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ABSTRACT Emerging studies demonstrate that the antiviral activity of viral fusion
inhibitor peptides can be dramatically improved when being chemically or geneti-
cally anchored to the cell membrane, where viral entry occurs. We previously re-
ported that the short-peptide fusion inhibitor 2P23 and its lipid derivative possess
highly potent antiviral activities against human immunodeficiency virus type 1 (HIV-1),
HIV-2, and simian immunodeficiency virus (SIV). To develop a sterilizing or functional-
cure strategy, here we genetically linked 2P23 and two control peptides (HIV-1 fusion
inhibitor C34 and hepatitis B virus [HBV] entry inhibitor 4B10) with a glycosylphos-
phatidylinositol (GPI) attachment signal. As expected, GPI-anchored inhibitors were
efficiently expressed on the plasma membrane of transduced TZM-bl cells and pri-
marily directed to the lipid raft site without interfering with the expression of CD4,
CCR5, and CXCR4. GPI-anchored 2P23 (GPI-2P23) completely protected TZM-bl cells
from infections of divergent HIV-1, HIV-2, and SIV isolates as well as a panel of enfu-
virtide (T20)-resistant mutants. GPI-2P23 also rendered the cells resistant to viral
envelope-mediated cell-cell fusion and cell-associated virion-mediated cell-cell trans-
mission. Moreover, GPI-2P23-modified human CD4� T cells (CEMss-CCR5) fully blocked
both R5- and X4-tropic HIV-1 isolates and displayed a robust survival advantage over
unmodified cells during HIV-1 infection. In contrast, it was found that GPI-anchored
C34 was much less effective in inhibiting HIV-2, SIV, and T20-resistant HIV-1 mutants.
Therefore, our studies have demonstrated that genetically anchoring a short-peptide
fusion inhibitor to the target cell membrane is a viable strategy for gene therapy of
both HIV-1 and HIV-2 infections.

IMPORTANCE Antiretroviral therapy with multiple drugs in combination can effi-
ciently suppress HIV replication and dramatically reduce the morbidity and mortality
associated with AIDS-related illness; however, antiretroviral therapy cannot eradiate
the HIV reservoirs, and lifelong treatment is required, which often results in cumula-
tive toxicities, drug resistance, and a multitude of complications, thus necessitating
the development of sterilizing-cure or functional-cure strategies. Here, we report that
genetically anchoring the short-peptide fusion inhibitor 2P23 to the cell membrane
can fully prevent infections from divergent HIV-1, HIV-2, and SIV isolates as well as a
panel of enfuvirtide-resistant mutants. Membrane-bound 2P23 also effectively blocks
HIV-1 Env-mediated cell-cell fusion and cell-associated virion-mediated cell-cell trans-
mission, renders CD4� T cells nonpermissive to infection, and confers a robust sur-
vival advantage over unmodified cells. Thus, our studies verify a powerful strategy to
generate resistant cells for gene therapy of both the HIV-1 and HIV-2 infections.
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More than 36 million people worldwide are currently living with human immuno-
deficiency virus (HIV), including about 1 million to 2 million HIV-2 infections

(www.unaids.org). Despite tremendous efforts, the development of an effective pre-
ventive vaccine remains a daunting challenge. However, highly active antiretroviral
therapy (HAART) with multiple drugs in combination can suppress HIV replication to
below the limit of clinical detection, which dramatically reduces the morbidity and
mortality associated with AIDS-related illness and the risk of viral transmission to
contacts (treatment as prevention). But HAART cannot eradiate the HIV reservoirs, viral
rebound within weeks of treatment interruption, while lifelong treatment often results
in cumulative toxicities, drug resistance, and a multitude of complications (1, 2). Therefore,
alternative therapies that can achieve a sterilizing or functional cure are urgently
needed.

Gene therapy holds considerable promise for functional cure of HIV infection, and in
this context, genetically engineered HIV-resistant cells represent a powerful strategy
which has been proven by the cure of the “Berlin patient” and the “London patient”;
these two patients were transplanted with allogeneic hematopoietic stem cells (HSCs)
harboring a naturally occurring CCR5Δ32 mutation (3, 4). However, such a procedure is
not easy to duplicate and thus is not practical for the treatment of a larger population;
instead, disruption of CCR5 by gene editing has been extensively explored (5–7). While
CCR5 editing confers resistance to CCR5-tropic (R5) viruses, this strategy would be
ineffective for CXCR4-tropic (X4) and dual-tropic (R5X4) viruses. A shift of coreceptor
usage to an X4-tropic virus was observed in a patient who received donated bone
marrow carrying the CCR5Δ32 mutation (8). It was also found that individuals with the
CCR5Δ32 mutation have increased susceptibility to infections from West Nile virus,
tickborne encephalitis virus, and influenza virus (9–11), and the mutation in the
homozygous state is associated with human death (12). Therefore, a safe and effective
genetic approach that can render target cells resistant to both R5 and X4 viruses would
be highly appreciated.

Entry of HIV into target cells is mediated by two envelope (Env) glycoprotein
subunits: the receptor binding gp120 subunit and the fusogenic gp41 subunit. Refold-
ing of the N-terminal heptad repeat (NHR) and the C-terminal heptad repeat (CHR) of
gp41 into a six-helix bundle (6-HB) drives the viral and cellular membranes in close
apposition, leading to a fusion reaction (13, 14). Peptides derived from the NHR and
CHR sequences can competitively block viral 6-HB formation and inhibit Env-mediated
membrane fusion and viral entry (15). The CHR-derived peptide drug T20 (enfuvirtide)
was clinically approved in 2003 as the first viral membrane fusion inhibitor, which is
used in combination therapy for HIV-1 infection (16, 17). In a pilot study (18), T20 was
genetically engineered for cell surface expression through the membrane-spanning
domain (MSD) of human low-affinity nerve growth factor receptor (LNGFR), leading to
100-fold increased anti-HIV activity independent of coreceptor usage. To develop a
more efficient fusion inhibitor-based gene therapeutic strategy, the same authors applied
the CHR peptide C46 (Fig. 1) to generate a membrane-anchoring fusion inhibitor,
maC46, via the MSD of human tCD34 (19–23). In a nonhuman primate model, maC46-
modified CD4� T cells showed positive selection following simian-human immunode-
ficiency virus (SHIV) challenge, accounting for �90% of the total CD4� T cell population
in peripheral blood, the gastrointestinal tract, and lymph nodes (24). It was also found
that maC46 macaques maintained high frequencies of SHIV-specific, gene-modified
CD4� T cells and enhanced cytotoxic T lymphocyte function and antibody responses
(24). A phase I clinical trial showed that infusion of maC46-modified autologous T cells
into HIV-infected patients with advanced disease and HAART failure was well tolerated,
with a significant increase of CD4 counts (25). Moreover, maC46 has been explored for
combination gene therapy with a short hairpin RNA (shRNA) or a high-affinity P2-CCL5
intrakine to CCR5 (6, 26–30). Compared to T20, the CHR-derived peptide C34 has more
potent anti-HIV activity, and thus, it has been widely used as a template to develop new
HIV-1 fusion inhibitors (31). C34 was also applied to create resistant cells by genetically
fusing it with the amino terminus of CCR5 and CXCR4 or with a glycosylphosphatidy-
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linositol (GPI) attachment signal (32, 33). In humanized mice, T cells expressing C34-
CXCR4 were highly resistant to HIV-1 infection and exhibited a selective survival
advantage (32).

