& frontiers | Frontiers in

ORIGINAL RESEARCH
published: 27 May 2022
doi: 10.3389/fcimb.2022.916487

OPEN ACCESS

Edited by:
Chen Mingzhou,
Wuhan University, China

Reviewed by:

Bin Su,

Capital Medical University, China
Kunxue Hong,

Chinese Center for Disease Control
and Prevention, China

*Correspondence:
Yuxian He
yhe@jpbcams.ac.cn

Specialty section:

This article was submitted to
Virus and Host,

a section of the journal
Frontiers in Cellular and
Infection Microbiology

Received: 09 April 2022
Accepted: 26 April 2022
Published: 27 May 2022

Citation:

Yan H, Wu T, Chen Y, Jin H, Li L,
Zhu'Y, Chong H and He Y (2022)
Design of a Bispecific HIV Entry
Inhibitor Targeting the Cell Receptor
CD4 and Viral Fusion Protein Gp41.
Front. Cell. Infect. Microbiol. 12:916487.
doi: 10.3389/fcimb.2022.916487

Check for
updates

Design of a Bispecific HIV Entry
Inhibitor Targeting the Cell Receptor
CD4 and Viral Fusion Protein Gp41

Hongxia Yan "2, Tong Wu™2, Yue Chen ", Hongliang Jin"?, Li Li’, Yuanmei Zhu "2,
Huihui Chong 2 and Yuxian He "?*

" NHC Key Laboratory of Systems Biology of Pathogens, Institute of Pathogen Biology, Chinese Academy of Medical
Sciences and Peking Union Medical College, Beijing, China, 2 Center for AIDS Research, Chinese Academy of Medical
Sciences and Peking Union Medical College, Beijjing, China

Given the high variability and drug-resistance problem by human immunodeficiency virus
type 1 (HIV-1), the development of bispecific or multi-specific inhibitors targeting different
steps of HIV entry is highly appreciated. We previously generated a very potent short-
peptide-based HIV fusion inhibitor 2P23. In this study, we designed and characterized a
bifunctional inhibitor termed 2P23-iMab by genetically conjugating 2P23 to the single-
chain variable fragment (scFv) of ibalizumab (iMab), a newly approved antibody drug
targeting the cell receptor CD4. As anticipated, 2P23-iMab could bind to the cell
membrane through CD4 anchoring and inhibit HIV-1 infection as well as viral Env-
mediated cell-cell fusion efficiently. When tested against a large panel of HIV-1
pseudoviruses with different subtypes and phenotypes, 2P23-iMab exhibited
dramatically improved inhibitory activity than the parental inhibitors; especially, it
potently inhibited the viruses not being susceptible to iMab. Moreover, 2P23-iMab had
a dramatically increased potency in inhibiting two panels of HIV-1 mutants that are
resistant to T-20 or 2P23 and the infections of HIV-2 and simian immunodeficiency virus
(SIV). In conclusion, our studies have provided new insights into the design of novel
bispecific HIV entry inhibitors with highly potent and broad-spectrum antiviral activity.

Keywords: HIV entry, bispecific inhibitor, fusion inhibitors, CD4, ibalizumab

INTRODUCTION

There are more than 37.7 million people affected by HIV-1 globally (www.unaids.org). Despite of
four decades of intense effort, an effective HIV-1 vaccine remains elusive. Combination
antiretroviral therapy (cART) is effective in treating HIV-1 infection by suppressing plasma viral
load below the detection limit; however, cART cannot eradicate the virus since the establishment of
latent HIV-1 reservoirs, and lifelong treatment is associated with adverse effects and drug resistance
(Collier et al., 2019; Deeks et al., 2021). Therefore, novel treatment strategies tend to focus on the
development of antiretroviral drugs with high genetic barrier and low toxicity.

HIV-1 initiates infection with its envelope (Env) glycoproteins that are composed of surface
subunit gp120 and transmembrane subunit gp41 (Xiao et al., 2021). In the process of virus entry,
gp120 is responsible for binding with primary cell receptor CD4 and a coreceptor (CCR5 or
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CXCR4), and gp41 mediates fusion between viral and cellular
membranes, leading to HIV-1 entrance into target cells.
Promising data have been reported about inhibitors targeting
the viral entry step (Xiao et al., 2021; Orkin et al., 2022; Xue et al,,
2022). Currently, there are two small-molecule-based HIV-1
entry inhibitors clinically approved by the U.S. Food and Drug
Administration, including enfuvirtide (T-20), a peptide-based
fusion inhibitor targeting gp41 and maraviroc, an allosteric
antagonist of CCR5. Monoclonal antibodies (MAbs) specific
for virus and host proteins provide a new option with
encouraging benefits in treating HIV infection, such as potent
efficacy, low adverse effects, high genetic barrier for resistance,
and ability to promote CD4 T-cell restoration (Sok and Burton,
2018; Tuyishime and Ferrari, 2020; Rossignol et al., 2021; Gruell
and Schommers, 2022). Ibalizumab (iMab), a long-acting
humanized anti-CD4 MADb, has received approval for the
treatment of multidrug-resistant (MDR) HIV-infected patients
when combined with other antiretroviral agents (Emu et al,
2018; Gathe et al., 2021). In a mechanism of action distinct from
other drugs, including the entry inhibitors T-20 or maraviroc,
iMab binds to domain 2 of CD4 and interferes with post-binding
conformational changes in the gp120-CD4 complex that are
required for virus-cell fusion, and thus, it blocks HIV-1 entry via
a noncompetitive way without disturbing gp120 attachment
(Moore et al., 1992). Epitope mapping revealed that two
stretches of amino acids (121 to 124 and 127 to 134) in CD4
domain 2 are critical for iMab binding (Song et al., 2010). Studies
on HIV-1 resistance toward iMab suggested the presence of
other action mechanisms such as conformational changes of
gp120 or gp120-CD4 complex (Toma et al,, 2011). The crystal
structure of CD4 with iMab indicated a post-coreceptor binding
activity through an unknown mechanism (Freeman et al., 2010).
Very importantly, the CD4 binding site of iMab is also different
from that of major histocompatibility complex class II molecule
interactions; thus, it does not hamper antigen presentation or
CD4" T cell function (Song et al., 2010; Iacob and Tacob, 2017).

