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A small number of persons infected with human immunodeficiency virus type 1 (HIV-1) remain clinically
and immunologically healthy for more than a decade after infection. Recent reports suggest that these
individuals may be infected with an attenuated strain of HIV-1; however, a common genetic basis for viral
attenuation has not been found in all cases. In the present study, we examined the functional properties of the
HIV-1 env genes from six long-term survivors. env clones were generated by PCR amplification of proviral env
sequences, followed by cloning of the amplified regions into expression vectors. Eight to ten clones from each
subject were screened by transient transfection for expression of the envelope precursor glycoprotein, gp160.
Those clones expressing gpl60 were then cotransfected with an HIV-1 luciferase reporter vector, pNL4-
3Env(—)LUC(+) and evaluated for their ability to mediate infection of phytohemagglutinin-activated periph-
eral blood mononuclear cells in single-cycle infectivity assays. Clones expressing gp160 were identified for all
six long-term survivors, indicating the presence of proviral env genes with intact open reading frames. For two
subjects, D and DH, the encoded envelope glycoproteins yielded high levels of luciferase activity when
pseudotyped onto HIV-1 virions and tested in single-cycle infectivity assays. In contrast, envelope glycoproteins
cloned from four other long-term survivors were poorly processed and failed to mediate infection. Sequencing
of the gp120/41 cleavage site and conserved gp41 cysteine residues of these clones did not reveal any obvious
mutations to explain the functional defects. The functional activity of env clones from long-term survivors D
and DH was comparable to that seen with several primary HIV-1 env genes cloned from individuals with
disease progression and AIDS. These results suggest that the long-term survival of subjects D and DH is not
associated with overt functional defects in env; however, functional abnormalities in env may contribute to

maintaining a long-term asymptomatic state in the other four cases we studied.

In most individuals, infection with human immunodeficiency
virus type 1 (HIV-1) is marked by a gradual and sustained loss
of CD4™" T lymphocytes, increasing levels of circulating virus,
and subsequent clinical progression to AIDS. While the un-
derlying pathogenic processes vary considerably from person
to person, in general, progression from primary infection to
AIDS occurs over 8 to 10 years. However, a small number of
infected persons remain clinically healthy, with no evidence of
immunological deterioration, for more than a decade after
infection. These individuals, termed long-term survivors, are
the focus of considerable research efforts aimed at elucidating
the viral and host factors which may contribute to the attenu-
ation of disease progression (1, 8, 12, 13, 20, 28, 35).

In previous studies, we have characterized a cohort of 10
long-term survivors (1, 18). These individuals were found to
have low-to-undetectable levels of HIV-1 in both plasma and
peripheral blood mononuclear cells (PBMC), indicating that
they are able to control viral replication extremely well in vivo.
This may be explained in part by the presence of a particularly
vigorous anti-HIV-1 immune response, including both broadly
reactive neutralizing antibodies and potent CD8" T-cell sup-
pressor activity (1). The strength and breadth of the immune
response suggest that they may be continually exposed to viral
antigens over the course of infection. However, attempts to
isolate HIV-1 from the peripheral blood cells and plasma were
unsuccessful in 6 of 10 cases (1), raising the possibility that
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virus either may be sequestered in certain tissues or may be
attenuated because of mutations within the viral genome.

The HIV-1 genome from long-term survivors is currently
being studied by several groups to determine a possible genetic
basis for viral attenuation (8, 18, 20, 28). Perhaps the strongest
evidence stems from recent reports of a cluster of long-term
survivors infected with HIV-1 10 to 14 years ago by transfusion
of blood from a common infected donor (8, 23, 24). Examina-
tion of the viral genome from three of these individuals and the
donor revealed the presence of deletions in the nef gene and
the overlapping U3 region of the long terminal repeat (8).
These findings are consistent with the lack of pathogenesis
seen in macaques infected with a nef-deleted variant of SIV-
mac239 (19). However, in our own cohort of 10 long-term
survivors, nef was found to be both genetically and functionally
intact (17, 18), suggesting that mutations in other regions of
the genome may be involved in viral attenuation. Inactivating
mutations have been described in a region encompassing the
accessory genes Vif, vpr, vpu, tatl, and revl from another HIV-1
long-term survivor (28). A detailed analysis of these genes
among the individuals in our cohort revealed that the majority
have intact open reading frames and few obviously inactivating
mutations (39). Taken together, these results suggest that,
while some degree of viral attenuation may be present in HIV-
1l-infected long-term survivors, it is unlikely that a single com-
mon genetic determinant will account for the lack of disease
progression in all cases.

