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Elite suppressors (ES) are untreated human immunodeficiency virus type 1 (HIV-1)-infected individuals
who control viremia to levels below the limit of detection of current assays. The mechanisms involved in this
control have not been fully elucidated. Several studies have demonstrated that some ES are infected with
defective viruses, but it remains unclear whether others are infected with replication-competent HIV-1. To
answer this question, we used a sensitive coculture assay in an attempt to isolate replication-competent virus
from a cohort of 10 ES. We successfully cultured six replication-competent isolates from 4 of the 10 ES. The
frequency of latently infected cells in these patients was more than a log lower than that seen in patients on
highly active antiretroviral therapy with undetectable viral loads. Full-length sequencing of all six isolates
revealed no large deletions in any of the genes. A few mutations and small insertions and deletions were found
in some isolates, but phenotypic analysis of the affected genes suggested that their function remained intact.
Furthermore, all six isolates replicated as well as standard laboratory strains in vitro. The results suggest that
some ES are infected with HIV-1 isolates that are fully replication competent and that long-term immunologic
control of replication-competent HIV-1 is possible.

Understanding the factors that affect the rate of disease
progression in human immunodeficiency virus type 1 (HIV-1)-
infected individuals can provide insights that may be critical for
the development of vaccines and immunotherapeutic strate-
gies. HIV-1-infected individuals who remain asymptomatic
and maintain normal CD4� T-cell counts without treatment
have been labeled long-term nonprogressors (LTNP). Two
principal theories have been advanced to explain the LNTP
state. One theory holds that LTNP are infected with defective
viruses. Several studies of LTNP have detected viruses with
gross defects in particular HIV-1 genes (3, 10, 14, 22, 24, 27, 34,
37, 49, 56). The most dramatic example comes from the Sydney
Blood Bank Cohort. An HIV-1 isolate with a large deletion in
Nef and the U3 region of the LTR was transmitted from an
asymptomatic donor to multiple recipients. The donor and all
of the recipients became LTNP (14, 29). Analysis of this cohort
showed definitively that infection with an attenuated virus
could lead to slowly progressive HIV-1 disease.

An alternative theory holds that LTNP have unusually ef-
fective immune response to HIV-1. CD8� T cells from LTNP
are very efficient at controlling viral replication in vitro (6, 11)
and in vivo (16). More recent studies of cytotoxic-T-lympho-
cyte (CTL) responses in LTNP have shown that, whereas there
is no correlation between the frequency of gamma interferon-
secreting CD8� T cells and the viral load (1, 7), the ability of

CD8� T cells to proliferate in response to HIV-1 antigens is
associated with long-term nonprogression (40). A similar cor-
relation between proliferative responses of HIV-1-specific
CD4� T cells and long-term nonprogression has been demon-
strated (48). Neutralizing antibody responses have also been
examined in LTNP, and high-titer responses to lab strains and
heterologous primary isolates have been reported (11, 43, 45,
46). However, studies examining neutralization of autologous
virus have yielded conflicting results. Bradney et al. reported
relatively low titers of antibodies (8), whereas a more recent
study suggested that LTNP had higher titers than patients with
progressive disease (15).

Initial studies of LTNP focused on the ability of these indi-
viduals to maintain relatively normal CD4 counts. When sen-
sitive assays for plasma HIV-1 RNA were developed, it be-
came clear that many LTNP had detectable plasma HIV-1
RNA. However, in a subset of LTNP, there is no clinically
detectable viremia. These individuals are termed elite suppres-
sors (ES). Initial studies by Migueles et al. provided striking
evidence that many ES carry the HLA-B�57 allele, raising the
possibility that CD8� T-cell responses were involved in the
control of viremia (41). However, the finding that some indi-
viduals with the same allele have progressive disease suggests
that HLA-B�57-restricted CTL responses alone are not suffi-
cient to explain control of viremia (39). The role of neutraliz-
ing antibodies in maintaining virologic suppression in ES has
been examined in a recent study, which found only very low
titers of neutralizing antibodies to contemporaneous, autolo-
gous isolates (4).