We previously developed short-peptide HIV fusion inhibitors that primarily target a
conserved deep NHR pocket rather than the T20-resistant site (34–36). Of them, a
helical peptide termed 2P23 exhibited highly potent activities in inhibiting divergent
HIV-1, HIV-2, simian immunodeficiency virus (SIV), and T20-resistant mutants (34). By
linking a lipid tail to the C terminus of 2P23, a lipopeptide derivative termed LP-19 with
dramatically increased in vitro and in vivo anti-HIV activities and stability was generated

FIG 1 Diagram of HIV fusion protein gp41 and design strategy for membrane-anchored fusion inhibitors.
(A) Functional domains of gp41 and fusion inhibitor peptides. The sequences of the M-T hook structure,
pocket-binding domain (PBD), and tryptophan-rich motif (TRM) in the CHR or CHR-derived fusion
inhibitor peptides are marked in green, red, and purple, respectively. PEG8 indicates a flexible linker of
8-unit polyethylene glycol; C16 in parentheses indicates palmitic acid. FP, fusion peptide; NHR,
N-terminal heptad repeat; CHR, C-terminal heptad repeat; TM, transmembrane domain; CT, cytoplasmic
tail; T20RS, T20-resistant site; DP, deep-pocket site. (B) Illustration of membrane-anchored fusion inhib-
itors. T20 is fused with the membrane-spanning domain (MSD) of low-affinity nerve growth factor
receptor (LNGFR), C46 is fused with the MSD of human tCD34, C34 is fused with the coreceptor CXCR4
or attached to glycosylphosphatidylinositol (GPI), and 2P23 is attached to GPI. (C) Lentiviral vector
expressing a GPI-anchored fusion inhibitor and its mechanism of action. The encoding sequence of a
fusion inhibitor peptide was genetically linked with the sequences encoding the IgG3 hinge region, a His
tag, and the GPI attachment signal of DAF. When 2P23 is expressed on the cell surface via a GPI anchor,
it binds to the NHR target during the prehairpin state of gp41 and blocks 6-HB formation. LTR, long
terminal repeat. RRE, Rev response element; cPPT, central polypurine track; WPRE, woodchuck hepatitits
virus posttranscription regulatory element.
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(37). It is considered that lipopeptide-based fusion inhibitors can bind preferentially to
the cell membranes where fusion occurs, thus elevating the local concentrations of the
inhibitors (37–41). In this study, we focused on developing a 2P23-based gene thera-
peutic strategy by genetically linking it with the GPI attachment signal of decay-
accelerating factor (DAF). As controls, C34 peptide and a hepatitis B virus (HBV) entry
inhibitor peptide (4B10) were also engineered for cell surface expression. Our results
demonstrate that genetically anchoring a short-peptide fusion inhibitor to the target
cell membrane is a viable strategy for gene therapy of both HIV-1 and HIV-2 infections.

RESULTS
Expression of antiviral peptides in the lipid raft of the plasma membrane

through a GPI anchor. To generate GPI-anchored antiviral peptides, the sequence
encoding 2P23, C34, or 4B10 was genetically linked with sequences encoding the IgG3
hinge region, a His tag, and the GPI attachment signal of DAF. Three fusion genes,
designated 2P23/Hinge/His/DAF, C34/Hinge/His/DAF, and 4B10/Hinge/His/DAF, were re-
spectively inserted into a self-inactivating lentiviral vector, pRRLsin-18.PPT.hPGK.WPRE
(Fig. 1C). The recombinant viruses were then packaged and applied to transduce target
cells. To determine whether fusion genes were expressed on the cell surface through
a GPI anchor, the transduced TZM-bl cells were treated with or without phosphati-
dylinositol-specific phospholipase C (PI-PLC) and then stained with an anti-His tag
antibody, followed by fluorescence-activated cell sorter (FACS) analysis. As shown in
Fig. 2A, three transgenes were highly expressed on the surface of the transduced cells,
and their expression was substantially reduced after PI-PLC treatment, verifying that
each peptide inhibitor was tethered to the cell surface through a GPI anchor. Here, we
refer to the three transgenes as GPI-2P23, GPI-C34, and GPI-4B10, respectively.

In essence, the GPI anchor is a posttranslation modification, and many GPI-anchored
proteins are directed to the lipid raft sites, the specialized dynamic microdomains of the
plasma membrane that serve as gateways for HIV entry and budding (42, 43). To
determine if GPI-anchored peptides were located in the lipid rafts, mock-, GPI-2P23-,
GPI-C34-, or GPI-4B10-transduced TZM-bl cells were costained with (i) mouse anti-His
tag antibody, followed by Alexa 488-conjugated goat anti-mouse IgG antibody; (ii)
Alexa 555-conjugated cholera toxin subunit B (CtxB); and (iii) 4=,6-diamidino-2-
phenylindole (DAPI). As visualized in Fig. 2B, CtxB bound to the lipid raft marker GM1
efficiently; GPI-2P23, GPI-C34, and GPI-4B10 were colocalized with GM1 on the cell
surface, hence suggesting that they were located in the lipid rafts of the plasma
membrane.

It is also critical to know whether peptide anchoring affected the expression of the
HIV receptor CD4 and the coreceptors CCR5 and CXCR4 on the cell surface. We thus
stained mock-, GPI-2P23-, GPI-C34-, or GPI-4B10-transduced TZM-bl cells with phyco-
erythrin (PE)-conjugated anti-human CD4, CCR5, or CXCR4 antibody, followed by FACS
analysis. As judged by the fluorescence intensity (Fig. 2C), transduction of GPI-anchored
peptides in TZM-bl cells had virtually no effect on the expression levels of the receptor
or coreceptors compared to those in the parental TZM-bl cells. Additionally, we did not
observe that the expression of the transgenes impacted the viability and growth of the
transduced cells.

GPI-2P23-modified TZM-bl cells are highly resistant to divergent HIV-1, HIV-2,
and SIV isolates. We next focused on characterizing whether 2P23 maintained its
potent and broad antiviral activity when attached to the cell membrane via a GPI
anchor. First, we compared the antiviral activities of GPI-2P23, GPI-C34, and GPI-4B10 in
transduced TZM-bl cells with a panel of six representative viruses. As shown in Fig. 3,
mock- and GPI-4B10-transduced TZM-bl cells were susceptible to infections from all the
tested viruses, including two HIV-1 (X4-tropic NL4-3 and R5-tropic JRFL), two HIV-2
(R5X4-tropic ROD and R5-tropic ST), and two SIV (R5-tropic mac239 and smmPBj)
isolates. In contrast, GPI-2P23-transduced TZM-bl cells were highly resistant to all the
HIV-1, HIV-2, and SIV isolates; however, GPI-C34-transduced TZM-bl cells resisted HIV-1
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but not the HIV-2 and SIV isolates. Serving as a virus control, none of the transduced
cells opposed infection by vesicular stomatitis virus (VSV).

