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Peptides derived from the heptad repeats of human immunodeficiency virus (HIV) gp41 envelope glyco-
protein, such as T20, can efficiently inhibit HIV type 1 (HIV-1) entry. In this study, replication of HIV-1 was in-
hibited more than 100-fold in a T-helper cell line transduced with a retrovirus vector expressing membrane-
anchored T20 on the cell surface. Inhibition was independent of coreceptor usage.

Despite aggressive combination therapy in human immuno-
deficiency virus (HIV) infection, latently infected cells persist
and viral rebound is observed after prolonged treatment.
Moreover, many patients are intolerant of the available drugs
(3, 7, 17). Several gene therapeutic strategies have been pro-
posed that could improve the therapy for HIV infection (25,
27). However, in most approaches, virus production from an
integrated provirus is inhibited, whereas only a few antiviral
gene products described so far, such as single-chain antibodies
to HIV integrase, inhibit steps prior to retrovirus integration
(18).

HIV replication is initiated by binding of the virus envelope
glycoprotein gp120 to the CD4 receptor and a coreceptor on
the target cell. The gp41 subunit of the HIV envelope glyco-
protein then plays a key role in virus entry by mediating fusion
of the viral lipid membrane and the plasma membrane of the
target cell. In crystallographic studies, heptad repeat sequences
were shown to form a coiled-coil structure during the confor-
mational change of gp41 that is crucial for HIV membrane
fusion (2, 28). Peptides derived from one of the heptad repeats
most likely interact with this coiled coil, thereby locking gp41
in a fusion-incompetent conformation and inhibiting HIV type
1 (HIV-1) entry (30).

A potent peptide inhibitor is T20 (formerly DP178), which
overlaps with the C-terminal heptad repeat and inhibits HIV
infection at concentrations of less than 2 ng/ml (8). In a recent
clinical study, short-term administration of T20 to HIV-in-
fected patients was found to be safe and to potently suppress
viremia (13). However, very large amounts of the peptide are
required to achieve an antiviral effect. The peptides are not
orally bioavailable and have an extremely short half-life, and
large-scale production is expensive (5). The aim of the present
study was to overcome these drawbacks by expressing the in-
hibitory peptide in the target cell of HIV-1 infection.

Design of retrovirus vectors. Six retrovirus vectors designed
to express secreted (M85 and M86) or membrane-bound

(M87) T20 were constructed. The T20 sequences were cloned
59 to an internal ribosome entry site (IRES)-neo cassette in
retrovirus vector MPIN (Fig. 1). In M85, T20 was expressed as
a fusion protein behind the signal peptide (SP) of the human
low-affinity nerve growth factor receptor (LNGFR). In M86,
the sequence coding for peptide RGD was introduced in frame
between the SP and T20. The RGD motif binds integrins and
thereby could increase local concentrations of T20 on the cell
surface by trapping secreted peptides on the cell membrane.
The LNGFR SP was amplified by PCR from the vector dLN,
using the primers SPNOT1 (59-gcggccgccatgggggcaggtgccaccg
gc-39) and SPBgl2 (59-agatctggcacctccaagggacacccccag-39) to
introduce a NotI site at the 59 end and a BglII site at the 39 end
(6). The sequence coding for T20 was amplified from NL4–3,
using the primers T20Bgl1 (M85; 59-agatcttacactagcttaatacac
tcctta-39) or T20Bgl1RGD1 (M86; 59-agatctagaggcgactacact
agcttaatacactcctta-39) and T20Hind2 (59-aagcttattaaaaccaattc
caca aacttgccc-39) to introduce a BglII site at the 59 end and a
HindIII site at the 39 end. The fragments were ligated via the
NotI and HindIII sites into pBluescript KS.

In the construct M87, membrane-bound T20 was expressed
as a fusion protein with the hinge region from the immuno-
globulin G (IgG) heavy chain and the membrane-spanning
domain (MSD) from the LNGFR. The MSD was amplified
from dLN by using a 59 primer that also contained the se-
quence coding for the hinge of the murine IgG heavy chain and
a BglII site (hingeTMBgl1; 59-agatctgttccaagagactgtggatgca
aaccctgtatatgtaccctcatccctgtctattgctccatcctggct gctg-39) and
a 39 primer (U32; 59-cgcgcgaacagaagcgagaag-39) (6). This
PCR product was introduced together with the SP PCR prod-
uct into pBluescript (NotI 3 BglII 3 HindIII), and the se-
quence for T20 was then introduced as a PCR product flanked
by BglII sites (primers T20Bgl1 and T20Bgl2; 59-agatctaaacc
aattccacaaacttgccc-39).