A major unresolved question regarding the mechanism of
virologic suppression in ES is whether these individuals were
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infected with defective viruses. It has been very difficult to
culture virus from these patients, and therefore most viro-
logic studies of ES have been performed by the amplifica-
tion of viral sequences from peripheral blood mononuclear
cells (PBMC) with the PCR. Alexander et al. reported the
isolation of replication-competent virus from LTNP, includ-
ing an ES who had dropping CD4 counts and who was
eventually placed on highly active antiretroviral therapy
(HAART) (3). A 100-amino-acid deletion in the nef protein
was found in virus from this ES. Except for this unusual
nef-deleted virus, there are no reports of successful isolation
of replication-competent HIV-1 from ES.

Using a sensitive coculture assay, we and others have been
able to isolate replication-competent virus from patients on
HAART who have suppression of viremia to below the limit of
detection (12, 17, 18, 52, 53, 55). Using the same assay, we
describe here the successful isolation of replication-competent
virus from 4 of 10 ES studied. To look for attenuating muta-
tions in these viruses, we obtained full-length sequences and
performed multiple phenotypic assays. The results of the
present study strongly suggest that some ES harbor replication-
competent HIV-1 which they control immunologically, a con-
clusion with major implications for the design of therapeutic
HIV-1 vaccines.

MATERIALS AND METHODS

Patient population. We studied 10 HIV-1-seropositive individuals who main-
tained viral loads of �50 copies/ml without antiretroviral therapy. The CD4
counts ranged from 610 to 900. Table 1 lists the pertinent clinical characteristics
of the ES studied. The protocol was approved by the Institutional Review Board
of Johns Hopkins University School of Medicine. Informed consent was obtained
before phlebotomy.

Quantitation of latently infected cells. Resting CD4� T cells were purified
from PBMC by bead depletion as previously described (52). Positive selection by
flow cytometry was not performed due to the low yield of this step and the need
to maximize the number of CD4� T cells cultured. The resulting CD4� T-cell
populations (25 � 106 to 100 � 106 cells) were then cultured under limiting
dilution using a previously described coculture assay (12). Infected cell frequen-
cies were determined by the maximum-likelihood method and are expressed as
infectious units per million (IUPM) resting CD4� T cells.

Growth kinetics assay. Culture supernatants containing 0.25 �g of p24 antigen
were used to infect 3 � 106 CD4� T-cell lymphoblasts by spinoculation (44). The
cells were then washed once and cultured in RPMI medium containing 10 U of
interleukin-2/ml. Aliquots of culture supernatant were taken at multiple time

points, and p24 levels were measured with an enzyme-linked immunosorbent
assay (Beckman Coulter).

Sequence analysis. Virus culture experiments were carried out at limiting
dilution, and thus each positive well contained a single HIV-1 isolate. Viral RNA
was isolated from 20 to 140 �l of culture supernatants using a QIAGEN viral
RNA isolation kit. The One-Step RT-PCR for long templates kit (Invitrogen)
was used to amplify the following HIV-1 genes with published primers: the long
terminal repeat (LTR) (38), pol (60), env (4), nef (23), and the accessory genes
(37). We designed the 5� primers 5�gagfullouter (5�-CGACGCAGGACTCGG
C-3�) and 5�gagfullinner (5�-GCTGAAGCGCGCACGGC-3�) and used them in
conjunction with previously described 3� gag primers (39) to amplify the full-
length gene. The region spanning RT-vpu was amplified by one-step reverse
transcription-PCR with the 5�RT outer (42) and the accessory gene outer 2 (37)
primers, followed by a second round of amplification with the 5�RT inner and
accessory gene inner 2 primers using Platinum Taq HIFI (Invitrogen).

