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Lentiviruses, including human immunodeficiency virus type 1 (HIV-1), typically encode envelope glycopro-
teins (Env) with long cytoplasmic tails (CTs). The strong conservation of CT length in primary isolates of
HIV-1 suggests that this factor plays a key role in viral replication and persistence in infected patients.
However, we report here the emergence and dominance of a primary HIV-1 variant carrying a natural
20-amino-acid truncation of the CT in vivo. We demonstrated that this truncation was deleterious for viral
replication in cell culture. We then identified a compensatory amino acid substitution in the matrix protein
that reversed the negative effects of CT truncation. The loss or rescue of infectivity depended on the level of Env
incorporation into virus particles. Interestingly, we found that a virus mutant with defective Env incorporation
was able to spread by cell-to-cell transfer. The effects on viral infectivity of compensation between the CT and
the matrix protein have been suggested by in vitro studies based on T-cell laboratory-adapted virus mutants,
but we provide here the first demonstration of the natural occurrence of similar mechanisms in an infected
patient. Our findings provide insight into the potential of HIV-1 to evolve in vivo and its ability to overcome
major structural alterations.

The envelope glycoprotein complex of the human immuno-
deficiency virus type 1 (HIV-1) is involved principally in virion
attachment to target cell surfaces and in the entry process (15,
18, 27, 29, 52). Envelope glycoproteins (Env) are initially trans-
lated as a gp160 precursor glycoprotein, which is then pro-
cessed during its trafficking through the secretory pathway, to
yield a surface subunit gp120 noncovalently attached to a
transmembrane subunit gp41. During HIV-1 assembly, Env
proteins are incorporated at the surface of the viral particle
as a trimeric structure consisting of three gp120/gp41 dimers
(59, 62).

The gp41 consists of an ectodomain, a hydrophobic trans-
membrane anchor, and a cytoplasmic tail (CT). Lentiviruses,
including HIV-1 and simian immunodeficiency virus (SIV), are
unusual in having a transmembrane subunit with much longer
CTs (�150 amino acids) than most other retroviruses (20 to 50
amino acids) (27). Early studies with T-cell laboratory-adapted
HIV-1 mutants showed that the gp41 CT region played an
important role in regulating Env functions, the incorporation
of Env into virus particles and, consequently, viral replication
(16, 21, 35, 63). The integrity of the gp41 CT thus appears to
be crucial for replication in primary T cells, macrophages, and
in many transformed T-cell lines (1, 44). Viral variants with
truncated gp41 are rarely isolated from infected patients. One
study reported the isolation of a CD4-independent variant

harboring a sharply truncated CT (64). However, this atypical
isolate existed as a minority variant in the original quasispecies
of the patient (54). SIV variants with truncated CTs obtained
in cell culture in vitro have also been shown to revert rapidly
(to full-length CT) when introduced into macaques (39). These
observations indicate that the long CTs of lentiviruses, such as
HIV-1 and SIV, have functions specific to viral replication and
persistence in vivo.

Two groups of conserved sequence motifs have been iden-
tified in the gp41 CT that are likely to be involved in its
functions. The first group, involved in regulating the intracel-
lular trafficking of Env, includes a membrane-proximal ty-
rosine-based endocytic motif, Y712SPL, (9, 47); a diaromatic
motif, Y802W803, implicated in the retrograde transport of Env
to the trans-Golgi network (8), and a C-terminal dileucine
motif recently identified as a second endocytic motif (7, 10, 60).
We have also provided evidence for the existence of additional
as-yet-unidentified signals in studies of primary HIV-1 (34).
The second group of motifs consists of three structurally con-
served amphipathic �-helical domains: lentivirus lytic peptides
1, 2, and 3 (LLP-1, LLP-2, and LLP-3) (11, 17, 33). LLP
domains have been implicated in various functions, including
Env fusogenicity and the incorporation of Env into HIV-1
particles (28, 32, 43, 45, 50, 61).

Several lines of evidence suggest that Env incorporation
requires direct or indirect interactions between the matrix do-
main of the structural protein precursor Pr55Gag (matrix) and
the gp41 CT during HIV-1 assembly. This possibility was first
suggested by the observation that HIV-1 Env drives the baso-
lateral budding of Gag in polarized cells (37, 48). A direct
interaction between the matrix and a glutathione S-transferase
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fusion protein containing Env CT was subsequently observed
in vitro (13). Synthetic peptides corresponding to various do-
mains of the gp41 CT have also been shown to interact directly
with Pr55Gag molecules (26). Furthermore, effects on viral
infectivity of compensation between the CT and the matrix
protein have been suggested by studies based on T-cell labo-
ratory-adapted virus mutants (19, 40, 43). Finally, the cellular
protein TIP47 was recently implicated in Env incorporation,
based on its ability to bind both the matrix protein and the
gp41 CT (38).

In a previous study describing the evolutionary dynamics of
the glycan shield of HIV-1 Env, we identified a patient (patient
153) for whom the 15 env clones obtained during primary
infection (early stage) encoded full-length Env, whereas the 15
env sequences from the HIV-1 present 6 years later (late stage)
encoded truncated gp41 CTs (14). These late-stage sequences
contained a deletion introducing an in-frame stop codon, re-
sulting in a 20-amino-acid truncation of the Env. Note that,
unlike a point mutation, this deletion cannot easily revert to
the full-length form. Such a deletion affecting various known
motifs of the gp41 CT would be expected to impair viral rep-
lication. However, the plasma viral load measured in patient
153 demonstrated that the virus had retained its ability to
replicate.

In the present study, we explored the molecular mechanisms
by which a primary HIV-1 maintained its capacity to replicate
efficiently in this patient and demonstrated for the first time
the occurrence of matrix and Env coevolution in vivo, provid-
ing insight into the ability of HIV-1 to overcome major struc-
tural alterations.

MATERIALS AND METHODS

Patient, samples, env, and matrix sequences. Patient 153 is a man infected with
an HIV-1 clade B virus selected from a cohort of patients identified at the time
of symptomatic primary infection in the Department of Infectious Diseases of
the Croix-Rousse Hospital, Lyon, France (5). The patient signed an informed
consent form. Study protocols were approved by the Human Subjects Committee
of the Hospices Civils de Lyon. The procedure used to clone full-length env genes
from the DNA of peripheral blood mononuclear cells (PBMC) extracted from
blood samples collected from patient 153 at the time of primary infection and six
years later, has been described elsewhere (14). The corresponding env nucleotide
sequences (15 early and 15 late clones) have been deposited in the GenBank
database under accession numbers AY535489 through AY535518 (14). All of the
late env clones contain a 23-bp deletion introducing an in-frame stop codon
resulting in a 20-amino-acid truncation. This deletion does not affect the rev and
tat gene sequences. One early env clone (E; accession number AY535491) and

two late env clones (L1 and L2, accession numbers AY535509 and AY535516,
respectively) were selected for further study.

The viral gag gene sequences encoding the matrix protein were also cloned
from the DNA of PBMC collected from patient 153 at early and late stages.
Amplification reactions were conducted by nested PCR, using the Platinum PCR
SuperMix High Fidelity kit (Invitrogen). The outer primer pair used was M(�)
(5�-GAAGCGCGCACGGCAAGAGG-3�) and M(�) (5�-GTTCCTGAAGGG
TACTAGTAGTTCCTGC-3�). The inner primer pair AatII(�) (5�-CTAGCGG
AGGCTAGACGTCGAGAGATGGGTGC-3�) and BsrGI153(�) (5�-GCCCTT
GTAGGTTCTGTACAATAGGGTAATTTTGGCTG-3�) was designed to
generate an AatII and a BsrGI restriction site at the 5� and 3� ends of the
amplified sequence, respectively. The PCR products were inserted into pCR2.1
(Topo TA cloning kit; Invitrogen). Six early and ten late clones were sequenced.
The nucleotide sequences were analyzed (Applied Biosystems) and the corre-
sponding deduced amino-acid sequences were aligned by using CLUSTAL W
(57), with manual corrections. One early gag clone (ME) and one late gag clone
(ML) were selected for further study.