The genes coding for the different T20 fusion proteins were
transferred as NotI-HindIII fragments from pBluescript to-
gether with the poliovirus IRES from SF1 MIN into MPIN
(12).

In addition, mutations were introduced into M87 by site-
directed mutagenesis (Fig. 1C). In mutant M87m1, the four
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C-terminal amino acids of the T20 peptide (WNWF) were
mutated to ANAA. T20 peptides with these substitutions have
been shown to be inactive (16). Two adjacent sequences in the
coding region of M87 were amplified by PCR by using the
following primers: PCR A, Af 59-ttgtacaccctaagcctccgc-39 and
Ar 59-cagatctagccgcattcgccaaacttgccc-39; PCR B, Bf 59-ttggcga
atgcggctagatctgttccaagagactgtggatgc-39 and Br 59-atggccgatccc
atattggc-39. The PCR products of PCR A and B were used as
a template for PCR C, with the following primers: PCR C, Cf
59-ttatccagccctcactccttc-39 and Cr 59-gagcggccgcaatccaattcgc-
39. The PCR C product was cloned into EcoRV of pBluescript
and then introduced as a NotI fragment into M87 from which
the original NotI fragment was removed. Three plasmid clones
were sequenced. M87m1 had only the expected mutations.
M87m2 had an additional G to A mutation in the fourth
codon, resulting in a substitution of aspartic acid for glycine in
the SP. M87m2 had an additional G to A mutation in the
seventh codon, leading again to a substitution of aspartic acid
for glycine. These additional mutations were most likely intro-
duced by PCR.

Surface expression of membrane-anchored T20. Retrovirus
vectors were packaged by transfection of Phoenix packaging
cells, and supernatants were used to transduce the T-helper
cell line PM-1 (10, 19). As a control, the vector MPIN con-
taining only neo was used. After G418 selection, PM-1/MPIN,
PM-1/M87, and PM-1/M87m1–3 were stained with a human
monoclonal antibody directed against a motif in gp41 (ELD
KWA) that was present in T20 (2F5) and analyzed on a flow
cytometer (FACScalibur; Becton Dickinson, Heidelberg, Ger-
many). As a control, a human monoclonal antibody directed
against HIV-1 gp120 was used (2G12). Both antibodies have
been described in detail (1). The control antibody showed a
similar level of background staining for PM-1/MPIN and PM-
1/M87 (Fig. 2). In contrast, the anti-T20 antibody stained PM-
1/M87 significantly. Interestingly, T20 could be detected on the
cell surface of all M87 mutants, although in mutants M87m2
and M87m3 amino acid substitutions were present in the SP.

Membrane-anchored T20 inhibits HIV-1 replication. The
different PM-1 cell lines were infected with HIV-1 produced
from the proviral clone NL4–3 or NL4–3AGFP, at a multiplic-
ity of infection of 0.1 50% tissue culture infective dose. In the
latter virus, green fluorescent protein (GFP) was fused to the
anchor domain of Nef, so that HIV-1 replication could be
monitored by analysis of p24 antigen production as well as by
flow cytometry (29). NL4–3 p24 antigen was measured in the
culture supernatants as soon as a cytopathic effect became
evident in the control cells (day 6 in the experiment shown in
Fig. 3A) by enzyme-linked immunosorbent assay, as described
previously (9, 15). Production of p24 was inhibited more than
500-fold in PM-1/M87. If the cultures were monitored further,
NL4–3 finally broke through and a cytopathic effect became
evident between days 14 to 20. Spread of NL4–3AGFP was
monitored by flow cytometry (Fig. 3B). On day 6, when 100%
of the control cells were GFP positive, less than 1% of the
PM-1/M87 cells expressed GFP. Therefore, replication of
NL4–3AGFP was reduced by more than 2 orders of magnitude
by M87. The constructs designed to express secreted T20 (M85
and M86) had no antiviral activity (Fig. 3A and B). Most likely,
the level of expression or secretion of the peptide was too low
to achieve inhibitory concentrations. However, secreted pep-
tide would be a highly attractive alternative to the membrane-
anchored T20 for gene therapy applications, because of a pos-
sible bystander effect.