PCR products were gel purified by using the QIAquick gel extraction kit
(QIAGEN, Valencia, CA) and directly sequenced by using an ABI Prism 3700
DNA analyzer (Applied Biosystems, Foster City, CA). Chromatograms were
manually examined for the presence of double peaks to confirm that each culture
isolate was clonal. Sequences were assembled by using CodonCode Aligner
(version 1.3.1) to reconstruct the full-length HIV-1 sequence for each culture
isolate. Phylogenetic tree estimation was performed by using the maximum-
likelihood method with the HKY85�G model of evolution using PAUP� version
4b10 (Sinauer Associates, Sunderland, MA).

CD4 downregulation. CD4� T-cell lymphoblasts were infected with culture
supernatants as described above. On day 3, the cells were stained with fluorescein
isothiocyanate-conjugated anti-CD4 antibody (Becton Dickinson) and then fixed
and permeabilized with Cytofix/Cytoperm solution (Becton Dickinson). Intracel-
lular staining for Gag was then performed with phycoerythrin-conjugated-Kc57
antibody (Beckman Coulter).

Functional analysis of the LTR. The LTR from ES8-43 and from the reference
strain NL4-3 were subcloned into the upstream region of the luciferase reporter
gene in the plasmid pGL4.11 (Promega). These recombinant reporter plasmids
were then transfected into 293T cells. For normalization of transfection efficiency
and extract recovery, the transfection included the pCSK-lacZ vector, which
constitutively expresses �-galactosidase (47). At 24 h after transfection with the
reporter plasmids, 293T cells were stimulated with 10 ng of tumor necrosis factor
alpha (TNF-�; R&D Systems)/ml. To measure the impact of the point mutation
in TAR, 293T cells were also cotransfected with reporter plasmids and an HXB2
Tat expression vector. The luciferase activity was measured by using a luciferase
assay system (Promega) and a luminometer (Central LB 960; Berthold) in ac-
cordance with the manufacturers’ instructions. The �-galactosidase (�-Gal) ac-
tivity was determined by using a chemiluminescent �-Gal reporter gene assay
(Roche) in accordance with the manufacturer’s instructions. The degree of
stimulation was calculated for each sample by dividing the luciferase activity,
normalized to the �-Gal activity, by that observed in the basal-level control
sample.

Rate of hypermutation. Genomic DNA was isolated from resting CD4� T cells
as described previously (4). A 515-bp fragment was amplified from a region
spanning env-nef by limiting-dilution nested PCR (31). This region was chosen

TABLE 1. Characteristics of ES in this study

Patient Yr of
diagnosis

CD4 count
(cells/�l)

Viral load
(copies/ml)

HLA genotype Replication-competent
virus isolated

Infected cell
frequencya

(IUPM)HLA-A HLA-B

ES1 1999 827 �50 24,26 14,27 � 0.02
ES4 1996 837 �50 02,30 08,44 � 0.02
ES8 2003b 610 �50 02,03 44,57 � 0.02
ES10 2002 900 �50 24,31 44,51 � 0.02
ES2 1986 598 �50 02,31 51,57 - �0.04c

ES3 1991 677 �50 25,68 51,57 - �0.02
ES6 1992 820 �50 23 15,57 - �0.04
ES7 1994 1,323 �50 30,32 57,81 - �0.02
ES9 1999 800 �50 02,30 27,57 - �0.02
ES13 1992 1,280 �50 NAd NA - �0.02

a That is, the frequency of resting CD4� T cells harboring replication-competent virus in IUPM.
b This patient was probably infected between 1996 and 1998.
c For those ES from whom virus was not recovered, the maximum IUPM was determined from the number of resting CD4� T cells placed in culture.
d NA, not available.
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due to its high rate of G3A hypermutation (57). In order to search for
APOBEC3G-mediated deamination, unbiased primers were designed that ex-
cluded 5�-GG-3� sites. The outer reaction was performed with the primers 5� env
out (5�-GAGCCTGTGCCTCTTCAG-3�; HXB2 [positions 8507 to 8524]) and 3�
nef out (5�-GGCTCATAGGGTGTAACAAG-3�; HXB2 [9285–9304]). The in-
ner reaction was performed with primers 5� env in (5�-CTACCACCGCTTGA
GAGACTTA-3�; HXB2 [8525 to 8546]) and 3� nef in (5�-GTAAGTCATTGG
TCTTAAAGGTAC-3�; HXB2 [9016 to 9039]). Platinum PFX (Invitrogen) was
used to ensure maximum fidelity. The PCR products were purified by using a
QIAquick gel extraction kit (QIAGEN) and directly sequenced using 5� env in as
the sequencing primer. Nonclonal sequences were detected by examining chro-
matograms for the presence of characteristic double peaks. These sequences
were subsequently discarded from the analysis. Sequences were aligned in Bi-
oedit and examined for evidence of hypermutation.