In the present study, we have focused on defining the func-
tional properties of the HIV-1 env genes from six of the long-
term survivors in our cohort. The env gene of HIV-1 encodes
both the surface (gp120) and transmembrane (gp41) glycopro-
teins which are incorporated into the envelope of budding
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virions. Interaction of HIV-1 gp120 with the CD4 receptor
molecule is critical for initiation of the early stages of the virus
replication cycle and defines the tropism of HIV-1 for CD4-
expressing T lymphocytes and monocytes/macrophages (re-
viewed in reference 21). In vitro, epitopes on both gp120 and
gp41 have been identified as targets for neutralizing antibodies
(14-16, 29) and cytotoxic T lymphocytes (27, 33), suggesting
that the envelope glycoproteins are important targets for the
human immune system.

To define the functional characteristics of HIV-1 envelope
glycoproteins from long-term survivors, we screened a panel of
56 env clones from six individuals for expression and processing
of the precursor glycoprotein, gp160. Clones that expressed
gp160 were further examined for their ability to mediate in-
fection of phytohemagglutinin (PHA)-stimulated PBMC by
single-cycle complementation assays. The results of these ex-
periments were compared with those from experiments using
env clones from individuals with disease progression and
AIDS.

MATERIALS AND METHODS

Study subjects. PBMC samples from 6 of the 10 long-term survivors in our
cohort were available for analysis of the HIV-1 env gene. These six individuals
have had documented HIV-1 infection for 12 to 15 years and had CD4™" T-cell
counts in the normal range at the time of sample collection. The clinical and
immunologic characteristics of each have been described in detail elsewhere (1).
In addition to the long-term survivors, longitudinal PBMC samples from subject
B, who progressed rapidly to AIDS after seroconversion (6, 7), were analyzed.
The initial sample was taken when his CD4 cell count was still within the normal
range (677/mm?) and the viral load in his PBMC was comparable to that seen in
our cohort of long-term survivors (328 HIV-1 DNA copies per 10° PBMC) (1,
18). Additional functional analyses were also performed with env genes cloned
from several primary HIV-1 isolates obtained from individuals with AIDS, in-
cluding HIV-15, 1 (11), HIV-1gg, (25), and HIV-1g g (22).

Samples. To clone the HIV-1 env genes from the long-term survivors, PBMC
were first isolated by centrifugation of blood through Ficoll-Hypaque density
gradients. DNA was then extracted by standard methods (34) and used for PCR
amplification and cloning of the env gene. Because of the limited availability of
PBMC from subject D, DNA used for env cloning experiments was extracted
from cultured PBMC generated by infection of normal donor PBMC with an
HIV-1 isolate from subject D.

PCR amplification of viral env sequences and cloning. Sequences containing
the HIV-1 env gene were amplified by nested PCR using primer pairs which
recognize conserved sequences in flanking regions of the genome. The outer
primers were as follows: ED3, 5'-TTAGGCATCTCCTATGGCAGGAAGAA
GCGGA, and RS, 5'-GGTCTGAGGGATCTCTAGTTACCAGAGTC (9). The
inner primers were as follows: RC-12, 5'-TATGGCAGGAAGAATTCGAGA
CAGCGA (nucleotides 5515 to 5542), and RC-9, 5'-ATGTTTTTCTAGGTCT
CGAGATACTGCTCC (nucleotides 8462 to 8433). Restriction enzyme sites for
EcoRI and Xhol were incorporated into the inner primer pair (underlined) to
facilitate cloning into the polylinker region of the simian virus 40-based expres-
sion vector, pSV7d.