We found that conditioned medium from cells expressing
M87 did not inhibit HIV infection (data not shown). This in-
dicates that the peptide inhibits infection while anchored to the
target cell membrane and not after being shed into the super-
natant. Interestingly, the peptide is anchored to the target
membrane by a very short linker of only 13 amino acids. To
interact with the membrane-anchored T20, the N-terminal
coiled coil of gp41 must come very close to the target cell
membrane, which would predict an elongated intermediate
conformation of gp41.

Amino acid substitutions in the C-terminal domain of T20

FIG. 1. (A) Maps of retroviral vectors. The SP and the MSD are derived from the LNGFR. The hinge is derived from the IgG heavy chain.
(B) Amino acid sequence of the membrane-anchored T20 expressed by M87. (C) Amino acid sequence of the SP and the T20 region in the mutated
proteins expressed from M87m1 through M87m3.
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inactivate the free peptide (16). Mutant M87m1, containing
three amino acid substitutions in the C terminus of T20, also
inhibited spread of NL4–3AGFP to the same degree as M87
(Fig. 3C). This region of T20 is not known to interact directly
with the central gp41 coiled coil, and it is not clear why it is
essential for efficient inhibition (2, 28). It is, therefore, not
absolutely unexpected that when anchored to the cell mem-
brane, the mutated T20 expressed by M87m1 is still active. On
the other hand, an additional mutation in the N-terminal hy-
drophilic domain of the SP completely abolished the inhibitory
activity of M87 (Fig. 3C, M87m2 and M87m3). Since the
LNGFR SP does not have an inhibitory effect on HIV-1 rep-
lication itself (14), the effect of the SP mutations is most likely
indirect. Charged amino acids in this domain are known to
interfere with the translocation of proteins into the endoplas-
mic reticulum and favor type II orientation (20). A possible
explanation for the lack of antiviral activity of M87m2 and
M87m3 is that the N terminus of the proteins expressed is not
translocated into the endoplasmic reticulum lumen com-
pletely.

Further, HIV-1 and HIV-2 isolates were tested on PM-1/
MPIN and PM-1/M87 (World Health Organization primary

isolates panel). The production of p24 in PM-1/M87 was in-
hibited by 95% for a subtype B HIV-1 isolate (BaL), 74% for
a subtype D HIV-1 isolate (92UG35), 82% for a subtype E
isolate (92TH22), 60% for a subtype O isolate (MVP2171),
87% for an HIV-2 isolate (prCBL23), and 64% for a different
HIV-2 isolate (CBL23; tissue culture, laboratory adapted).

Cells were stained with anti-CD4, anti-CCR5, anti-CXCR4,
and an isotype control antibody (Pharmingen, Hamburg, Ger-
many). The level of expression for these surface proteins did
not differ significantly between cells expressing membrane-
anchored T20 (PM-1/M87) and the control containing neo
vector only (PM-1/MPIN; data not shown). These results show
that resistance of PM-1/M87 to HIV-1 infection is not simply
explained by a lack of receptor or coreceptor.

To exclude overall toxicity of the membrane-anchored T20,
growth curves were determined for PM-1/M87 and, as a con-
trol, PM-1/MPIN. The growth rates for these two cell lines did
not differ significantly (data not shown).

M87 inhibits entry of HIV-1. To determine the level at which
HIV-1 replication was inhibited by M87, single-round infec-
tions were performed with the HIV clone NL4–3env2GFP.
This HIV-1 clone is replication defective, due to a mutation in

FIG. 2. Expression of membrane-anchored T20. PM-1 cells were transduced with the retroviral vectors indicated and selected. The bulk
cultures were stained either with a control human monoclonal antibody directed against gp120 (2G12) or with a human monoclonal antibody
directed against a sequence within T20 (2F5) followed by a PE-conjugated anti-human IgG goat serum. Shaded curve, PM-1/MPIN; solid line,
PM-1 transduced with the vector indicated.
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the env gene, and expresses GFP instead of nef. To produce
infectious virus, NL4–3env2GFP was pseudotyped with Env
proteins from three different HIV-1 clones (HXB, Yu2, and
JRFL), as well as with the G protein of vesicular stomatitis
virus (VSV-G), as described previously (11). HXB is classified
as T-cell tropic with CXCR4 coreceptor usage, while Yu2 and
JR-FL are macrophage tropic and use CCR5. The latter two
Env proteins were cloned directly from primary HIV-1 isolates
(11). In PM-1/M87 cells, infection via the three different HIV
envelopes was inhibited more than 20-fold, while no significant
inhibition was seen for infection with the VSV-G pseudotype
(Fig. 3D). Similar to the results with free peptide, membrane-
anchored T20 inhibited entry independently of coreceptor us-
age (8).