Nucleotide sequence accession numbers. Sequences determined in this study
have been deposited in GenBank under accession numbers EF363122 to
EF363127.

RESULTS

Isolation of replication-competent virus from ES. To deter-
mine whether ES harbor replication-competent virus, we used
an enhanced virus culture assay that allows replication-compe-

tent virus from patients on HAART who have undetectable
viral loads. Although there are no previous reports of the
isolation of nondefective, replication-competent HIV-1 from
ES, we successfully cultured virus from 4 of 10 ES studied using
this approach (Table 1). Two clones each were obtained from
patients ES1 and ES8. The median frequency of cells harbor-
ing replication-competent virus was approximately 0.02 IUPM
resting CD4� T cells, a frequency that is more than 1.5 logs
lower than the average value seen in patients on HAART (52).

FIG. 1. Phylogenetic analysis of ES clones. A phylogenetic tree of
env sequences from ES1, -4, -8, and -10 (circles) and from U.S. clade
B patients with progressive disease (triangles) was constructed by using
a maximum-likelihood method. Colors indicate the year of isolation of
each virus. Representative clade A and C env’s are included for
comparison.

FIG. 2. Nef and LTR sequences of replication-competent viruses from
ES. Sequences are aligned with the clade B consensus sequence. Dots indi-
cate identity with the consensus sequence. Dashes indicate gaps. Numbering
is by HXB2 coordinates. Polymorphisms detected in at least two of four ES
and at least one third of ES clones but less than 10% of clade B sequences
from the Los Alamos database are shaded in pink. (A) Nef sequences from
ES show no stop codons or major deletions. The virus from ES10 had a
two-amino-acid deletion (positions 9 and 10) that is also seen in 3 to 12% of
sequences in the database and a seven-amino-acid tandem duplication result-
ing in an insertion at position 21 where there are insertions in 37% of clade
B sequences. ES10 virus also had a single amino acid insertion after position
64. This same glutamic acid insertion is also seen in 17% of clade B se-
quences. Clones from ES1 and ES10 had a K3Q polymorphism at position
115 that was seen in �10% of clade B sequences in the database. None of
these insertions, deletions, or polymorphisms affected Nef function as as-
sessed by CD4 downregulation (see Fig. 2C). (B) Critical regions of the LTR
are conserved in viruses from ES. LTR sequences appear normal with the
exception that both clones from ES8 had a single nucleotide deletion in one
of the two NF-�B binding sites. In addition, they had a C3T mutation in the
Tar bulge region which is not seen in clade B viruses but which has been
observed in other clades. There was also a single nucleotide insertion in the
5� untranslated region of the mRNA in these isolates. These polymorphisms
did not appear to affect the activation of transcription by NF-�B or Tat (see
Fig. 2D).
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TABLE 2. Features of viral clones from ES

Genetic feature
and gene ES with feature

Residue(s)a

(nucleotide or amino
acid)

Position(s)b

(nucleotide or
amino acid)

Frequency of
feature

among ES
clones

Frequency of
feature in
clade Bc

Comment(s)

Deletion
LTR ES8 C 368 0.33 0.00 Novel single nucleotide

deletion in NF-�B site I
ES10 T 541 0.17 0.00 Novel single nucleotide

deletion in R region
Gag ES10 T 371 0.17 0.05 Single-codon deletion in

region of length
polymorphism in p2

Nef ES10 RS 8,9 0.17 0.03, 0.12 Two-codon deletion in region
of length polymorphism