For each sample, 1 to 2 pg of template DNA was added to a PCR mixture (50
mM KCI, 10 mM Tris-HCI, 0.1% Triton X-100, 250 wM deoxynucleoside triphos-
phate, 20 pmol of each outer primer, and 5 U of Tag DNA polymerase) in a final
volume of 100 wl. Amplification was carried out for 30 cycles (92°C for 1 min,
55°C for 1 min, 70°C for 6 min). An aliquot of 1.5 pl from the first-round PCR
was then transferred to a new reaction mixture containing the inner primer pair,
and the second round of amplification was performed for an additional 30 cycles
(92°C for 2 min, 55°C for 30 s, 72°C for 5 min).

The resulting PCR products were purified with the Magic PCR Preps DNA
purification system (Promega), digested with EcoRI and Xhol, and ligated into
the EcoRI and Sall sites of pSV7d. Individual env clones were generated by
selection and expansion of ampicillin-resistant colonies, following transformation
of competent HB101 cells by electroporation. Plasmids were screened for the
correct insert by restriction enzyme digestion, and 8 to 10 clones from each study
subject were selected for further analysis. Control plasmids containing the env
genes from the molecular clones HIV-1yyxp,, HIV-15, 1, HIV-14g,, and HIV-
1;r.pr. Were generated by single-round PCR amplification and cloning using
primers RC-9 and RC-12.

Transfection and Western blot (immunoblot) detection of envelope glycopro-
teins. To evaluate expression of HIV-1 envelope glycoproteins, 15 pg of env
plasmid DNA and 5 pg of a plasmid encoding the HIV-1 Rev protein (kindly
provided by Nathaniel Landau) were cotransfected by calcium phosphate meth-
ods (3) into 293 cells. The 293 cells were prepared by plating 3 X 10° cells per
10-cm-diameter dish in Dulbecco’s modified Eagle’s medium supplemented with
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10% fetal bovine serum. Twenty-four hours after transfection, the cells were
washed twice with ice-cold phosphate-buffered saline (PBS) and lysed in 500 pl
of Western lysis buffer (10 mM Tris [pH 7.5], 0.15 M NaCl, 2 mM EDTA, 0.5%
Nonidet P-40) containing 50 pg of phenylmethylsulfonyl fluoride per ml. Lysates
were incubated on ice for 5 min and clarified by centrifugation at 16,000 X g at
4°C for 5 min.

For Western blot analysis, 15 wl of each lysate was mixed with an equal volume
of 2X protein sample buffer (0.1 M Tris [pH 6.8], 1% bromophenol blue, 2%
glycerol, 4% sodium dodecyl sulfate [SDS]) with 1% B-mercaptoethanol and
heated at 95°C for 5 min. The samples were then separated on an SDS-10%
polyacrylamide gel, and the proteins were transferred electrophoretically to
Immobilon filters (Millipore). The filters were blocked for 1 h with 1% gelatin in
TBST buffer (10 mM Tris [pH 8.0], 150 mM NaCl, 0.5% Tween 20), washed once
with TBST, and incubated for 1 h at room temperature with a cocktail of three
HIV-1 gp120-specific murine monoclonal antibodies. These monoclonal antibod-
ies (B12, B32, and 660-178) recognize nonoverlapping, conserved epitopes in the
gp120 molecule (30). The filters were washed three times with TBST and incu-
bated for 1 h at room temperature with horseradish peroxidase-conjugated goat
anti-mouse immunoglobulin G. Following extensive washing with TBST, the
filters were developed by the enhanced chemiluminescence method, following
the instructions of the manufacturer (Amersham Lifesciences).

Single-cycle env-complementation assays. The functional properties of HIV-1
envelope glycoproteins were assessed by single-cycle complementation assays
using the vector pNL4-3 Env(—)LUC(+) (2, 5). This construct expresses the
HIV-1x 4.3 provirus but contains a frameshift at the 5’ end of env (nucleotide
5950) that prevents expression of the envelope glycoproteins. The vector also
contains the gene for firefly luciferase inserted into the nef gene of pNL4-3.
Plasmid DNA encoding Env (15 pg) was cotransfected with pNL4-3 Env(—)
LUC(+) (5 pg) into 293 cells. Forty-eight hours after transfection, the culture
supernatants were collected, clarified by centrifugation at 1,500 X g for 15 min,
and filtered (0.45-wm-pore-size filters). A small portion of each supernatant was
used for p24 antigen measurements (Abbott Laboratories), and the remaining
stocks were stored in aliquots at —80°C.

