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Generation of HIV-resistant cells with a single-domain
antibody: implications for HIV-1 gene therapy
Hongliang Jin1,2, Xiaoran Tang1,2, Li Li1, Yue Chen1,2, Yuanmei Zhu1,2, Huihui Chong1,2 and Yuxian He1,2

The cure or functional cure of the “Berlin patient” and “London patient” indicates that infusion of HIV-resistant cells could be a
viable treatment strategy. Very recently, we genetically linked a short-peptide fusion inhibitor with a glycosylphosphatidylinositol
(GPI) attachment signal, rendering modified cells fully resistant to HIV infection. In this study, GPI-anchored m36.4, a single-domain
antibody (nanobody) targeting the coreceptor-binding site of gp120, was constructed with a lentiviral vector. We verified that
m36.4 was efficiently expressed on the plasma membrane of transduced TZM-bl cells and targeted lipid raft sites without affecting
the expression of HIV receptors (CD4, CCR5, and CXCR4). Significantly, TZM-bl cells expressing GPI-m36.4 were highly resistant to
infection with divergent HIV-1 subtypes and potently blocked HIV-1 envelope-mediated cell-cell fusion and cell-cell viral
transmission. Furthermore, we showed that GPI-m36.4-modified human CEMss-CCR5 cells were nonpermissive to both CCR5- and
CXCR4-tropic HIV-1 isolates and displayed a strong survival advantage over unmodified cells. It was found that GPI-m36.4 could also
impair HIV-1 Env processing and viral infectivity in transduced cells, underlying a multifaceted mechanism of antiviral action. In
conclusion, our studies characterize m36.4 as a powerful nanobody that can generate HIV-resistant cells, offering a novel gene
therapy approach that can be used alone or in combination.
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INTRODUCTION
Highly active antiretroviral therapy (HAART), which employs
multiple drugs in combination, can efficiently suppress HIV-1
replication, which has dramatically reduced the morbidity and
mortality associated with AIDS and the risk of HIV-1 transmission.
However, HAART cannot eradicate latent virus, necessitating
lifelong treatment that often causes cumulative toxicities and
drug resistance1,2. Several vaccines designed to elicit broadly
neutralizing antibodies (bNAbs) against HIV-1 have been devel-
oped, but they exhibit poor or no protective efficacy3–5. Recent
studies suggest that passive infusion of bNAbs can provide
therapeutic effects in HIV-1-infected individuals6–9; however, the
concentration of infused bNAbs wanes over time, and repeated
administrations are required to maintain long-term viral suppres-
sion. Similar to HAART, soluble bNAbs are not curative. Thus, the
development of sterilizing or functional curative strategies has
become a priority in the fight against HIV/AIDS.
Groundbreaking progress was made with the achievement of a

cure or functional cure in the “Berlin patient” and “London
patient”, who were transplanted with allogeneic hematopoietic
stem cells (HSCs) harboring a naturally occurring mutation in the
coreceptor CCR5 (CCR5Δ32) for the treatment of hematological
malignancies10,11. In contrast, only transient HIV-1 remission was
observed in two “Boston patients” and one “Minnesota patient”
who received allogeneic transplantation of HSCs without
CCR5Δ3212,13. These discoveries indicate that the impact of

CCR5Δ32 is critical in viral suppression or eradication and that
infusion of HIV-resistant cells would be a viable treatment strategy
for effecting an HIV-1 cure. Thus, considerable effort is being
exerted to engineer CCR5 mutations into autologous cells using
gene-editing technologies; however, such an approach has so far
achieved only very limited therapeutic efficacy in patients14–16.
Very recently, Xu et al. reported successful allogeneic transplanta-
tion and long-term engraftment of HSCs with CCR5 ablation by a
CRISPR/Cas9-based gene editing system in a patient with HIV-1
infection and acute lymphoblastic leukemia, which demonstrated
safety but showed no therapeutic effect in terms of viral
replication14. Therefore, it is imperative to develop safer and
more effective gene therapy-based methods utilizing a patient’s
own cells to simultaneously protect against infection and promote
immune reconstruction. Conceivably, HIV-1 entry inhibitors, such
as bNAbs and fusion inhibitor peptides, would provide advantages
in generating HIV-resistant cells because they can block the
gateway of viral entry.
The entry of HIV-1 into target cells is mediated by viral envelope

(Env) glycoproteins: the surface subunit gp120 is responsible for
binding with the primary cell receptor CD4 and a coreceptor
(CCR5 or CXCR4), which triggers substantial conformational
changes in the viral Env complex, while the transmembrane
subunit gp41 is involved in virus-cell fusion by inserting its fusion
peptide into the cell membrane and then folding a six-helix
bundle (6-HB) structure between its N- and C-terminal heptad
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repeat regions17. Currently, there are three clinically approved
drugs targeting the HIV-1 entry step: the first is a gp41-derived
peptide fusion inhibitor (Enfuvirtide, T-20)18, the second is a small-
molecule CCR5 antagonist (Maraviroc) that is being used to treat
CCR5-tropic HIV-1 infection19, and in 2018, a humanized anti-CD4
antibody (ibalizumab) was licensed for clinical use20. In contrast to
other drugs that act after infection, entry inhibitors intercept HIV-1
before it invades target cells. In the past decade, we have focused
on developing peptide-based HIV-1 fusion inhibitors, reporting a
group of peptides and lipopeptides with extremely potent
antiviral activity21–32; we have also focused on identifying and
characterizing human neutralizing antibodies from HIV-1-infected
individuals, such as A1633, Y49834, and m36.4. Previous studies
have demonstrated that m36.4 is a single-domain antibody
(nanobody) targeting the receptor CD4-induced (CD4i) epitope
that overlaps with the coreceptor-binding site on gp12035–37. To
develop a gene therapy-based strategy for HIV-1 functional cure,
we recently generated HIV-resistant cells by genetically expressing
a short-peptide fusion inhibitor on the plasma membrane of
target cells through the glycosylphosphatidylinositol (GPI) attach-
ment signal of decay accelerating factor (DAF)38. In this study, we
constructed fusion genes encoding GPI-anchored m36.4 (GPI-
m36.4) or a GPI-anchored single-chain variable fragment (scFv) of
the anti-avian influenza virus hemagglutinin (HA) control antibody
FluIgG0339. We verified that both GPI-m36.4 and GPI-FluIgG03
were efficiently expressed within the plasma membrane lipid raft
sites of transduced TZM-bl cells without interfering with the
expression of HIV receptors; however, GPI-m36.4 but not GPI-
FluIgG03 specifically rendered target cells highly resistant to
divergent HIV-1 infections, viral Env-mediated cell–cell fusion, and
cell-associated virion-mediated cell–cell transmission. More impor-
tantly, GPI-m36.4-modified human CD4+ cells (CEMss-CCR5) were
exceptionally resistant to both CCR5- and CXCR4-tropic HIV-1
isolates and had a robust selective survival advantage over
unmodified cells following HIV-1 infection. The disruptive effects
of GPI-m36.4 on HIV-1 Env processing and viral infectivity were
further characterized, verifying a multifaceted mode of antiviral
action. Therefore, the present studies have provided a potential
HIV-1 gene therapy approach that can be used alone or in
combination with other strategies.

RESULTS
Construction of lentiviral vectors for cell-surface expression of
m36.4 through a GPI anchor
To develop HIV-resistant cells as a gene therapy approach, fusion
genes encoding the single-domain nanobody m36.4 or the scFv
format of the control antibody FluIgG03 were constructed for cell-
surface expression through a GPI anchoring approach. As
illustrated in Fig. 1A, the m36.4- or FluIgG03 scFv-encoding
sequence was genetically fused with sequences encoding a His-
tag and the GPI attachment signal of DAF and then inserted into a
self-inactivating lentiviral vector (pRRLsin.PPT.hPGK.WPRE). The
recombinant lentiviruses were produced by cotransfecting
HEK293T cells with the transfer vector, a packaging plasmid
encoding Gag/Pol/Rev, and a plasmid encoding vesicular stoma-
titis virus G glycoprotein (VSV-G). TZM-bl cells were then
transduced with the recombinant lentiviruses and sorted by
fluorescence-activated cell sorting (FACS) to isolate a cell
population in which close to 100% of the cells expressed GPI-
anchored m36.4 (GPI-m36.4) or FluIgG03 scFv (GPI-FluIgG03). To
verify whether the fusion genes were expressed on the cell surface
through the GPI anchor, transduced TZM-bl cells were treated
with phosphatidylinositol-specific phospholipase C (PI-PLC) and
then stained with an anti-His tag antibody, followed by FACS
analysis. As shown in Fig. 1B, both of the transgenes were
efficiently expressed on the surface of transduced cells, but their
expression greatly decreased after PI-PLC treatment, confirming

that the m36.4 and FluIg03 antibodies were tethered to the cell
membrane through a GPI anchor.