Six additional blood samples, collected from patient 153 between the early and
late stages (n � 5) or 3 years after the late stage (n � 1), were used to analyze
the evolution of viral env and gag sequences. Amplification reactions were con-
ducted by nested PCR on PBMC DNA, using the Platinum PCR SuperMix High
Fidelity kit (Invitrogen). The outer primer pair used to amplify the env gene
sequences encoding the gp41 CT was CT(�) (5�-CACTGCTGTGCCTTGGAA
TG-3�) and CT(�) (5�-CTTGTAAGTCATTGGTCTTAAAGGTAC-3�). The
inner primers used were NheI(�) (5�-ATAGTAGGAGGGCTAGCAGGTTTA
AGAATAG-3�) and XbaI(�) (5�-TTATTGCAAAGCCCTTTCTAGACCCTG
TCTCAC-3�). The gag sequences encoding the matrix protein were amplified
with the primer pairs M(�)/M(�) and AatII(�)/BsrGI153(�) described above.
All PCR products were inserted into pCR2.1 (Topo TA cloning kit; Invitrogen)
and 10 clones of each were sequenced. The nucleotide sequences were analyzed
(Applied Biosystems) and the corresponding deduced amino acid sequences of
gp41 CTs or matrix proteins were aligned, using CLUSTAL W (57), with manual
corrections.

In addition to the various sequence analyses conducted, HIV-1 RNA viral
loads were determined on all blood samples from patient 153 available for the
present study (Table 1). Treatment was initiated in March 2000, with a combi-
nation of Combivir (GlaxoSmithKline) and Viramune (Boehringer Ingelheim),
and the patient was still on this treatment regimen when the last blood sample
studied here was collected in February 2002.

Proviral constructs. Replication-competent proviruses carrying env sequences
encoding E, L1, or L2 gp41 CTs, alone or in combination with gag sequences
encoding early or late matrix proteins, were constructed in a pNL(AD8) back-
ground. pNL(AD8) is an R5 derivative of pNL4-3 (20). We used pNL(AD8)-NX,
which has been described elsewhere (34), as the starting material. This clone
differed from pNL(AD8) by the insertion of NheI and XbaI restriction sites into
the sequences corresponding to the membrane-spanning domain of gp41 and at
the end of the env gene, respectively. The DNA sequences encoding the gp41
CTs of the E, L1, and L2 env genes were amplified by PCR with the Platinum
PCR SuperMix High Fidelity kit (Invitrogen), using the primer pair NheI(�)/
XbaI(�) described above. This primer pair was designed to generate NheI and
XbaI restriction sites at the 5� and 3� ends of the amplified product, respectively.
The PCR products were inserted into pCR2.1 (Topo TA cloning kit; Invitrogen),
excised by digestion with NheI/XbaI and inserted into the corresponding sites of

TABLE 1. Characteristics of patient 153 at the time of blood sample collection

Date of blood sampleb Viral load
(log RNA copies/ml)c

gp41 CT
truncationa

Matrix mutationa

K25R V34I I45L

05.03.1993 (early stage) 4.96 – (0/10) – (0/10) – (0/10) – (0/10)
10.18.1993 4.12 – (0/10) – (0/10) – (0/10) – (0/10)
05.31.1994 2.87 – (0/10) – (0/10) – (0/10) – (0/10)
01.12.1995 3.22 � (10/10) – (0/10) � (3/10) – (0/10)
07.03.1997 3.86 � (10/10) – (0/10) � (5/10) – (0/10)
06.02.1998 4.1 � (10/10) � (1/10) � (6/10) � (4/10)
09.03.1999 (late stage) 4.25 � (10/10) � (10/10) � (10/10) � (10/10)
02.04.2002 3.15 � (10/10) � (10/10) � (10/10) � (10/10)

a The number of positive clones over the total number of clones tested is indicated in parentheses for each sample analyzed.
b A treatment associating Combivir and Viramune was initiated in March 2000. Dates are given in the format “month.day.year.”
c Plasma HIV RNA was quantified by using the Abbott RealTime HIV-1 assay.
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pNL(AD8)-NX, giving rise to pNL(AD8)-E, -L1, or -L2 (Fig. 1A). pNL(AD8)-
Edel23 and pNL(AD8)-L1ins23 were obtained by overlap PCR, using appropriate
primers. pNL(AD8)-Edel23 is a pNL(AD8)-E derivative containing the 23-bp
deletion in the env sequence encoding the gp41 CT of the early clone E. Con-
versely, pNL(AD8)-L1ins23 was derived from pNL(AD8)-L1, in which the full-
length env sequence of the late clone L1 has been restored.

Mutagenesis was then carried out in a pCR2.1 construct, which contained a
408-kb BssHII-SpeI fragment from pNL(AD8)-NX encompassing the sequence
of the gag gene encoding the matrix protein. Sequences were modified with the
QuikChange site-directed mutagenesis kit (Stratagene) and the following prim-
ers: AatII(�) described above, AatII(�) (5�-GCACCCATCTCTCGACGTCT
AGCCTCCGCTAG-3�), BsrGI(�) (5�-CAGCCAAAATTACCCTATTGTACA
GAACCTCCAGGGGC-3�), and BsrGI(�) (5�-GCCCCTGGAGGTTCTGTA
CAATAGGGTAATTTTGGCTG-3�). The resulting construct, pCR2.1(AD8)-
M, contains AatII and BsrGI restriction sites at the 5� and 3� ends of the matrix
coding sequence, respectively. The DNA sequences encoding the matrix proteins
ME and ML, previously inserted into pCR2.1, were excised by digestion with
AatII and BsrGI and inserted into the corresponding sites of pCR2.1(AD8)-M,
giving rise to pCR2.1(AD8)-ME and -ML. Finally, the BssHII-SpeI fragment was
excised from pCR2.1(AD8)-ME or -ML and inserted into the corresponding
sites of pNL(AD8)-E, -L1, or -L2, as summarized in Fig. 1B.

Six additional pNL(AD8) constructs encoding early matrix mutants associated
with the L1 gp41 CT were designed to test the relevance of the various amino

acid substitutions distinguishing between early and late matrix proteins (Fig. 1C).
Mutagenesis was carried out on the DNA sequence encoding the ME matrix
protein inserted into the pCR2.1 vector. Sequences were modified with the
QuikChange site-directed mutagenesis kit (Stratagene), using appropriate prim-
ers. After mutagenesis, the DNA sequences encoding the matrix mutants were
excised by digestion with AatII and BsrGI before insertion into the correspond-
ing sites of ME-L1, as described above. All of the proviral constructs generated
were verified by DNA sequencing.

NL�env and NL F522Y proviruses were used as controls in some experiments
(6, 46). NL F522Y encodes a nonfusogenic gp120/gp41 complex.

