were present in all 3 patients during the period of treat-

ment when plasma HIV RNA levels were !50 copies/mL.

In all 3 patients, HIV RNA levels in plasma quickly increased

to 150 copies/mL within 2–4 weeks after discontinuation of

therapy (table 1).

Comparison of plasma viruses obtained at baseline and at the

time point of rebound after discontinuation of therapy. To at-

tempt to identify the source of the virus that resurged after

discontinuation of therapy, analyses of plasma virus quasi spe-

cies were done. Sequence analyses were done on the protease
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Figure 1. Changes in plasma virus load and CD4 T cell count before, during, and after discontinuation of combination antiretroviral therapy.

Plasma virus loads were measured by use of the branched DNA signal amplification assay (bDNA assay; Chiron), with a detection limit of 50

copies/mL at most time points. For some time points, bDNA assays with a detection limit of 500 or 10,000 copies/mL were used. Drug-treatment

history is shown at top. Arrows indicate time points at which plasma and peripheral blood mononuclear cell (PBMC) samples were obtained for

sequencing analyses. 3TC, lamivudine; AZT, zidovudine; d4T, stavudine; HIV, human immunodeficiency virus; Idv, indinavir; Nfv, nelfinavir; Rtv,

ritonavir; Sqv, saquinavir.

and envelope genes. The relationships between plasma virus

isolates obtained before the start of combination therapy (214,

25, and 220 months for patients 1, 2, and 3, respectively; figure

1) and those obtained at the time point of virus relapse after

discontinuation of therapy (4, 3, and 2 weeks for patients 1, 2,

and 3, respectively) are shown in figure 2. The clustering pat-

terns of the protease and envelope sequences were predomi-

nantly patient dependent, with bootstrap supports ranging from

63 to 96 in the protease tree and from 82 to 100 in the envelope

tree (figure 2). As noted by the scale for each tree, sequence

diversity was greater in the envelope gene.

Overall, the viruses obtained at the time of relapse were in-

distinguishable from the viruses present in plasma at baseline

within an individual patient. To determine whether the re-

bounded viruses are significantly different from the baseline

viruses, the Kishino-Hasegawa test [31] was used. First, a con-

straint tree forcing the rebounded viruses to be one monophy-

letic group and the baseline viruses to be another monophyletic

group was constructed on the basis of the null hypothesis of

rebounded viruses forming their own monophyletic group sep-

arated from the baseline viruses. Second, the constraint tree

was compared with the best estimated tree with no constraint

(figure 2) by use of the Kishino-Hasegawa test. For both the

protease and envelope trees, the null hypothesis of the re-

bounded viruses forming separate monophyletic groups was

strongly rejected ( for the protease tree; forP p .0059 P ! .0001

the envelope tree). Thus, the phylogenetic relationship, esti-

mated in figure 2, that the rebounded viruses are indistinguish-

able from the baseline viruses is supported by this statistical

analysis. These data demonstrate that the viruses that emerged

after discontinuation of therapy were coming from sources very

similar to those giving rise to the viruses present at baseline.

Characterization of PBMC proviral DNA sequences during

therapy. Analyses of proviral DNA quasi species were done

to determine the relationships between viral quasi species in

plasma and PBMC proviral DNA during combination therapy.
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All sequences obtained from an individual patient were found

to form a monophyletic group in both the protease and en-

velope trees (figure 3).

The protease sequence phylogeny for the 3 patients showed

complex patterns of provirus relationships. All 3 patients had

multiple protease lineages present at baseline, and these per-

sisted throughout the entire sampling period of up to 56

months. Discontinuation of therapy did not have any signifi-

cant impact on the distribution pattern.

The envelope sequence phylogeny showed a similarly com-

plex pattern. The diverse provirus population present at base-

line persisted throughout the period of therapy for all 3 patients.

No significant changes in the distribution pattern for provirus

quasi species were observed even after the discontinuation of

therapy. In addition, no changes were noted in the V3 loop

motif.