To validate the potency and breadth of GPI-2P23-modified cells, a panel of eight
replication-competent HIV-1 isolates was further used to assess the antiviral activity of
GPI-2P23 in TZM-bl cells. As shown in Table 1, GPI-2P23 and GPI-C34, but not GPI-4B10,
efficiently protected transduced cells from infections by all replication-competent HIV-1
isolates. Moreover, a “global panel” of 12 HIV-1 pseudoviruses that represent diverse
subtypes from the global AIDS epidemic was prepared and applied to verify the antiviral
activity of GPI-2P23 in TZM-bl cells by a single-cycle infection assay. Consistently, GPI-2P23
and GPI-C34 rendered the transduced cells fully resistant to the pseudoviruses.

GPI-2P23-modified TZM-bl cells are fully resistant to T20-resistant HIV-1 mu-
tants. T20 remains the only membrane fusion inhibitor available for the treatment of
viral infection, but it easily induces drug resistance both in vitro and in vivo, with the
resistant mutations largely mapped to amino acids 36 to 45 in the NHR target site of

FIG 2 Expression of GPI-anchored peptides in transduced TZM-bl cells and their effects on CD4, CCR5,
and CXCR4. (A) FACS analysis of cell surface expression of GPI-anchored peptides in transduced TZM-bl
cells with or without PI-PLC treatment detected by an anti-His tag antibody. (B) Confocal analysis of
GPI-anchored peptides in transduced TZM-bl cells. Alexa555-CtxB, cells stained with the Alexa 555-
conjugated cholera toxin B subunit; Alexa488-Anti-His, cells stained with mouse anti-His tag antibody
followed by Alexa 488-conjugated goat anti-mouse IgG antibody. (C) Expression levels of CD4, CCR5, and
CXCR4 on the surface of TZM-bl cells transduced with GPI-anchored peptides as judged by the
fluorescence intensity.
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gp41 (44). Our previous studies demonstrated that 2P23 sustained its potent activity in
inhibiting a panel of T20-resistant mutants (34). Here, we tested whether TZM-bl cells
expressing GPI-2P23 were resistant to infections with the panel of T20-resistant pseu-
doviruses by a single-cycle infection assay. As shown in Table 1, TZM-bl cells carrying
GPI-4B10 were still susceptible to infections by diverse T20-resitant viruses; in contrast,
the cells with GPI-2P23 and GPI-C34 were not permissive to the infections. Collectively,
these results demonstrate that membrane-anchored 2P23 can efficiently protect target
cells from infections by HIV-1, HIV-2, SIV, and T20-resistant mutants.

GPI-2P23 efficiently blocks HIV-1 Env-mediated cell-cell fusion. We previously
adapted a dual-split-protein (DSP)-based cell-cell fusion assay to evaluate the inhibitory
activities of various HIV fusion inhibitors (45), in which 293FT cells expressing CCR5/
CXCR4/DSP8 –11 were used as a target (referred to as 293FTTarget). To characterize the
inhibitory activities of the membrane-anchored inhibitors against HIV Env-mediated
cell-cell fusion, here we transduced 293FTTarget cells with lentiviral vectors encoding
GPI-2P23, GPI-C34, or GPI-4B10. First, the cell surface expression of the transgenes as
well as their potential effects on the expression of CD4, CCR5, and CXCR4 were analyzed
by FACS analysis. Similar to that in transduced TZM-bl cells, three transgenes were
efficiently expressed on the surface of 293FTTarget cells and had no appreciable effect
on the expression levels of the receptor and coreceptors (Fig. 4A and B). Next, the
inhibitory activities of three GPI-anchored peptides on Env-mediated cell-cell fusion
were determined by the DSP-based fusion assay. As shown in Table 2, GPI-2P23 could
efficiently block cell-cell fusion mediated by divergent subtypes of primary HIV-1 Envs
and the panel of T20-resistant mutant Envs. In contrast, GPI-C34 was effective against
HIV-1 Envs, but its inhibitory activity against the T20-resistant mutants was obviously
reduced, especially against the two mutant viruses carrying the I37T/N43K or V38A/
N42T double mutation. As expected, GPI-4B10 could not significantly affect Env’s fusion
capabilities.

GPI-2P23 efficiently blocks cell-cell HIV-1 transmission. Previous studies re-
ported that CCR5-using HIV-infected cells cocultured with TZM-bl target cells can result
in rapid and efficient infection by the virus through a cell-cell pathway, which can be
monitored by induction of the reporter luciferase (46, 47). Here, we adopted a similar

FIG 3 Inhibitory activity of GPI-anchored peptides in transduced TZM-bl cells against HIV-1, HIV-2, and
SIV isolates. The inhibition of GPI-2P23, GPI-C34, and GPI-4B10 on two HIV-1 pseudoviruses (NL4-3
and JRCSF), two replicative HIV-2 isolates (ROD and ST), two SIV pseudoviruses (mac239 and smmPBj),
and VSV-G was determined. The transduced cells were sorted so as to express the cognate GPI-anchored
peptide in close to 100% of the cells. Error bars represent the means � standard errors of the means
(SEM) from three independent experiments with triplicate samples. Mock, parental TZM-bl cells; GPI-
2P23, GPI-2P23-transduced TZM-bl cells; GPI-C34, GPI-C34-transduced TZM-bl cells; GPI-4B10, GPI-4B10-
transduced TZM-bl cells.
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experimental protocol to determine whether GPI-2P23 in transduced TZM-bl cells
blocked HIV-1 transmission through cell-cell contact. First, three replication-competent
R5-tropic HIV-1 isolates, including two subtype B transmitted/founder viruses (RHPA.c/
2635 and THRO.c/2626) and one subtype C virus (MJ4), were selected to infect CEMss-
CCR5 cells as a donor, based on results showing that the infectivity of cell-free viruses
in TZM-bl cells is dramatically reduced in the absence of a polycationic DEAE-dextran
supplement (Fig. 5A), whereas the cell-cell transmission of the viruses was independent
of DEAE-dextran (Fig. 5B). We accordingly assessed the inhibitory activities of GPI-
anchored peptides against cell-cell HIV-1 transmission using the CEMss-CCR5HIV�/
TZM-bl system without the addition of DEAE-dextran. As shown in Fig. 5C, both
GPI-2P23 and GPI-C34 efficiently blocked the transmission of the viruses MJ4, RHPA.c/
2635, and THRO.c/2626 from the donor CEMss-CCR5 cells to the transduced TZM-bl
target cells, while GPI-4B10 could not block the viruses as anticipated.