Cell culture. 293T and HeLa cells were maintained in Dulbecco modified
Eagle medium (DMEM) supplemented with 10% heat-inactivated fetal calf
serum and antibiotics (100 IU of penicillin and 100 �g of streptomycin/ml).
MT4.R5 T cells were grown in RPMI 1640 medium supplemented with 10% fetal
calf serum and antibiotics (4). TZM.bl cells were maintained in DMEM supple-
mented with 10% fetal calf serum, gentamicin (50 �g/ml), and 25 mM HEPES
(51, 58). PBMC were obtained from the buffy coats of HIV-seronegative donors
by Ficoll-Hypaque density gradient centrifugation. Monocytes were purified
from PBMC by adhesion to the plastic of culture plates, as previously described
(49). Monocyte-derived macrophages (MDMs) were obtained by allowing har-
vested monocytes to differentiate into macrophages for 7 days in 12-well plates
(8 	 105 cells/well) containing RPMI 1640 medium supplemented with 10%
human AB serum and antibiotics. Nonadherent PBMC were treated with phy-

FIG. 1. Schematic representation of the proviral constructs used. The upper diagram shows the HIV-1 gag and env genes with the corresponding
proteins. The parental viral proteins are indicated by boxes of different colors: black, NL(AD8); gray, early clones of HIV-1 from patient 153; white,
late clones of HIV-1 from patient 153. The arrows indicate the stop codons shortening the gp41 CTs by 20 amino acids (clones L1 and L2).
(A) Schematic representation of pNL(AD8)-NX proviral constructs harboring the sequences encoding the gp41 CTs derived from HIV-1 present
at early (clone E) and late stages (clones L1 and L2) in patient 153. (B) Schematic representation of pNL(AD8)-NX proviral constructs carrying
various combinations of sequences encoding the gp41 CTs (clones E, L1, and L2) and matrix proteins (early clone ME, late clone ML) derived
from HIV-1 present at early or late stages in patient 153. (C) Schematic representation of pNL(AD8)-NX proviral constructs harboring the
sequence encoding the truncated gp41 CT (clone L1) associated with the sequence encoding the early matrix protein (clone ME) with various
combinations of the three amino acid substitutions (K25R, V34I, or I45L) found in all HIV-1 variants present at the late stage in patient 153.
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tohemagglutinin (5 �g/ml) in RPMI 1640 medium supplemented with interleu-
kin-2 (10 ng/ml; Roche), 20% fetal calf serum, and antibiotics for 3 days. They
were then washed free of phytohemagglutinin and maintained in RPMI 1640
medium supplemented with interleukin-2, 20% fetal calf serum, and antibiotics.
Purified CD4� T lymphocytes were negatively selected with biotin-antibody
cocktail microbeads (CD4� T-cell isolation kit II; Miltenyi Biotec, Germany).

Production of viral stocks. Viruses for the analysis of replication kinetics in T
cells and MDMs were obtained by transfecting 293T cells with proviral DNA
constructs, as previously described (34). All virus stocks were sampled for de-
tection of the p24 capsid protein by an Innotest HIV antigen enzyme-linked
immunosorbent assay (ELISA) kit (Ingen) before freezing at �80°C.

Viruses for Env incorporation assays were generated by transfecting 293T cells
and HeLa cells or infecting MT4.R5 cells, PBMC and MDMs. The procedure
used to transfect HeLa cells with proviral DNA constructs has been described
elsewhere (34). Viral supernatants were harvested 48 h after transfection, cen-
trifuged at low speed, filtered, and used immediately for virus purification. For
MT4.R5 and PBMC infections, the cells were exposed to the viruses produced in
293T cells (100 or 200 ng of p24 virus equivalent/3 	 106 cells/ml, respectively)
for 2 h at 37°C, washed, and seeded at a concentration of 0.3 	 106 cells/ml in
RPMI 1640 medium supplemented either with 10% fetal calf serum and antibi-
otics (MT4.R5 cells) or with interleukin-2, 20% fetal calf serum, and antibiotics
(PBMC). Cells producing the viruses encoded by the ME-L1 construct, NL�env
or NL F522Y were obtained after infection by vesicular stomatitis virus G protein
(VSV-G)-pseudotyped viruses to compensate for the loss of infectivity.
Pseudotyped viruses were generated by cotransfecting 293T cells with the pro-
viral DNA constructs and a VSV-G expression plasmid (41). After infection, the
MT4.R5 cells and PBMC were incubated for 3 days at 37°C and then washed,
resuspended in an equal volume of medium, and incubated at 37°C for a further
3 days. Viral supernatants were harvested, centrifuged at low speed, filtered, and
used immediately for virus purification. For MDM infection, the cells were also
exposed to the virus produced in 293T cells (500 ng of p24 virus equivalent/1
ml/8 	 105 cells per well in 12-well plates) for 2 h at 37°C and washed
extensively. Then, 2 ml of RPMI 1640 medium supplemented with 10%
human AB serum and antibiotics was added per well, and the cells were
incubated again at 37°C. Viral supernatants were harvested every 3 days over
a 2-week period, centrifuged at low speed, filtered, and immediately used for
virus purification. All virus stocks were sampled for quantification of the p24
capsid protein before virus purification.

Lysates of 293T cells were prepared at the time of virus collection for evalu-
ation of the expression and processing of the viral envelope. Pelleted cells were
washed with phosphate-buffered saline (PBS), repelleted by centrifugation, and
resuspended in a 1% Triton in PBS supplemented with protease inhibitors. A
sample was removed for p24 analysis, and cell lysates were then frozen at �80°C
for subsequent Western blot analysis, as described below.

Viral replication kinetics. The concentration of the viral stocks produced as
described above from 293T cells was normalized on the basis of p24 capsid
protein concentration. MT4.R5 cells were infected with 5 ng of p24 virus equiv-
alent/106 cells/ml. Samples of culture supernatants were taken every 2 days for
p24 capsid protein determination. After removal of the sample, cell suspensions
were split 1:4 and returned to the incubator at 37°C. Phytohemagglutinin-stim-
ulated PBMC were infected with 20 ng of p24 virus equivalent/106 cells/ml. The
culture medium was sampled every 2 days for p24 capsid protein determination
and was then completely replaced with fresh medium. MDMs were infected with
50 ng of p24 virus equivalent/8 	 105 cells/ml. The culture medium was sampled
every 2 days for p24 capsid protein determination and was then completely
replaced with fresh medium.

Determination of viral infectivity. The infectivity of the virus stocks generated
for Env incorporation assays was determined on TZM-bl cells in 96-well plates.
TZM-bl cells express high levels of CD4 and CCR5 and contain 
-galactosidase
and luciferase reporter genes under the control of an HIV long terminal repeat
(51). Eight 10-fold serial dilutions of each virus stock were prepared in complete
medium (DMEM supplemented with 10% fetal calf serum, gentamicin [50 �g/
ml], and 25 mM HEPES) containing 15 �g of DEAE-dextran/ml directly in the
plates. TZM-bl cells (2 	 104/well) were then added. After 48 h, target cell
infection was determined by staining with X-Gal (5-bromo-4-chloro-3-indolyl-
-
D-galactopyranoside). Briefly, cells were washed twice with PBS and fixed with
80% acetone for 10 min at �20°C. A 50-�l portion of an X-Gal solution (4 mM
potassium ferricyanide, 4 mM potassium ferrocyanide, 0.4 mg of X-Gal, and 2
mM MgCl2 in PBS) was added to each well. After 2 h at 37°C, the reaction was
stopped by replacing the X-Gal solution with PBS, and the blue cells were
counted, using a light microscope, for the last dilution giving more than 10
infected cells. The infectivity was determined as the number of infected cells per
nanogram of p24 in the inoculum.

Env incorporation assays. Viruses produced, as described previously, from
293T cells, HeLa cells, MT4.R5 cells, PBMC, and MDMs were used to assess
Env incorporation into virions. Medium containing the viruses was overlaid on a
20% sucrose cushion in a Beckman SW28 tube, and particles were pelleted by
centrifugation for 90 min at 50,000 	 g and 4°C. Viral pellets were resuspended
in a small volume of TNE buffer (50 mM Tris-HCl [pH 7.4], 100 mM NaCl, 0.5
mM EDTA) supplemented with 1% Triton X-100 and protease inhibitors. An
aliquot was removed for p24 capsid protein determination by ELISA, and re-
suspended pellets were frozen at �80°C for quantitative gp120 ELISA and
Western blot analysis.

The quantitative gp120 ELISA was performed in Immulon-2 plates (Dynex) as
previously described (34). Human monoclonal antibody (MAb) 2G12 was used
for the detection of gp120 captured on the solid phase. Dilutions of purified
gp120IIIB (Advanced Bioscience Laboratories) were used to construct a standard
curve. Similar ELISA tests were also carried out with a pool of HIV-1-positive
human sera for the detection of gp120.