D 28 0.17 0.01 Single-codon deletion at
position of rare length
polymorphism

Insertion
LTR ES8, ES10 G 374 0.50 0.33 Common insertion between

NF-�B and Sp1 sites
ES8 T 541 0.33 0.00 Single-nucleotide insertion in

R region
Gag ES10 AAAN 117 0.17 0.14 Located in region of length

polymorphism between
matrix and capsid, 14
amino acids upstream of
protease cleavage site

ES8 PSA 457 0.33 0.09 Located at site of length
polymorphism in p6
between PTAP motif and
first helical region

ES8 LID 478 0.33 0.05 Located in a region of length
polymorphism in p6
between the helical regions

Vif ES1 DN 61 0.33 �0.01 Located in region of rare
length polymorphism;
reported polymorphisms
are in LTNP

Vpu ES1 DRL 4 0.33 0.02 Located in region of length
polymorphism upstream of
the beginning of the
transmembrane �-helix

ES1, ES8 V 64 0.67 0.03 Located in region of length
polymorphism near C
terminus

ES10 GQLEM 67 0.17 0.03 Located in region of length
polymorphism near C
terminus

Env ES1, ES8 W 10 0.67 0.03 Located in region of length
polymorphism in signal
peptide

ES10 SWRWG 14 0.17 0.09 Located in region of length
polymorphism in signal
peptide

Nef ES10 RAEPRMR 21 0.17 0.37 Located in a region of
common length
polymorphism

E 64 0.17 0.17 Located in a region of
common length
polymorphism in acid
cluster

Recurrent
polymorphismd

LTR ES1, ES10 A3C 24 0.50 0.043 Located in U3; results in rare
K‡Q mutation in Nef

ES8, ES10 A3C 119 0.50 0.021 Located in U3; silent in Nef

Continued on following page
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Sequence analysis. To determine whether the clones of rep-
lication-competent virus had any deletions or stop codons in
any open reading frames, all six clones were fully sequenced.
All six isolates were clade B viruses. A phylogenetic tree of
full-length env sequences from each ES is shown in Fig. 1. The
sequences from each ES patient are distinct and are separated
by long branch lengths from env sequences of other ES isolates
and of clade B isolates obtained at various time points from
patients in the United States with progressive disease. The env
sequence from ES4 clusters with an early U.S. isolate, but
other ES isolates do not show this pattern. The gag sequence of
both isolates from ES8 closely matched the sequence of mul-
tiple clones directly amplified from PBMC (5). In addition, for
ES1, two isolates were obtained from different wells, and se-
quence analysis showed that they were almost identical. The
same was true for ES8. This suggests the sequences reported
are representative of the latent reservoir.

Although other studies have described large deletions in nef
in ES and LTNP, we did not find stop codons or large deletions
in nef (Fig. 2A) or in any other viral genes (Table 2 and Fig. 3).
Most of the observed insertions and deletions were small and
occurred in regions of length polymorphism. Isolate ES10-53
has a seven-amino-acid insertion and two small in-frame dele-
tions in nef (Fig. 2A). These occurred within areas of known
length polymorphism among clade B isolates (Table 2). A
novel single nucleotide deletion in one of the two NF-�B
binding sites in the LTR was seen in both isolates from ES8
(Fig. 2B). A C3T mutation in the Tat binding region of the
LTR was also found in both of these isolates (Fig. 2B). Al-
though this substitution has not been described in clade B
viruses, it is seen in other clades. No obviously deleterious
mutations were seen in the LTRs of the other four isolates.
Viruses from ES1 had a two amino acid insertion in Vif at a

position where similar insertions have been seen in some
LTNP (Table 2 and Fig. 3) (2, 22).