GPI-m36.4 and GPI-FluIg03 are primarily directed to lipid rafts and
do not affect the expression of HIV receptors
GPI anchoring in nature is a typical posttranslational modification
process, and many GPI-linked proteins are directed to lipid rafts,
which are specialized dynamic microdomains in the cell plasma
membrane. Coincidently, lipid raft sites also host the HIV-1
receptor CD4 and serve as gateways for HIV entry and
budding40,41. We previously verified that the GPI-anchored fusion
inhibitor peptide 2P23 was mainly located within lipid rafts38.
Herein, we characterized whether newly designed GPI-m36.4 and
GPI-FluIg03 resided in lipid rafts. To this end, GPI-m36.4- and GPI-
FluIg03-transduced TZM-bl cells were costained with (i) a mouse
anti-His tag antibody, followed by an Alexa Fluor 488-conjugated
goat anti-mouse IgG antibody, (ii) Alexa Fluor 555-conjugated
cholera toxin subunit B (CtxB), which can interact with the lipid
raft marker GM1, and (iii) 4′,6-diamidino-2-phenylindole (DAPI). As
analyzed by confocal microscopy (Fig. 1C), both GPI-m36.4 and
GPI-FluIg03 colocalized with GM1 on the cell surface, indicating
that they were indeed localized in the lipid raft sites within the
plasma membrane.
To determine whether the cell-surface anchoring and expres-

sion of a domain antibody or scFv interfered with the expression
of the primary receptor CD4 and coreceptors CCR5 and CXCR4, we
stained mock-, GPI-m36.4-, and GPI-FluIg03-transduced TZM-bl
cells with a PE-conjugated antihuman CD4, CCR5, or CXCR4
antibody and analyzed the cells by FACS analysis. As shown in
Fig. 2, the relative cell counts and fluorescence intensities of the
TZM-bl cells transduced with GPI-m36.4 or GPI-FluIg03 were
comparable to those of the parental TZM-bl cells, suggesting that
the expression of GPI-m36.4 and GPI-FluIg03 had no appreciable
effect on the cell-surface expression of the HIV-1 receptor and
coreceptors. Furthermore, we did not observe any harmful effects
of the constructs on the viability and growth of the transduced
cells (data not shown). Moreover, the vector copy number (VCN) in
the transduced cells was analyzed by real-time quantitative PCR
analysis (qPCR), revealing an average of 5.7 copies per cell
(Supplementary Fig. S1).

GPI-m36.4-modified cells are highly resistant to divergent HIV-1
infections
We next sought to characterize the resistance profiles of TZM-bl
cells transduced with GPI-m36.4. First, a panel of eight replication-
competent HIV-1 isolates with different tropisms was used to
infect transduced cells. As shown in Table 1, control antibody GPI-
FluIgG03-transduced TZM-bl cells were highly susceptible to
infection with the eight HIV-1 isolates including five CCR5-tropic
viruses (JR-CSF, RHPA.c/2635, THRO.c/2626, CH077.t/2627, and
MJ4), two CXCR4-tropic viruses (NL4-3 and LAI.2), and one dual-
tropic virus (89.6). Significantly, the TZM-bl cells expressing GPI-
m36.4 were fully resistant to all HIV-1 isolates tested. To verify the
anti-HIV breadth and potency of GPI-m36.4 in TZM-bl cells, we
further applied a “global panel” of HIV-1 pseudoviruses, which
included 12 diverse subtypes of viral Envs representing the global
AIDS epidemic42. As determined by a single-cycle infection assay,
transduced cells displayed very high levels of resistance to
divergent HIV-1 subtypes, except for the pseudoviruses 398-
F1_F6_20, X1632-S2-B10, CNE8, and CNE55, which infected the
cells with average infection rates of 6%, 3%, 3%, and 1%,
respectively (Table 1). In regard to virus control, GPI-m36.4 and
GPI-FluIgG03 did not confer resistance to VSV-G, indicating the
antiviral specificity of GPI-m36.4 in transduced cells. To verify the
functionality of GPI-mediated inhibitor anchoring, we also
constructed lentiviral vectors that expressed secretory m36.4
(Sec-m36.4) and FluIgG03 scFv (Sec-FluIgG03), and their antiviral
activities were examined with the same panels of replication-
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competent and Env-pseudotyped viruses. As shown in Table 1, the
TZM-bl cells transduced with Sec-m36.4 could not effectively
block infection with the HIV-1 isolates or VSV-G control. A Western
blot assay with an anti-His tag antibody found that Sec-m36.4 and
Sec-FluIgG03 were detected only in the highly concentrated cell
culture supernatants, not in the cell lysates (Supplementary
Fig. S2). Moreover, it was expected that the amount of Sec-
m36.4 in the supernatants of infected cultures was not sufficient
to inhibit the viruses, consistent with previous findings generated
with similar protocols43,44.

GPI-m36.4-modified cells are highly resistant to HIV-1 Env-
mediated cell–cell fusion
We previously applied a DSP-based cell-cell fusion assay to assess
the antiviral activity of various HIV-1 fusion inhibitors, wherein
293FT cells expressing CCR5/CXCR4/DSP8-11 were used as a target
(designated 293FTTarget cells). In this study, we investigated the

resistance profiles of m36.4-modified cells for HIV-1 Env-mediated
cell-cell fusion. Thus, 293FTTarget cells were transduced with GPI-
m36.4 or GPI-FluIgG03 for characterization. Similarly, FACS analysis
was first performed to examine the cell-surface expression of the
transgenes and their effects on the expression of CD4, CCR5, and
CXCR4. As anticipated, GPI-m36.4 and GPI-FluIgG03 were effi-
ciently expressed on the surface of 293FTTarget cells and did not
significantly affect the expression levels of the receptor and
coreceptors, as judged by fluorescence intensities (Supplementary
Fig. S3). Subsequently, the DSP-based fusion assay was conducted
to quantitate the inhibitory activities of GPI-m36.4 and GPI-
FluIgG03 in viral Env-mediated cell–cell fusion. Similar to their
inhibitory activities against both wild-type HIV-1 and pseudotyped
HIV-1 infections, the transduction of GPI-FluIgG03 did not impart
cell resistance, whereas GPI-m36.4-transduced cells were highly
resistant to cell fusion mediated by HIV-1 Env proteins with
divergent subtypes and phenotypes (Table 2).

Fig. 1 Cell-surface expression of GPI-anchored antibodies in transduced TZM-bl cells. A Diagram of the lentiviral transfer vector expressing
GPI-anchored antibodies. The encoding sequence of m36.4 or FluIgG03 scFv was genetically linked with sequences encoding a His tag and
the GPI attachment signal of DAF. RRE, Rev response element; cPPT, central polypurine track; WPRE, woodchuck hepatitis virus
posttranscriptional regulatory element. B Expression of GPI-m36.4 or GPI-FluIgG03 on the surface of transduced TZM-bl cells with or without
PI-PLC treatment, which was detected by an anti-His tag antibody and analyzed by FACS analysis. C Localization of GPI-m36.4 or GPI-FluIgG03
in transduced TZM-bl cells with confocal analysis. Alexa555-CtxB, cells stained with an Alexa Fluor 555-conjugated cholera toxin B subunit;
Alexa488-Anti-His: cells stained with a mouse anti-His tag antibody followed by an Alexa Fluor 488-conjugated goat anti-mouse IgG antibody
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GPI-m36.4-modified cells are fully resistant to cell-cell HIV-1
transmission
Cell-cell transmission is also considered a crucial pathway of HIV-1
spread in infected individuals; however, recent studies suggest
that many bNAbs have a relatively low capacity to block cell-cell
transmission mediated by cell-associated HIV-1 virions45–47. There-
fore, we thought it would be interesting to characterize the
neutralizing activity of membrane-anchored anti-HIV single-
domain antibodies. To this aim, we adopted an experimental
protocol that was recently used to evaluate the GPI-anchored
fusion inhibitor 2P2338, the rationale of which was based on the
observation that coculturing CCR5-tropic HIV-infected CEMss-
CCR5 cells (donor) with TZM-bl cells (target) resulted in rapid and
efficient infection by the virus through a cell-cell pathway.
Consistent with our previous results38, the infectivity of three
cell-free viruses, including two subtype B transmitted/founder
viruses (RHPA.c/2635, THRO.c/2626) and one subtype C virus
(MJ4), in TZM-bl cells sharply decreased in the absence of a
polycationic DEAE-dextran supplement (Fig. 3A), whereas the cell-
cell transmission of the cell-associated viruses (CEMss-CCR5HIV+)
was independent of DEAE-dextran (Fig. 3B). Accordingly, TZM-bl
target cells were transduced with GPI-m36.4 or GPI-FluIgG03 and

cocultured with CEMss-CCR5HIV+ cells without the addition of
DEAE-dextran. As shown in Fig. 3C, while TZM-bl cells expressing
GPI-FluIgG03 were effectively infected by the three tested viruses
from CEMss-CCR5HIV+ donor cells, the TZM-bl cells expressing GPI-
m36.4 were fully resistant to transmission.