HIV-1 fusion inhibitory peptides derived from the N- or C-
terminal heptad repeat region (NHR or CHR) of gp4l can
prevent fusion of viral and cellular membranes by blocking
formation of six-helix bundle (6-HB) structure (Xiao et al.,
2021). Apart from T-20, a CHR peptide-based fusion inhibitor,
termed albuvirtide, has been recently approved for clinical use in
China, which exhibits slightly increased anti-HIV activity over
T-20 but requires infusion once weekly (Chong et al., 2012;
Zhang et al., 2016; Su et al, 2020). In the past decades, our
laboratory has been committed to exploiting the mechanism of
HIV fusion and its inhibitors with improved pharmaceutical
profiles (He et al., 2008; Chong et al., 2013; Chong et al., 2015;
Chong et al,, 2016; Chong et al., 2017; Ding et al., 2017; Chong
etal., 2018a; Chong et al., 2018b; Zhu et al., 2018; Zhu et al., 2019;
Xue et al, 2022). Among a group of newly designed fusion
inhibitors, 2P23 is a CHR-derived short peptide with an M-T
hook structure, and it can effectively inhibit HIV-1, HIV-2,
simian immunodeficiency virus (SIV), and T-20-resistant
HIV-1-mutant strains (Xiong et al., 2017). 2P23 is also a
highly potent and broad-spectrum inhibitor when it is

chemically or genetically modified for cell membrane
anchoring or serves as a topical microbicide (Chong et al,
2017; Tang et al, 2019; Gao et al, 2021; Chen et al, 2022).
Considering the high variability of HIV-1, bispecific or multi-
specific antiviral inhibitors targeting different steps or epitopes of
HIV-1 entry are extensively being exploited for broader coverage
of the HIV-1 epidemic (Padte et al., 2018; Steinhardt et al., 2018;
Tuyishime and Ferrari, 2020). Notably, iMab-based bispecific
antibodies possess significantly improved antiviral activity and
genetic barrier to inducing HIV-1 resistance (Pace et al., 2013b;
Sun et al., 2014; Huang et al., 2016; Song et al., 2016; Moshoette
et al, 2019; Li et al, 2021). In this study, we designed and
characterized a bispecific HIV inhibitor by fusing the fusion
inhibitor 2P23 peptide with the single-chain variable fragment
(scFv) of iMab, which had dramatically increased anti-HIV
activities and breadth.

MATERIALS AND METHODS

Cells and Plasmids

HEK293T cells were purchased from the American Type Culture
Collection (Rockville, MD, USA). TZM-bl cells that stably
express CD4 and CCR5 along with endogenously expressed
CXCR4, plasmids encoding the “global panel” HIV-1 Envs
(subtypes A, B, C, G, A/C, A/E, and B/C), and molecular
clones of HIV-2 (ROD and ST) were obtained through the
AIDS Reagent Program, Division of AIDS, NIAID, NIH. A
panel of plasmids expressing Envs derived from subtype B’
(CNE4, CNE6, CNE9, CNE11, CNE14, and CNE57),
CRF01_AE (CNE107), and CRF07_BC (CNE49) was kindly
provided by Lingi Zhang at the Comprehensive AIDS Research
Center of Tsinghua University, Beijing, China. Four CRF07_BC
Env clones (CH64.20, CH70.1, CH110, and CH120.6) were
kindly provided by Yiming Shao at the Chinese Center for
Disease Control and Prevention, Beijing, China. Two subtype
B’ (BO1 and 43-22) and one CRF01_AE (AE03) Env clones were
kindly provided by Youchun Wang at the National Institute for
the Control of Pharmaceutical and Biological Products, Beijing,
China. Plasmids encoding two SIV Envs (mac239 and smmPBj)
were kindly provided by Jianqing Xu at the Institutes of
Biomedical Sciences of Fudan University, Shanghai, China.
293FT cells stably expressing CXCR4/CCR5/DSPg_;; and a
plasmid encoding DSP, ; were generous gifts from Zene
Matsuda at the Institute of Medical Science of University of
Tokyo, Tokyo, Japan. Cells were cultured in complete growth
medium containing Dulbecco’s minimal essential medium
(DMEM), 10% fetal bovine serum, penicillin-streptomycin
(100 U/ml), 2 mM 1-glutamine, and 1 mM sodium pyruvate
and were maintained at 37°C in 5% CO,.

Construction of Lentiviral Vectors
Expressing iMab-Based Inhibitors
The scFv of iMab was designated iMabSC. A bispecific inhibitor
targeting CD4 and gp41, designated 2P23-iMab, was constructed
by linking peptide 2P23 sequence to the N terminus of iMabSC
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through a GGGGS linker sequence of three repeats. Both iMabSC
and 2P23-iMab constructs contained a secretory signal peptide
sequence of IgG3 leader at the N terminus to enhance protein
secretion and a C-terminal His tag for easy detection and
purification. Fusion genes encoding iMabSC or 2P23-iMabSC
and green fluorescent protein (GFP) linked via a 2A peptide
signal were synthesized (SinoGenoMax, Beijing, China) and
ligated between the BamHI and Sall sites of a self-inactivating
lentiviral transfer vector (pRRLsin.PPT.hPGK.WPRE).
Recombinant lentiviruses expressing fusion genes were generated
as described previously (Jin et al., 2021; Chen et al., 2022). Briefly,
1.5 x 10" HEK293T cells were seeded onto P-150 cell culture dishes
in 25 ml of complete DMEM medium and cultured overnight.
Cells were cotransfected with 50 pg of lentiviral transfer vector
encoding fusion genes, 18.75 ug of packaging plasmid delta8.9
encoding Gag/Pol/Rev, and 7.5 pg of plasmid encoding vesicular
stomatitis virus G envelope by a linear polyethyleneimine (PEI)
transfection reagent. Then, the culture supernatant was replaced
with fresh complete DMEM plus 10% FBS at 20 h posttransfection
and cultured for 24 h. Next, the supernatant was collected and
centrifuged at 4,000 rpm for 15 min. After filtering by a 0.45-mm
filter, the supernatant was ultracentrifuged at 25,000 rpm for 2 h.
The precipitated pellets were resuspended in complete DMEM
containing 10% FBS and stored in aliquots at —80°C. The titers
were determined with HEK293T cells by monitoring the
expression of GFP by a FACSCantoll instrument (Becton-
Dickinson, Mountain View, CA, USA) and were expressed as
transducing units (T'U) per milliliter.