Analysis of full-length sequences of viral clones from ES did
not reveal any signature mutations that were present in all ES
viruses but rare or absent in viruses from progressors (Table 2).
Of note, isolates from two of the four ES contained the Vpr
R77Q mutation that has been previously linked to slow pro-
gression (Table 2 and Fig. 3) (32). This substitution is also seen
in 36% of patients with progressive disease (32) and cannot by
itself explain the control of viral replication in ES. The I78L
Rev mutation was found in the isolate ES10-53. This mutation
has also been previously been linked to slow progression (24).
However, we recently found that this mutation did not revert
to wild type after virological escape occurred in an ES (J.
Bailey et al., unpublished data); hence, it is unlikely that this
mutation alone can explain complete viral suppression in this
patient.

In vitro growth characteristics of HIV-1 isolated from ES.
Isolates from ES were obtained using a limiting-dilution cul-
ture assay in which viruses released from individual infected
cells are expanded over the course of 2 to 3 weeks until a
sufficient level of viral antigen is present in culture superna-
tants to allow detection by ELISA. Thus, only viruses capable
of enormous in vitro expansion are isolated. To further char-
acterize the growth properties of these viruses, we infected
primary CD4� T-cell lymphoblasts from normal donors with
equal amounts of the six ES isolates or with BAL, a CCR5-
tropic reference strain, or IIIB, a CXCR4-tropic reference
virus. As seen in Fig. 4A, all six isolates replicated vigorously,
and the levels of p24 protein increased by 2 to 4 logs over a
10-day period. Thus, relative to standard reference HIV-1 iso-
lates, these ES viruses have no substantial defect in ability to
replicate in primary CD4� T cells. We also infected CD4� T

TABLE 2—Continued

Genetic feature
and gene ES with feature

Residue(s)a

(nucleotide or amino
acid)

Position(s)b

(nucleotide or
amino acid)

Frequency of
feature

among ES
clones

Frequency of
feature in
clade Bc

Comment(s)

ES1, ES8 T3C 252 0.67 0.064 Located in U3; silent in Nef
Gag ES1, ES4, ES10 D3N 121 0.67 0.016 Located in flexible region

between matrix and capsid,
12 amino acids upstream of
protease cleavage site

Pol ES8, ES10 K3R 535 0.50 0.027 Located in RT, residue 281
Vif ES1, ES8 T3I 67 0.67 0.047
Vpr ES1, ES8 I3T 37 0.50 0.093 Polymorphism at position of

substantial variability
Tat ES8, ES10 F3Y 32 0.50 0.056 Conserved hydrophobic

residue
ES1, ES10 D3N 80 0.50 0.028 Located in second exon

Tat ES1, ES10 R3T 93 0.50 0.028 Located in second exon
ES1, ES10 D3A 101 0.50 0.062 Located in second exon

Env ES8, ES10 K3M 4 0.50 0.065 Located in signal peptide
ES1, ES8 L3W 10 0.67 0.100 Located in signal peptide

Nef ES1, ES10 K3Q 105 0.50 0.09

a Residue(s) in clade B consensus sequence affected.
b Position of the feature in HXB2 coordinates. Insertions occur after the indicated nucleotide or amino acid position in the reference HXB2 sequence. Gag

numbering is from the first Met of Gag open reading frame. Env numbering is from the first Met in the Env open reading frame.
c For insertions and deletions, this value reflects the frequency of any insertion or deletion at this position in all clade B sequences in the Los Alamos HIV Database.
d Only polymorphisms found in at least two of four ES studied but in �10% of clade B isolates in the Los Alamos database are listed.
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cells from ES1, ES4, and ES8 with either autologous virus or
with reference strains (Fig. 4B). In each case, the viruses rep-
licated vigorously, ruling out the possibility that the ES cells
were intrinsically resistant to viral replication. All of the pa-
tient’s isolates were R5 viruses since they failed to replicate in
the highly susceptible MT-2 cell line which expresses CD4 and
CXCR4 but not CCR5 (data not shown).