We also evaluated the inhibitory activities of GPI-anchored peptides in transduced
TZM-bl cells against the cell-cell transmission of HIV-1 pseudoviruses that restrict our
assessment to single-round transmission events. To this end, a panel of six R5-tropic
pseudoviruses with different subtypes (398-F1_F6_20, X2278_C2_B6, RHPA4259.7,
HIV_25710-2.43, CNE8, and CH119.10) was selected. Similar to that with the replicative
viruses, the infectivity of cell-free pseudoviruses in TZM-bl cells was markedly reduced
in the absence of DEAE-dextran (Fig. 6A), whereas cell-cell virus transmission between
pseudovirus-infected HEK293T cells (donor) and TZM-bl cells (target) occurred irrespec-

TABLE 1 Inhibitory activity of GPI-2P23 against divergent HIV-1 and T20-resistant
mutantsa

HIV-1 isolate Subtype Tropism

Mean % infection � SEM

GPI-4B10 GPI-C34 GPI-2P23

Replication-competent viruses
JR-CSF B CCR5 92 � 3 0 0
THRO.c/2626 B CCR5 91 � 3 0 0
CH077.t/2627 B CCR5 83 � 3 0 0
NL4-3 B CXCR4 97 � 3 0 0
LAI.2 B CXCR4 84 � 3 0 0
SG3.1 B CXCR4 92 � 3 0 0
89.6 B R5X4 91 � 3 0 0
Mj4 C CCR5 94 � 3 0 0

“Global panel” pseudovirus
398-F1_F6_20 A CCR5 91 � 3 0 0
TRO.11 B CCR5 89 � 3 0 0
X2278_C2_B6 B CCR5 98 � 3 0 0
CE1176_A3 C CCR5 87 � 3 0 0
CE703010217_B6 C CCR5 86 � 2 0 0
HIV_25710-2.43 C CCR5 84 � 2 0 0
X1632-S2-B10 G CCR5 99 � 4 0 0
246_F3_C10_2 A/C CCR5 91 � 4 0 0
CNE8 A/E CCR5 89 � 3 0 0
CNE55 A/E CCR5 91 � 2 0 0
CH119.10 B/C CCR5 97 � 5 0 0
BJOX002000.03 B/C CCR5 99 � 4 0 0

T20-resistant isolates
NL4-3WT B CXCR4 98 � 3 0 0
NL4-3I37T B CXCR4 96 � 2 0 0
NL4-3V38A B CXCR4 93 � 2 0 0
NL4-3V38M B CXCR4 97 � 2 0 0
NL4-3Q40H B CXCR4 97 � 2 0 0
NL4-3N43K B CXCR4 98 � 3 0 0
NL4-3D36S/V38M B CXCR4 98 � 3 0 0
NL4-3I37T/N43K B CXCR4 101 � 5 1 0
NL4-3V38A/N42T B CXCR4 103 � 3 1 0

aThe assay was performed in triplicate and repeated 3 times. The data for all 3 assays are expressed as
means � standard errors of means. NL4-3WT, wild-type NL4-3.
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tive of DEAE-dextran (Fig. 6B). When GPI-2P23 and GPI-C34 were transduced into
TZM-bl cells, they efficiently blocked all the pseudoviruses from spreading between the
donor cells and target cells (Fig. 6C). GPI-4B10 had no significant activities in inhibiting
the panel of pseudoviruses, verifying the antiviral specificities of two GPI-anchored HIV
fusion inhibitor peptides (2P23 and C34).

GPI-2P23-transduced human CD4� T cells fully resist HIV infection. Having
demonstrated that GPI-2P23 and GPI-C34 in transduced TZM-bl cells blocked both

FIG 4 Expression of GPI-anchored peptides in transduced 293FT target cells expressing CCR5/CXCR4/
DSP8 –11 and their effects on CD4, CCR5, and CXCR4. (A) FACS analysis of the expression of GPI-anchored
peptides on the surface of transduced 293FT cells that express CCR5/CXCR4/DSP8 –11. (B) Expression levels
of CD4, CCR5, and CXCR4 on the surface of transduced cells as judged by the fluorescence intensity.

TABLE 2 Inhibitory activity of GPI-2P23 against HIV-1 Env-mediated cell-cell fusiona

HIV-1 Env Subtype Tropism

Mean % cell-cell fusion � SEM

GPI-4B10 GPI-C34 GPI-2P23

Primary Envs
92RW020 A CCR5 112 � 5 0 0
JRFL B CCR5 107 � 4 0 0
R3A B R5/X4 99 � 2 0 0
CNE11 B= R5/X4 92 � 8 0 0
CAP210.2.00.E8 C CCR5 100 � 5 0 0
CNE8 A/E CCR5 89 � 6 0 0
CH70.1 B/C R5/X4 102 � 1 0 0

Envs of T20-resistant mutants
NL4-3WT B CXCR4 92 � 3 0 0
NL4-3I37T B CXCR4 98 � 3 5 � 1 0
NL4-3V38A B CXCR4 99 � 3 5 � 1 0
NL4-3V38M B CXCR4 93 � 3 4 � 1 0
NL4-3Q40H B CXCR4 89 � 3 8 � 1 0
NL4-3N43K B CXCR4 92 � 2 3 � 1 0
NL4-3D36S/V38M B CXCR4 101 � 6 0 0
NL4-3I37T/N43K B CXCR4 99 � 2 26 � 3 0
NL4-3V38A/N42T B CXCR4 98 � 3 16 � 3 0

aThe assay was performed in triplicate and repeated 3 times. The data for all 3 assays are expressed as
means � standard errors of means.
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cell-free and cell-associated HIV-1 with exceptional potency and breadth, we were
intrigued to know whether GPI-2P23 and GPI-C34 could protect human CD4� T cells
from HIV-1 infection. To facilitate monitoring of positive transduced cells, we con-
structed fusion genes encoding three GPI-anchored peptide inhibitors, which were
genetically linked with a green fluorescent protein (GFP)-encoding sequence via an
internal 2A protein splicing signal in the lentiviral transfer vector pRRLsin-18.PPT.EF1�.WPRE
(Fig. 7A). The recombinant viruses were then produced to transduce human CEMss-CCR5
cells. As anticipated, three transgenes (GPI-2P23/GFP, GPI-C34/GFP, and GPI-4B10/GFP)
were well expressed on the cell surface of CEMss-CCR5 cells as detected by GFP and
anti-His antibody (Fig. 7B). Similarly, no significant difference was observed for the
expression of CD4, CCR5, and CXCR4 in transduced cells (Fig. 7C).