Expression and Purification of iMabSC

and 2P23-iMab

To generate HEK293T cells stably expressing recombinant
protein inhibitors, a total of 1 x 10> HEK293T cells were
seeded onto a 24-well plate and cultured overnight. Next, 1 x
10° TU of recombinant lentiviruses were added to the cells with
polybrene (8 pig/ml; Sigma, St. Louis, MO, USA). After culturing
for 24 h, the transduced cells were thoroughly washed and
cultured in complete DMEM. The 293T cells expressing the
transgenes were sorted and collected by GFP expression. After
culturing 48 h, recombinant proteins were purified from cell
supernatants using affinity chromatography. Following elution
from a nickel affinity column, protein buffer was exchanged into
phosphate-buffered saline (PBS, pH 7.4) using Amicon Ultra-4
centrifugal filter units (Millipore, Billerica, MA, USA).

SDS-PAGE and Western Blotting

To determine the purity and molecular size of purified iMabSC
and 2P23-iMab, the protein samples were loaded onto a 10%
Sodium dodecylsulphate polyacrylamide gel electrophoresis
(SDS-PAGE) separating gel with equal mass and the gel was
stained with Coomassie brilliant blue. The recombinant inhibitors
were verified by Western blotting assay. Briefly, equal amounts of
the purified proteins were separated by 10% SDS-PAGE gel and
transferred to a nitrocellulose membrane, which was then blocked
for 1 h with a 5% (wt/vol) solution of nonfat dry milk in Tris-
buffered saline-Tween 20 (TBST, pH 7.4) at room temperature.

The membrane was incubated with a mouse anti-His tag antibody
(Sigma) at 1:3,000 dilution or 2P23 peptide-specific MAb 5F7 (4
ug/ml) overnight at 4°C. After washing three times with TBST,
the membrane was incubated with IRDye 680RD-conjugated
Goat anti-Mouse immunoglobulin G (IgG) antibody (Rockland,
Philadelphia, Pennsylvania, USA) at 1:20,000 dilution at room
temperature for 1 h. Imaging was performed by the LI-
COR Odyssey imaging system (LI-COR Biosciences, Lincoln,
NE, USA).

Flow Cytometry Assay

Binding ability of inhibitors to cell membranes was determined
by flow cytometry. Briefly, a peptide or protein inhibitor was
added to TZM-bl cells (1 x 10°) and incubated at 4°C for 1 h.
After washing twice with fluorescence activated cell sorting
(FACS) buffer [PBS supplemented with 0.5% bovine serum
albumin and 2 mM ethylene diamine tetraacetic acid (EDTA)],
cells were incubated with a mouse anti-His tag antibody (Sigma)
at 1:200 dilution for 1 h at 4°C. Then, the cells were washed twice
and incubated with Alexa Fluor 488 rabbit anti-mouse IgG
antibody (Invitrogen, Carlsbad, CA, USA) for 1 h at 4°C.
Subsequently, cells were stained with allophycocyanin-
conjugated mouse anti-human CD4 antibody (BD Biosciences,
Franklin Lakes, NJ, USA) for 1 h at 4°C and then resuspended by
FACS buffer containing 4% formaldehyde. FACS analysis was
conducted with FACSCantolI instrument.

Single-Cycle Infection Assay

The inhibitory activity of inhibitors on a panel of HIV-1 and two
SIV isolates was determined by a single-cycle infection assay as
described previously (Zhu et al., 2019). In brief, pseudovirions
were prepared by cotransfecting HEK293T cells with an Env-
encoding plasmid and a viral backbone plasmid pSG3**™ with a
linear PEI transfection reagent. Virus-containing supernatants
were harvested 48 h after transfection, and 50% tissue culture
infectious dose (TCIDsy) was measured in TZM-bl cells. A
peptide or protein inhibitor was prepared in three-fold
dilutions and then mixed with 100 TCIDs, of viruses. After
incubation for 1 h at room temperature, the mixture was added
to TZM-bl cells (10* per well in a 100-ul volume) and cultured
for 48 h at 37°C. The cells were harvested and lysed in reporter
lysis buffer, and luciferase activity was measured using luciferase
assay reagents and a luminescence counter (Promega, Madison,
WI, USA). The percent inhibition of pseudovirus infection and
50% inhibitory concentration (ICsy) of an inhibitor were
calculated using GraphPad Prism software (GraphPad Software
Inc., San Diego, CA, USA).