Env incorporation was also assessed by Western blotting for viruses produced
in HeLa cells, essentially as previously described (34). The membrane was ini-
tially probed for gp120 and p24, with specific goat polyclonal antibodies (AbD
Serotec). After blot development, the antibodies were removed from the blot by
incubation with Restore Western blot stripping buffer (Pierce), and the Western
blotting procedure was then repeated with the 2F5 human MAb (Polymun
Scientific) directed against gp41.

Subcellular distribution of Env and matrix proteins. HeLa cells were trans-
fected with DNA proviral construct and processed for immunofluorescence as
previously described (34) with a mouse MAb specific for the matrix (p17) ob-
tained from the National Institute for Biological Standards and Control (NIBSC)
centralized facility for AIDS reagents (ARP342, from R.B. Ferns and R. S.
Tedder) and an anti-Env human MAb 2G12 (Polymun Scientific). The transfec-
tion conditions used yielded ca. 5% positive cells with moderate Env staining.
Images of representative cells were acquired with an Olympus FluoView 500
confocal microscope equipped with Argon (488-nm) and HeNe (546-nm) lasers,
a 60	 PlanApo oil-immersion objective lens, and Fluoview 4.3 software. The
colocalization of Env and matrix proteins was quantified with Imariscoloc (Ima-
ris, Bitplane), as previously described (34). Pearson channel correlation coeffi-
cients (R) in a studied volume (“1” indicating perfect colocalization and “0”
indicating no correlation) were calculated for 10 cells for each sample and are
expressed as means � the standard deviation.

Analysis of cell-to-cell HIV transfer by flow cytometry. Donor cells (primary
CD4� T lymphocytes or MT4.R5 cells) were infected with VSV-G-pseudotyped
virions carrying various combinations of matrix and gp41 CT sequences. We used
10 and 100 ng of p24 virus equivalent per ml to infect 106 MT4.R5 cells, and 10,
100, or 500 ng of p24 virus equivalent per ml for 106 primary lymphocytes. At
36 h after infection, donor and target cells were mixed (1:1) in 96-well plates at
a final concentration of 106 cells/ml, in a final volume of 200 �l. Before coculture,
target cells were labeled with carboxyfluorescein diacetate succinimidyl ester
(CFSE; 2.5 �M; Molecular Probes) for 10 min at 37°C to distinguish them from
donor cells. After the times indicated, cells were stained for intracellular Gag
expression (see below) and analyzed by flow cytometry, as previously described
(56). HIV Gag protein was assayed after permeabilization and intracellular
staining with anti-Gagp24 phycoerythrin MAb (KC57; Coulter). An isotype-
matched MAb was used as negative control. Flow cytometry data were acquired
with a FACSCalibur instrument (Becton Dickinson) and CellQuest software and
were analyzed with FlowJo software (TreeStar).

RESULTS

The gp41 CT truncation of late-stage viruses from patient
153 markedly impairs virus replication. We first investigated
the effects on virus replication of the truncation observed in
the gp41 CT encoded by late HIV-1 env clones from patient
153. We transferred the gp41 CT coding sequences into an R5
molecular clone pNL(AD8) derivative [pNL(AD8)-NX-WT],
as described in Materials and Methods (Fig. 1A). The gp41 CT
coding sequences retained for the present study were derived
from one early env clone (clone E) and two late env clones
(clones L1 and L2) (Fig. 2A). The dominant sequence during
the early stage of infection was that found in clone E (6 of 15
clones). The remaining early env clones encoded gp41 CTs
differing by only one or two amino acid substitutions in differ-
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ent positions. The gp41 CT encoded by all 15 late env clones
had a 20-amino-acid truncation, due to a 23-bp deletion intro-
ducing a stop codon. In addition, the sequences of the trun-
cated gp41 CT encoded by the 15 late env clones differed from
that encoded by the early clone E by five- to nine-amino-acid
substitutions, most of these substitutions being common to
several clones. The late gp41 CT coding sequences selected
were derived from two representative late env clones (clone L1
and L2).

Viral stocks of NL(AD8) carrying early and late gp41 CT
sequences were produced in 293T cells by transient transfec-
tion. No significant difference in p24 (capsid protein) produc-

tion was found between clones, demonstrating the absence of
unanticipated defects in the RNA sequence or Rev protein
function. Western blot analysis on 293T cell lysates showed
that the various glycoproteins were synthesized in a manner
indistinguishable from that of the wild type (data not shown).
We analyzed replication kinetics with the MT4.R5 T-cell line
(Fig. 3A). Cells were infected with the viruses produced in
293T cells (5 ng of p24 virus equivalent/106 cells/ml), and p24
protein accumulation in the culture supernatants was quanti-
fied to compare replication kinetics between viruses. All of
the data shown in Fig. 3A, B, and C were obtained in the
same experiment, which simultaneously included all of the

FIG. 2. Amino acid sequences of gp41 CTs and matrix proteins from patient 153. (A) Sequence alignments for gp41 CTs are shown for an early
viral variant with a full-length sequence (clone E), for two late viral variants harboring a 20-amino-acid truncation (clones L1 and L2), and for the
NL(AD8)-NX-WT virus. The Env sequences upstream from the NheI restriction site and downstream from the XbaI restriction site are derived
from NL(AD8). The highlighted domains include the C-terminal region of the membrane-spanning domain (msd) and the amphipathic alpha-
helical domains LLP-1, LLP-2, and LLP-3. Trafficking motifs (Y712SPL, Y802W803, and L855L856) are boxed. Amino acid identity (.), stop codons
(�), and substitutions are indicated. (B) Sequence alignments for matrix proteins are shown for an early viral variant (clone ME) and for a late
viral variant (clone ML). The three amino acid substitutions specific to late matrix proteins are highlighted by gray shading. The matrix sequences
upstream from the AatII restriction site (localized in the 5� noncoding region of the viral genome) and downstream from the BsrGI restriction site
(localized at the junction between the matrix protein p17 and the capsid protein p24) are derived from NL(AD8). Amino acid identity (.) and
substitutions are indicated. Amino acid numbers correspond to the HXB2 sequence.
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pNL(AD8)-NX constructs sequentially engineered during the
present study, to facilitate comparative analyses. The replica-
tion kinetics of the virus carrying the early gp41 CT (E) closely
resembled that of wild-type NL(AD8)-NX (Fig. 3A). In con-

trast, no virus replication was detected for the two late viruses
encoding shortened gp41 CT (L1 and L2). As a negative con-
trol, we used the NL�env clone (12), which lacks Env and
produced no detectable p24 in any of the cell types used here

FIG. 3. Replication kinetics of NL(AD8)-NX viruses carrying gp41 CTs and matrix proteins derived from the HIV-1 present at early or late
stages in patient 153. Virus stocks, obtained by transfecting 293T cells with the indicated molecular clones, were normalized as a function of p24
capsid protein concentration and used to infect MT4.R5 cells (A, B, and C), PBMC (D, left), or MDMs (D, right), as described in Materials and
Methods. Variations in p24 concentrations were monitored in the culture supernatant over time. Each experiment was performed at least twice
in duplicate, with similar results obtained in terms of both the hierarchy and the extent of replication. Errors bars indicate the standard deviation
for duplicate infections.
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(data not shown). Thus, the NL(AD8)-NX virus harboring a
truncated gp41 CT encoded by the late env clones from patient
153 failed to establish productive infection in MT4.R5 cells,
whereas the NL(AD8)-NX virus carrying a full-length gp41 CT
encoded by early env clones replicated at levels similar to those
for the wild-type virus.