GPI-m36.4 renders human CD4+ T cells highly resistant to
divergent HIV-1 strains
The results above demonstrated that GPI-m36.4 could endow
target cells with potent resistance to divergent HIV-1 isolates. We
next focused on characterizing whether GPI-m36.4 is capable of
protecting human CD4+ T cells from HIV-1 infection. To facilitate
the monitoring of transduced cells, transgenes were designed to
express GPI-anchored m36.4 or FluIgG03 genetically linked to
green fluorescent protein (GFP) through an internal 2A protein
splicing signal in the lentiviral transfer vector pRRLsin-18.PPT.EF1α.
WPRE (Fig. 4A). The recombinant lentiviruses were packaged and
transduced into human CEMss-CCR5 cells. As detected with GFP
and an anti-His antibody, GPI-m36.4/GFP and GPI-FluIgG03/GFP
were efficiently expressed on the cell surface of CEMss-CCR5 cells
(Fig. 4B). Consistently, the expression of CD4, CCR5, and CXCR4 in
the transduced cells was not significantly affected by the

Fig. 2 Effects of GPI-anchored antibodies on the expression of HIV receptors. The expression of CD4, CCR5 or CXCR4 on the surface of TZM-bl
cells transduced with a GPI-anchored scFv or m36.4 was detected with a PE-conjugated anti-human CD4 (black), CCR5 (blue), or CXCR4 (cyan)
antibody and analyzed by FACS analysis. The expression levels were assessed by measuring the relative cell counts (A) and the fluorescence
intensity (B)
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transgenes (Fig. 4C). In the transduced CEMss-CCR5 cells, an
average VCN of 1.1 copies per cell was detected by qPCR
(Supplementary Fig. S1).
To evaluate the inhibitory activities of GPI-m36.4 and GPI-

FluIgG03, transduced CEMss-CCR5 cells were first infected with

two CXCR4-tropic strains (NL4-3 and SG3.1) and then cultured in
complete DMEM for 9 or 11 days. The infected cells
were monitored over time for intracellular HIV-1 P24-Gag and
GFP expression by flow cytometry. As controls, GPI-FluIgG03/GFP-
transduced CEMss-CCR5 cells showed 2.61%, 20.2%, and 70.2%

Table 1. Inhibitory activity of GPI-anchored m36.4 in TZM-b1 cells against divergent HIV-1 subtypes

HIV-1 Subtype Tropism Mean % infection ± SD

GPI-FluIgG03 GPI-m36.4 Sec-FluIgG03 Sec-m36.4

Replication-competent virus

JR-CSF B CCR5 96 ± 3 0 128 ± 8 65 ± 5

RHPA.c/2635 B CCR5 106 ± 7 0 120 ± 10 61 ± 4

THRO.c/2626 B CCR5 92 ± 2 0 116 ± 4 53 ± 6

CH077.t/2627 B CCR5 89 ± 3 0 108 ± 1 69 ± 4

NL4-3 B CXCR4 85 ± 2 0 114 ± 5 43 ± 5

LAI.2 B CXCR4 82 ± 3 0 120 ± 4 56 ± 5

89.6 B R5X4 90 ± 4 0 118 ± 6 59 ± 4

MJ4 C CCR5 98 ± 5 0 112 ± 8 74 ± 3

"Global Panel" pseudovirus

398-F1_F6_20 A CCR5 141 ± 4 6 ± 1 102 ± 6 72 ± 4

TRO.11 B CCR5 104 ± 1 0 113 ± 8 89 ± 5

X2278_C2_B6 B CCR5 136 ± 8 0 106 ± 2 80 ± 3

CE1176_A3 C CCR5 115 ± 1 0 101 ± 3 84 ± 4

CE703010217_B6 C CCR5 112 ± 2 0 88 ± 3 75 ± 5

HIV_25710-2.43 C CCR5 117 ± 2 0 106 ± 6 80 ± 4

X1632-S2-B10 G CCR5 108 ± 0 3 ± 1 106 ± 2 82 ± 3

246_F3_C10_2 A/C CCR5 113 ± 2 0 105 ± 4 87 ± 4

CNE8 A/E CCR5 139 ± 2 3 107 ± 5 93 ± 2

CNE55 A/E CCR5 126 ± 2 1 103 ± 6 90 ± 6

CH119.10 B/C CCR5 112 ± 2 0 111 ± 8 98 ± 7

BJOX002000.03 B/C CCR5 106 ± 2 0 103 ± 5 93 ± 5

VSV-G NA NA 97 ± 1 103 ± 2 102 ± 7 111 ± 7

*The assay was performed in triplicate and repeated three times. Data are expressed as the means ± SD

Table 2. Inhibitory activity of GPI-m36.4 on HIV-1 Env-mediated cell–cell fusion

HIV-1 Env Subtype Tropism Mean % cell fusion ± SD

GPI-FluIgG03 GPI-m36.4

398-F1_F6_20 A CCR5 108 ± 4 16 ± 5

92RW020 A CCR5 113 ± 2 0

92UG037.8 A CCR5 106 ± 4 0

NL4-3 B CXCR4 105 ± 4 0

SF162 B CCR5 105 ± 4 0

R3A B CCR5 98 ± 3 0

CNE11 B' R5X4 110 ± 10 0

ZM53M.PB12 C CCR5 108 ± 7 0

HIV_25710-2.43 C CCR5 108 ± 5 0

GX11.13 A/E CCR5 100 ± 6 5 ± 1

CNE8 A/E CCR5 107 ± 8 11 ± 3

CNE55 A/E CCR5 107 ± 10 10 ± 3

CH70.1 B/C R5X4 100 ± 2 0

CH119.10 B/C CCR5 106 ± 5 0

BJOX002000.03 B/C CCR5 110 ± 4 0

*The assay was performed in triplicate and repeated three times. Data are expressed as the means ± SD

Generation of HIV-resistant cells with a single-domain antibody:. . .
H Jin et al.

664

Cellular & Molecular Immunology (2021) 18:660 – 674



P24-Gag and GFP double-positive cells after NL4-3 inoculation
for 5, 7, and 9 days, respectively, and 3.35%, 11.6%, 46.9%, and
70.6% P24-Gag and GFP double-positive cells after SG3.1
inoculation for 5, 7, 9, and 11 days, respectively (Fig. 5A, B, left
panels), indicating increased infection over time; in sharp contrast,
no or very minor (<0.64%) proportions of P24-Gag and GFP
double-positive cells were observed in the CEMss-CCR5 cell
population expressing GPI-m36.4/GFP (Fig. 5A, B, right panels) at
9 or 11 days.
Next, we examined the inhibitory activities of GPI-m36.4 and

GPI-FluIgG03 in transduced CEMss-CCR5 cells against two CCR5-
tropic strains (MJ4 and RHPA.c/2635). Similarly, the GPI-FluIgG03/
GFP-transduced CEMss-CCR5 cells were efficiently infected by MJ4
or RHPA.c/2635 over time (Fig. 5C, D, left panels); however, there
were no or extremely few P24-Gag and GFP double-positive cells
seen in the CEMss-CCR5 cells expressing GPI-m36.4/GFP (Fig. 5C,
D, right panels) at 11 or 14 days. Taken together, these data
indicate that GPI-anchored m36.4 can render CD4+ T cells
extremely resistant to both CCR5- and CXCR4-tropic HIV-1 isolates.
For clarity, the results are also shown in Supplementary Fig. S4.

GPI-m36.4-modified CEMss-CCR5 cells possess a selective survival
advantage following HIV-1 challenge
We were interested in determining whether GPI-anchored m36.4
can produce selective survival and expansion advantages in
transduced human CD4+ T cells compared to unmodified cells
during HIV-1 infection, which is a key point as a potential gene
therapy approach. To study this, ~15–20% GPI-m36.4/GFP-expres-
sing CEMss-CCR5 cells were mixed with untransduced cells prior
to HIV-1 challenge. Following viral infection with CXCR4-tropic
NL4-3 (Fig. 6A) or CCR5-tropic THRO.c/2626 (Fig. 6B), the
transduced cells exhibited gradually increased percentages of
GFP-positive (GFP+) cells over time. In the NL4-3-infected culture,
99.6% of the cells expressed GPI-m36.4/GFP at day 20; in the
THRO.c/2626-infected culture, 100% of the cells expressed GPI-
m36.4/GFP at day 38 (Fig. 6C). In the absence of viruses, the
proportions of GFP+ cells in the mixed populations were relatively
stable (data not shown). In the control group, GPI-FluIgG03/GFP-
expressing CEMss-CCR5 cells did not show resistance or selective
survival and died over time (Supplementary Fig. S5). These results
indicate that GPI-m36.4 is capable of conferring robust selective

Fig. 3 Inhibitory activity of GPI-anchored antibodies during cell–cell HIV-1 transmission. A Infection with the replication-competent CCR5-
tropic HIV-1 isolates RHPA.c/2635 (subtype B), THRO.c/2626 (subtype B), and MJ4 (subtype C) in TZM-bl cells depends on the presence of
DEAE-dextran when the isolates are in the form of cell-free viruses. RLU, relative luciferase units; T/F, transmitted/founder virus. The assay was
performed in triplicate and repeated two times, and representative data are shown. B Infection with cell-associated RHPA.c/2635, HRO.c/2626,
and MJ4 in TZM-bl cells was independent of DEAE-dextran during cell-cell transmission. The assay was performed in triplicate and repeated
two times, and representative data are shown. C Inhibition of cell-cell HIV-1 transmission by GPI-anchored antibodies. TZM-bl cells expressing
GPI-m36.4 or GPI-FluIgG03 were used as targets and cocultured with CEMss-CCR5 donor cells that were preinfected with one of the three
viruses. % cell-cell transmission was monitored by quantifying the production of the luciferase reporter in the TZM-bl cells. Error bars
represent the means ± standard deviations (SD) of three independent experiments with triplicate samples
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survival and expansion advantages to human CD4+ T cells
following HIV-1 infection.