Cell-Cell Fusion Assay

The inhibitory activity of inhibitors on HIV-1 Env-mediated
cell-cell fusion was measured by a dual-split protein (DSP)-
based cell fusion assay as described previously (Zhu et al., 2019).
In brief, a total of 1.5 x 10* HEK293T cells (effector cells) were
seeded on a 96-well plate and incubated at 37°C overnight. The
cells were cotransfected with an Env-expressing plasmid and a
DSP;_;—expressing plasmid and then cultured at 37°C for 24 h.
293FT cells expressing CXCR4/CCR5 and DSPg_; (target cells)
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were resuspended in prewarmed culture medium containing
EnduRen live-cell substrate (~17 pg/ml; Promega, Madison,
WI, USA) and incubated for 30 min at 37°C. Next, 3 x 10* of
target cells were transferred to the effector cell wells with or
without a tested inhibitor at graded concentrations. The cell
mixture was spun down to maximize cell-cell contact and
incubated for 2 h at 37°C. Luciferase activity was measured
with luciferase assay reagents and IC5, values were calculated as
described above for the pseudoviruses.

Inhibition of Replication-Competent

HIV-2 Isolates

The antiviral activity of inhibitors against two replication-
competent HIV-2 isolates (ROD and ST) was measured as
described previously (Zhu et al.,, 2019). In brief, viral stocks were
generated by transfecting viral molecular clones into HEK293T
cells. After transfection 48 h, virus-containing culture supernatants
were harvested, and TCIDs, was quantitated in TZM-bl cells.
Similar to the above, an inhibitor was three-fold diluted, mixed
with 100 TCIDs, of viruses, and added to TZM-bl cells. After
incubation for 48 h, the cells were measured for luciferase activity
and ICs, were accordingly calculated.

Cytotoxicity of Peptide and Protein
Inhibitors

The cytotoxicity of inhibitors on TZM-bl and 293FT cells was
determined by cell counting kit-8 (CCK-8) (Abbkine, Wuhan,
China). Briefly, cells were seeded at a density of 1 x 10* cells per
well on a 96-well tissue culture plate, and 50 pl of inhibitors at
different concentrations were added to the cells. After incubation
at 37°C for 48 h, 20 pl of CCK-8 solution reagent was pipetted
into each well and incubated 2 h at 37°C. The absorbance was
measured at 450 nm with a Multiscan MK3 microplate reader
(Thermo Fisher Scientific, Waltham, MA, USA), and cell
viability (percentage) was calculated.

RESULTS

Design and Expression of a Bispecific
Inhibitor Targeting CD4 and Gp41

To construct an efficient bispecific HIV entry inhibitor, the
sequence encoding the fusion inhibitor 2P23 was genetically
fused with sequence encoding iMabSC via a flexible (GGGGS);
linker, thus generating a tandem fusion protein termed 2P23-
iMab. Both iMabSC and 2P23-iMab proteins were designed
containing a C-terminal His-tag for easy detection and
purification. The schematic of two proteins is illustrated
in Figure 1A and the mechanism of action of bispecific
molecule is depicted in Figure 1B. As described above,
HEK293T cells stably expressing iMabSC or 2P23-iMab were
established with lentiviral vectors, and the recombinant proteins
were purified from cell culture supernatants. The protein size
and purity were visualized by 10% SDS-PAGE analysis, and the
protein specificity was verified by Western blotting analysis with
mouse anti-His and anti-2P23 antibodies (Figure 2A).

Moreover, none of new protein inhibitors and synthetic 2P23
peptide showed appreciable cytotoxicity on both TZM-bl and
293FT cells at high concentrations (Figure 2B).

2P23-iMab Can Efficiently Bind to the Cell
CD4 and Inhibit HIV-1 Infection

We first performed flow cytometry analysis to determine
whether 2P23-iMab could bind to the target cell membrane
through CD4 anchoring. To this end, an inhibitor (2P23,
iMabSC, or 2P23-iMab) was pre-incubated with TZM-bl cells
and then washed thoroughly to remove unbound molecules. The
binding ability of the inhibitors was detected by anti-His and
anti-CD4 antibodies. As shown in Figure 3, 2P23 did not bind to
the cells significantly, whereas iMabSC and 2P23-iMab bound to
the cells with the percentage of anti-His and anti-CD4 double-
positive cells being 99.9%.

Next, we sought to determine the antiviral activity of cell-
bound inhibitors by a pseudovirus-based single-cycle infection
assay. A total of 1 x 10* per well TZM-bl cells were plated in a 96-
well plate and incubated at 37°C overnight; saturated inhibitors
were added to the cells and incubated for 1 h at 37°C; then, the
cells were thoroughly washed with culture medium and
challenged with 100 TCIDs, of HIV-1 pseudoviruses, including
CXCR4-tropic virus NL4-3 and CCR5-tropic virus JRFL, 398-
F1_F6_20, or X2278_C2_B6. As shown in Figure 4, if the target
cells were not washed, then 2P23 and 2P23-iMab achieved
complete inhibition on the infections of four viruses, whereas
iMabSC could efficiently inhibit 398-F1_F6_20 but displayed less
inhibitory potencies against other three viruses. When the cells
were washed, 2P23, as anticipated, had a dramatically reduced
anti-HIV activity, whereas the inhibitory activities of 2P23-iMab
and iMabSC were largely retained except for iMabSC on JRFL
infection. Taken together, these results affirmed that 2P23-iMab
can efficiently bind to the cell membrane CD4 thus exerting its
bifunctional anti-HIV activity.