The average within-sample variations were determined for

the envelope and protease proviral nucleotide sequences (table

2). As expected, the envelope genes exhibited a higher var-

iability (average nucleotide variation 5 SE: ,1.33 5 0.90

, and for patients 1, 2, and 3, respec-1.62 5 1.23 3.07 5 1.14

tively) than did the protease genes (average nucleotide variation

5 SE: , , and for patients1.05 5 0.66 0.86 5 0.42 1.35 5 0.67

1, 2, and 3, respectively) at baseline. Relative to the degree of

variation at baseline, no significant decreases were observed in

the degree of within-sample variation in either the protease or

envelope sequences, despite substantial changes in plasma virus

load during the sampling period. In addition, the nucleotide

distances from the majority of the posttherapy time points (18

of 19) to their respective baseline consensus sequences were

similar throughout the duration of study. This was true for

both the envelope gene and the protease gene ( ).P 1 .05

It is noteworthy that in 10 of 13 time points for the protease

gene and in 8 of 12 time points for the envelope gene, the

average within-sample variation was greater than the average

nucleotide distances of these families to the baseline consensus

sequence, again indicating persistence of the original virus pools

that were present at baseline.

Characterization of protease quasi species during therapy.

To search for fluctuation of virus subpopulations selected by

antiretroviral combination therapy, the complexity of the pro-

tease quasi species was characterized at baseline, during a pe-

riod of HIV RNA at !50 copies/mL, and at the time point of

virus relapse after discontinuation of therapy for each patient.

Protease sequences were grouped on the basis of sequence sim-

ilarity. The groups of sequences that shared unique signature

patterns common to >2 sequences were designated as signature

types 1–7 (figure 4). In patient 1, there were a total of 14 unique

amino acid sequences and 4 different signature types among

112 protease sequences. In patient 2, a total of 11 unique amino

acid sequences and 7 different signature types were found

among 120 protease sequences. In patient 3, a total of 12 unique

amino acid sequences and 4 different signature types were found

among 108 protease sequences.

Table 3 shows the complexity of the protease quasi species

derived from proviral DNA in PBMC. About half the nucleo-

tide changes in the protease gene resulted in amino acid sub-

stitutions. The overall distribution of the protease quasi species

did not significantly change at the amino acid level within an

individual patient ( , .8, and .2 for patients 1, 2, and 3,P p .4

respectively). The number of different signature types observed

within a given time point were strikingly stable throughout the

entire sampling period. The reproducibility of sampling was

demonstrated by independently analyzing 2 aliquots of PBMC

(A and B) from the same time point (12 months, patient 2). A

total of 31 protease sequences from aliquot A and a total of

35 sequences from aliquot B were obtained. The 2 independent

data sets yielded comparable sequences and frequencies (data

not shown). The amino acid sequence of the major form was

the same, and the complexity of the 2 sets of sequences was

comparable (frequencies of the major form were 68% and 77%

in aliquots A and B, respectively).

There was a trend toward a decrease in the number of copies

of proviral DNA in PBMC as the plasma virus load decreased

to !50 copies/mL during combination therapy. However, this

decrease in the number of copies of proviral DNA did not lead

to significant changes in the degree of complexity of the proviral

DNA quasi species ( ).P p .5

Temporal changes in quasi species derived from proviral DNA,

cell-associated HIV RNA, plasma HIV RNA, and HIV RNA

from coculture supernatants. Having defined and analyzed

signature types in the protease region (figure 4, table 3), we

used this classification to study the turnover of sequence var-

iants over time (figure 5).

In a comparison of quasi species between proviral and cell-

associated RNA populations at baseline, 62% of the provirus

variants present in baseline PBMC were found to be expressed

in cell-associated RNA from the same aliquots of PBMC. In-

terestingly, such transcriptionally active variants were also

found in plasma virion RNA at the same time point.

During periods when HIV-1 RNA levels were !50 copies/

mL, cell-associated viral RNA could still be detected in PBMC

from all 3 patients. This HIV RNA in PBMC represented 83%

of the variants present in proviral DNA in PBMC at the ini-

tiation of combination therapy for the 3 patients.

Results of recent studies that have made use of an enhanced

coculture technique suggest the possibility of the persistence of

latent HIV-1 reservoirs in patients receiving HAART. To de-

termine whether the presence of transcriptionally active vari-

ants in PBMC leads to the production of replication-competent

virus in vitro, we conducted coculture assays on PBMC from

the 2 patients with plasma virus loads of !10 copies/mL (pa-

tients 1 and 2). Replication-competent virus were isolated from

both patients (patient 1, 0 and 6 months; patient 2, 12 months).