We generated the proviral constructs pNL(AD8)-Edel23, con-
taining the 23-bp deletion in the sequence encoding the early
clone, and pNL(AD8)-L1ins23, harboring a restored CT se-
quence in the context of the late clone L1, to exclude the
possibility that changes other than gp41 CT truncation were
responsible for the dramatic loss of replication capacity.
NL(AD8)-L1ins23 and NL(AD8)-E had similar replication ki-
netics, whereas NL(AD8)-Edel23 and NL(AD8)-L1 displayed
markedly impaired replication, demonstrating that the effects
on viral replication observed for the NL(AD8)-NX virus car-
rying gp41 CT encoded by late env clones were due to the gp41
CT truncation (Fig. 3A).

Late-stage matrix protein restores the replication capacity
of viruses harboring truncated gp41 CTs. The plasma viral
load measured in patient 153 at the late stage of infection (4.25
log viral RNA copies/ml) demonstrates the replication compe-
tence of the primary HIV-1 present in vivo, despite the pres-
ence of the gp41 CT truncation (Table 1). We hypothesized
that the truncations observed in the gp41 CTs encoded by late
env clones from patient 153 might be complemented by com-
pensatory mutations in the matrix. We conducted a compara-
tive analysis of matrix sequences obtained from patient 153 at
early and late stages of infection. Six early and ten late gag
clones were analyzed. Four of the six early gag clones encoded
matrix proteins with identical amino acid sequences. The other
two early clones differed by a single amino acid substitution.
The 10 late gag clones encoded matrix proteins differing from
those encoded by the early clones by three to six amino acid
substitutions. Three of these substitutions (K25R, V34I, and
I45L) were common to all late matrix sequences. One of the
four identical early gag clones (ME) was selected for further
analyses, together with one late gag clone (ML) encoding a
matrix protein harboring only the three amino acid substitu-
tions specific to late-stage viruses (Fig. 2B).

The selected early (ME) and late (ML) matrix sequences
were cloned into the proviral constructs containing early and
late env sequences (Fig. 1B). The viruses produced by the
transfection of 293-T cells were used to infect MT4.R5 cells
(Fig. 3B), as described above. Of the clones encoding the early
matrix sequence, only the clone carrying the early env sequence
(ME-E) replicated efficiently. Clones with the truncated gp41
CT (ME-L1 and ME-L2) did not produce detectable amounts
of p24 in the supernatant. In contrast, expression of the late
matrix sequence (ML) allowed the replication of clones carry-
ing either early (ML-E) or late (ML-L1 and ML-L2) env se-
quences. Thus, the truncation observed in the gp41 CT en-
coded by the late env clones strongly decreased levels of virus
replication in the presence of the early matrix sequence,
whereas expression of a contemporary late matrix allele re-
stored the ability of the virus to replicate.

The single V34I change in the matrix restores the replica-
tion capacity of viruses encoding truncated gp41. The results
described above demonstrate that the late matrix protein ML
compensates for the viral replication defect induced by trun-

cation of the gp41 CT L1 and L2. We evaluated the compen-
satory potential of the three amino acid substitutions between
the early and late matrix proteins, using site-directed mutagen-
esis to introduce all of the possible combinations of the K25R,
V34I, and I45L substitutions into the construct encoding the
early matrix sequence coupled to a truncated late Env se-
quence (ME-L1) (Fig. 1C). Mutant virus phenotypes for viral
spread in MT4.R5 cells were characterized as previously de-
scribed (Fig. 3C). The ME-L1 viruses carrying the V34I sub-
stitution, alone or in combination with the K25R or I45L
substitutions, replicated with kinetics similar to that of the
ML-L1 virus (Fig. 3B and C). In contrast, viruses carrying the
K25R and the I45L substitutions, alone or in combination, in
matrix proteins with a valine residue in position 34, did not
replicate during this experiment (Fig. 3C). Thus, the replica-
tion defect resulting from the truncation of the gp41 CT L1
and L2 may be reversed by a single amino acid substitution at
position 34 in the late matrix protein.

As cell type may influence the replication capacity of viruses
carrying mutated gp41 CT sequences, we characterized the
replication kinetics of viruses with relevant combinations of
matrix and envelope sequences, using PBMC and macro-
phages. Viral stocks were produced in 293T cells transiently
transfected with the various proviral DNA constructs. An ino-
culum adapted to each cell type (20 ng of p24 virus equivalent/
106 cells/ml for PBMC, 50 ng of p24 virus equivalent/8 	 105

cells/ml for macrophages), based on permissiveness to
NL(AD8)-NX viruses, was used. We compared the replication
kinetics between viruses by quantifying p24 protein accumula-
tion in the culture supernatants. In PBMC, the reference clone
NL(AD8)-NX replicated most rapidly (Fig. 3D). The two vi-
ruses carrying an early envelope sequence and different matrix
alleles (ME-E and ML-E) replicated to similar extents. For
viruses carrying a truncated CT, clear differences were ob-
served as a function of matrix sequences: the clone carrying the
early matrix sequence failed to replicate (ME-L1), the late
matrix sequence allowed efficient virus replication (ML-L1),
and the V34I mutation alone partially compensated for the loss
of infectivity (ME/V34I-L1).

In macrophages, all of the NL(AD8)-NX viruses replicated
with similar kinetics, with the exception of the ME-L1 virus,
which displayed strong impairment of replication capacity, with
p24 production peaking at 1.65 ng/ml 4 days after infection and
then falling below 1 ng/ml for the rest of the experiment (Fig.
3D). Thus, the replication kinetics in relevant HIV target cells
confirmed the impairment of virus replication due to gp41
truncation and its restoration by the late matrix protein. Res-
idue 34 of the matrix protein was also confirmed to be a key
element in compatibility with truncated gp41 CT.

The rescue of virus infectivity by matrix mutations is cell
type independent. Several studies have reported differences in
the intracellular transport and assembly process between cell
types (22, 23, 30, 53). There may therefore be different require-
ments for compatibility between the viral matrix and envelope
sequences. We thus analyzed the infectivity of virions produced
in different cell types and carrying relevant combinations of
matrix coding sequences and env genes from the early and late
viruses found in patient 153. We used a single-round reporter
assay based on CD4� CCR5� 
-galactosidase indicator
(TZM-bl) cells. This single-cycle assay tests for completion of
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the steps in the virus life cycle up to and including Tat expres-
sion and is therefore a useful tool for probing blocks of the
early viral life cycle. The NL F522Y virus, which carries a
nonfusogenic Env, and the NL�env virus were used as negative
controls (6, 46). Viruses were produced by transiently trans-
fecting 293T cells and HeLa cells with the various proviral
DNA constructs or by infecting MT4.R5 cells, PBMC, or mac-
rophages with the corresponding viruses, as described in Ma-
terials and Methods. To ensure efficient infection with defec-
tive ME-L1, NL�env, and NL F522Y viruses, we used VSV-G
pseudotyping. Endpoint dilutions of each viral supernatant
were used to infect TMZ-bl cells. After 48 h, we assessed target
cell infection levels by staining with X-Gal. The infectivity was
quantified as the number of infected cells per ng of p24 in the
inoculum.

The infectious titer per ng of p24 was highest for viruses
produced in 293-T cells, followed by viruses produced in HeLa
and MT4.R5 cells (Fig. 4). Viruses carrying patient-derived
sequences produced in PBMC and macrophages had lower
levels of infectivity. The hierarchy of viral infectivities was
conserved between cell types, suggesting similar requirements
for matrix and envelope compatibility. In all cell types, virions
carrying a truncated gp41 CT and the early matrix sequence
(ME-L1) were markedly less infectious (1 to 2 logs less infec-
tious) than viruses carrying full-length Env (ME-E and ML-E)
and viruses in which the truncated CT was complemented by
the late matrix (ML-L1) or an early matrix sequence carrying
the V34I substitution (ME/V34I-L1). The replication defect

observed for ME-L1 virus may therefore be attributed to a
defect in the early steps of the virus replication cycle. The
measurable single-cycle infectivity for the ME-L1 virus, how-
ever, suggests that the lack of detectable virus replication in
multiple-cycle experiments is due to a cumulative effect of each
infection cycle rather than to a complete loss of infectivity.