2P23-iMab Is a Highly Potent Inhibitor of
Diverse Primary HIV-1 Isolates

We further evaluated the antiviral activities of 2P23-iMab along
with its template inhibitors by applying two large panels of
primary HIV-1 pseudoviruses derived from different subtypes
and phenotypes. Twelve Envs in the panel 1 (Table 1) were
selected on the basis of the genetic and antigenic variability of
viral Envs that represent the global AIDS epidemic, thus being
referred to the “global panel” (deCamp et al., 2014). Twenty-one
Envs in the panel 2 (Table 2) were derived from the subtype B
and C viruses and the recombinant-forms CRFOI_AE and
CRF01_BC that are currently circulating in China. The
corresponding Env-based pseudoviruses were prepared and a
single-cycle infection assay was performed. As shown in Table 1,
iMabSC could not effectively inhibit four viruses of the panel 1
(HIV_25710-2.43, X1632-S2-B10, CNE55, and CH119.10) as
manifested as notable reductions in the maximum percent
inhibition (MPI) below 50%, thus leading to a mean ICs, value
greater than 605.28 nM. In sharp contrast, both 2P23 and 2P23-
iMab potently inhibited 12 viruses with ICsgs of 3.23 and 0.56
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FIGURE 1 | Design of bispecific HIV entry inhibitor 2P23-iMab. (A) Diagram of HIV-1 gp41, CHR-derived fusion inhibitor peptides (T-20, C34, 2P23), and design
strategy of 2P23-iMab. FP, fusion peptide; NHR, N-terminal heptad repeat; CHR, C-terminal heptad repeat; TM, transmembrane domain. The pocket-binding
sequences on C34 and 2P23 are marked in red. The position and sequence of the M-T hook structure are marked in green. iMabSC represents the single-chain
variable fragment (scFv) of ibalizumab with a C-terminal His tag. 2P23-iMab represents a bispecific inhibitor by linking 2P23 to the N terminus of iMabSC.

(B) lllustration of HIV-1 entry and action mechanism of 2P23-iMab. Binding of gp120 to the cell receptor CD4 triggers conformational changes of viral Env and further
activates the fusion activity of gp41, in which FP inserts the cell membrane and CHR folds onto NHR to form a six-helix bundle (6-HB) that pulls the viral and cell
membranes in close apposition for fusion. Sequentially, the binding of 2P23-iMab to CD4 makes the first strike and the binding of 2P23 to the gp41 NHR to make

the second attack to the entrance of virus.

nM, respectively. In comparison, 2P23-iMab was about six-fold
more potent than 2P23 in inhibiting divergent HIV-1 isolates.
When tested against the panel 2 viruses (Table 2), 2P23-iMab
inhibited 21 pseudoviruses with a mean IC5, of 0.29 nM, whereas
2P23 and iMabSC had mean ICsgs of 3.46 and >691.24 nM,
respectively. Noticeably, there were eight viruses exhibited
significant reductions in susceptibility to iMabSC and
manifested the MPI values below 50%. Comparing the ICs,
values, 2P23-iMab was 12-fold more potent than 2P23 and at
least 2,384-fold more potent than iMabSC. Therefore, the results
verified the dramatic improved potency and breadth of the
bispecific inhibitor 2P23-iMab over the parental inhibitors.

2P23-iMab Efficiently Inhibits HIV-1
Env-Mediated Cell-Cell Fusion

To further demonstrate the advantages of 2P23-iMab, its
inhibitory activity on HIV-1 Env-mediated cell-cell fusion was

measured along with two templates by a DSP-based assay.
Disappointedly, iMabSC could not eftectively inhibit four of six
Envs with a concentration as high as 1,812.97 nM, thus
exhibiting a mean ICs, of 1,208.72 nM. In sharp contrast, 2P23
and 2P23-iMab blocked the cell-cell fusion with mean ICsys of
3.66 and 0.36 nM, being 330-fold or 3,358-fold more active than
iMabSC. Moreover, the fusion inhibitory capacity of 2P23-iMab
was about 10-fold higher than that by 2P23, which provided
additional support for its improvement (Table 3).

2P23-iMab Is Highly Active against
Drug-Resistant HIV-1 Mutants

We also evaluated 2P23-iMab for its inhibitory activity against
drug-resistant HIV-1 mutants. For this aim, two panels of HIV-1
Envs bearing specific mutations that confer resistance to the fusion
inhibitor T-20 or 2P23 were applied. Similarly, the corresponding
pseudoviruses were prepared and used in the single-cycle infection
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FIGURE 2 | Purification and characterization of iMabSC and 2P23-iMab. (A) The purity and size of recombinant iMabSC and 2P23-iMab were analyzed by SDS-
PAGE gel (left), and the specificity of the proteins was verified by Western blotting with a mouse anti-His antibody (middle) or anti-2P23 peptide antibody (right).
(B) Cytotoxicity of 2P23 (left), iMabSC (middle), and 2P23-iMab (right) on TZM-bl and 293FT cell lines were determined by cell counting kit-8 (CCK-8). The
experiments were performed in triplicate and repeated three times. Data are expressed as means + standard deviations (SD).

assays. As shown, iMabSC had no appreciable inhibition on both
wild type (WT) and T-20- or 2P23-resistant NL4-3 mutants, but
2P23 and 2P23-iMab were capable of inhibiting the panels of
viruses efficiently (Table 4). In the inhibition of T-20-resistant
viruses, 2P23 and 2P23-iMab showed the ICsys of 0.67 and 0.09
nM, respectively, which indicated a ~7-fold increased potency for
2P23-iMab over 2P23. In the inhibition of 2P23-resistant viruses,
whereas 2P23 had an IC5, of 21 nM, 2P23-iMab had an ICs, of 0.55
nM, indicating a ~38-fold increased potency for 2P23-iMab. These
results validated a dramatically improved activity for 2P23-iMab in
inhibiting diverse fusion inhibitor-resistant HIV-1 mutants.

2P23-iMab Possesses Potent Activity
Against HIV-2 and SIV Isolates

We were also interested in characterizing the inhibitory activity of
2P23-iMab against HIV-2 and SIV isolates. To this end, two
replication-competent HIV-2 strains and two SIV pseudoviruses
were applied on TZM-bl cells. As shown in Table 5, 2P23, iMabSC,
and 2P23-iMab inhibited HIV-2zop with ICsqs of 15.63, >1812.97,
and 0.97 nM, respectively, and inhibited HIV-2gy with ICs54s of 6.94,
2.09, and 1.00 nM, respectively. The three inhibitors also blocked
SIV ; with ICsgs of 13.43, >1812.97, and 114.93 nM, respectively,
and inhibited SIV239 with ICses of 5.21, >1812.97, and 2.75 nM,
respectively. Thus, 2P23-iMab had markedly increased activities
relative to its templates in inhibiting HIV-2 and SIV infections

except its inhibition on SIV, which exhibited a ~9-fold less

potency than 2P23. It is speculated that iMabSC-tethered 2P23
might suffer from a steric hindrance due to the sequence variation in
the NHR of SIV ;. Taken all the results together, the high ability of
2P23 to improve iMabSC was validated.