In addition, PM-1/M87 and PM-1/MPIN were transduced
with a murine leukemia virus (MLV) vector pseudotyped with
an HIV-1 envelope (24). This vector was produced with FLY
cells (4) that express MLV gag and pol genes, the retrovirus
vector pMX-EGFP (21), and the carboxyl-truncated version
of HIV-1 BH10 Env. Transduction with this vector was also
more than 20-fold less efficient for cells expressing membrane-
anchored T20 than for control cells (Fig. 3D). These results
clearly show that membrane-anchored T20 inhibits virus rep-
lication at the level of HIV Env-mediated entry, most likely
membrane fusion, and that postentry events of HIV-1 replica-
tion were not affected.

A problem with all protein-based intracellular immunization
strategies is possible immunogenicity. A cytotoxic T-lympho-
cyte (CTL) response to membrane-anchored T20 could be
induced, although T20 does not overlap with dominant CTL
epitopes in gp41 (26). In addition, antibodies may arise that
neutralize the inhibitory effect of T20 or even lead to the
elimination of genetically engineered cells by antibody-depen-
dent cell lysis. However, such an immune response is not ex-
pected to have major adverse effects, as an anti-T20 immune
response could help control HIV replication. In stem cell-
based gene therapy, immunologic tolerance to the M87 gene
product would be induced.

An advantage of entry inhibitors that target the heptad re-
peats of gp41 is the relatively low variability within these re-
gions. In this study, HIV-1 strains were thus inhibited inde-
pendently of coreceptor usage. Emergence of resistance is
expected to be slow; however, HIV mutants resistant to T20
have been isolated in cell culture (23). In addition, across
subtypes, the level of inhibition in this study did decrease with

FIG. 3. Inhibition of HIV-1 replication by membrane-anchored
T20. (A) PM-1 cells were transduced with different retroviral vectors
encoding T20 and then selected with G418. These bulk cultures were
infected with NL4–3 at a multiplicity of infection of 0.1. On day 5,
medium was replaced and the concentration of p24 antigen was de-
termined in supernatants collected on day 6. p, detection limit. (B) In
parallel, the selected PM-1 cultures were infected with NL4–3AGFP

and the spread of virus was monitored by flow cytometry. 3 M85; M
M86; Œ M87; E MPIN. (C) Selected cultures were infected with
NL4–3AGFP, and the spread of virus was monitored by flow cytom-
etry. Œ M87; E MPIN; M M87m1; f M87m2; M M87m3. (D) Inhibi-
tion of a single round of infection by membrane-anchored T20. PM-1
transduced with the control vector MPIN or the vector M87 expressing
the membrane-anchored T20 was infected with fivefold dilutions of a
replication-deficient virus NL4–3env2GFP pseudotyped either with
VSV G protein or an HIV-1 envelope glycoprotein from one of the
HIV strains depicted (solid bars). Cells were also transduced with an
MLV vector with EGFP as a marker gene pseudotyed with the enve-
lope glycoprotein of HIV-1 strain BH10 (shaded bar). Titers of differ-
ent pseudotypes were determined on day 3 by flow cytometry for each
of the PM-1 cultures. Titers on PM-1/M87 relative to the titer on
PM-1/MPN are given.

VOL. 75, 2001 NOTES 3041



divergence in the amino acid sequence of the C-terminal hep-
tad repeat. Inhibition was highest for subtype B HIV-1 NL4–3,
from which M87 was derived, intermediate for the other sub-
type B isolates, and lowest for the non-B subtypes and for
HIV-2. Within the 36 amino acids from the T20 region, JRFL,
Yu2, and BaL (B subtypes) differ in only 3 amino acids from
NL4–3, each. Subtype D differs in 5 amino acids, the subtype E
isolate differs in 10 amino acids, the group O isolate differs in
16 amino acids, and the HIV-2 isolate (prCBL23) differs in 19
amino acids.

Entry inhibitors, such as membrane-anchored T20, have sev-
eral advantages over gene products that suppress virus produc-
tion from the integrated HIV provirus. Infected cells protected
by the latter principle resemble latently infected cells and can
escape immune surveillance. Moreover, many antiviral genes
that inhibit HIV-1 gene expression still allow expression of early,
potentially pathogenic viral genes such as tat. However, similar
to drug therapy, a combination of antiviral genes is expected be
most effective and, in addition, would prevent the emergence
of resistant virus mutants.
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