GPI-m36.4 can inhibit the infectivity of progeny HIV-1 viruses and
interfere with the processing of the Env glycoprotein
Previous studies have suggested that the GPI-anchored anti-
gp120 scFv X5 can interfere with HIV-1 Env glycoprotein
processing and viral infectivity48. Herein, we exploited the
mechanism underlying the potent inhibitory activity of GPI-
m36.4. To exclude potential effects caused by the lentiviral vector,
we further cloned the GPI-m36.4 and GPI-FluIgG03 fusion genes
into the plasmid expression vector pcDNA3.1 and cotransfected
them with an HIV-1 provirus clone (NL4-3 or THRO.c/2626) into
HEK293T cells. As detected by FACS analysis, the two fusion genes
were efficiently expressed on the surface of transfected cells
(Fig. 7A). To determine the effects of the GPI-anchored antibodies
on the release of HIV-1 virions, an enzyme-linked immunosorbent
assay (ELISA) was used to quantify the HIV-1 P24 antigen in the cell
culture supernatants. Cotransfection with GPI-m36.4 or GPI-
FluIgG03 significantly reduced the production of the P24 antigen
(Fig. 7B), indicating that virion release from the transfected cells
was inhibited. Given that GPI-FluIgG03 also exhibited inhibitory
activity, the expression of a membrane-anchoring scFv via GPI in
lipid rafts might interfere with viral budding in a nonspecific
manner, which was previously observed48. To test this hypothesis,
we further constructed three GPI-anchored control antibodies
targeting the spike protein of SARS-CoV-2, including one scFv (CB6)
and two domain antibodies (5F8 and H11-H4)49–51. Similarly, the
pcDNA3.1-based constructs produced efficient expression of GPI-
CB6, GPI-5F8, and GPI-H11-H4 on HIV-1-producing cells (Supple-
mentary Fig. S6), while GPI-CB6 interfered with the production of
progeny HIV-1 virions (NL4-3 or THRO.c/2626); neither GPI-5F8 nor

GPI-H11-H4 had a similar effect (Supplementary Fig. S7). These
results imply that the larger size of a membrane-tethered scFv may
cause steric hindrance that limits the budding of progeny viruses,
whereas GPI-anchored nanobodies do not affect viral budding
significantly, which should be characterized in more detail.
Next, we assessed the infectivity of HIV-1 virions released from

cells expressing GPI-anchored antibodies. Cell culture supernatants
containing equal amounts of the P24 antigen were used to infect
TZM-bl cells, and the relative level of infection was determined by
quantifying luciferase activity in cell lysates. Compared to the
infectivity of HIV-1 strains produced from cells cotransfected with
an empty vector (negative control), the infectivity of both HIV-1
NL4-3 and THRO.c/2626 produced from cells expressing GPI-m36.4
but not GPI-FluIgG03 was dramatically decreased (Fig. 7C).
To understand how GPI-m36.4 can dramatically impair the

infectivity of progeny HIV-1 virions, we further characterized its
impacts on the expression and processing profiles of Env
glycoproteins when coexpressed with HIV-1 in HEK293T cells. As
detected with a rabbit anti-gp120 polyclonal antibody in a Western
blot assay, the amounts of both NL4-3 gp120 and THRO.c/2626
gp120 were sharply reduced in GPI-m36.4-cotransfected cells
(Fig. 8A). Consistently, the ratio of gp120/gp160 was significantly
reduced by GPI-m36.4 relative to the empty vector control and GPI-
FluIgG03 (Fig. 8B). As detected with the human anti-gp41
monoclonal antibody 10E8, the amounts of NL4-3 gp41 and
THRO.c/2626 gp41 were also sharply decreased upon cotransfec-
tion with GPI-m36.4. In contrast, the cotransduction of GPI-m36.4
had no obvious effect on the expression of the P24 antigen, which
was released into the cell culture medium at high levels when a
control vector was cotransfected. Taken together, these data
suggest that GPI-m36.4 can interfere with Env processing in HIV-
producing cells, which may critically determine viral infectivity.

Fig. 4 Expression of GPI-anchored antibodies fused with GFP in transduced human CD4+ T cells and their effects on CD4, CCR5, and CXCR4.
A Diagram of the lentiviral transfer vectors expressing GPI-m36 or GPI-FluIgG03 linked to GFP-encoding sequences via a 2A signal. B FACS
analysis of the cell-surface expression of GPI-m36.4 or GPI-FluIgG03 and GFP in transduced TZM-bl cells. C Expression of CD4, CCR5, or CXCR4
on the surface of transduced CEMss-CCR5 cells, as evaluated by measuring the fluorescence intensity
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DISCUSSION
In this study, we continued to explore novel strategies to
effectively create HIV-resistant cells. As shown above, we finely
characterized the single-domain antibody m36.4 for its potential
as a membrane-bound viral entry inhibitor when attached via a
GPI anchor. By applying a self-inactivating lentiviral vector, GPI-

anchored m36.4 could be efficiently expressed on the plasma
membrane of transduced TZM-bl cells and primarily directed to
lipid raft sites without interfering with the expression of the cell
receptor CD4 or coreceptors CCR5 and CXCR4. Transduced target
cells displayed resistance to divergent cell-free HIV-1 infections,
viral Env-mediated cell-cell membrane fusion and cell-associated

Fig. 5 Inhibitory activity of GPI-anchored antibodies in transduced human CD4+ T cells during HIV-1 infection. CEMss-CCR5 cells transduced
with GPI-m36.4/GFP or GPI-FluIgG03/GFP were infected with 1,000 TCID50 of NL4-3 (A), SG3.1 (B), MJ4 (C), or RHPA.c/2635 (D), and intracellular
HIV-1 P24 Gag and GFP expression was monitored over time by flow cytometry. Data from an experiment representative of three independent
experiments are shown
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virion-mediated cell-cell viral transmission. Moreover, we demon-
strated that GPI-m36.4 could efficiently render human CD4+ T cells
(CEMss-CCR5) nonpermissive to both CCR5- and CXCR4-tropic HIV-
1 isolates and produced a robust survival advantage in transduced
cells compared to unmodified cells during HIV-1 infection.

Regarding its mechanism of action, GPI-m36.4 was also shown
to impair HIV-1 Env processing and viral infectivity. In summary,
our studies identified m36.4 as a viable inhibitor that can be used
to generate HIV-resistant target cells, not only blocking infection
at the entry step but also interfering with viral genesis.

Fig. 6 Selective survival of human CD4+ T cells expressing GPI-m36.4 during divergent HIV-1 infections. CEMss-CCR5 cells were transduced
with GPI-m36.4/GFP and mixed with untransduced cells at a proportion of approximately 17% GFP-positive cells. The mixed population was
challenged with 1,000 TCID50 of CXCR4-tropic NL4-3 (A) or CCR5-tropic THRO.c/2626 (B), and the proportion of transgene-expressing cells was
monitored over time by flow cytometry. C Survival curves of transduced CEMss-CCR5 cells. Data from an experiment representative of three
independent experiments are shown
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Fig. 7 Cell-surface expression of GPI-anchored antibodies and their effects on HIV-1 release and viral infectivity. A Expression levels of GPI-
anchored antibodies after cotransfection with an HIV-1 proviral clone. HKE293T cells were cotransfected with GPI-m36.4 or GPI-FluIgG03 and a
proviral clone of HIV-1 NL4-3 (upper panel) or THRO.c/2626 (lower panel). The expression levels of GPI-m36.4 and GPI-FluIgG03 were detected
by FACS analysis with an anti-His tag antibody. SSC, side scatter. B Effects of GPI-anchored antibodies on HIV-1 virion release. HEK293T cells
were cotransfected with GPI-FluIgG03 or GPI-m36.4 and the HIV-1 provirus NL4-3 (left) or THRO.c/2626 (right). The amounts of the P24 antigen
in cell culture supernatants were measured by ELISA. C Effects of GPI-anchored antibodies on the infectivity of progeny HIV-1 virions. To
measure the infectivity of progeny NL4-3 (left) or THRO.c/2626 virions, cell culture supernatants containing equal amounts of the P24 antigen
were used to infect TZM-bl cells, and luciferase activity in cell lysates was measured. The infectivity of viruses produced from empty vector-
cotransfected cells was set at 100%, and the relative infection levels of HIV-1 produced from cells cotransfected with GPI-m36.4 or GPI-
FluIgG03 were calculated accordingly. The data shown were derived from three independent experiments, and error bars indicate standard
deviations. Statistical comparisons were conducted by ANOVA (***P < 0.001; ****P < 0.0001; ns, not significant)
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Despite considerable progress, it is still disappointing that
allogeneic transplantation of CCR5 gene-edited HSCs has achieved
only minor therapeutic efficacy in patients15,16,52. In addition to
the potential of off-target CCR5 editing, additional concerns
increasingly arise over the deleterious effects of the CCR5Δ32
mutation. First, it renders cells resistant to only CCR5-tropic, not
CXCR4-tropic, HIV-1 strains; second, a shift in HIV-1 tropism to
CXCR4 usage would occur when CCR5 is disrupted53; and third, an
increased susceptibility to some virus infections has been
observed54–56. Compared to the deletion or disruption of host
cell genes, we generally consider knocking in antiviral genes,
especially those encoding HIV-1 entry inhibitors, to be a safer and
more efficient way to modify cells for resistance. However, it
should be realized that very few studies have focused on
developing genetically virus-resistant cells with anti-HIV neutraliz-
ing antibodies, although emerging studies have already shown