DISCUSSION

In this study, we have rationally designed 2P23-iMab as a
bispecific HIV entry inhibitor that can simultaneously target the
primary cell receptor CD4 and fusion protein gp41. The tandem
molecule consists of the short-peptide fusion inhibitor 2P23 at its
N terminus and scFv of the anti-CD4 antibody iMab at the C
terminus. 2P23-iMab was successfully expressed and
demonstrated the integrity by SDS-PAGE and Western blotting
analyses. As anticipated, 2P23-iMab could bind to the cell
membrane through CD4 anchoring and inhibit HIV-1 entry
efficiently. Comparing to the template inhibitors 2P23 and
iMabSC, 2P23-iMab exhibited dramatically improved anti-HIV
activity, as indicated by two panels of HIV-1 pseudoviruses
containing 33 viral Envs derived from divergent subtypes and
phenotypes (Tables 1, 2). Moreover, 2P23-iMab had dramatically
increased potencies in inhibiting HIV-1 Env-mediated cell-cell
fusion and mutant viruses with high resistance to fusion
inhibitors, as well as the infections of HIV-2 and SIV isolates.
In conclusion, we think that 2P23-iMab is a bifunctional HIV
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FIGURE 3 | Binding abilities of iMabSC and 2P23-iMab with the target cell membrane determined by flow cytometry. TZM-bl cells were preincubated with an
inhibitor for 1 h and washed thoroughly to remove unbound molecules. The binding of inhibitors was then determined by mouse anti-His tag and anti-CD4
antibodies. The fluorescence intensities of membrane-attached inhibitors were measured with a FACSCanto Il instrument. Mock, TZM-bl cells only; TZM-bl control,
the cells were similarly treated but an inhibitor only.

entry inhibitor with highly potent and broad-spectrum antiviral ~ depletion by antibody- and complement-dependent cytotoxicity
activity, and thus, it possesses high potential for further  through binding to Fc receptors (Burkly et al., 1992; Boon et al,,
development as a novel drug. 2002). Given an equal affinity for rhesus CD4, iMab was initially

iMab, formerly known as TNX-355, was genetically  evaluated in SIV-infected rhesus macaques, and it reduced plasma
engineered from its mouse progenitor mu5A8 into a human  viremia significantly (Reimann et al., 1993; Reimann et al., 1995).
IgG4 format, which minimized the chances for CD4" T-cell  In patients with HIV-1, single or multiple doses of iMab resulted

TABLE 1 | Inhibitory activities of 2P23-iMab and its template inhibitors against the “global panel” HIV-1 pseudoviruses.

Pseudovirus Subtype Tropism Mean IC5, + SD (nM)

2P23 iMabSC 2P23-iMab
398-F1_F6_20 A CCR5 1.62 + 0.52 0.46 + 0.11 0.32 £ 0.08
TRO.11 B CCR5 4.35 + 1.53 0.55 £ 0.12 0.56 + 0.19
X2278_C2_B6 B CCR5 0.53 + 0.09 0.37 £ 0.05 0.11 £ 0.06
CE703010217_B6 C CCR5 411 +1.38 0.99 +£0.13 0.40 £ 0.16
CE1176_A3 C CCR5 5.23 +0.55 0.97 +0.08 1.83 +0.88
HIV_25710-2.43 C CCR5 294 £0.84 >1812.97 0.76 £ 0.35
X1632-S2-B10 G CCR5 3.78 £ 0.87 >1812.97 0.26 + 0.02
246_F3_C10_2 A/C CCR5 4.32 +0.95 1.13 £ 0.08 0.76 £ 0.25
CNE8 AE CCR5 8.05 + 0.96 6.32 + 4.43 0.69 = 0.11
CNE55 AE CCR5 2.34 +0.13 >1812.97 0.80 +£ 0.20
CH119.10 B/C CCR5 0.56 + 0.05 >1812.97 0.07 = 0.00
BJOX002000.03 B/C CCR5 0.95+0.13 0.64 + 0.07 0.12 + 0.01
Median 3.36 1.06 0.48
Mean 3.23 >605.28 0.56

The experiments were performed in triplicate and repeated three times. Data are expressed as means + standard deviations (SD).
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FIGURE 4 | Inhibitory activities of cell membrane-anchored inhibitors against HIV-1. Similar to the described in Figure 3, an inhibitor was preincubated cells,
followed by washes, and its sustained activity in inhibiting infection of an HIV-1 pseudovirus (NL4-3, JRFL, 398-F1_F6_20, or X2278_C2_B6) was measured by the
single-cycle infection assay. The experiments were performed in triplicate and repeated three times, and data are expressed as means + SD.

TABLE 2 | Inhibitory activities of 2P23-iMab and its template inhibitors against divergent HIV-1 pseudoviruses.