To measure the infectivity of Env-pseudotyped HIV-1 particles, PHA-stimu-
lated normal donor PBMC (3 X 10°) were inoculated with a standardized
amount of virus as defined by the p24 antigen content of the transfected stocks.
The cultures were incubated for 3 to 5 days at 37°C, after which the cells were
washed with ice-cold PBS and lysed in 100 pl of lysis buffer (Promega). The
amount of luciferase activity in 10 pl of each lysate was determined with com-
mercially available reagents (Promega) in a Packard Top Count luminometer.

Sequencing. Regions spanning the gp120/41 cleavage domain (10) and the
gp41 cysteine residues (37) were sequenced by the Sequenase 2.0 protocol
(United States Biochemical Corp.). Predicted amino acid sequences were de-
rived with the MacVector 3.5 sequence analysis program.

RESULTS

Expression of env genes from long-term survivors. To exam-
ine the functional properties of the HIV-1 env genes from
long-term survivors, we generated a panel of clones by nested
PCR amplification of proviral env sequences from each of the
study subjects. Visual inspection of the products after the sec-
ond round of PCR revealed no gross insertions or deletions in
the amplified regions, relative to the same region amplified
from the molecular clone HIV-1,;xp, (data not shown). For
more detailed analysis, the second-round PCR products were
subcloned into expression vectors and analyzed by transient
transfection in 293 cells. Following transfection, expression of
gpl160 was measured in cell lysates by Western blot with a
cocktail of gp120-specific monoclonal antibodies for detection
(30). Clones expressing gp160 were identified for all six long-
term survivors and longitudinally for the rapid progressor, sub-
ject B (B-1, B-2, and B-3 [Table 1]). A representative blot is
shown in Fig. 1 for subject LM. In this case, 5 of 10 env clones
expressed gpl60, while only one of the five had detectable
gp120. We were able to detect gp160 processing in a fraction of
the clones from LM (1 of 5), SF (1 of 3), BO (1 of 4), D (3 of
7), and DH (4 of 7) but were unable to detect gp120 among any
of the clones from LSS (0 of 4) (Table 1). To confirm that the
conditions of our assay were adequate to detect gp160 process-
ing, control blots were done with env clones derived from
HIV-1,xg,- In multiple experiments, we were able to easily
detect gp160 expression and processing under the same con-
ditions used to test the clones from the long-term survivors
(data not shown and Fig. 4). We also identified env clones from
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TABLE 1. Summary of HIV-1 gp160 expression and
processing for a panel of env clones

Env No. of clones expressing:
Sample
clones () 2pl60 2p160/120
Long-term survivors
LM 10 5 1
BO 10 4 1
SF 10 3 1
LSS 10 4 0
DH 8 7 4
D 8 7 3
Rapid progressor
B-1 15 14 9
B-2 19 14 8
B-3 10 8 6

subject B in which gp160 was processed efficiently, including
clones from all three sequential time points (Table 1).

Sequence analysis of gp120/41 cleavage domain and gp41
Cys residues. To determine whether the lack of gp160 process-
ing seen with several of the clones from the long-term survivors
was due to specific mutations in env, we sequenced two regions
that have previously been shown to influence the efficiency of
gp160 cleavage. The first domain spans the proteolytic cleav-
age site between gp120 and gp41 (10), while the second region
contains two conserved cysteine residues found in gp41 (37).
For each of the study subjects, we selected a pair of env clones,
one in which gp160 was processed to gp120 and the other in
which only gpl60 was detected (with the exception of LSS,
from whom all the env clones failed to process gp160; for this
subject, we sequenced a pair of gpl60-expressing clones). The
deduced amino acid sequences for each of the clones are
shown in Fig. 2. We found that both the gp120/41 cleavage site
(Fig. 2A) and the downstream gp41 cysteine residues (Fig. 2B)
were highly conserved among all the env clones tested. With
the exception of an E-to-Q change in the sequence of clone
SF-10, the amino acid sequences of clones that failed to pro-
cess gpl160 were homologous in these regions to those of clones
that processed gp160, suggesting that amino acid changes out-
side these sites must influence the efficiency of proteolytic
cleavage.