The gp41 CT truncation decreases Env incorporation into
virus particles, and this effect is reversed by matrix mutations.
Studies with T-cell laboratory-adapted virus mutants have
shown that the decrease in infectivity associated with certain
substitutions, deletions, or truncations in the gp41 CT is ac-
companied by defective Env incorporation into virions (28, 32,
43, 45, 50). Our results for the single-cycle assay suggest that a
lower efficiency of Env incorporation may be responsible for
the impaired replication of the truncated CT variant, when not
compensated for by the appropriate matrix mutations. We thus
evaluated the particle protein composition of purified viruses
encoding different combinations of matrix and envelope se-
quences. Virions were produced in 293T cells, HeLa cells,
MT4.R5 cells, PBMC, and macrophages, as described above.
Virions were pelleted from viral supernatants by centrifugation
through a sucrose cushion. Virion-associated gp120 levels were
quantified by a sensitive Env ELISA as described in Materials
and Methods. Various antibodies (human MAb 2G12 and a
pool of human sera from HIV-1-infected patients) for detect-
ing the gp120 captured on the solid phase were tested. The
data obtained with the human MAb 2G12 are reported here,
since the background was lowest for this antibody. However,

FIG. 4. Singe-round infectivity of NL(AD8)-NX viruses carrying gp41 CTs and matrix proteins derived from HIV-1 present at the early or late
stages in patient 153. Virus stocks of the indicated molecular clones, obtained by transfecting 293T (A) and HeLa cells (B) or by infecting MT4.R5
cells (C), PBMC (D), or MDMs (E), were used to infect TZM-bl cells, as described in Materials and Methods. Eight 10-fold serial dilutions of
each virus stock were tested in 96-well plates. After 48 h, infection of the target cells was assessed by staining with X-Gal. The infectivity of each
virus is expressed as the number of infected cells per ng of p24. The data are expressed as means � the standard deviations.
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similar results were obtained with the pool of human sera,
showing that the differences in gp120 incorporation between
the various viruses did not depend on variations in the anti-
genic properties of Env. The highest Env incorporation levels,
measured as the gp120/p24 ratio, were obtained for viruses
produced by transfected 293-T cells (Fig. 5). Slightly lower
levels of Env incorporation were observed for viruses produced
by HeLa cells and PBMC. The gp120/p24 ratio was markedly
lower for viruses produced in MT4.R5 cells and macrophages.
Despite cell type-related differences, a comparison of virus
clones clearly showed Env incorporation to be reduced only
when the truncated CT gp41 was expressed together with the

early matrix allele. This confirms that the replication defect of
the ME-L1 virus is largely due to the impairment of Env
incorporation. The matrix protein from the late virus popula-
tion (ML-L1) and the single V34I mutation in the early matrix
sequence (ME/V34I-L1) rescued the incorporation defect.

For HeLa cells, the amounts of gp120, gp41, and p24 found
in the various virus lysates were also assessed by Western
blotting (Fig. 5F). The results were consistent with those ob-
tained by ELISA, demonstrating that the observed difference
in gp120 incorporation in ELISA reflected Env incorporation
rather than excess shedding.

These results demonstrate that the defect in infectivity and

FIG. 5. Env incorporation of NL(AD8)-NX viruses carrying gp41 CTs and matrix proteins derived from HIV-1 present at the early or late
stages in patient 153. Virus stocks of the indicated molecular clones were obtained by transfecting 293T (A) and HeLa cells (B) or by infecting
MT4.R5 cells (C), PBMC (D), or MDMs (E), as described in Materials and Methods. Env incorporation into virions was assessed, using viruses
purified by centrifugation through a 20% sucrose cushion. Viral pellets were lysed in TNE buffer containing 1% Triton X-100 and gp120 was
quantified by ELISA. The results shown were obtained from a representative experiment performed in duplicate. Errors bars indicate standard
deviations. (F) Western blot analysis of Env incorporation into virions produced by HeLa cells. The upper panel shows the blot probed with
anti-gp120 and anti-p24 antibodies. The positions of the Env glycoprotein gp120, the Gag precursor Pr55, the Gag processing intermediate Pr41
and the processed p24 capsid protein are indicated. The blot was stripped and reprobed with an anti-gp41 antibody to detect the Env glycoprotein
gp41 (lower panel; see Materials and Methods).
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replication kinetics of the ME-L1 virus resulted largely from
the impaired incorporation of Env into virions. In addition,
mutations selected in the late virus population in patient 153,
including the V34I substitution in particular, compensated for
the loss of Env incorporation in viruses harboring truncated
gp41 CT in the various cell types.

The abnormal subcellular distribution of CT-truncated Env
is reversed by the coexpression of matrix proteins carrying
compensatory mutations. HeLa cells are a convenient model
for analyzing the subcellular distribution of viral proteins. Con-
focal microscopy has shown that most of the assembling HIV-1
particles are present at the plasma membrane in these cells,
giving a punctate pattern coinciding with Env staining (24, 34).
We therefore investigated possible differences in the intracel-
lular distribution of Env carrying full-length or truncated gp41
CTs produced together with the early, late, or ME/V34I matrix
proteins by transiently transfecting HeLa cells. The steady-
state intracellular distribution of Env was compared to that of
the matrix protein, by labeling with an anti-p17 antibody that
specifically recognizes the mature form of the protein. Cells
were analyzed 40 h after transfection and treated with cyclo-
heximide to eliminate newly synthesized Env from the early
secretory pathway. The ImarisColoc module was used to assess
the colocalization of Env and matrix protein, as described in
Materials and Methods. Pearson channel correlation coeffi-
cient (R) for the studied volume (“1” indicating perfect colo-
calization, “0” indicating no correlation) was calculated for 10
cells from each sample and is expressed as the mean � the
standard deviation.

The NL(AD8)-NX-WT virus displayed punctate staining at
the cell surface, with the highest degree of colocalization be-
tween Env and the p17 matrix protein (R � 0.77 � 0.07) (Fig.
6). Similar levels of Env/p17 colocalization at the cell surface
were observed for all other viruses, with the notable exception
of the ME-L1 virus. For this virus, the colocalization of stain-
ing for Env and p17 was much weaker (R � 0.40 � 0.06),
whereas the intensity of diffuse cytosolic Env staining was
markedly higher. Thus, the distribution of Env at the cell
surface during viral assembly was strongly affected by trunca-
tion of the gp41 CT, which is consistent with the defect in Env
incorporation observed for the ME-L1 virus. Expression of the
late matrix protein gene normalized the distribution of the
CT-truncated Env. The V34I substitution in the matrix protein
was sufficient to restore a high degree of colocalization be-
tween Env and the p17 matrix protein at the cell surface for the
virus harboring the truncated gp41 CT. These observations are
consistent with the compensatory effect of matrix mutations on
viral infectivity, replication kinetics, and Env incorporation.

gp41 CT truncation preceded the emergence of the V34I
substitution in the matrix protein. Our data show that muta-
tions in the matrix sequence found in the late sample from
patient 153 rescued an intrinsic replication defect associated
with gp41 CT truncation. We investigated the order of appear-
ance of these mutations in vivo by analyzing the matrix and
gp41 CT sequences from five additional blood samples col-
lected from patient 153 between the early and late stages of
infection (Table 1). For each time point, 10 matrix and 10 gp41
CT sequence clones were analyzed (Table 1). The sequences
encoding the truncated gp41 CT and the V34I substitution in
the matrix protein were simultaneously detected in the proviral