Pseodovirus Subtype Tropism Mean IC5, = SD (nM)

2P23 iMabSC 2P23-iMab
PVO B CCR5 3.46 +0.48 0.87 + 0.29 0.36 + 0.07
SC422661.8 B CCR5 1.91 +0.45 0.66 + 0.34 0.12 £ 0.03
JRFL B CCR5 5.99 + 1.21 >1,812.97 0.80 +0.24
SF162 B CCR5 3.83 + 0.22 >1,812.97 0.57 + 0.07
CNE4 B' CCR5 596 + 1.14 >1,812.97 0.33 +0.04
CNE6 B' CCR5 1.62 £ 0.44 215+ 0.21 0.11 £ 0.05
CNE9 B' CCR5 1.562 + 0.40 >1812.97 0.11 +0.05
CNET11 B' CCR5 717 +2.57 0.73 + 0.11 0.78 +0.13
CNE14 B' CCR5 6.60 + 1.69 1.68 + 0.86 0.35 +0.06
CNE57 B' CCR5 2.32 +0.55 0.76 + 0.22 0.14 +0.05
43-22 B' CCR5 2.65 +0.12 0.53 + 0.20 0.18 + 0.02
BO1 B' CCR5 4.72 +0.79 0.61 +0.12 0.33 + 0.11
CAP45.2.00.G3 C CCR5 3.66 + 0.52 0.45 +0.12 0.33 +0.20
Du156 C CCR5 2.08 + 0.36 0.23 + 0.08 0.17 + 0.02
AEO03 ANE CCR5 4.37 +0.77 >1,812.97 0.21 +0.05
CNE107 AE CXCR4 3.64 + 1.56 1.21 £ 0.63 0.24 + 0.06
CH64.20 B/C CCR5 0.91 +0.22 0.82 + 0.30 0.05 +0.03
CH70.1 B/C R5/X4 3.57 +0.82 >1,812.97 0.15 +0.05
CH110 B/C CCR5 1.28 + 0.10 >1,812.97 0.12 +0.04
CH120.6 B/C CCR5 3.93 +0.75 1.51+0.44 0.42 +0.14
CNE49 B/C CXCR4 1.53 +0.40 >1,812.97 0.22 + 0.11
Median 3.57 1.51 0.22
Mean 3.46 >691.24 0.29

The experiments were performed in triplicate and repeated three times. Data are expressed as means + SD.
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TABLE 3 | Inhibitory activities of 2P23-iMab and its template inhibitors against HIV-1 Env-mediated cell-cell fusion.

Env Subtype Tropism
R3A B R5/X4
NL4-3 B CXCR4
CNE11 B' CCR5
CAP210.2.00.E8 C CCR5
CNE8 AE CCR5
CH70.1 B/C R5/X4
Median

Mean

Mean IC5, = SD (nM)

2P23 iMabSC 2P23-iMab
6.42 = 1.70 >1,812.97 0.62 +0.30
0.31 + 0.06 >1,812.97 0.16 + 0.04
3.80 +1.17 0.16 + 0.09 017 +0.05
1.15 + 0.42 0.30 + 0.14 0.12 +0.05
5.75 = 0.56 >1,812.97 0.30 £ 0.05
4.54 +0.97 >1,812.97 0.78 + 0.59

447 >1,812.97 0.24

3.66 >1,208.72 0.36

The experiments were performed in triplicate and repeated three times. Data are expressed as means + SD.

in substantial reductions in viral loads and increases in CD4" T-
cell counts without evidence of serious adverse effects or
immunologic impairments (Kuritzkes et al., 2004; Jacobson
et al., 2009). A phase Ila study over 48 weeks validated the
efficacy, pharmacokinetics, and safety of an iMab-based therapy
in treatment-experienced adults infected with HIV-1 (Gathe et al.,
2021). In a phase IIT study involving 40 adult patients who had
advanced disease and limited treatment options with MDR HIV-1
infection, the primary end point was reached that 33 (83%)
achieved a decrease in viral load of at least 0.5 log;, copies/ml
during a 7-day treatment period, and iMab in combination with
an optimized background regimen significantly reduced the viral
load and increased CD4 count at week 25 (Emu et al.,, 2018).
However, 10 out of the patients were reported with virologic
failure or rebound, and the virus showed reduced susceptibility to
iMab as measured by MPI (Emu et al., 2018). The previous studies
reported the HIV-1 resistance toward iMab, which was associated
with the loss of N-linked glycosylation sites in the V5 loop of

gp120 (Fessel et al., 2011; Toma et al., 2011; Pace et al., 2013a).
Interestingly, the reduced susceptibility could be restored by
adding a glycan molecule in the variable region of the antibody
(Song et al., 2013). Because dual targeting is thought to enhance
biological efficacy, limit escape mechanisms, and increase target
selectivity via a strong avidity effect mediated by concurrent
binding, several iMab-based bispecific antibodies were created
by genetically fusing iMab with broadly HIV-neutralizing
antibodies (bNAbs), including anti-gp120 antibodies PG9 or
PG16 (Pace et al., 2013b), m36.4 (Sun et al,, 2014), CAP256
(Moshoette et al,, 2019), and anti-gp41 antibody 10E8 (Huang
et al., 2016), which did show greatly improved activities to inhibit
HIV-1 infection and overcome the resistance problem. For the
first time, here, we generated an iMab-based bifunctional
inhibitor by using a fusion inhibitor peptide as a partner. The
dual-targeting did render 2P23-iMab increased antiviral potency
and breadth over iMab or 2P23 alone. It is conceivable that while
iMab binds to CD4 to make the first strike, 2P23 targets the fusion

TABLE 4 | Inhibitory activities of 2P23-iMab and its template inhibitors against HIV-1 mutants resistant to T-20 or 2P23.

NL4-3 Mean IC5, + SD (nM)