The transduced CEMss-CCR5 cells were then infected with the X4-tropic virus NL4-3
or the R5-tropic virus RHPA.c/2635 and cultured in complete Dulbecco’s modified
Eagle’s medium (DMEM) for 11 and 17 days, respectively. As monitored for intra-
cellular HIV-1 P24-Gag and GFP expression by flow cytometry, 0.55%, 24.6%, and
80.5% P24-Gag- and GFP-double-positive cells were observed in GPI-4B10/GFP-

FIG 5 Inhibitory activity of GPI-anchored peptides during cell-cell transmission of replication-competent HIV-1 isolates. (A) Replicative infections
of the R5-tropic HIV-1 isolates MJ4, THRO.c/2626, and RHPA.c/2635 in TZM-bl cells depend on the presence of DEAE-dextran as cell-free viruses.
RLU, relative luciferase units; T/F, transmitted/founder. (B) Infections by cell-associated MJ4, THRO.c/2626, and RHPA.c/2635 viruses in TZM-bl
cells are independent of DEAE-dextran during cell-cell transmission. (C) Inhibition of GPI-anchored peptides during cell-cell HIV-1 transmission.
TZM-bl cells expressing GPI-anchored peptides were used as a target and cocultured for 36 h with donor CEMss-CCR5 cells that were preinfected
with one of the three R5-tropic viruses. Percent infection of TZM-bl cells was monitored by quantifying the production of the reporter luciferase.
Error bars represent the means � SEM from 3 independent experiments with triplicate samples.
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FIG 6 Inhibitory activity of GPI-anchored peptides during cell-cell transmission of HIV-1 pseudoviruses. (A) Single-cycle infections of
TZM-bl cells by a panel of cell-free HIV-1 pseudoviruses are dependent on DEAE-dextran. (B) Single-cycle infections of TZM-bl cells by
the cell-associated HIV-1 pseudoviruses are independent of DEAE-dextran. (C) Inhibition of GPI-anchored peptides during cell-cell
transmission mediated by the HIV-1 pseudoviruses. Transduced TZM-bl cells were used as a target and cocultured for 36 h with donor
HEK293T cells that were preinfected by pseudoviruses, and percent infection of TZM-bl cells was monitored by quantifying the
production of the reporter luciferase. Error bars represent the means � SEM from three independent experiments with triplicate
samples.
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transduced CEMss-CCR5 cells after NL4-3 inoculation for 5, 8, and 11 days, respectively
(Fig. 8, left); in sharp contrast, only �0.3% P24-Gag- and GFP-double-positive cells were
seen in CEMss-CCR5 cells transduced with GPI-2P23/GFP (Fig. 8, right) or GPI-C34/GFP
(middle) during the 11-day observation. Results for RHPA.c/2635 infection are shown in
Fig. 9. Similarly, GPI-4B10/GFP-transduced CEMss-CCR5 cells were effectively infected
over time, with the percentages of P24-Gag- and GFP-double-positive cells being 1.1%,
3.56%, 28.5%, and 64.9% after viral inoculation for 8, 11, 14, and 17 days, respectively
(Fig. 9, left); however, the cells transduced with GPI-2P23/GFP (right) or GPI-C34/GFP
(middle) were highly resistant to infection by RHPA.c/2635, having �0.3% P24-Gag- and
GFP-double-positive cells over time.

Selective survival and expansion of GPI-2P23-transduced CEMss-CCR5 cells
during HIV-1 infection. As a potential gene therapy approach, it is very important to
know whether CD4� T cells expressing GPI-anchored 2P23 or C34 can confer a selective
survival and expansion advantage. Thus, we mixed approximately 15 to 20% GPI-2P23/
GFP- or GPI-C34/GFP-expressing CEMss-CCR5 cells with untransduced cells prior to
HIV-1 infection. As shown in Fig. 10 and 11, following viral infection, the proportion of
GFP-positive cells (GFP�) cells gradually increased over time, and by day 22, �99% of
cells in the NL4-3-infected culture and �95% in the RHPA.c/2635-infected culture
expressed GPI-2P23/GFP or GPI-C34/GFP. In the absence of HIV-1 infection, the per-
centage of GFP� cells in the mixed populations was relatively stable (data not shown).
These data indicate that both GPI-2P23 and GPI-C34 can confer an effective selective
survival advantage to CEMss-CCR5 cells following HIV-1 infection. Here, it was noticed
that obvious subsets of GFP� GPI-C34 and GPI-2P23 populations were p24 positive

FIG 7 Expression of GPI-anchored peptides in transduced CD4� T cells and their effects on CD4, CCR5,
and CXCR4. (A) Schematic view of the lentiviral vector expressing a GPI-anchored fusion inhibitor peptide
linked to GFP-encoding sequences via a 2A signal. (B) Expression of GPI-anchored peptides along with
GFP in transduced CEMss-CCR5 cells analyzed by FACS analysis. (C) Expression of CD4, CCR5, and CXCR4
on the surface of transduced CEMss-CCR5 cells as judged by the fluorescence intensity.
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(p24�) on days 11 and 15 after NL4-3 challenge (Fig. 10A) and on days 14 and 17 after
RHPA.c/2635 challenge (Fig. 11A), which were never seen in purified CEMss-CCR5 cells
bearing GPI-C34 or GPI-2P23 (Fig. 8 and 9). We speculated that GPI-C34- and GPI-2P23-
expressing cells might trap HIV-1 virions at the cell surface during the peak time of viral
replication that occurred in unmodified cells.

DISCUSSION

The major obstacle to curing HIV/AIDS is latently infected CD4� T cells that are
quiescent and insensitive to antiretroviral drugs in HIV-1-infected patients (48–51).
Upon withdrawal of antiretroviral therapy, dormant viruses transforming into an active
state are able to rapidly replicate. A variety of gene therapy strategies have been
explored for cure or functional cure of HIV-1 infection, including RNA-based and
protein-based approaches or their combinations (6, 7, 52, 53). In an advanced stage, a
group of approaches is currently being investigated in clinical settings (6). Gene therapy
establishing a subset of HIV-resistant target cells has shown promising effectiveness
and has the potential to mimic the successful cases known as the “Berlin patient” and
the “London patient” (3–5). Notably, the viral fusion inhibitor peptide C46 has been
comprehensively characterized for HIV-1 gene therapy in a membrane-anchoring for-
mat, which aims to generate resistant cells capable of blocking the gateway of virus
entry (19–30, 54–58). The fusion inhibitor peptide C34 has also been applied in a
membrane-bound approach (32, 33), and CXCR4-conjugated C34 is currently being
evaluated in a clinical trial (6).