DNA isolated from PBMC collected 20 months after primary
infection. At this time point, all 10 env sequences analyzed
encoded the truncated gp41 CT, whereas only 3 of 10 gag
sequence clones encoded a matrix protein harboring the V34I
substitution, suggesting that gp41 CT truncation preceded the
emergence of matrix mutations. The proportion of gag clones
encoding a matrix protein with the V34I substitution gradually
increased to 10 of 10 by the late stage. Two other substitutions
(K25R and I45L) specific to the late matrix protein appeared
after the V34I substitution, and their proportions increased
over time. These results strongly suggest that gp41 CT trunca-
tion preceded the emergence of matrix changes, with V34I
being the earliest and most prevalent mutation. These data are
consistent with our data on the major role played by the V34I
substitution in overcoming the deleterious effects of gp41 CT
truncation. Note that the gp41 CT truncation and the three
substitutions specific to the late matrix protein were still
present in the 10 matrix and 10 gp41 CT sequence clones
analyzed 29 months after the late stage (Table 1).

gp41 CT-truncated HIV-1 may spread by direct cell-to-cell
transfer in the absence of matrix compensation. The analysis
of sequential samples from patient 153 suggested that the gp41
truncation preceded the emergence of matrix mutations. We
analyzed cell-to-cell spread as a possible mechanism support-
ing the replication of gp41-truncated viruses and facilitating
the emergence of compensatory mutations. Cell-to-cell trans-
fer is a more potent and rapid mechanism of viral propagation
than infection by cell-free virus (55). The requirements for
these two infection routes may differ. We used a previously
described flow cytometry-based cell-to-cell virus transfer assay
(56). Primary CD4� T lymphocytes were infected with VSV-
G-pseudotyped HIV-1 particles (100 ng of p24 virus equiva-
lent/106 cells/ml), carrying different combinations of matrix
and Env. At 36 h after infection, the cells were cocultured with
autologous CFSE-labeled target T lymphocytes. CFSE labeling
allows targets to be distinguished from donors and, thus, anal-
ysis of the emergence of newly infected cells in culture. The
percentage of Gag� cells among CFSE-labeled lymphocytes
was determined at various times up to 60 h postcoculture to
measure early productive virus-transfer events (Fig. 7A). Un-
der the experimental conditions used here, infection with cell-
free virus has a negligible impact on the emergence of Gag�

target cells (56). The percentage of Gag� target cells in culture
increased with time in experiments in which donor cells were
infected by the reference clone NL(AD8)-NX-WT or by vi-
ruses carrying combinations of matrix and Env from patient
153, including that encoding a truncated gp41 not compen-
sated by matrix mutations (ME-L1) (Fig. 7A). Thus, the
ME-L1 virus can be transferred from infected cells to target
cells in culture, although slightly less efficiently. A functional
Env is required for cell-to-cell transfer of virus (56). Accord-
ingly, when donor cells were infected by a VSV-G-pseudotyped
virus defective for HIV-1 Env (NL�env) and cocultured with
target cells, only a very small percentage of target cells became
Gag� (Fig. 7A). For this control virus, the proportion of Gag�

cells decreased over time, suggesting that the signal represents
the endocytosis and degradation of viral particles by primary T
lymphocytes. The transmission efficiency was calculated by
comparing the area under the curve for each virus to that of
the reference NL(AD8)-NX-WT clone in three independent
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FIG. 6. Analysis of Gag and Env intracellular distributions by confocal microscopy. HeLa cells transfected with the indicated molecular clones
were fixed and processed for immunofluorescence analysis with 2G12 anti-Env MAb and a mouse MAb specific for the matrix p17 protein. Before
fixation, all of the cells were treated with 50 �g of cycloheximide/ml for 3 h. Protein distribution was assessed by confocal microscopy and the
Pearson channel correlation coefficient (R) (“1” indicating perfect colocalization, “0” indicating no correlation) was calculated for each sample,
as described in Materials and Methods. Scale bar, 10 �m.
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cell-to-cell transfer experiments using different multiplicities of
infection (Fig. 7B). Viruses encoding early or late Env dis-
played similar transfer efficiencies, suggesting that the size of
the CT does not affect HIV-1 transfer. However, a trend to-
ward slightly more efficient transfer was observed for viruses
carrying the late matrix sequence, but this difference was not
statistically significant.

Similar results were obtained with MT4R5 cells (Fig. 7C and
D). Gag� cells appeared more rapidly among targets in this
cell line than in primary lymphocytes and higher percentages of
the target cells were productively infected. Also, in MT4.R5
cells, the ME-L1 virus displayed replication kinetics and a
transfer efficiency similar to those for the other viruses. Over-
all, these findings demonstrate that cells producing the gp41-
truncated virus, in the absence of matrix compensation, may
productively infect target cells by cell-to-cell virus transfer.

DISCUSSION

The important role of the HIV-1 gp41 CT in regulating Env
functions, incorporating Env into virus particles and, conse-
quently, in viral replication has clearly been demonstrated in
vitro with T-cell laboratory-adapted virus mutants (16, 19, 28,
43, 44, 50, 63). The strong conservation of CT length in pri-

mary isolates of HIV-1 and SIV also suggests that this factor
plays a key role in viral replication and persistence in vivo (39,
54, 64). However, we describe here the emergence and domi-
nance in vivo of a primary HIV-1 variant carrying a natural
truncation of the gp41 CT. Env sequence analysis on longitu-
dinal samples from patient 153 showed that the dominant virus
population 6 years after primary infection harbored a C-ter-
minal 20-amino-acid truncation, whereas the virus population
present at the early stage of infection had a full-length Env
sequence. This deletion may affect Env trafficking, incorpora-
tion, and function. The aims of the present study were thus to
assess the functional consequences of the gp41 truncation and
to identify the mechanisms allowing this virus to replicate ef-
ficiently in an infected patient despite this major Env alter-
ation. Compensatory mutations emerged in the matrix protein,
restoring Env incorporation and virus replication. To our
knowledge, this is the first description of in vivo rescue of the
impairment of viral replication due to a gp41 CT truncation.

The observed deletion in the gp41 encoded by late env
clones from patient 153 encompassed both the C-terminal
dileucine trafficking motif and much of the LLP-1 domain. We
investigated its effects on virus replication by placing the gp41
CT coding sequences of early and late HIV-1 env clones from

FIG. 7. Cell-to-cell HIV transfer. Cell-to-cell viral transfer was measured by a flow cytometry-based assay. Primary CD4� T lymphocytes (A
and B) or MT4R5 cells (C and D) were infected with VSV-G-pseudotyped HIV-1 particles carrying different combinations of matrix and Env. The
cells were then cocultured with CFSE-labeled target cells, such that targets could be distinguished from donors. The appearance of Gag� target
cells was followed over time (A and C). The efficiency of transmission (B and D) was measured by calculating the area under the curve in three
independent experiments, with values for the NL(AD8) clone being defined as 100%. Means and standard deviations are shown.
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patient 153 in the context of the molecular clone pNL(AD8).
NL(AD8)-NX viruses carrying the gp41 CT encoded by late
env clones failed to establish productive infection in MT4.R5
cells. Analyses of purified virions demonstrated that the CT
deletion strongly affected the efficiency of Env incorporation
into virus particles and provided an explanation for the impair-
ment of replication. These findings are consistent with previous
studies showing that decreases in infectivity due to certain
substitutions, deletions, or truncations in the gp41 CT, includ-
ing those specifically affecting the LLP-1 domain, resulted
from a defect in Env incorporation into virions (28, 32, 43, 50).