that bNAbs possess promising potential as soluble antibody drugs
in clinical trials6–9. In view of this, we think that it is critical to
characterize bNAbs for generating HIV-resistant cells. Hence, we
concluded that GPI-m36.4 has high potential to be further
developed as a novel HIV-1 gene therapy that can be used alone
or in combination.
By applying a similar GPI-based anchoring method, Zhou and

coworkers previously characterized several human or llama anti-
HIV antibodies and a fusion inhibitor peptide (C34) as membrane-
bound inhibitors43,44,57–59. Among several GPI-anchored scFvs, the
authors found that the first-generation antibody X5, which also
targets a gp120 CD4i epitope, could endow cells with relatively
strong resistance when tested against multiple clades of HIV-1
strains43. Interestingly, it was also found that the GPI-anchored
variable region (VHH) of the heavy chain-only llama antibody JM4
but not that of JM2 was able to render target cells resistant to

Fig. 8 Effects of GPI-anchored antibodies on HIV-1 Env processing. A The expression levels of gp160, gp120, gp41, P24, and β-actin in
HEK293T cells coexpressing GPI-m36.4 or GPI-FluIgG03 and NL4-3 (left panel) or THRO.c/2626 (right panel) were detected by Western blotting. For
clarity, images were spliced and grouped, and the original images are provided in the Supplementary materials. B The ratio of gp120 to gp160 in
cell lysates was determined by quantifying the corresponding band intensities with ImageJ. The data shown were derived from three independent
experiments, and error bars indicate standard deviations. Statistical comparisons were conducted by ANOVA (**P < 0.01; ***P < 0.001)
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both cell-free and cell-associated HIV-1 isolates57. Previous studies
have demonstrated that JM4 binds to a gp120 site that overlaps
with the CD4i epitope and neutralizes HIV-1 strains from subtypes
A, B, C, A/E, and G in a CD4-dependent manner, whereas JM2
binds to a CD4bs epitope and neutralizes HIV-1 strains from
subtypes B, C, and G60,61. These studies imply that epitope
specificity critically determines the functionality of GPI-anchored
anti-HIV antibodies in distinct formats. In this study, we identified
CD4i epitope-specific m36.4 as a new GPI-anchored inhibitor that
can efficiently modify HIV-resistant cells. Overall, we realized that
antibodies targeting the gp120 CD4i epitope would confer broad
and potent inhibitory activity against HIV-1 infection when
genetically anchored to the cell membrane through a GPI
attachment signal. Recently, Misra et al. conducted characteriza-
tion of the mechanism of action of the GPI-anchored scFvs X5
and P16, revealing that GPI-scFvs could inhibit the processing and
function of HIV-1 Env glycoproteins to restrict the production and
infectivity of newly synthesized HIV-1 particles48. The authors
proposed that “anti-Env GPI-scFvs therefore appear to be unique
anti-HIV molecules as they derive their potent inhibitory activity
by interfering with both early (receptor binding/entry) and late
(Env processing and incorporation into virions) stages of the HIV
life cycle”48. Consistently, we found that GPI-m36.4 could
dramatically alter HIV-1 Env processing in cotransfected cells
and that the progeny viruses largely lost their infectivity.
As a potential genetic intervention, GPI-X5 (scFv) was evaluated

in a humanized mouse model62. The study found that GPI-X5-
transduced primary CD4+ T cells were selected in the peripheral
blood and lymphoid tissues upon HIV-1 infection and that
transduced CD4+ T cells, after being cotransfused with HIV-
infected cells, significantly reduced viral loads and viral RNA copy
numbers62. As a new-generation anti-HIV bNAb, m36.4 was
previously reported to significantly improve neutralizing breath
and potency35–37. In our future studies, we would like to evaluate
GPI-m36.4 for its antiviral efficacy in primary CD4+ T cells from
healthy donors or HIV-1-infected individuals as well as its in vivo
anti-HIV activity in a humanized mouse or nonhuman primate
model. Ideally, GPI-m36.4 will be tested in combination with other
gene therapy approaches, such as administration of the GPI-
anchored fusion inhibitor peptide 2P2338. To advance toward a
more efficient HIV-1 gene therapy approach for potential clinical
studies, we are in the process of developing GPI-anchored
inhibitors that possess multiple functionalities. Considering that
any genetic manipulation has the potential to cause cancer in
modified cells, the side effects of GPI-anchored inhibitors should
be carefully characterized in the preclinical stage.

MATERIALS AND METHODS
Plasmids and cells
The following reagents were obtained through the AIDS Reagent
Program, Division of AIDS, NIAID, NIH: TZM-bl indicator cells, which
stably express large amounts of CD4 and CCR5 and endogenously
express CXCR4 (from John C. Kappes and Xiaoyun Wu); a panel of
molecular clones for generating replication-competent HIV-1
isolates, including NL4-3 (from Malcolm Martin), LAI.2 (from Keith
Peden), SG3.1 (from Sajal Ghosh, Beatrice Hahn, and George
Shaw), JRCSF (from Irvin S. Y. Chen and Yoshio Koyanagi), 89.6
(from Ronald G. Collman), THRO.c/2626, CH077.t/2627 and RHPA.c/
2635 (all from John Kappes and Dr. Christina Ochsenbauer);
plasmids encoding the “global panel” HIV-1 Envs as reference
strains of subtypes A, B, C, G, A/C, A/E, and B/C that represent the
global AIDS epidemic (from David Montefiori). The plasmid
encoding DSP1-7 and 293FT cells stably expressing CXCR4/CCR5/
DSP8–11 were kindly gifted by 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 kindly gifted by Paul Zhou at the Institute Pasteur of

Shanghai, Chinese Academy of Sciences, China. HEK293T cells
were purchased from the American Type Culture Collection (ATCC)
(Rockville, MD, USA).

Generation of recombinant lentiviruses carrying transgenes
Recombinant lentiviral vectors expressing GPI-anchored trans-
genes were constructed as described previously38,43. A fusion
gene sequentially encoding m36.4 or the scFv of FluIgG03, a His
tag, and a GPI attachment signal (C-terminal 34 amino acid
residues of DAF) was designed, synthesized (Genwiz, China) and
then ligated into a self-inactivating lentiviral transfer vector
carrying an hPGK promoter (pRRLsin.PPT.hPGK.WPRE) after
restriction digestion with BamHI and SalI endonucleases. A fusion
gene encoding GFP and GPI-m36.4 or FluIgG03 linked via an
internal 2A peptide signal was ligated between the BamHI and SalI
sites of a self-inactivating lentiviral transfer vector with an hEF1α
promoter (pRRLsin-18.PPT.hEF1α.2A.GFP.WPRE). Recombinant len-
tiviruses expressing fusion genes were packaged as described
previously38. In brief, 1.5 × 107 HEK293T cells were seeded in P-150
dishes in 25 ml of complete DMEM and cultured overnight. By
using a linear polyethyleneimine (PEI) transfection reagent, the
cells were cotransfected with 50 μg of lentiviral transfer vector
encoding GPI-anchored m36.4 or scFv, 18.75 μg of packaging
construct delta8.9 encoding Gag/Pol/Rev, and 7.5 μg of plasmid
encoding vesicular stomatitis virus G envelope (VSV-G). At 20 h
posttransfection, the culture medium was replaced with fresh
complete DMEM containing 10% FBS. After culturing for an
additional 24 h, the virus-containing supernatants were harvested
and centrifuged at 4000 rpm and 4 °C for 15 min, followed by
filtration through a 0.45-mm filter; the supernatants were then
concentrated by ultracentrifugation. The precipitated pellets were
resuspended in RPMI 1640 medium with 25mM HEPES and stored
in aliquots in a −80 °C freezer. Lentivirus titers were determined
with HEK293T cells according to a protocol described previously38.
Briefly, lentiviruses were diluted and used to infect HEK293T cells,
the expression of the His tag or GFP was monitored by flow
cytometry (FACSCanto II; Becton, Dickinson, Mountain View, CA),
and the titers are expressed as transducing units (TU) per milliliter.