In both patients, the viral sequences derived from the coculture
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Table 2. Within-sample variations and nucleotide distances to baseline sequence in protease and

envelope genes of human immunodeficiency virus (HIV) type 1 before, during, and after highly active

antiretroviral therapy.

Time,

months
a

Protease gene Envelope gene

Within-sample

variation, %
b

P
c

Baseline-to-

posttherapy

isolate dis-

tance, %
d

P
e

Within-sample

variation, %
b

P
c

Baseline-to-

posttherapy

isolate dis-

tance, %
d

P
e

Patient 1

214 1.05 5 0.66 — — — 1.33 5 0.90 — — —

0 1.06 5 0.58 .835 0.84 5 0.39 — 1.97 5 0.81 .251 1.49 5 0.63 —

6 1.09 5 0.59 .767 0.86 5 0.47 .921 1.93 5 0.90 .493 1.40 5 0.76 .833

12 1.22 5 0.59 !.001 0.92 5 0.49 .585 2.43 5 0.94 !.001 1.75 5 1.15 .912

18 0.65 5 0.49 !.001 0.83 5 0.33 .896 2.22 5 1.03 .121 1.45 5 0.85 .523

Patient 2

25 0.86 5 0.42 — — — 1.62 5 1.23 — — —

0 0.75 5 0.48 .553 0.61 5 0.33 — 3.32 5 1.93 !.001 3.50 5 2.12 —

12 0.63 5 0.62 !.001 0.90 5 0.26 .006 1.98 5 2.06 .079 2.52 5 1.14 .352

18 0.53 5 0.52 !.001 0.59 5 0.29 .999 ND — ND —

28 0.88 5 0.46 .0130 0.62 5 0.22 .674 3.68 5 2.73 !.001 4.09 5 2.47 .514

Patient 3

220 1.35 5 0.67 — — — 3.07 5 1.14 — — —

12 1.21 5 0.55 .463 0.71 5 0.43 — 2.51 5 1.15 .189 2.27 5 0.80 —

17 1.45 5 0.57 !.001 0.83 5 0.47 .236 3.10 5 1.73 .679 2.37 5 0.56 .771

30 1.34 5 0.59 .001 0.90 5 0.39 .056 3.46 5 0.99 .272 2.28 5 0.47 .982

32 1.47 5 0.56 !.001 0.84 5 0.46 .289 1.98 5 0.92 !.001 2.28 5 0.75 .852

36 1.58 5 0.71 .001 0.86 5 0.60 .641 3.30 5 1.32 .501 2.15 5 1.04 .788

a
Time relative to first documented HIV RNA measurement of !50 copies/mL. Final time points for patients 1,

2, and 3 were 4, 3, and 2 weeks, respectively, after discontinuation of therapy.
b

Data are average nucleotide variation 5 SE, at given time point.
c

Paired 2-sided t test; within-sample variation at given time point was statistically compared with respective

baseline within-sample variation.
d

Data are average uncorrected nucleotide distances 5 SE, relative to the consensus sequence at baseline.
e

Nucleotide distances from posttherapy time points to respective baseline consensus sequences were calculated

and statistically compared with nucleotide distances from first documented time point of measurement of HIV RNA

level of !50 copies/mL to baseline consensus sequence, for each patient.

supernatants of PBMC were of genotypes identical to those of

sequences present in both proviral DNA and cell-associated

RNA at the same time point. These results indicate a correlation

between the presence of transcriptionally active variants in cir-

culating PBMC and the production of replication-competent

virus in tissue culture. Consistent with the data obtained from

in vitro coculture assays for patients 1 and 2, 58% of tran-

scriptionally active variants in PBMC from patient 3 were

found to lead to the production of replication-competent virus

in plasma, even during periods when HIV-1 RNA levels were

!50 copies/mL.

A comparison of the HIV-1 quasi species at baseline and at

the time of virus relapse after discontinuation of therapy

showed that virus variants found in the rebounding virus all

represented variants that had been actively replicating at

baseline.