In the past decade, we have dedicated our efforts to developing HIV fusion inhib-

FIG 8 Inhibitory activity of GPI-anchored peptides in transduced human T cells against an X4-tropic HIV-1
isolate. CEMss-CCR5 cells transduced with GPI-2P23/GFP, GPI-C34/GFP, or GPI-4B10/GFP were infected
with 1,000 TCID50 of the X4-tropic NL4-3 isolate and monitored by intracellular HIV-1 P24 Gag and GFP
expression by flow cytometry. Data from a representative experiment of three independent experiments
are shown.
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itors. We highlight several structural features critical for gp41-dependent fusion that
have been identified, including salt bridges (59, 60), the “QIWNNMT” motif (61), the M-T
hook structure (62, 63), the pocket-2 conformation (64), and the Asn145 motif (65); a
group of novel fusion inhibitor peptides was thereby designed, including sifuvirtide
(66), CP32M (44), MT-SC22EK (36), HP23 (35), 2P23 (34), LP-11 (39), LP-19 (37), LP-46 (67),
LP-50 and LP-51 (68), LP-52 (69), LP-80 (70), and LP-83 (45). Our series of data provide
important information for understanding the mechanisms of HIV Env-mediated cell

FIG 9 Inhibitory activity of GPI-anchored peptides in transduced human T cells against an R5-tropic HIV-1 isolate.
CEMss-CCR5 cells transduced with GPI-2P23/GFP, GPI-C34/GFP, or GPI-4B10/GFP were infected with 1,000 TCID50 of the
R5-tropic transmitted/founder virus RHPA.c/2635 and monitored by intracellular HIV-1 P24 Gag and GFP expression by
flow cytometry. Data from a representative experiment of three independent experiments are shown.
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FIG 10 Selective survival and expansion of CEMss-CCR5 cells expressing GPI-anchored fusion inhibitors during
X4-tropic HIV-1 infection. (A) CEMss-CCR5 T cells were transduced with GPI-2P23/GFP or GPI-C34/GFP and mixed

(Continued on next page)
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fusion and its inhibition, and especially, the results have testified that a lipopeptide
fusion inhibitor can interact with the cell membrane to enhance its antiviral activity by
acting locally at the viral entry site. In the present study, we focused on developing a
fusion inhibitor-based gene therapy strategy that can render modified target cells with
potent and broad HIV resistance. The rationale that we used to select a helical short
peptide is based on the following: first, 2P23 was specifically designed to target the
highly conserved deep NHR pocket rather than the T20-resistant site, and thus, it
showed very potent antiviral activity against divergent HIV-1 and T20-resistant mutants
(34); second, 2P23 was also highly active in binding to and inhibiting HIV-2 and SIV
isolates (34); third, its membrane-anchoring lipopeptide derivative (LP-19) exhibited
dramatically increased antiviral activity and high therapeutic efficacy in a nonhuman
primate model (37); fourth, we have repeatedly failed to select HIV-1 mutants escaping
the 2P23 and LP-19 inhibitors, highlighting their high genetic barriers to induction of
resistance; and fifth, compared to other gp41-derived fusion inhibitor peptides, 2P23-
based inhibitors might be less immunogenic and cytotoxic in vivo owing to an artificial,
minimal amino acid sequence. We therefore constructed glycosylphosphatidylinositol
(GPI)-anchored 2P23 along with C34 and 4B10 control peptides through a third-
generation lentiviral vector and transduced them into different target cells for charac-
terization. As shown, three transgenes were efficiently expressed on the cell surface and
targeted to the lipid rafts of the plasma membranes without interfering with the
expression of the cell surface markers CD4, CCR5, and CXCR4 as well as the viability and
growth of the transduced cells. Promisingly, GPI-2P23-transduced TZM-bl cells were
highly resistant to infections by divergent HIV-1, HIV-2, SIV, and T20-resistant mutants;
in contrast, GPI-C34-transduced TZM-bl cells were resistant to HIV-1 but not to the
HIV-2 and SIV isolates. GPI-2P23 in transduced cells also effectively blocked both
wild-type and T20-resistant Env-mediated cell-cell fusion, whereas GPI-C34 displayed a
markedly reduced potency in inhibiting cell fusion by T20-resistant Env mutants.
Moreover, we demonstrate that both GPI-2P23 and GPI-C34 could efficiently inhibit
cell-cell HIV-1 transmission by R5- and X4-tropic HIV-1 isolates and that the modified
human CD4� T cells (CEMss-CCR5) were also nonpermissive to infections and had a
robust survival advantage over unmodified cells following HIV-1 challenge. Taken
together, the present data demonstrate that genetically expressing the short-peptide
fusion inhibitor 2P23 on the target cell membrane is a more efficient strategy for gene
therapy of both HIV-1 and HIV-2 infections. Considering that cell-cell fusion and cell-cell
transmission might be dominant pathways of HIV spread in infected individuals and
that such viruses may easily evade inhibition by many neutralizing antibodies (46, 47,
71), fusion inhibitor peptide-based genetic approaches should be highly appreciated
for developing HIV-resistant cells.

Apart from the inhibitor peptide 2P23, our selection of GPI as a membrane-
anchoring platform is also based on multifaceted considerations. Because many cell
surface proteins are naturally expressed on the plasma membrane by covalently attaching
a GPI anchor (72, 73), we think that a GPI scaffold might be a safer one than other
membrane-anchored scaffolds, especially for linking a small peptide; the GPI attach-
ment signal of decay-accelerating factor (DAF) efficiently anchors the antiviral peptides
in the lipid rafts of the plasma membrane, which can result in a locally high peptide
concentration to maximize antiviral activity (42, 43). By using the GPI scaffold, Zhou and
coworkers successfully anchored HIV-1-neutralizing antibodies on the lipid rafts of the
transduced target cells, conferring high-level resistance to HIV-1 infection (33, 74–77).
It was found that GPI-anchored scFv X5 efficiently protected CD4� T cells from HIV-1
infection and deletion in humanized mice (76). As mentioned above, maC46 used the

FIG 10 Legend (Continued)
with untransduced cells at a ratio of approximately 20% GFP-positive cells. The mixed population was inoculated
with 1,000 TCID50 of the X4-tropic virus NL4-3, and the proportion of transgene-expressing cells was monitored over
time by flow cytometry. (B) Survival curve of transduced CEMss-CCR5 T cells. Data from a representative experiment
of three independent experiments are shown.
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FIG 11 Selective survival and expansion of CEMss-CCR5 cells expressing GPI-anchored fusion inhibitors during
R5-tropic HIV-1 infection. (A) CEMss-CCR5 T cells were transduced with GPI-2P23/GFP or GPI-C34/GFP and mixed

(Continued on next page)
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membrane-spanning domain (MSD) of human tCD34 as an anchoring scaffold, while
C34-CXCR4 used the coreceptor CXCR4 as an anchoring scaffold. There are concerns
over the effect of the overexpression of these scaffolds on the normal functions of
cellular proteins per se; in other words, the extent to which the expression of tCD34msd
and CXCR4 would affect the natural function of the modified cells remains elusive.