Generation of stable cell lines expressing GPI-anchored m36.4 or
FluIgG03
Target cells stably expressing GPI-m36.4 or GPI-FluIgG03 (scFv)
were generated as described previously38,43. Briefly, 5 × 104 TZM-
bl, 293FT, or CEMss-CCR5 cells/well were seeded in a 24-well plate
and incubated overnight. A total of 2 × 106 TU of recombinant
lentiviruses was added to the cells and supplemented with 8 μg/
ml polybrene (Sigma). After incubation for 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 a mouse anti-His tag antibody (Invitrogen Life
Technologies) and phycoerythrin (PE)-conjugated goat anti-mouse
IgG antibody (eBioscience), and the CEMss-CCR5 cells expressing
the transgenes were sorted by GFP expression.

Flow cytometry analysis (FACS)
To analyze the cell-surface expression of GPI-m36.4 or GPI-
FluIgG03, transduced TZM-bl, 293FT, or 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. The stained cells were then
washed twice with FACS buffer (phosphate-buffered saline [PBS]
solution with 0.5% bovine serum albumin [BSA] and 2mM EDTA)
and resuspended in 0.2 ml of FACS buffer containing 4%
formaldehyde. FACS analysis was conducted with a FACSCanto II
instrument. To examine whether the expression of transgenes was
truly linked with a GPI anchor, transduced TZM-bl cells were first
treated with 5 U/ml PI-PLC (Invitrogen Life Technologies) in 0.5 ml
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of 1× PBS, rocked for 30 min at 4 °C, and then washed two times
with FACS buffer to remove the remaining PI-PLC. Subsequently,
the cells were stained with antibodies and analyzed by FACS
analysis as described above. To determine whether GPI-anchored
m36.4 or FluIgG03 scFv affected the expression of CD4, CCR5, and
CXCR4, transduced cells were stained with a PE-conjugated anti-
human CD4, CD195, or CD184 antibody or an allophycocyanin-
labeled anti-human CD4, CD195 or CD184 antibody (BD
Bioscience) for 30 min at 4 °C, washed twice with FACS buffer,
and then fixed with 4% formaldehyde for FACS analysis.

Confocal analysis
Colocalization of GPI-m36.4 or GPI-FluIgG03 with a lipid raft
marker (GM1) was evaluated as described previously38,43. In brief,
transduced TZM-bl cells were seeded (8000 cells/well) in a 35-mm
glass dish with a 14-mm bottom well (Cellvis) and incubated for
2 days at 37 °C in 5% CO2. After two washes with PBS, the cells
were fixed with 4% formaldehyde in PBS containing 1% BSA for
15min and blocked with blocking buffer (5% goat serum in PBS
containing 1% BSA) for 1 h. Then, the cells were sequentially
stained with a mouse anti-His tag antibody, Alexa Fluor 488-
conjugated goat anti-mouse IgG antibody, and Alexa Fluor 555-
conjugated CtxB (Invitrogen Life Technologies). After three washes
with PBS, the cells were further stained with DAPI in permeabiliza-
tion buffer (blocking buffer plus 0.5% saponin) for 7 min. Images
were captured with a laser confocal microscope (Leica Micro-
systems, Wetzlar, Germany).

Real-time quantitative PCR analysis
To measure transgene-carrying lentivirus vector copy numbers
(VCNs), genomic DNA from transduced cells was extracted using
the QIAGEN DNeasy Blood & Tissue Kit according to the
manufacturer’s instructions. Genomic DNA was used to detect
the m36.4 transgene by using qPCR assays. Primer and probe
sequences for this assay were as follows: 5′- TGGATCGGCGAGATT
AACG-3′ (forward), 5′-TGCTGATGGTCACTCTGCTTTT-3′ (reverse),
and 5′- CAGCGGCAATACCATCTACAACCCCA-3′ (probe in the 5′-
FAM/3′-BHQ1 format). The primers and probe were synthesized by
Tsingke Biological Technology (Beijing, China). Monoplex PCRs
were set up in duplicate in 20-µl reaction volumes using Applied
Biosystems TagMan Fast Advanced Master Mix in a 96-well plate
on the Bio-Rad CFX96 real-time PCR platform. The thermocycling
conditions were UNG incubation at 50 °C for 2 min, inactivation of
reverse transcriptase at 95 °C for 2 min, and 40 cycles of PCR
amplification (denaturing at 95 °C for 3 seconds, and annealing/
extension at 60 °C for 30 s). The copy number of the m36.4
transgene was determined from the plasmid standard curve and
normalized to the cell number.

Inhibitory effects of GPI-anchored antibodies on replicative HIV-1
isolates
A panel of eight replication-competent HIV-1 isolates including
NL4-3, LAI.2, JRCSF, 89.6, THRO.c/2626, CH077.t/2627, RHPA.c/
2635, and MJ4 was generated by transfecting HEK293T cells
(6 × 106 cells in a P-100 mm dish) with 24 μg of plasmid encoding
the molecular clone using a linear PEI transfection reagent. The
virus-containing supernatants were harvested at 48 h posttrans-
fection and stored in aliquots in a −80 °C freezer. The titers of the
viruses were determined with a 50% tissue culture infectious dose
(TCID50) assay performed with TZM-bl cells. To measure the
inhibitory activity of GPI-m36.4 or GPI-FluIgG03 in transduced
TZM-bl cells, a virus at 200 TCID50 was added to cells (1 × 104/well)
and incubated for 2 days at 37 °C in 5% CO2. Then, the cells were
lysed with lysis buffer, and luciferase activity was quantitated with
a BrightGlo luciferase assay by a luminescence counter (Promega).
To measure the inhibitory activity of GPI-m36.4 in transduced
CEMss-CCR5 cells, a virus at 1000 TCID50 was added to cells (1 ×
106/well) and incubated overnight at 37 °C in 5% CO2. The infected

cells were extensively washed with Hanks’ balanced salt solution
(HBSS) and then cultured in complete DMEM. Intracellular HIV-1
P24 expression in the infected cells was detected over time using
a PE-conjugated anti-P24 Gag antibody (clone KC57, Beckman
Coulter, Brea, CA, USA) and analyzed along with GFP expression by
FACS analysis.

Inhibitory effects of GPI-anchored antibodies on HIV-1
pseudoviruses
A single-cycle infection assay was carried out as described
previously38. Briefly, the Env-pseudotyped viruses in the “global
panel” of HIV-1 isolates and VSV-G were generated by transfection
of HEK293T cells with a pSG3Δenv backbone plasmid and an Env-
encoding plasmid using a linear PEI transfection reagent. The
pseudovirus-containing culture supernatants were harvested at
48 h posttransfection and stored in aliquots in a −80 °C freezer.
The titers of the pseudoviruses were determined with a TCID50

assay with TZM-bl cells. To measure the inhibitory activity of GPI-
m36.4 or GPI-FluIgG03 in transduced TZM-bl cells, 200 TCID50 of
virus was added to the cells (1 × 104/well) and incubated at 37 °C
for 48 h. The cells were lysed and quantitated for luciferase
expression as described above.

Inhibitory effects of GPI-anchored antibodies on HIV-1 Env-
mediated cell-cell fusion
A dual-split-protein (DSP)-based cell–cell fusion assay was
described previously31. To measure the inhibitory activity of GPI-
m36.4 or GPI-FluIgG03, 293FT cells stably expressing CCR5/CXCR4/
DSP8–11 (referred to as 293FTTarget cells) were first transduced with
a lentiviral vector encoding GPI-m36.4 or GPI-FluIgG03.
HEK293T cells (referred to as effector cells) were seeded in a 96-
well plate (1.5 × 104/well), incubated at 37 °C with 5% CO2

overnight, cotransfected with a DSP1-7-expressing plasmid and
an Env-expressing plasmid and incubated at 37 °C for 24 h. GPI-
m36.4-, GPI-FluIgG03, or mock-transduced 293FTTarget cells were
resuspended in prewarmed culture medium, added to EnduRen
live cell substrate (Promega) and then incubated at 37 °C for 30
min. The target cells (2.5 × 104/well) were added to the effector
cells and spun down to maximize cell-cell contact. After
coculturing for 6 h, cell–cell fusion activity was quantitated by
measuring the production of the luciferase reporter as
described above.

Inhibitory effects of GPI-anchored antibodies on cell–cell HIV-1
transmission
A cell-cell viral transmission assay was conducted according to a
protocol described previously38 based on the fact that infection of
TZM-bl cells by many R5-tropic viruses as cell-free virions depends
on polycationic supplements but that cell–cell transmission does
not depend on these supplements. TZM-bl cells were transduced
with GPI-m36.4 or GPI-FluIgG03 as a target, and CEMss-CCR5 cells
were infected with a CCR5-tropic virus (RHPA.c/2635, THRO.c/
2626, or MJ4) as a donor. After donor cells and target cells were
cocultured for 36 h, infection of TZM-bl cells was evaluated by
quantifying the production of the luciferase reporter as
described above.