Evaluation of Env-mediated single-cycle infection. To eval-
uate the ability of envelope glycoproteins from long-term sur-

Clone 1 2 3 4 5 6 7 8 910
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FIG. 1. Expression of HIV-1 envelope glycoproteins from a panel of env
clones derived from one long-term survivor. env clones from subject LM were
evaluated in transient-transfection assays for expression of the HIV-1 envelope
glycoproteins, gp160 and gp120. Expression of gp160/120 was measured in cell
lysates by Western blot using a cocktail of gp120-specific monoclonal antibodies
for detection (30). Lanes 1 through 10 represent individual env clones.
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FIG. 2. Predicted amino acid sequences for the gp120/41 cleavage site and
gp41 cysteine residues of env clones from long-term survivors. Nucleotide se-
quences were determined for the gp120/41 cleavage site and two conserved gp41
cysteine residues for pairs of env clones from each of the long-term survivors.
The deduced amino acid sequences are aligned with the same regions of the
molecular clone, HIV-1xg,. The amino acids are designated by the single-letter
code; dots indicate identical protein sequences; the arrow indicates the gp120/41
cleavage site. The boxed regions represent the gp120/41 cleavage domains (10)
and gp41 cysteine residues (34).

vivors to mediate infection of activated PBMC, HIV-1 virions
were produced by cotransfection of env clones with a reporter
construct, pNL4-3Env(—)LUC(+) (2, 5). Supernatants con-
taining the pseudotyped particles were standardized for HIV-1
p24 antigen content and used to infect PHA-stimulated, nor-
mal donor PBMC. The amount of luciferase activity measured
in PBMC lysates 3 to 5 days after inoculation was used as an
indirect assessment of viral entry, integration, and transcrip-
tional activity. To minimize the effects of donor cell variability,
all of the clones were tested within a single assay using the
same donor PBMC. Similar results were obtained with PBMC
from multiple different donors.

The results of a representative experiment are shown in Fig.
3. HIV-1 particles generated by transfection of the reporter
vector alone failed to produce detectable luciferase activity in
cell lysates. However, this defect could be complemented by
cotransfection of the env gene from HIV-1,yp,, indicating
that expression of env was necessary and sufficient to render
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FIG. 3. Functional activity of HIV-1 virions pseudotyped with envelope gly-
coproteins from long-term survivors. HIV-1 virions pseudotyped with envelope
glycoproteins from the long-term survivors were produced by cotransfection of
selected env clones with a luciferase-expressing reporter vector, pNL4-3Env(—)
LUC(+). PHA-activated PBMC were then inoculated with 50 ng of HIV-1 p24
antigen from the transfected stocks, and the level of luciferase activity was
measured in cell lysates 3 to 5 days later. Virions pseudotyped with Env from
HIV-1j;xg> were used as a positive control, while virions produced by transfec-
tion of the reporter vector alone were used as a negative control. Luciferase
activity is expressed as counts per minute. (A) Clones expressing gp160; (B)
clones expressing gp160/120.
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FIG. 4. Expression of HIV-1 envelope glycoproteins in cell lysates following
cotransfection of env clones with pNL43Env(—)LUC(+). Lysates from 293 cells
cotransfected with env and the reporter vector, pNL4-3Env(—)LUC(+), were
evaluated by Western blot for expression of gp160/120. As a positive control for
expression and processing of gp160, a plasmid encoding the env gene of HIV-
1uxs2 Was cotransfected with pNL43Env(—)LUC(+) and analyzed under the
same conditions. Lanes 1 and 2, env clones from subject LM; lanes 3 and 4, clones
from subject BO; lanes 5 and 6, clones from subject SF; lanes 7 and 8, clones
from subject DH; lanes 9 and 10, clones from subject LSS; lanes 11 and 12, clones
from subject D; lane 13, HIV-1yxp,.

the particles infectious. In an analogous manner, we tested
pairs of env clones, expressing either gp160 (A) or gp160/gp120
(B), from each of the long-term survivors (Fig. 3). No lucif-
erase activity was detected in cell lysates following inoculation
of particles pseudotyped with gp160. This result was not unex-
pected and confirms earlier observations indicating that pro-
cessing of gp160 is essential for virion infectivity (26).