Here, we emphasize another prominent inherent advantage of GPI-2P23. The first is
its potential low immunogenicity when used in vivo. Previous studies found that when
autologous CD4� T cells expressing maC46 were infused into HIV-positive (HIV�)
patients who had drug-resistant virus and HAART failure, no evidence of positive
selection was observed; conversely, maC46-modified cells quickly declined within a
week after infusion (25). Actually, maC46 inherits a full-length native CHR sequence of
the viral gp41 protein, which could have induced immune responses to eliminate the
maC46-expressing cells. In that study, it was also found that the HIV� patients had
preexisting antibodies to maC46, which might mediate antibody-dependent cell-
mediated cytotoxicity (ADCC) or other immune responses responsible for the observed
decline (6, 25). Different from the viral native sequence-derived T20, C34, and C46
peptides, 2P23 is composed of a largely artificial amino acid sequence (Fig. 1) and has
low immunogenicity in mice and rabbits. Accordingly, preexisting antibodies specific
for 2P23 in HIV� individuals are not expected. Regardless, we hope to test the efficacy
and immunogenicity of the GPI-2P23 strategy in humanized mouse and/or nonhuman
primate models in our future studies.

Moreover, we also address the problem associated with HIV-2 infection. Currently, HIV-2
has infected about 1 million to 2 million people worldwide, mostly in West Africa, but the
virus is increasingly spreading to other regions of the world through immigration, causing
concerns over its potential epidemics (78). However, all available antiretroviral drugs are
specifically developed against HIV-1 replication, and consequently, some clinical drugs have
limited or no activity in inhibiting HIV-2, including all nonnucleoside reverse transcriptase
inhibitors, some protease inhibitors, and the fusion inhibitor T20 (79–81). Similarly, emerg-
ing gene therapeutic strategies are primarily focused on HIV-1, and little attention has been
paid to curing or functionally curing HIV-2 infection. In this study, we show that fusion
inhibitor C34-based resistant cells were still permissive to HIV-2 and SIV isolates. Therefore,
the newly developed GPI-2P23 strategy holds great potential as a genetic intervention
approach for the treatment of HIV-2 infection.

MATERIALS AND METHODS
Cells and plasmids. HEK293T cells were purchased from the American Type Culture Collection

(ATCC) (Rockville, MD). TZM-bl cells, plasmids encoding the “global panel” HIV-1 Envs (subtypes A, B, C,
G, A/C, A/E, and B/C), molecular clones of HIV-1 (NL4-3, SG3.1, LAI.2, JR-CSF, MJ4, 89.6, THRO.c/2626,
CH077.t/2627, and RHPA.c/2635), and molecular clones of HIV-2 (ROD and ST) were obtained through the
AIDS Reagent Program, Division of AIDS, NIAID, NIH. Two plasmids encoding SIV Env (mac239 and
smmPBj) were kindly gifted by Jianqing Xu at the Shanghai Public Health Clinical Center, Fudan
University, China. The plasmids encoding DSP1–7 and 293FT cells stably expressing CXCR4/CCR5/DSP8 � 11

were a kind gift from Zene Matsuda at the Institute of Medical Science of the University of Tokyo (Tokyo,
Japan). The human CD4� T cell line CEM-SS expressing CCR5 (CEMss-CCR5) was a kind gift from Paul
Zhou at the Institute Pasteur of Shanghai, Chinese Academy of Sciences, China.

Generation of recombinant lentiviruses. Fusion genes encoding the 2P23, C34, or 4B10 peptide;
an IgG3 hinge; and a His tag, with a GPI attachment signal (C-terminal 34 amino acids of DAF) at the C
terminus, were synthesized (Genewiz, China) and subsequently ligated between the BamHI and SalI sites
of a third-generation lentiviral transfer vector, pRRLsin.PPT.hPGK.WPRE (hPGK promoter). Fusion genes
encoding GFP and GPI-2P23, -C34, or -4B10 linked via an internal 2A peptide signal were synthesized
(Genewiz, China) and subsequently ligated between the BamHI and SalI sites of a third-generation
lentiviral transfer vector, pRRLsin-18.PPT.hEF1�.2A.GFP.WPRE (hEF1� promoter).

Recombinant lentiviruses expressing fusion genes were generated as described previously (75). Briefly,
1.5 � 107 HEK293T cells were seeded onto a P-150 dish in 25 ml complete DMEM. After culturing overnight,

FIG 11 Legend (Continued)
with untransduced cells at a ratio of approximately 15% GFP-positive cells. The mixed population was inoculated
with 1,000 TCID50 of the X5-tropic virus RHPA.c/2635, and the proportions of transgene-expressing cells was
monitored over time by flow cytometry. (B) Survival curve of transduced CEMss-CCR5 T cells. Data from a
representative experiment of three independent experiments are shown.
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cells were cotransfected with 50 �g of the lentiviral transfer vector encoding a GPI-anchored peptide inhibitor,
18.75 �g of the packaging construct delta8.9 encoding Gag/Pol/Rev, and 7.5 �g of a plasmid encoding the
vesicular stomatitis virus G (VSV-G) envelope, using a linear polyethyleneimine (PEI) transfection reagent. Cell
culture supernatants were removed at 20 h posttransfection and replaced with fresh complete DMEM plus
10% fetal bovine serum (FBS). After 24 h, the supernatants were harvested and centrifuged at 4,000 rpm for
15 min. The harvested supernatants were filtered through a 0.45-mm filter and subsequently concentrated by
ultracentrifugation. The lentiviral vector pellets were resuspended in RPMI 1640 with 25 mM HEPES and stored
in aliquots in a freezer at �80°C. Lentivirus titers were determined on HEK293T cells by monitoring His tag or
GFP expression by flow cytometry (FACSCanto II; Becton, Dickinson, Mountain View, CA), and the titers were
expressed as transducing units (TU) per milliliter.

Generation of stable cell lines expressing GPI-anchored peptides. To generate target cells stably
expressing GPI-anchored peptides, TZM-bl, 293FT, or CEMss-CCR5 cells were seeded onto a 24-well plate
(5 � 104 cells/well). On the next day, 2 � 106 TU of recombinant lentiviruses were added to the cells in
the presence of 8 �g/ml of Polybrene (Sigma). After 24 h, the transduced cells were extensively washed
and cultured in complete DMEM. TZM-bl and 293FT cells expressing the transgenes were sorted and
collected using mouse anti-His tag antibody (Invitrogen Life Technologies) and phycoerythrin (PE)-
conjugated goat anti-mouse IgG antibody (eBioscience), and CEMss-CCR5 cells expressing the transgenes
were purified by GFP expression.

Flow cytometry analysis. To detect the cell surface expression of GPI-anchored peptides, the
transduced TZM-bl, 293FT, and CEMss-CCR5 cells were sequentially stained with a mouse anti-His tag
antibody and a PE-conjugated goat anti-mouse IgG antibody or Alexa Fluor 647-conjugated goat
anti-mouse IgG antibody (Invitrogen Life Technologies) for 60 min at 4°C. Next, the stained cells were
washed twice with FACS buffer (phosphate-buffered saline [PBS] solution with 0.5% bovine serum
albumin [BSA] and 2 mM EDTA) and resuspended in 0.2 ml of FACS buffer containing 4% formaldehyde.
FACS analysis was performed with a FACSCanto II instrument (Becton, Dickinson, Mountain View, CA). To
determine whether the expression of transgenes was truly targeted through a GPI anchor, the trans-
duced cells were first incubated with 5 U/ml phosphatidylinositol-specific phospholipase C (PI-PLC)
(Invitrogen Life Technologies) in 0.5 ml 1� PBS and rocked at 4°C for 30 min, followed by two washes to
remove the remaining PI-PLC. The cells were then stained by antibodies and analyzed by FACS analysis
as described above.