The protease sequences obtained during periods when HIV

RNA levels were !50 copies/mL and after discontinuation of

therapy displayed no evidence of resistance to protease inhib-

itors. Thus, as previously reported by others, the residual rep-

lication of HIV-1 does not seem to be due to the emergence of

drug-resistant mutants.

Discussion

In the present study, we have provided evidence for the long-

term persistence of virus reservoirs and their support of ongoing

viral replication in patients receiving HAART. By examining

sequence changes in proviral and viral genomes over a period

of 18–36 months, we were able to demonstrate that plasma

virus and coculture virus are derived from a pool of persistent

cell-associated virus despite HAART-associated decreases in

HIV RNA levels in plasma to !50 copies/mL for that period

of time. The possibility of the persistence of latent HIV-1 res-

ervoirs in patients receiving HAART has been suggested from

a number of studies [3–5, 10, 32]. Other studies have presented

evidence of ongoing viral replication in HIV-infected persons

with prolonged suppression of plasma viremia [6–9]. However,

the relationships between these reservoirs, mechanism of per-

sistence of such reservoirs, and their potential role in the main-

tenance of viral persistence during prolonged suppression of

plasma viremia with HAART have been unclear. In the present

study, we found that virus pools established before the initiation

of HAART acted as persistent sources of replication-competent

viruses. These pools were detected in PBMC-associated viral

RNA during a period when plasma HIV RNA levels were !50
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Figure 4. Signature patterns found among different patient protease sequences. All distinct protease amino acid sequences derived from

peripheral blood mononuclear cell proviral DNA were aligned with human immunodeficiency virus type 1 NL4.3 as a reference. Only differences

are shown. Sequence identity is indicated by a dash. The frequency (“FREQ”) of a given amino acid sequence is shown at right. Groups of

sequences that shared unique signature patterns common to >2 sequences were designated at left as signature types 1–7. Amino acid positions

involved in defining a unique signature pattern within each patient are indicated by different colors; amino acid positions that define a patient’s

signature pattern are indicated by an asterisk (*).

copies/mL and served as the source of infectious virus on dis-

continuation of HAART.

Our approach in addressing the question was to genotypically

characterize the viral and proviral HIV-1 quasi species found

in plasma, circulating PBMC, and coculture supernatants. The

sequences obtained from the various sources were sorted on

the basis of their genetic characteristics, and the turnover of

each variant was carefully tracked in individual patients over

time. This approach allows one to characterize the diversity of

viral quasi species, to distinguish between variants that are a

latent form and those that are transcriptionally active, and to

identify which transcriptionally active variants are giving rise

to plasma- or coculture-derived virus.

It can be argued that the presence of PBMC-associated RNA

represents virus particles attached to the cells from privileged

sites where antiretroviral therapy is ineffective rather than tran-
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Table 3. Complexity of human immunodeficiency virus (HIV) type 1 quasi species in protease gene.

Time,

months
a

HIV RNA,

copies/mL

HIV DNA,

copies/106 PBMC
b

No. of sequences

obtained from HIV

DNA in PBMC

No. of unique

sequences at

nucleic acid level

No. of unique

sequences at

amino acid level

No. of different

signature types

Patient 1

214 27,440 150 22 11 5 3

0 !50 150 22 14 6 4

6 !50 60 24 16 5 4

12 !50 60 33 22 9 4

18 3495 120 11 7 4 4

Patient 2

25 3016 300 18 13 6 5

0 !50 300 25 13 9 5

12 !50 20 31 8 5 4

18 !50 60 33 9 6 6

29 3902 300 13 9 5 5

Patient 3

220 18,000 12,000 31 27 5 4

12 !50 3000 21 18 7 4

17 !500 3000 15 14 7 4

30 !50 1500 16 14 8 4

32 !50 1500 16 16 5 4

36 6166 1500 9 9 4 4

NOTE. PBMC, peripheral blood mononuclear cells.
a

Time relative to first documented HIV RNA measurement of !50 copies/mL. Final time points for patients 1, 2, and 3 were 4,

3, and 2 weeks, respectively, after discontinuation of therapy.
b

No. of copies of proviral DNA was estimated by limiting dilution.

