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Very recently, the Düsseldorf University Hospital in Germany
reported the third patient who was cured of HIV after CCR5Δ32
hematopoietic stem cell transplantation (HSCT) [1]. There is
increasing evidence that a cure can be achieved through infusion
of HIV-resistant cells for gene therapy. Toward this goal, we focus
on cell membrane anchoring strategies by glycosylphosphatidy-
linositol (GPI), as illustrated in Fig. 1. For example, genetically
anchoring the single-domain antibody m36.4 (nanobody) that
targets the coreceptor-binding site of gp120 through the GPI
attachment signal might render modified cells fully resistant to
HIV infection, block HIV-1 envelope-mediated cell‒cell fusion and
cell‒cell viral transmission, and interfere with viral genesis [2].
HIV has been a global public health concern since it was

discovered in 1981. The development of effective anti-HIV therapy
is a top priority, especially as there is no vaccine available. HIV can
integrate into the human genome to form a persistent HIV
reservoir that cannot be eradicated by current approaches.
Although implementation of highly active antiretroviral therapy
(HAART), the so-called “cocktail” therapy, has rendered HIV/AIDS a
manageable chronic disease, HAART is lifelong treatment and is
associated with drug resistance, toxic damage to vital organs, and
high costs. Once HAART is stopped, HIV rebound occurs from the
reservoir in the host. Although little is known about the biology of
HIV reservoirs, there have been an increasing number of cured or
near-cured patients in recent years, especially with regard to
posttreatment interruption without a viral rebound for a long
time, which is called posttreatment control (PTC) or functional
cure. Thus, a functional HIV cure has become the mainstay of
current treatment approaches.
“Berlin patient”, “London patient” and “Düsseldorf patient”

indicate the importance of CCR5Δ32 for HIV remission and that
infusion of HIV-resistant cells would be a viable treatment strategy
for effecting an HIV cure. Nevertheless, due to the difficulty in
finding donors with CCR5Δ32 mutation, the risk of surgery, and
the fact that CCR5Δ32 HSCT does not always cure HIV, this HSCT
approach is aimed at a very limited population. For safety reasons,
membrane-anchored HIV entry inhibitors, such as broadly
neutralizing antibodies (bNAbs) and membrane fusion inhibitor
peptides, have significant advantages in generating HIV-resistant
cells because they block the first step of viral infection, i.e., cell
entry.
Initially, Zhou et al. found that linking the single-chain variable

fragment (scFv) of the nonneutralizing anti-HIV antibody TG15 to
the transmembrane domain of the type I interferon receptor
rendered the modified cells resistant to HIV entry [3]. Considering
that GPI can covalently anchor many proteins to lipid rafts of the
cell plasma membrane for biological functions and that both HIV

entry and budding occur in lipid rafts, they characterized different
anti-HIV bNAbs as GPI-anchored inhibitors and found that the
human antibody X5, specific for the gp120 coreceptor-binding
site, to be most effective [4]. Because certain antibodies have an
exceptionally long CDR H3 that can form a unique stable
subdomain to ensure specificity, Zhou’s group further generated
a GPI-anchored peptide of CDR H3 derived from bNAb PG16,
which neutralized diverse HIV-1 isolates with remarkable potency
when expressed on the surface of human CD4 T cells [5]. As
antibodies always preferentially bind to assembled viral spines,
enrichment of GPI-CDR H3 by forming a trimeric form can result in
stoichiometric recognition of 3 or 2 HCDR3 molecules against 1
viral peak, thereby enhancing antiviral activity [6]. Moreover, this
group worked on two heavy chain-only llama antibodies, JM2 and
JM4. GPI-VHH JM4-modified cells, but not JM2-modified cells,
effectively neutralized cell-free and cell-associated HIV infections,
revealing that epitope specificity largely determines the function
of GPI-anchored anti-HIV antibodies in different forms [7]. As
mentioned above, our studies verified GPI-m36.4 as a powerful
strategy with multiple anti-HIV mechanisms [2]. Its effect on virus
genesis suggests that even if the virus escapes inhibition at the
entry step, its replication will eventually be controlled. Misra et al.
reported that GPI-scFv can inhibit Env processing and function,
thus limiting newly synthesized virus production [8]. In general,
discovery of this mechanism provides strong support for the use
of GPI-scFv as a potential tool for HIV gene therapy.
Another class of inhibitors that block HIV entry is membrane