FIG. 3. Sequences of HIV-1 clones from ES. Full-length sequences
of six HIV-1 clones from ES were aligned with clade B consensus
sequences. An alignment of nucleotides sequences is shown for the
LTR. For coding regions, alignments of the amino acid sequences are
shown. Dots indicate identity to the consensus sequence. Dashes indi-
cate gaps. Numbering is by HXB2 coordinates. Potential N-linked
glycosylation sites (N-X-S/T, where “X” is any amino acid except
praline) in Env are indicated with blue boxes.

FIG. 3—Continued.
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Functional characterization of viruses from ES. Taken to-
gether, these results suggest that some ES harbor viruses that
are fully competent for in vitro replication. We examined the
functional effects of the minor sequence abnormalities de-
tected in the genomic sequences. To assess the effect of the
seven-amino-acid insertion in ES10-53 Nef, we measured CD4
downregulation, the most extensively characterized function of
Nef. CD4� lymphoblasts were infected with either ES10-53
and or IIIB. As seen in Fig. 5A, cells infected with either

FIG. 3—Continued.

FIG. 3—Continued.
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ES10-53 or IIIB (Gag-positive cells) showed equally efficient
downregulation of surface CD4. The insertion was not in the
region of Nef that plays a role in major histocompatibility
complex downregulation, and thus this function was not as-
sessed.

We characterized the functional effects of the single-base
deletion in the LTR of virus from ES8. The deletion occurred
in one of the two binding sites for the transcription factor
NF-�B. It was thus possible that transcriptional activation me-
diated by this critical host factor was impaired. The C-to-T
substitution in the TAR bulge region could also potentially
affect the binding of HIV-1 Tat and the stimulation of tran-
scriptional elongation. To assess these potential defects, the
LTRs from ES8 and the reference strain NL4-3 were cloned
into a luciferase-expressing reporter vector, and 293T cells

FIG. 3—Continued.

FIG. 3—Continued.

FIG. 4. Functional activity of HIV-1 clones isolated from ES.
(A) Growth kinetics of six clones from ES compared to the BA-L and
IIIB reference strains. (B) Growth kinetics of reference strains and
autologous HIV-1 isolates in CD4� T-cell lymphoblasts from ES1,
ES4, and ES8.
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were transfected with the resulting constructs. The cells were
then stimulated with TNF-�, a cytokine known to induce NF-
�B-mediated transcriptional activation. Other cells were trans-
fected with constructs that contained a functional Tat gene
from NL4-3, as well as the LTR reporter constructs. Figure 5B
shows that the ES8-43 LTR responded as well as that of the

reference strain to both TNF-� and Tat stimulation, suggesting
that this LTR was still functional in spite of the deletion in one
of the two NF-�B sites and the C3T substitution in TAR. The
fact that ES8-17 and ES8-43 both replicated vigorously in cul-
ture is further evidence that the LTR was functional.

We next addressed the effect of the two-amino-acid insertion
in Vif. Interestingly, clones isolated from two LTNP had sim-
ilar insertions at the same position in Vif (2, 21). Although
these clones replicated very poorly in vitro, both clones from
ES1 replicated as well as the reference HIV-1 strains (Fig. 2A
and B). Vif has been shown to play an important role in
pathogenesis via its ability to induce degradation of the host
protein APOBEC3G and thereby prevent APOBEC3G-medi-
ated hypermutation of HIV-1 (20, 30, 33, 35, 50, 51, 54, 58, 59).
We therefore looked for evidence of increased hypermutation
in proviral DNA of cells infected with replication-competent
virus isolated from ES1. As is shown in Fig. 5C, only 1 of 30
env/nef clones independently amplified from CD4� T-cell lym-
phoblasts that were infected in vitro with clone ES1-16 showed
evidence of “G3A” hypermutation in the region of the ge-
nome that is most susceptible to hypermutation (33). Thus, Vif
appeared to be functional in spite of this insertion. This con-
clusion is consistent with the fact that viruses isolated from ES1
grow normally in primary CD4� T cells, which are nonpermis-
sive for Vif-minus mutants (19).