However, despite this deleterious truncation of the gp41 CT,
the virus remained detectable in the plasma of patient 153
throughout the 9 years of follow-up, suggesting that functional
complementation of gp41 CT truncation, probably involving
the matrix protein, might have helped to maintain viral repli-
cation capacity. This hypothesis is based principally on the
observation of compensation between the CT and matrix pro-
tein on viral infectivity of T-cell laboratory-adapted virus mu-
tants (19, 40, 43). A comparative analysis of matrix sequences
obtained from patient 153 at early and late stages of infection
confirmed the occurrence of three substitutions (K25R, V34I,
and I45L) in all late matrix sequences. Consistent with our
hypothesis, the expression of a late matrix allele rescued rep-
lication of the CT-truncated virus. The restoration of virus
replication by matrix mutations demonstrates that the CT-
truncated Env is competent for all Env functions other than
incorporation into virus particles. Furthermore, viruses carry-
ing the late matrix protein and the early full-length gp41 CT
were clearly replication competent. Thus, the substitutions ob-
served in the late matrix protein are functionally compatible
with a full-length Env. These data demonstrate the suitability
of our model, derived from the NL(AD8) molecular clone, for
use in the studies of the effects of compensation between the
CT and matrix protein described here. However, it may be
necessary to take into account more extensively the primary
genetic context in which CT truncation arose, in analyses of
other CT-truncated Env properties, such as their antigenicity.

We investigated the respective roles of the three amino acid
substitutions differentiating early from late matrix proteins, by
carrying out further studies with proviral constructs encoding
early matrix sequences and all possible combinations of the
K25R, V34I, and I45L substitutions coupled to the truncated
late env sequence. Analyses of replication kinetics in MT4.R5
cells showed that the replication defect resulting from trunca-
tion of the gp41 CT was reversed by the single Val/Ile substi-
tution at position 34 in the matrix protein. The V34I substitu-
tion in the matrix protein has been shown to restore the
replication defect resulting from a small deletion in the LLP2/
LLP3 domains of a T-cell laboratory-adapted virus mutant
(43). However, we provide here the first demonstration of such
mechanisms occurring in viruses circulating in a patient. Fur-
thermore, these results represent the first description of a
compensatory effect of amino acid substitutions in the matrix
protein on the impairment of replication resulting from a trun-
cation of the gp41 CT removing much of the LLP-1 domain.
Restoration of the replication capacities of viruses harboring
truncated gp41 CTs by the late matrix protein or V34I substi-
tution was confirmed in PBMC and macrophages, demonstrat-
ing the key role of matrix residue 34 in compatibility with

truncated CT gp41 in relevant HIV-1 target cells. The late
matrix sequence and the V34I mutation alone restored the
replication of viruses harboring the gp41 truncation in macro-
phages, whereas, in PBMC, the V34I substitution alone com-
pensated only partially for the loss of infectivity. This differ-
ence suggests that the two additional substitutions (K25R and
I45L) may help to optimize viral replication fitness in this
cellular context.

The efficiency of Env incorporation into virus particles (ex-
pressed as the ratio of gp120 to p24) differed between cell
types, but markedly low levels of CT-truncated Env incorpo-
ration and the rescue of Env incorporation by matrix mutations
were observed in all cell types tested. Thus, the requirement
for matrix and envelope compatibility with respect to the 20-
amino acid CT truncation was similar in different cellular con-
texts, consistent with the infectivity data obtained for the sin-
gle-round reporter assay. The single V34I substitution in the
matrix protein, in particular, played a major role in compen-
sating for Env truncation. The defective incorporation of CT-
truncated Env and its rescue by matrix mutation were corrob-
orated by confocal microscopy analyses conducted on HeLa
cells. Only a partial redistribution of Env at the cell surface was
observed for the virus harboring truncated gp41 CT and the
early matrix sequence, whereas the V34I substitution in the
matrix protein appeared to be sufficient to restore typical punc-
tate pattern of p17 matrix protein staining coinciding with Env
staining (24, 34). The exact nature of the mechanism of com-
pensation between gp41 CT and matrix protein remains un-
clear. Matrix protein oligomerization creates holes into which
the cytoplasmic tail of the gp41 envelope protein is thought to
be inserted (2, 25, 43). The location of the V34I residue seems
compatible with direct or indirect interaction with the LLP-1
domain (25). However, several aspects of this model remain
undetermined, including the relevance of matrix protein-
driven oligomerization in the context of the uncleaved Gag
precursor and whether this process occurs in cells producing
virus. Structural data for the intact CT of gp41 are also cur-
rently lacking.

Sequential analyses of samples collected from patient 153
between the early and late stages of infection indicated that
gp41 CT truncation occurred before the emergence of matrix
changes. The rapid selection of variants harboring a truncation
in the gp41 CT contrasted with the slower emergence of vari-
ants carrying compensatory matrix substitutions over a period
of several years, with V34I being the first and most prevalent
matrix substitution (Table 1). The progressive emergence of
the compensatory V34I matrix mutation was accompanied by
an increase in viral load, which reached 4.25 log RNA cop-
ies/ml after 6 years (corresponding to the late stage) and 4.9
log 6 months later, when antiretroviral treatment was initiated.
The changes in viral load observed in patient 153 suggest that
strong selective pressure restrained virus replication 1 year
after primary infection, leading to the selection of a variant
harboring the truncated Env sequence. The progressive emer-
gence of compensatory matrix mutations subsequently in-
creased virus replication in vivo, conferring full pathogenic
potential on the virus.

The radical switch observed in the env quasispecies is rem-
iniscent of the purifying selection exerted by CTL responses on
HIV-1 (36, 42). Two T-cell epitopes compatible with the HLA
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haplotype of patient 153 (A2 and B7) were identified (http:
//www.hiv.lanl.gov/content/immunology/maps/ctl/gp160.html) in
the 20-amino-acid sequence deleted by CT truncation. A strong
T-cell response specific for one of these epitopes inducing the
selection of variants with a truncated gp41 CT is therefore a
plausible hypothesis. Moreover, such T-cell responses against the
B7 epitope were previously found in more than 20% of patients
expressing this allele during primary infection (3). Unfortunately,
we were unable to explore this possibility, because no cell samples
from patient 153 were available. We cannot rule out the alterna-
tive possibility that CT truncation may be involved in antigenic
variation of the ectodomain of Env and viral escape from neu-
tralizing antibodies. Indeed, a potentially critical effect of even
minor variations of the sequence of the CT on the antigenicity of
the ectodomain of Env has recently been reported (31). To our
knowledge, no treatment likely to affect HIV-1 replication was
given to the patient before March 2000.

Our data also provide a potential mechanism for CT-trun-
cated virus replication, allowing the emergence of compensa-
tory matrix mutations. We have shown that, in the absence of
compensatory matrix mutations, the HIV-1 variant harboring a
truncated Env CT can spread by cell-to-cell transfer, a potent
means of virus replication (55). This finding also suggests that
the molecular requirements for direct virus transfer are less
stringent than those underlying cell-free virus infection. Muta-
tions affecting Gag or Env that strongly reduce Env incorpo-
ration into virus particles result in the number of Env spikes on
the virus surface being insufficient for fusion pore formation
and enlargement. In the context of cell-cell contacts, provided
that the viral Env is competent for receptor binding and mem-
brane fusion, several factors may facilitate the translocation of
virus material. Even in the absence of syncytia, the large areas
involved in cell-cell contact and the density of viral proteins
and cellular receptors at these contact sites are likely to favor
virus transfer. Furthermore, viral protein trafficking may be
differently regulated in the presence of cellular contacts. Sus-
tained virus replication creates suitable conditions for the
emergence of compensatory mutations, which, in the case re-
ported here, restored the infectivity of cell-free virions.

In conclusion, these data show that HIV-1 can undergo gp41
CT truncation removing a large part of the LLP-1 domain in
vivo. In the patient studied here, the virus overcame this major
structural change through a compensatory mechanism involv-
ing a single amino acid change in the matrix. Our data also
reveal that it is possible for a virus with highly impaired Env
incorporation to replicate through cell-to-cell transmission un-
til the recovery of its full replicative and pathogenic capacity.
These findings provide new insight into HIV-1 assembly and
evolution potential in vivo.
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