Inhibitory effects of GPI-anchored antibodies on HIV-1 production
and infectivity
To determine the effects of GPI-m36.4 on HIV-1 production and
infectivity, the expression cassettes of GPI-m36.4 and controls
(GPI-FluIgG03, GPI-CB6, GPI-5F8, and GPI-H11-H4) were subcloned
into the plasmid expression vector pcDNA3.1. HEK293T cells were
cotransfected with 0.8 μg of pcDNA3.1 vector and 0.8 μg of
proviral clone of HIV-1 NL4-3 or transmitter/founder HIV-1 strain
THRO.c/2626 by using a linear PEI transfection reagent. After 12 h,
the cell culture supernatants were replaced with fresh DMEM and
incubated for an additional 36 h. The virus-containing
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supernatants were harvested and centrifuged at 4000 rpm and 4 °
C for 15 min, followed by filtration with a 0.45-mm filter. The
cotransfected cells were collected to analyze the cell-surface
expression of GPI-anchored antibodies by FACS with an anti-His
antibody as described above. To examine virions released from
the cotransfected cells, the level of the HIV-1 P24 antigen in the
culture supernatants was quantified by ELISA. To examine the
infectivity of the progeny virions, the collected supernatants
containing 0.25 ng of P24 antigen were added to TZM-bl cells
(1 × 104/well) and incubated for 2 days at 37 °C in 5% CO2. Then,
the cells were lysed and quantitated for luciferase expression as
described above.

Inhibitory effects of GPI-anchored antibodies on HIV-1 Env
processing
To determine the effect of GPI-m36.4 on HIV-1 Env processing,
HEK293T cells expressing a transgene and an HIV-1 proviral clone
(NL4-3 or THRO.c/2626) were used to analyze the expression and
processing of viral gp160 by Western blotting. In brief, cells were
lysed in ice-cold RIPA buffer (Invitrogen) containing protease
inhibitors (Roche) to isolate proteins. The cell proteins were
separated by SDS-PAGE and transferred to a nitrocellulose
membrane, which was then blocked with a 5% nonfat dry milk
solution in TBS-Tween 20 at room temperature for 1 h. The
membrane was incubated overnight at 4 °C with a rabbit anti-
gp120 polyclonal antibody (SinoBiological, Beijing, China), the
human anti-gp41 monoclonal antibody 10E8, a mouse anti-P24
antibody (Abcam), or a mouse anti-β actin antibody (Sigma). After
washing three times with TBS-Tween 20, the membrane was
incubated with IRDye 680LT goat anti-rabbit IgG, IRDye 800CW
goat anti-human IgG, or IRDye 680RD goat anti-mouse IgG for 2 h
at room temperature. Images were acquired with an Odyssey
infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA).
The images were spliced and grouped for clarity.

Statistical analysis
GraphPad Prism 6 software was applied to statistically analyze
data. One-way analysis of variance with Tukey’s multiple
comparisons was used to identify significant differences among
three or more groups. A P value < 0.05 was considered significant.

DATA AVAILABILITY
The datasets generated for this study are available on request from the
corresponding author.

ACKNOWLEDGEMENTS
We thank Zene Matsuda at the Institute of Medical Science, University of Tokyo, for
providing plasmids and cells for the DSP-based cell–cell fusion assay. This work was
supported by grants from the CAMS Innovation Fund for Medical Sciences (2017-I2M-
1-014), National Science and Technology Major Project of China (2018ZX10301103
and 2017ZX10202102-001-003), and National Natural Science Foundation of China
(81630061).

AUTHOR CONTRIBUTIONS
Y.H. conceived the project. H.J., X.T., L.L., Y.C., Y.Z., and H.C. designed and performed
the experiments. H.J., X.T., and Y.H. analyzed the data. H.J. and Y.H. drafted and edited
the manuscript.

ADDITIONAL INFORMATION
The online version of this article (https://doi.org/10.1038/s41423-020-00627-y)
contains supplementary material.

Competing interests: The authors declare no competing interests.

REFERENCES
1. Collier, D. A., Monit, C. & Gupta, R. K. The impact of HIV-1 drug escape on the

global treatment landscape. Cell Host Microbe 26, 48–60 (2019).
2. Barre-Sinoussi, F., Ross, A. L. & Delfraissy, J. F. Past, present and future: 30 years of

HIV research. Nat. Rev. Microbiol. 11, 877–883 (2013).
3. Alter, G. & Barouch, D. Immune correlate-guided HIV vaccine design. Cell Host

Microbe 24, 25–33 (2018).
4. Barouch, D. H. A step forward for HIV vaccines. Lancet HIV 5, e338–e339 (2018).
5. Stephenson, K. E., Wagh, K., Korber, B. & Barouch, D. H. Vaccines and broadly

neutralizing antibodies for HIV-1 prevention. Annu. Rev. Immunol. 38, 673–703
(2020).

6. Caskey, M. et al. Viraemia suppressed in HIV-1-infected humans by broadly
neutralizing antibody 3BNC117. Nature 522, 487–491 (2015).

7. Lynch, R. M. et al. Virologic effects of broadly neutralizing antibody
VRC01 administration during chronic HIV-1 infection. Sci. Transl. Med. 7, 319ra206
(2015).

8. Bar, K. J. et al. Effect of HIV antibody VRC01 on viral rebound after treatment
interruption. N. Engl. J. Med. 375, 2037–2050 (2016).

9. Caskey, M. et al. Antibody 10-1074 suppresses viremia in HIV-1-infected indivi-
duals. Nat. Med. 23, 185–191 (2017).

10. Gupta, R. K. et al. HIV-1 remission following CCR5Delta32/Delta32 haematopoietic
stem-cell transplantation. Nature 568, 244–248 (2019).

11. Hutter, G. et al. Long-term control of HIV by CCR5 Delta32/Delta32 stem-cell
transplantation. N. Engl. J. Med. 360, 692–698 (2009).

12. Henrich, T. J. et al. Antiretroviral-free HIV-1 remission and viral rebound after
allogeneic stem cell transplantation: report of 2 cases. Ann. Intern. Med. 161,
319–327 (2014).

13. Cummins, N. W. et al. Extensive virologic and immunologic characterization in
an HIV-infected individual following allogeneic stem cell transplant and
analytic cessation of antiretroviral therapy: a case study. PLoS Med. 14, e1002461
(2017).

14. Xu, L. et al. CRISPR-edited stem cells in a patient with HIV and acute lymphocytic
leukemia. N. Engl. J. Med. 381, 1240–1247 (2019).

15. Peterson, C. W. et al. Differential impact of transplantation on peripheral and
tissue-associated viral reservoirs: implications for HIV gene therapy. PLoS Pathog.
14, e1006956 (2018).

16. Tebas, P. et al. Gene editing of CCR5 in autologous CD4 T cells of persons infected
with HIV. N. Engl. J. Med. 370, 901–910 (2014).

17. Eckert, D. M. & Kim, P. S. Mechanisms of viral membrane fusion and its inhibition.
Annu. Rev. Biochem. 70, 777–810 (2001).

18. Lalezari, J. P. et al. Enfuvirtide, an HIV-1 fusion inhibitor, for drug-resistant
HIV infection in North and South America. N. Engl. J. Med. 348, 2175–2185
(2003).

19. Gulick, R. M. et al. Maraviroc for previously treated patients with R5 HIV-1
infection. N. Engl. J. Med. 359, 1429–1441 (2008).

20. Sheikh, V., Murray, J. S. & Sherwat, A. Ibalizumab in multidrug-resistant HIV—
accepting uncertainty. N. Engl. J. Med. 379, 605–607 (2018).

21. He, Y. et al. Design and evaluation of sifuvirtide, a novel HIV-1 fusion inhibitor. J.
Biol. Chem. 283, 11126–11134 (2008).

22. He, Y. et al. Potent HIV fusion inhibitors against Enfuvirtide-resistant HIV-1 strains.
Proc. Natl Acad. Sci. USA 105, 16332–16337 (2008).

23. Xiong, S. et al. A helical short-peptide fusion inhibitor with highly potent activity
against human immunodeficiency virus type 1 (HIV-1), HIV-2, and simian
immunodeficiency virus. J. Virol. 91, e01839–16. (2017).

24. Chong, H., Wu, X., Su, Y. & He, Y. Development of potent and long-acting HIV-1
fusion inhibitors. AIDS 30, 1187–1196 (2016).

25. Chong, H., Qiu, Z., Su, Y., Yang, L. & He, Y. Design of a highly potent HIV-1 fusion
inhibitor targeting the gp41 pocket. AIDS 29, 13–21 (2015).

26. Chong, H. et al. Short-peptide fusion inhibitors with high potency against wild-
type and enfuvirtide-resistant HIV-1. FASEB J. 27, 1203–1213 (2013).

27. Zhu, Y. et al. Exceptional potency and structural basis of a T1249-derived lipo-
peptide fusion inhibitor against HIV-1, HIV-2, and simian immunodeficiency virus.
J. Biol. Chem. 293, 5323–5334 (2018).

28. Chong, H., Zhu, Y., Yu, D. & He, Y. Structural and functional characterization of
membrane fusion inhibitors with extremely potent activity against HIV-1, HIV-2,
and Simian immunodeficiency virus. J. Virol. 92, e01088–18 (2018).

29. Chong, H. et al. Design of novel HIV-1/2 fusion inhibitors with high therapeutic
efficacy in rhesus monkey models. J. Virol. 92, e00775–18 (2018).

30. Chong, H. et al. A lipopeptide HIV-1/2 fusion inhibitor with highly potent in vitro,
ex vivo, and in vivo antiviral activity. J. Virol. 91, e00288–17 (2017).