In contrast, variable levels of luciferase activity were mea-
sured in PBMC lysates following inoculation of gp120-pseudo-
typed particles. While high levels were consistently detected
with env clones from subjects D (clone D2) and DH (clone
DH1), low-to-undetectable levels were found with clones from
subjects LM, BO, SF, and LSS. To confirm that env was in fact
being expressed from these clones, Western blots were per-
formed on lysates from the transfected 293 cells used to gen-
erate the pseudotyped particles. We were able to detect gp160
expression for all the env clones; however, very low levels of
gp120 were seen with clones from subjects LM, BO, and SF,
compared with those from DH and D, and no gp120 was
detected with clones from LSS (Fig. 4). In repeat experiments,
the level of gp160 processing was consistently lower for the env
clones from subjects LM, BO, and SF and particles pseudo-
typed with envelope glycoproteins from these subjects yielded
undetectable levels of luciferase activity in multiple assays.

In further experiments, we compared the functional activity
of the envelope glycoproteins from the long-term survivors
with activity of those from patients with disease progression
and AIDS (Fig. 5). As in previous assays, luciferase activity was
detected with Env-pseudotyped particles from two of the long-
term survivors, D and DH, while no activity was detected with
particles pseudotyped with envelope glycoproteins from the
other long-term survivors, LM, BO, and SF. By comparison,
high levels of luciferase activity were detected with several
primary HIV-1 env clones derived from individuals with AIDS.
The levels of luciferase activity measured with these clones
were comparable to those from subjects D and DH, suggesting
that the long-term survival of D and DH is not the result of
functionally defective envelope glycoproteins. Evaluation of
env clones derived longitudinally from subject B, who pro-
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gressed rapidly to AIDS, showed a progressive increase in the
ability of encoded envelope glycoproteins to mediate infection
of activated PBMC (B-1, B-2, and B-3 [Fig. 5]). This suggests
that mutations in env may increase the efficiency of HIV-1
replication, presumably during the early stages of the virus life
cycle. This is consistent with our previous assessment of subject
B, whose sequential HIV-1 isolates demonstrated an increase
in replication kinetics (6).

DISCUSSION

Recent studies have demonstrated that the viral loads in
long-term survivors are considerably lower than those found in
patients with disease progression (1, 31). This may be due in
part to the presence of a particularly vigorous anti-HIV-1 im-
mune response, including broadly reactive neutralizing anti-
bodies and potent antiviral CD8" T-cell activity (1, 13). HIV-1
isolated from these individuals often replicates poorly in cul-
ture, suggesting that long-term survivors may be infected with
a weakened or attenuated strain of the virus (1, 12, 28). Al-
though a common genetic basis for HIV-1 attenuation has not
been found, defects have been identified in the nef gene (8, 20),
in the long terminal repeat region (8), and in regions encoding
several of the accessory genes (28, 39). This raises the possi-
bility that specific genetic mutations may contribute to main-
taining a long-term asymptomatic state in some individuals.

In the present study, we chose to investigate the functional
properties of the HIV-1 env gene from six of the individuals in
our cohort. Expression of the envelope glycoproteins is essen-
tial for HIV-1 infectivity and predicates many of the biological
and antigenic properties of the virus. Among a panel of 56 env
clones generated from six long-term survivors, we found that
the majority of clones (46 of 56 [82%]) were defective in either
synthesis or processing of the precursor glycoprotein, gp160.
The high percentage of defective env clones from the long-
term survivors is perhaps not surprising given the duration of
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FIG. 5. Comparison of the functional activity of HIV-1 virions pseudotyped
with primary HIV-1 Env from individuals with long-term survival of AIDS.
HIV-1 virions pseudotyped with envelope glycoproteins from five of the long-
term survivors (LM, BO, SF, DH, and D) were compared in single-cycle infec-
tivity assays with virions pseudotyped with Env from individuals with disease
progression and AIDS. env clones from subject B were derived from PBMC
samples obtained at three sequential time points after seroconversion: 31 months
(B1), 50 months (B2), and 56 months (B3). Pseudotyped virions were produced
as described in the legend for Fig. 4. Luciferase activity is expressed as counts per
minute.
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infection in these individuals and the probability that a high
proportion of infected cells carry defective proviral genomes
(4). Nevertheless, clones expressing gp160 were identified for
each of the six study subjects, indicating the presence of pro-
viral env genes with intact open reading frames.