scriptional activity of the viral genome in the cells. Either pos-

sibility requires the relatively recent transcription of the proviral

genome in vivo. In our analyses of the HIV-1 quasi species in

patients with prolonged suppression of plasma viremia, the viral

quasi species identified in plasma or in coculture supernatants

faithfully reflected the corresponding proviral and viral quasi

species detected in PBMC. The frequencies of the major forms

of viral quasi species in plasma or coculture supernatants were

almost identical to the frequencies of the major forms of viral

and proviral quasi species in PBMC. Given these observations,

it seems unlikely that bound virus particles would be the ex-

planation for the persistence of cell-associated RNA in PBMC.

However, because our techniques do not allow us to differen-

tiate between viral genomic RNA and viral mRNA within the

cells, future studies are necessary to address this question.

The viruses obtained from cell coculture supernatants on

stimulation in vitro have generally been considered to be de-

rived from a latent pool of virus. However, our study and the

study by Sharkey et al. [11] indicate that most of the variants

derived from coculture supernatants may in fact be reflective

of species actively replicating in circulating PBMC rather than

an expression of a previously silent proviral DNA pool.

Evidence for ongoing expression of virus in the absence of

significant quasi-species evolution is a seemingly paradoxical

set of observations. Indeed, a lack of ongoing quasi-species

evolution during HAART has been interpreted as evidence for

complete shutdown of active viral replication [5]. In addition,

any model of viral pathogenesis must take into account the

clinical observation that, within 3 weeks of stopping therapy,

the virus load tends to return rapidly to pretreatment levels

[13–16]. One possible model to explain these observations is

that there is a reservoir of long-lived cells that chronically ex-

press low levels of virus. The results of a number of studies

have suggested that current HAART regimens are not sufficient

for complete suppression of viral replication [6–9]. Thus, a ma-

jor effect of treatment is to prevent spread of virus through the

uninfected CD4 T cells from the pool of chronically infected

cells. Cells of this reservoir might be of the monocyte/macro-

phage lineage. These cells are resistant to the cytopathic effects

of HIV. Thus, once infected, they could persistently produce

HIV [33]. Furthermore, unlike CD4 T cells, monocytes/mac-

rophages do not require cell proliferation to produce infectious

virus particles [34]. The persistence of stable RNA virus pools

throughout the entire sampling period supports this type of

model. In the absence of effective therapy, there is widespread

replication of virus, with additional seeding of the reservoir

with variant strains of HIV-1, leading to a higher viral set point

and drug resistance. This is somewhat similar to the proximal

activation and transmission model of viral replication [35]. In

that model, there are periodic bursts of previously infected cells.

One prediction of that model (not seen with the current data)

is that there would be a decline in diversity over time.

In summary, the current data demonstrate that virus pools

detected in PBMC-associated viral RNA persisted even under

the setting of suppressive HAART and that these pools can act

as persistent sources of replication-competent virus identified

in plasma or coculture supernatants during a period when

plasma HIV RNA levels are !50 copies/mL and can serve as

the source of infectious virus on discontinuation of HAART.

Therefore, the persistence of virus reservoirs that sustain viral



Figure 5. Temporal changes in quasi species for proviral DNA, cell-associated human immunodeficiency virus (HIV) RNA, plasma HIV RNA,

and HIV RNA from coculture supernatants, presented vertically as a function of time before, during, and after highly active antiretroviral therapy

(HAART). Five serial time points were analyzed for patients 1 and 2, and 6 serial time points were analyzed for patient 3. Corresponding plasma

virus loads for those time points are shown at left. Signature types are the same as those shown in figure 4. An asterisk (*) indicates that data

on the X-axis are no. of sequences observed (instead of frequency). The label “!10 copies/mL” indicates that sequences were not detected by the

nested polymerase chain reaction technique with a sensitivity of ∼10 copies/mL. ND, not done; PBMC, peripheral blood mononuclear cells.
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Figure 5 (Continued).

replication in aviremic patients undergoing HAART are likely

to be the major impediment to the eradication of viral infection.

These findings add to the growing body of data addressing the

inability of current drug regimens to completely block HIV-1

replication and highlight some of the difficulties being faced in

the development of effective long-term therapy for patients with

HIV infection.