fusion-inhibitory peptides, as exemplified by T20 (enfuvirtide)
derived from the C-terminal heptad repeat (CHR) of gp41. T20 was
clinically approved by the U.S. FDA in 2003 as the first entry
inhibitor for HIV-1 treatment; however, it has obvious disadvan-
tages, such as requiring a large dosage due to its short half-life
and a relatively low genetic barrier for inducing drug resistance.
Dorothee von Laer et al. constructed HIV-resistant cells by
expressing T20 or C46 on the surface of HIV-susceptible cells via
the membrane-spanning domain (MSD) of low-affinity nerve
growth factor receptor (LNGFR) [9]. The C34 peptide is also a more
potent fusion inhibitor than T20. Leslie et al. conjugated C34 to
the HIV coreceptors CCR5 and CXCR4, demonstrating that C34-
CXCR4 is the most efficient approach, and infusion of C34-CXCR4-
modified CD4 T cells is currently under clinical trial [10]. With the
GPI anchoring strategy, Liu et al. expressed the C34 fusion gene on
the cell surface and achieved a maximum inhibition percentage of
transduced cells comparable to that of a very high concentration
of soluble C34 [11]. In our study, we constructed GPI-2P23, which
mainly targets the conserved gp41 pocket site with an M-T hook
structure [12]; as expected, it was highly effective against T20- and
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C34-resistant mutants. Recently, Mazurov et al. embedded a series
of short fusion inhibitor peptides into the shortest GPI-anchored
protein CD52 [13]. CEM/R5 cells with double knock-in of MT-C34
and 2P23 at the CXCR4 locus were obtained through CRISPR/Cas9
technology, showing a higher level of protection compared to
single knock-in cells. Moreover, the GPI-anchored peptide derived
from CD52, combined with improved nuclear import of enhanced
donor vectors and CRISPR/Cas9 technology, improved knock-in
efficiency in primary cells [13]. Considering the high variability of
HIV and the susceptibility to escape mutant viruses, we recently
developed a panel of bifunctional GPI-anchored inhibitors by
linking the fusion-inhibitory peptide P41 and the scFv of bNAb
10E8, which showed very potent and broad-spectrum anti-HIV
activity with a potential high genetic resistance barrier [14].
Given the persistence of a complex, diffuse, and diverse HIV

reservoir, many efforts have focused on large-scale sequencing
analyses of reservoir cells [15]. However, to date, the composition
and distribution of the reservoirs have not been elucidated;
instead, the data have only demonstrated that HIV shows diversity
in each patient and that reservoir distribution tends to be random
and lacks absolute regularity. Because GPI-anchored entry
inhibitors not only protect modified cells from viral invasion and
confer a stronger survival advantage over unmodified cells but
also reduce generation of daughter viruses as well as their
infectivity, the resulting HIV-resistant cells in combination with
immunotherapy might lead to a functional cure or even
eradication. Further studies are needed to address how GPI-
anchored antibodies or fusion inhibitor peptides exert viral
suppressive effects, the in vivo therapeutic effects and potential
side effects as genetic interventions before they can be evaluated
in a clinical setting. As a gene therapy approach, a great challenge
for GPI anchoring strategies to achieve a meaningful functional
cure is in the persistence of the modified cells, taking into account
the immunogenicity and cytotoxicity of the transgene, optimal
receptor conditions, cell dose, etc., and whether it is mutually
exclusive with other therapies requires considerable in vivo
studies and clinical trials.
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Fig. 1 Generation of HIV-resistant cells through membrane-anchored HIV entry inhibitors. a Process of HIV-host cell membrane fusion
mediated by 6-helix bundles (6-HB). b Expression of HIV entry inhibitors on the surface of target cells utilizing membrane anchoring can
effectively prevent the occurrence of membrane fusion. Several membrane anchoring approaches, including the membrane-spanning
domain (MSD) of the low-affinity nerve growth factor receptor (LNGFR), glycosylphosphatidylinositol (GPI) attachment signal, and HIV
coreceptor CXCR4, are illustrated. HIV entry inhibitors are broadly neutralizing antibodies (bNAbs) and fusion inhibitor peptides. scFv single-
chain variable fragment
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