In many cases, gp160 expressed from these clones was poorly
processed. As with other enveloped retroviruses, proteolytic
cleavage of the integral membrane proteins is a critical step in
the maturation of infectious particles (26, 38). Mutations in the
endoproteolytic cleavage domain of env result in the release of
particles that are morphologically indistinguishable from the
wild type but are no longer infectious (38). To address the
possibility that some of the env clones from long-term survivors
may have mutations in the cleavage domain, we sequenced a
region spanning the gp120/41 cleavage site by using pairs of
clones that differed in their level of gp160 processing. We
found this region to be highly conserved among all the clones
sequenced. We also found no obvious mutations in a region of
gp41 containing two conserved cysteine residues which have
previously been shown to influence gp160 processing (37). Al-
though this does not rule out the possibility that mutations
elsewhere in env may be affecting protein folding and tertiary
structure, it does indicate that changes in the regions we se-
quenced are not directly responsible for the apparent defects
in processing that we observed.

We identified envelope glycoproteins from two long-term
survivors, D and DH, that consistently generated high levels of
luciferase activity in single-cycle infectivity assays. In previous
studies, we have shown that these two individuals have a
slightly higher viral load than others in the cohort and that
cocultures of their PBMC yielded replication-competent virus
(1). Our current findings demonstrate that proviral env genes
cloned from these two subjects encode envelope glycoproteins
that are fully capable of mediating the early stages of the viral
replication cycle. In fact, the functional activities of env clones
from D and DH were comparable to those observed with env
clones derived from individuals with AIDS. It is worth noting,
however, that subject D recently developed AIDS after more
than 10 years of clinical stability (36), placing him within the
normal distribution curve for disease progression. We have
also recently observed an increase in the level of plasma vire-
mia for subject DH, suggesting that he too may be progressing,
although he is still clinically asymptomatic. While both D and
DH fit the criteria for long-term survivors, they can be distin-
guished from the others in our cohort by the presence of
replication-competent virus with fully functional viral envelope
glycoproteins and may therefore represent a distinct subset of
long-term survivors who progress to AIDS after a prolonged
period of clinical stability.

By comparison, envelope glycoproteins cloned from the re-
maining four long-term survivors (LSS, LM, BO, and SF) were
functionally defective. It is possible that we failed to amplify
functional env genes from these subjects because of the inher-
ently low proviral copy number in their PBMC. However, a
number of functional env genes were cloned by identical meth-
ods from subjects with comparable viral loads in their PBMC
(D and DH). Clones expressing gp160 were identified for sub-
jects LSS, LM, BO, and SF, indicating that their env genes
were not grossly defective in expression of the envelope pre-
cursor glycoproteins. However, gp160 expressed from the ma-
jority of these clones was inefficiently processed and virions
pseudotyped with the envelope glycoproteins failed to mediate
infection of activated PBMC. These findings are compatible
with our previous results in which we were unable to isolate
any infectious virus from LSS, BO, and SF (1). However, we
cannot rule out the possibility that mutations elsewhere in the
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viral genome may account for our inability to recover HIV-1
from these individuals.

The long-term survivors in this cohort have potent and sus-
tained gpl20-binding activity, HIV-1-neutralizing responses,
and Env-specific cytotoxic T-lymphocyte activity (32), indicat-
ing that their immune systems have been continually exposed
to viral envelope proteins in vivo. In the present study, we
cloned proviral env genes that expressed detectable amounts of
envelope precursor proteins from all six long-term survivors,
although for four subjects the envelope glycoproteins were
functionally defective. While sustained infection is clearly not
possible in the absence of functional viral envelope glycopro-
teins, inefficient processing of gp160 may yield sufficient gp120
to permit cell-cell or virus-cell fusion at a low level and stim-
ulate the development of Env-specific antibody responses. In
addition, the endogenous expression of defective viral proteins,
while compromising particle infectivity, may still allow recog-
nition of infected cells by cytotoxic T lymphocytes. Thus, mu-
tations which reduce HIV-1 infectivity without abrogating rec-
ognition of viral proteins by the immune system could contribute
to maintaining a long-term asymptomatic state in certain indi-
viduals.
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