DISCUSSION

We have isolated and characterized six clade B, R5 isolates
from four ES. We sequenced the entire genome of these iso-
lates and performed multiple functional studies to assess the
replication capacity of the isolates. This is the first time that
full-length sequence analysis has been performed on HIV-1
isolates obtained from multiple ES. We were not able to isolate
virus from all of the ES studied. This could be a reflection of
the difference in frequency of latently infected cells in ES. The
ES from whom replication competent virus was obtained were
generally infected for shorter periods of time than those pa-
tients from whom no virus was recovered. In contrast to prior
studies where major deletions were seen in different genes in
LTNP (3, 10, 14, 22, 24, 27, 34, 37, 49, 56), we found no
insertions or deletions in virus cultured from ES4 and only
minor alterations in some genes of the other isolates. Because
of the enormous propensity of HIV-1 to accumulation se-
quence changes, any given HIV-1 isolate, including ones iso-
lated from patients with progressive disease, will show some
differences relative to a clade consensus sequence. The minor
insertions and deletions and the small number of unique poly-
morphisms seen in these viruses were not unexpected. Of note,
we recently sequenced the entire genome of HIV-1 isolated
from an ES before and after virologic breakthrough (Bailey et
al., unpublished). Interestingly, all of the insertions and dele-
tions that were present in isolates obtained when the patient
had an undetectable viral load were retained in plasma clones
analyzed after breakthrough when his viral load was 13,000
copies/ml. Thus, it appears that these mutations may not be the
cause of nonprogression. Furthermore, the changes present in
the isolates of the 4 ES described here did not measurably
affect the function of the relevant genes. It thus appears that all

FIG. 5. Functional activity of HIV-1 genes with mutations.
(A) CD4 downregulation in lymphoblasts infected with either ES10-53
or the IIIB reference strain. Infected cells were stained with fluores-
cein isothiocyanate-conjugated antibodies to CD4 and then fixed, per-
meabilized, and stained for intracellular HIV-1 Gag antigen. The num-
bers indicate the percentage of infected (Gag positive) cells that have
either normal or downregulated levels of CD4 on their surface.
(B) Functional activity of the LTR from ES8-43 (red) and the refer-
ence clone NL4-3 (blue). The fold increase in transcriptional activity in
response to TNF-� or Tat stimulation is shown. (C) Functional activity
of Vif from clone ES1-16 grown in PBMC. A region of the genome
that is subject to a high rate of hypermutation in the absence of Vif was
amplified from the DNA of lymphoblasts infected with ES1-16 by using
limiting dilution PCR. 30 independent clones were sequenced. Only a
single clone (arrow) had evidence of G-to-A hypermutation.
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six isolates are fully replication competent, and all isolates
grew normally in primary CD4� T lymphoblasts.

The finding that ES harbor replication-competent viruses
strongly suggests that host factors may be playing a key role in
the control of viral replication in ES. The fact that primary
isolates as well as reference HIV-1 strains replicated well in ES
CD4� T cells suggests that these patients do not have an
intrinsic factor that inhibits HIV replication. We have previ-
ously shown that ES4, ES8, and ES10 have low titers of neu-
tralizing antibodies to autologous virus (4). Thus, humoral
immunity is probably not the explanation for the nonprogres-
sion in these patients. ES1 and ES8 are positive for the HLA-
B�27 and HLA-B�57 allele groups, which are over-represented
in LTNP (9, 13, 25, 26, 28, 36) and ES (41). HLA-B�44 has not
been associated with slow progression, but three of the four ES
had this allele. Interestingly, the gag genes of both replication-
competent isolates from ES8 did not contain any escape mu-
tations in HLA-B�57-restricted epitopes that were present in
every sequence amplified from the free virus in the plasma of
this individual (5). Thus, both isolates should be fully suscep-
tible to HLA B�57-restricted CTL present in this patient (5).
Taken together, it appears that in some cases, host factors such
as CTL responses can control viral replication. Further study
may shed light into the mechanisms involved in this control.
Our results suggest that long-term immunologic control of fully
pathogenic HIV-1 is possible.
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