Acknowledgments

We thank Joseph A. Kovacs and Anthony S. Fauci for support and

advice, Helene Highbarger and Akram Shah for providing data on

HIV RNA levels in plasma, Laurie Lambert and Randy Stevens for

providing patient samples, Siobhan Tierney and Marie Hu for pro-

cessing patient blood samples, and Tomozumi Imamichi and Richard

A. Lempicki for helpful discussions. This work is dedicated to the

memory of our mentor and colleague Norman P. Salzman.

References

1. Gulick RM, Mellors JW, Havlir D, et al. Treatment with indinavir, zido-

vudine, and lamivudine in adults with human immunodeficiency virus

infection and prior antiretroviral therapy. N Engl J Med 1997;337:734–9.

2. Hammer SM, Squires KE, Hughes MD, et al. A controlled trial of two

nucleotide analogues plus indinavir in persons with human immunode-

ficiency virus infection and CD4 cell counts of 200 per cubic millimeter

or less. AIDS Clinical Trials Group 320 Study Team. N Engl J Med

1997;337:725–33.

3. Chun TW, Stuyver L, Mizell SB, et al. Presence of an inducible HIV-1 latent

reservoir during highly active antiretroviral therapy. Proc Natl Acad Sci

USA 1997;94:13193–7.

4. Finzi D, Hermankova M, Pierson T, et al. Identification of a reservoir for

HIV-1 in patients on highly active antiretroviral therapy. Science 1997;

278:1295–300.

5. Wong JK, Hezareh M, Gunthard HF, et al. Recovery of replication-com-

petent HIV despite prolonged suppression of plasma viremia. Science

1997;278:1291–5.

6. Zhang L, Ramratnam B, Tenner-Racz K, et al. Quantifying residual HIV-1

replication in patients receiving combination antiretroviral therapy. N

Engl J Med 1999;340:1605–13.

7. Gunthard HF, Frost SW, Leigh-Brown AJ, et al. Evolution of envelope se-

quences of human immunodeficiency virus type 1 in cellular reservoirs in

the setting of potent antiviral therapy. J Virol 1999;73:9404–12.

8. Dormadula G, Zhang H, VanUitert B, et al. Residual HIV-1 RNA in blood

plasma of patients taking suppressive highly active antiretroviral therapy.

JAMA 1999;282:1627–32.

9. Natarajan V, Bosche M, Metcalf JA, Ward DJ, Lane HC, Kovacs JA. HIV-



50 Imamichi et al. JID 2001;183 (1 January)

1 replication in patients with undetectable plasma virus receiving HAART.

Lancet 1999;353:119–20.

10. Furtado MR, Callaway DS, Phair JP, et al. Persistence of HIV-1 transcription

in peripheral-blood mononuclear cells in patients receiving potent anti-

retroviral therapy. N Engl J Med 1999;340:1614–22.

11. Sharkey ME, Teo I, Greenough T, et al. Persistence of episomal HIV-1 in-

fection intermediates in patients on highly active anti-retroviral therapy.

Nat Med 2000;6:76–81.

12. Lewin SR, Vesanen M, Kostrikis L, et al. Use of real-time PCR and molecular

beacons to detect virus replication in human immunodeficiency virus type-

1 infected individuals on prolonged effective antiretroviral therapy. J Virol

1999;73:6099–103.

13. Davey RT, Bhat N, Yoder C, et al. HIV-1 and T cell dynamics after inter-

ruption of highly active antiretroviral therapy (HAART) in patients with

a history of sustained viral suppression. Proc Natl Acad Sci USA 1999;

96:15109–14.

14. Garcia F, Plana M, Vidal C, et al. Dynamics of viral load rebound and

immunological changes after stopping effective antiretroviral therapy.

AIDS 1999;13:F79–86.

15. Harrigan PR, Whaley M, Montaner JSG. Rate of HIV-1 RNA rebound

upon stopping antiretroviral therapy. AIDS 1999;13:F59–62.

16. Neumann AU, Tubiana R, Calvez V, et al. HIV-1 rebound during interruption

of highly active antiretroviral therapy has no deleterious effect on reini-

tiated treatment. AIDS 1999;13:677–83.