31. Zhu, Y. et al. Design and characterization of cholesterylated peptide HIV-1/2
fusion inhibitors with extremely potent and long-lasting antiviral activity. J. Virol.
93, e02312–18 (2019).

Generation of HIV-resistant cells with a single-domain antibody:. . .
H Jin et al.

673

Cellular & Molecular Immunology (2021) 18:660 – 674

https://doi.org/10.1038/s41423-020-00627-y


32. Chong, H. et al. Monotherapy with a low-dose lipopeptide HIV fusion inhibitor
maintains long-term viral suppression in rhesus macaques. PLoS Pathog. 15,
e1007552 (2019).

33. Qiao, Y. et al. Isolation and characterization of a novel neutralizing antibody
targeting the CD4-binding site of HIV-1 gp120. Antivir. Res. 132, 252–261 (2016).

34. Sun, Y., Qiao, Y., Zhu, Y., Chong, H. & He, Y. Identification of a novel HIV-1-
neutralizing antibody from a CRF07_BC-infected Chinese donor. Oncotarget 8,
63047–63063 (2017).

35. Chen, W. et al. Exceptionally potent and broadly cross-reactive, bispecific multi-
valent HIV-1 inhibitors based on single human CD4 and antibody domains. J.
Virol. 88, 1125–1139 (2014).

36. Wan, C. et al. Epitope mapping of M36, a human antibody domain with potent
and broad HIV-1 inhibitory activity. PloS one 8, e66638 (2013).

37. Chen, W., Zhu, Z., Feng, Y. & Dimitrov, D. S. Human domain antibodies to con-
served sterically restricted regions on gp120 as exceptionally potent cross-
reactive HIV-1 neutralizers. Proc. Natl Acad. Sci. USA 105, 17121–17126 (2008).

38. Tang, X. et al. A membrane-anchored short-peptide fusion inhibitor fully protects
target cells from infections of HIV-1, HIV-2, and Simian immunodeficiency virus. J.
Virol. 93, e01177–19 (2019).

39. Cao, Z. et al. The epitope and neutralization mechanism of AVFluIgG01, a broad-
reactive human monoclonal antibody against H5N1 influenza virus. PloS One 7,
e38126 (2012).

40. Waheed, A. A. & Freed, E. O. The role of lipids in retrovirus replication. Viruses 2,
1146–1180 (2010).

41. Leung, K. et al. HIV-1 assembly: viral glycoproteins segregate quantally to lipid
rafts that associate individually with HIV-1 capsids and virions. Cell Host Microbe 3,
285–292 (2008).

42. deCamp, A. et al. Global panel of HIV-1 Env reference strains for standardized
assessments of vaccine-elicited neutralizing antibodies. J. Virol. 88, 2489–2507 (2014).

43. Wen, M. et al. GPI-anchored single chain Fv–an effective way to capture
transiently-exposed neutralization epitopes on HIV-1 envelope spike. Retro-
virology 7, 79 (2010).

44. Liu, L. et al. Trimeric glycosylphosphatidylinositol-anchored HCDR3 of broadly
neutralizing antibody PG16 is a potent HIV-1 entry inhibitor. J. Virol. 87,
1899–1905 (2013).

45. Abela, I. A. et al. Cell-cell transmission enables HIV-1 to evade inhibition by potent
CD4bs directed antibodies. PLoS Pathog. 8, e1002634 (2012).

46. Reh, L. et al. Capacity of broadly neutralizing antibodies to inhibit HIV-1 cell-cell
transmission is strain- and epitope-dependent. PLoS Pathog. 11, e1004966 (2015).

47. Gombos, R. B. et al. Inhibitory effect of individual or combinations of broadly
neutralizing antibodies and antiviral reagents against cell-free and cell-to-cell
HIV-1 transmission. J. Virol. 89, 7813–7828 (2015).

48. Misra, A. et al. Glycosyl-phosphatidylinositol-anchored anti-HIV Env single-chain
variable fragments interfere with HIV-1 Env processing and viral infectivity. J.
Virol. 92, e02080–17 (2018).

49. Shi, R. et al. A human neutralizing antibody targets the receptor-binding site of
SARS-CoV-2. Nature 584, 120–124 (2020).

50. Chi, X. et al. Humanized single domain antibodies neutralize SARS-CoV-2 by
targeting the spike receptor binding domain. Nat. Commun. 11, 4528 (2020).

51. Huo, J. et al. Neutralizing nanobodies bind SARS-CoV-2 spike RBD and block
interaction with ACE2. Nat. Struct. Mol. Biol. 27, 846–854 (2020).

52. Xu, L. et al. CRISPR-edited stem cells in a patient with HIV and acute lymphocytic
leukemia. N. Engl. J. Med. 381, 1240–1247 (2019).

53. Kordelas, L. et al. Shift of HIV tropism in stem-cell transplantation with CCR5
Delta32 mutation. N. Engl. J. Med. 371, 880–882 (2014).

54. Glass, W. G. et al. CCR5 deficiency increases risk of symptomatic West Nile virus
infection. J. Exp. Med. 203, 35–40 (2006).

55. Kindberg, E. et al. A deletion in the chemokine receptor 5 (CCR5) gene is asso-
ciated with tickborne encephalitis. J. Infect. Dis. 197, 266–269 (2008).

56. Hayashi, T., MacDonald, L. A. & Takimoto, T. Influenza A virus protein PA-X con-
tributes to viral growth and suppression of the host antiviral and immune
responses. J. Virol. 89, 6442–6452 (2015).

57. Liu, L. et al. The glycosylphosphatidylinositol-anchored variable region of llama
heavy chain-only antibody jm4 efficiently blocks both cell-free and T cell-T cell
transmission of human immunodeficiency virus type 1. J. Virol. 90, 10642–10659
(2016).

58. Liu, L. et al. Potent and broad anti-HIV-1 activity exhibited by a glycosyl-
phosphatidylinositol-anchored peptide derived from the CDR H3 of broadly
neutralizing antibody PG16. J. Virol. 85, 8467–8476 (2011).

59. Liu, L., Wen, M., Zhu, Q., Kimata, J. T. & Zhou, P. Glycosyl phosphatidylinositol-
anchored C34 peptide derived from human immunodeficiency virus type 1
Gp41 Is a potent entry inhibitor. J. NeuroImmune Pharmacol. 11, 601–610
(2016).

60. Matz, J. et al. Straightforward selection of broadly neutralizing single-domain
antibodies targeting the conserved CD4 and coreceptor binding sites of HIV-1
gp120. J. Virol. 87, 1137–1149 (2013).

61. Acharya, P. et al. Heavy chain-only IgG2b llama antibody effects near-pan HIV-1
neutralization by recognizing a CD4-induced epitope that includes elements of
coreceptor- and CD4-binding sites. J. Virol. 87, 10173–10181 (2013).

62. Ye, C. et al. Glycosylphosphatidylinositol-anchored anti-HIV scFv efficiently pro-
tects CD4 T cells from HIV-1 infection and deletion in hu-PBL mice. J. Virol. 91,
e01389–16 (2017).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

Generation of HIV-resistant cells with a single-domain antibody:. . .
H Jin et al.

674

Cellular & Molecular Immunology (2021) 18:660 – 674

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Generation of HIV-resistant cells with a single-domain antibody: implications for HIV-1 gene therapy
	Introduction
	Results
	Construction of lentiviral vectors for cell-surface expression of m36.4 through a GPI anchor
	GPI-m36.4 and GPI-FluIg03 are primarily directed to lipid rafts and do not affect the expression of HIV receptors
	GPI-m36.4-modified cells are highly resistant to divergent HIV-1 infections
	GPI-m36.4-modified cells are highly resistant to HIV-1 Env-mediated cell–nobreakcell fusion
	GPI-m36.4-modified cells are fully resistant to cell-cell HIV-1 transmission
	GPI-m36.4 renders human CD4+ T�cells highly resistant to divergent HIV-1 strains
	GPI-m36.4-modified CEMss-CCR5 cells possess a selective survival advantage following HIV-1 challenge
	GPI-m36.4 can inhibit the infectivity of progeny HIV-1 viruses and interfere with the processing of the Env glycoprotein

	Discussion
	Materials and methods
	Plasmids and cells
	Generation of recombinant lentiviruses carrying transgenes
	Generation of stable cell lines expressing GPI-anchored m36.4 or FluIgG03
	Flow cytometry analysis (FACS)
	Confocal analysis
	Real-time quantitative PCR analysis
	Inhibitory effects of GPI-anchored antibodies on replicative HIV-1 isolates
	Inhibitory effects of GPI-anchored antibodies on HIV-1 pseudoviruses
	Inhibitory effects of GPI-anchored antibodies on HIV-1 Env-mediated cell-cell fusion
	Inhibitory effects of GPI-anchored antibodies on cell–nobreakcell HIV-1 transmission
	Inhibitory effects of GPI-anchored antibodies on HIV-1 production and infectivity
	Inhibitory effects of GPI-anchored antibodies on HIV-1 Env processing
	Statistical analysis

	Supplementary information
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