To analyze whether GPI-anchored peptides affected the expression of CD4, CCR5, and CXCR4, the
transduced cells were stained with PE-conjugated anti-human CD4, CD195, or CD184 or allophycocyanin
(APC)-conjugated anti-human CD4, CD195, or CD184 (BD Science) antibodies for 30 min at 4°C. The cells
were then washed twice with FACS buffer and fixed with 4% formaldehyde, followed by FACS analysis.

Confocal analysis. The transduced TZM-bl cells were seeded (8,000 cells/well) onto a 35-mm glass
dish with a 14-mm bottom well (Cellvis) and incubated at 37°C in 5% CO2 for 2 days. Cells were washed
twice with 300 �l PBS, fixed for 15 min with 4% formaldehyde in PBS containing 1% BSA, and blocked
for 1 h with blocking buffer (5% goat serum in PBS plus 1% BSA). Next, the cells were sequentially stained
with mouse anti-His tag antibody, Alexa 488-conjugated goat anti-mouse IgG antibody, and Alexa
555-conjugated cholera toxin subunit B (CtxB) (Invitrogen Life Technologies). After three washes with
PBS, cells were stained with 4=,6-diamidino-2-phenylindole (DAPI) in permeabilization buffer (blocking
buffer plus 0.5% saponin) for 7 min. Images were captured with a laser confocal microscope (Leica
Microsystems, Wetzlar, Germany).

Inhibition of GPI-anchored peptides on replication-competent HIV-1/2 isolates. A panel of
infectious HIV-1 (NL4-3, SG3.1, LAI.2, JRCSF, MJ4, 89.6, THRO.c/2626, CH077.t/2627, and RHPA.c/2635) and two
HIV-2 (ROD and ST) isolates was generated by transfection of HEK293T cells (6 � 106 cells in a P-100 dish) with
a plasmid (24 �g) of the molecular clones using a linear PEI transfection reagent. The virus-containing
supernatants were harvested at 48 h posttransfection and stored in aliquots in a freezer at �80°C. Titers of
the viruses were determined by a 50% tissue culture infectious dose (TCID50) assay in TZM-bl cells.

To determine the inhibitory activity of GPI-anchored peptides in transduced TZM-bl cells, 200 TCID50

of the viruses in a 50-�l volume were added to the cells (1 � 104/well) and incubated at 37°C with 5%
CO2 for 2 days. The cells were then lysed with lysis buffer, and luciferase activity was measured by a
BrightGlo luciferase assay with a luminescence counter (Promega). To determine the inhibitory activity
of GPI-anchored peptides in transduced CEMss-CCR5 cells, 1,000 TCID50 of the viruses were added to the
cells (1 � 106/well) at 37°C with 5% CO2 and incubated at 37°C with 5% CO2 overnight. The infected cells
were extensively washed with Hanks’ balanced salt solution (HBSS) and then cultured in complete DMEM
for observation over time. Intracellular HIV-1 P24 expression in the infected cells was detected using
PE-conjugated anti-P24 Gag antibody (clone KC57; Beckman Coulter, Brea, CA) and analyzed along with
GFP expression by FACS analysis.

Inhibition of GPI-anchored peptides on HIV-1 and SIV pseudoviruses. A single-cycle infection
assay was performed as described previously (34). The Env-pseudotyped viruses for the global panel of
HIV-1 isolates, two SIV isolates (mac239 and smmPBj), and VSV-G were generated by cotransfecting
HEK293T cells with a pSG3Δenv backbone plasmid and an Env-expressing plasmid using a linear PEI
transfection reagent. The pseudovirus-containing supernatants were harvested at 48 h posttransfection
and stored in aliquots in a freezer at �80°C. Titers of pseudotyped virions were determined by a TCID50

assay in TZM-bl cells. To determine the inhibitory activity of GPI-anchored peptides in transduced TZM-bl
cells, 200 TCID50 of the viruses were added to the cells (1 � 104/well) and incubated for 48 h at 37°C. The
cells were lysed for determining the luciferase activity as described above.

Inhibition of GPI-anchored peptides during Env-mediated cell-cell fusion. A dual-split-protein
(DSP)-based cell-cell fusion assay was performed as described previously (45). To determine the inhib-
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itory activities of GPI-anchored peptides, 293FT target cells stably expressing CCR5/CXCR4/DSP8 –11

(referred to as 293FTTarget) were first transduced with the lentiviral vector encoding GPI-2P23, GPI-C34, or
GPI-4B10. Effector HEK293T cells were seeded on a 96-well plate (1.5 � 104 cells/well) and incubated at
37°C with 5% CO2 overnight, and the cells were then cotransfected with an Env-expressing plasmid and
a DSP1–7-expressing plasmid and cultured at 37°C for 24 h. Mock-, GPI-2P23-, GPI-C34-, or GPI-4B10-
transduced 293FTTarget cells were resuspended in prewarmed culture medium and then added to the
EnduRen live-cell substrate (Promega), followed by incubation at 37°C for 30 min. Next, the target cells
(2.5 � 104/well) were added to effector cells and spun down to maximize cell-cell contact. After
coculturing for 6 h, the fusion activity between the target and effector cells was monitored by
quantifying the production of the reporter luciferase as described above.

Inhibition of GPI-anchored peptides during cell-cell HIV-1 transmission. A cell-cell HIV-1 trans-
mission assay was performed according to protocols described previously (46, 47), based on the fact that
infection by many R5-tropic viruses in TZM-bl cells depends on polycationic supplements as cell-free
virions but not during cell-cell transmission. To assess cell-cell transmission and the inhibition
thereof, the dependence of HIV-1 infection on DEAE-dextran was initially characterized for both
replication-competent and pseudotyped viruses, and TZM-bl cells were transduced with mock,
GPI-2P23, GPI-C34, or GPI-4B10 as a target. For the inhibitory activities of GPI-anchored peptides
during the cell-cell transmission of replication-competent HIV-1 isolates, CEMss-CCR5 cells were
infected with the viruses as a donor. To determine the inhibitory activities of GPI-anchored peptides
during the single-cycle cell-cell transmission of HIV-1 Env-pseudotyped viruses, HEK293T cells
(104/well) were seeded on a 96-well plate, cultured for 24 h, and then cotransfected with a
pSG3Δenv backbone plasmid and an Env-expressing plasmid. After culturing for 12 h, the trans-
fected cells were washed twice with prewarmed DMEM and added to the transduced TZM-bl cells
(104/well) in the absence of DEAE-dextran. After coculturing for 36 h, infection of TZM-bl cells was
monitored by quantifying the production of the reporter luciferase as described above.
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