17. Dewar RL, Highbarger HC, Sarmiento MD, et al. Application of branched

DNA signal amplification to monitor human immunodeficiency virus type

1 burden in human plasma. J Infect Dis 1994;170:1172–9.

18. Elbeik T, Dewar RL, Natarajan V. Isolation and detection of human im-

munodeficiency virus. In: Rose NR, De Macario EC, Folds JD, Lane

HC, Nakamura RM, eds. Manual of clinical laboratory immunology. 5th

ed. Washington, DC: ASM Press, 1997:781–7.

19. Leigh Brown AJ, Cleland A. Independent evolution of the env and pol genes

of HIV-1 during zidovudine therapy. AIDS 1996;10:1067–73.

20. Zhang Y, Imamichi H, Imamichi T, et al. Drug resistance during indinavir

therapy is caused by mutations in the protease gene and in its gag substrate

cleavage sites. J Virol 1997;71:6662–70.

21. Thompson JD, Higgins DG, Gibson TJ. CLUSTAL W: improving the sen-

sitivity of progressive multiple sequence alignment through sequence

weighting, position-specific gap penalties, and weight matrix choice. Nu-

cleic Acids Res 1994;22:4673–80.

22. Faulkner DV, Jurka J. Multiple aligned sequence editor (MASE). Trends

Biochem Sci 1988;13:321–2.

23. Swofford DL. PAUP*: phylogenetic analysis using parsimony and other

methods, version 4.0.0b2. Sunderland, MA: Sinauer Associates, 1999.

24. Saitou N, Nei M. The neighbor-joining method: a new method for recon-

structing phylogenetic trees. Mol Biol Evol 1987;4:406–25.

25. Posada D, Crandall KA. MODELTEST: testing the model of DNA substi-

tution. Bioinformatics 1998;14:817–8.

26. Kimura M. Estimation of evolutionary distances between homologous nu-

cleotide sequences. Proc Natl Acad Sci USA 1981;78:454–8.

27. Hasegawa M, Kishino K, Yano T. Dating the human-ape splitting by a

molecular clock of mitochondrial DNA. J Mol Evol 1985;22:160–74.

28. Felsenstein J. Confidence limits on phylogenies: an approach using the boot-

strap. Evolution 1985;39:783–91.

29. Kishino H, Hasegawa M. Evaluation of the maximum likelihood estimate

of the evolutionary tree topologies from DNA sequence data, and the

branching order in Hominoidea. J Mol Evol 1989;29:170–9.

30. Korber B, Myers G. Signature pattern analysis: a method for assessing viral

sequence relatedness. AIDS Res Hum Retroviruses 1992;8:1549–60.

31. Chun TW, Carruth L, Finzi D, et al. Quantitation of latent tissue reservoirs

and total body load in HIV-1 infection. Nature 1997;387:183–8.

32. Finzi D, Blankson J, Siliciano JD, et al. Latent infection of CD41 T cells

provides a mechanism for lifelong persistence of HIV-1, even in patients

on effective combination therapy. Nat Med 1999;5:512–7.

33. Meltzer MS, Gendelman HE. Mononuclear phagocytes as targets, tissue

reservoirs, and immunoregulatory cells in human immunodeficiency virus

disease. Curr Top Microbiol Immunol 1992;181:239–63.

34. Gartner S, Markovits P, Markovitz DM, Kaplan MH, Gallo RC, Popovic

M. The role of mononuclear phagocytes in HTLV-III/LAV infection. Sci-

ence 1986;233:215–9.

35. Grossman Z, Feinberg MB, Paul WE. Multiple modes of cellular activation

and virus transmission in HIV infection: a role of chronically and latently

infected cells in sustaining viral replication. Proc Natl Acad Sci USA

1998;95:6314–9.


	Human Immunodeficiency Virus Type 1 Quasi Species That Rebound after Discontinuation of Highly Active Antiretroviral Therapy Are Similar to the Viral Quasi Species Present before Initiation of Therapy
	Original Publication Citation
	BYU ScholarsArchive Citation
	Authors

	tmp.1409863571.pdf.nFAMf