2p23 iMabSC 2P23-iMab
Wild-type (WT) 0.68 £ 0.10 >1,812.97 0.09 + 0.03
T-20-resistant mutant
137T 0.64 £ 0.09 >1,812.97 0.08 £ 0.03
V38A 0.63 +0.16 >1,812.97 0.06 = 0.01
V38M 0.69 + 0.08 >1,812.97 0.06 + 0.02
Q40H 0.64 + 0.09 >1,812.97 0.06 + 0.02
N43K 0.56 + 0.04 >1,812.97 0.10 £ 0.04
D36S/N38M 0.94 £ 0.05 >1,812.97 0.11 £0.04
VB8A/N42T 0.42 +0.13 >1,812.97 0.06 + 0.02
I37T/N43K 0.84 £ 0.10 >1,812.97 0.18 £ 0.10
2P23-resistant mutant
E49A 314 £1.11 >1,812.97 0.39 + 0.09
E49K 2.47 £ 0.06 >1,812.97 0.45 + 0.09
Q52R 2.87 +0.28 >1,812.97 0.06 + 0.02
L57R 47.39 + 12.96 >1,812.97 1.10 £ 0.43
E136G 5.44 +1.12 >1,812.97 0.55 + 0.08
N43K/E49A 2.56 + 0.09 >1,812.97 0.37 £ 0.16
E49K/N126K 3.41+£1.03 >1,812.97 0.76 = 0.05
L57R/E136G 154.51 + 14.66 >1,812.97 0.87 +0.48
QB9R/N43K/N126K 1.90 + 0.14 >1,812.97 0.51 £ 0.05
N43K/E49A/N126K 6.57 + 0.87 >1,812.97 0.90 £ 0.57

The experiments were performed in triplicate and repeated three times. Data are expressed as means + SD.
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TABLE 5 | Inhibitory activities of 2P23-iMab and its template inhibitors against HIV-2 and SIV isolates.

virus Tropism Mean IC5, = SD (nM)

2P23 iMabSC 2P23-iMab
HIV-2rop CXCR4 156.63 + 1.35 >1,812.97 0.97 + 0.07
HIV-251 CCR5 6.94 +0.41 2.09 + 0.33 1.00 + 0.34
SV CCR5 13.47 £ 0.97 >1,812.97 114,93 + 8.32
SIVozg CCR5 521 +1.09 >1,812.97 2.75+0.72

The experiments were performed in triplicate and repeated three times. Data are expressed as means + SD.

protein gp41 to make the second attack to the entry of virus.
Considering the conserved targeting site and antiviral potency by
2P23, we believe that 2P23-iMab is a highly effective inhibitor
against iMab-resistant HIV-1 variants, and it might have a high
genetic barrier to inducing drug-resistance either.

Herein, we would like to discuss several additional findings
that are fundamentally important to the field. First, although
scFv is the most common format of recombinant antibody for its
preserved complete antigen-binding domains of a full-length
antibody, the majority of anti-HIV bNAbs would dramatically
decrease the neutralizing activity if they are produced in a scFv
format (van Dorsten et al., 2020; Chen et al.,, 2022). Actually, it
was first time to find that iMab scFv could efficiently bind the
CD4 receptor and maintained or even improved the anti-HIV
activity as did by a full-length IgG format (Pace et al.,, 2013a).
Second, the previous studies showed that some Env-specific anti-
HIV bNAbs exhibit the phenomenon of incomplete
neutralization on particular viruses, manifesting a non-
sigmoidal inhibition curve plateauing below 100% (Walker
et al., 2011; Pegu et al.,, 2014; McCoy et al., 2015; Julg et al,
2017). Indeed, iMab and its scFv also displayed significant
incomplete neutralization with the MPI values in inhibiting
insensitive HIV-1 strains below 50% or more than 50%
but less than 80% (Pace et al., 2013a); but encouragingly, the
incomplete inhibition could be rescued by 2P23, as evidenced by
the complete inhibition of 2P23-iMab against all the isolates
tested in this study. Third, it is known that many bNAbs
displayed sharply reduced neutralization capacity on viral Env-
mediated cell-cell fusion and cell-cell HIV-1 transmission
(Abela et al., 2012; Gombos et al., 2015; Reh et al.,, 2015),
whereas fusion inhibitory peptides were highly effective
inhibitors (Zhu et al., 2019; Xue et al.,, 2022). Our results
showed that although iMabSC was not active against the
majority of viral Envs to mediate cell-cell fusion, 2P23-iMab
blocked all the Envs with much higher efficiency than did by
2P23 alone. Herein, it is also interesting to characterize the
mechanism underlying the different susceptibility of viral Envs
to the inhibition of iMabSC. Fourth, from the standpoint of a
fusion inhibitor-based drug development, 2P23-iMab had the
greatly increased activity than 2P23 in inhibiting divergent HIV-
1 isolates, especially on T-20- and 2P23-resistant mutants. For
example, 2P23-iMab was 43-fold more potent in inhibiting the
L57R mutant and 178-fold more potent in inhibiting the L57R/
E136G mutant. Fifth, HIV-2 has already spread to different
regions worldwide and caused about 1 to 2 million infections;
thus, it is very valuable to find that 2P23-iMab potently inhibited
two HIV-2 isolates and two SIV isolates, whereas iMabSC

inhibited one of HIV-2 only. Similarly, the mechanism
underlying the ability and inability of iMabSC against HIV-2
isolates remains to be elucidated. Sixth, 2P23-iMab remains a
small-size protein as compared to a full-size antibody, which
would permit penetrability into tissues and lower antigenicity,
and it may be more suitable for local mucosal administration.
Definitely, our present study has several limitations that need
to be further addressed. First, 2P23-iMab, as a protein, might be
more prone to proteases degradation, which results in short
plasma half-life and poor activity. The common strategies to
extend the half-life of protein drugs are fusing with human
serum albumin and IgG or their derivations by taking advantage
of the fact that neonatal Fc receptor (FcRn) plays a key role in
albumin and IgG homeostasis. Thus, it is expected that directly
conjugating 2P23 to the heavy or light chains or both of an
intact-format iMab would generate a multiple-valent inhibitor
with further improved anti-HIV potency and breadth. Second,
toward a functional cure on HIV-1 infection, we are also working
hard to develop eftective gene therapy approaches with bNAbs
and fusion inhibitors (Tang et al., 2019; Jin et al., 2021; Chen
etal., 2022). For this aim, the in vivo expression of 2P23-iMab by
using adeno associated virus (AAV) or lentiviral vectors will be
highly appreciated. Finally, the safety profile and therapeutic
efficacy of 2P23-iMab should be comprehensively evaluated in
animal models before it can be advanced into clinical trials.
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