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Antibodies targeting the highly conserved prehairpin intermediate (PHI) of
class I viral membrane-fusion proteins are generally weakly neutralizing and
are not considered viable therapeutic agents. We previously demonstrated
that antibodies targeting the gp41 N-heptad repeat (NHR), which is transiently
exposed in the HIV-1 PHI, exhibit enhanced broad neutralization in cells
expressing the Fc receptor, FcyRI. To enhance neutralization in cells lacking
FcyRI, we here develop a bispecific antibody (bsAb) by fusing an NHR-targeting
antibody to an antibody against CD4, the HIV-1 receptor on T cells. The bsAb
provides a 5000-fold neutralization enhancement and shows unprecedented
neutralization breadth compared to existing broadly neutralizing antibodies.
Importantly, the bsAb reduces viral load in HIV-1-infected humanized male
mice, and viral envelope sequencing under bsAb pressure revealed an NHR
mutation that potentially impairs viral fitness. These findings validate the NHR
as a potential HIV-1 therapeutic target, setting the stage for a new class of
broadly neutralizing antibodies.

HIV-linfection occurs through the fusion of viral and host membranes, intermediate (PHI), followed by formation of a trimer-of-hairpins

a process initiated upon binding of viral glycoprotein envelope (Env)
to host receptor CD4 and to coreceptors CCR5 or CXCR4'2. HIV-1 Env is
a trimer composed of gpl20 and gp4l subunits, with the trimer
undergoing a series of conformational changes during the fusion
process from the native, pre-fusion state to a transient prehairpin

conformation (Fig. 1A)>°.

The N-heptad repeat (NHR) of gp41 is transiently exposed in the
PHI (Fig. 1A, B) and is the site for binding by the FDA-approved peptide
drug enfuvirtide (T-20). Enfuvirtide binds to a conserved, hydrophobic
groove in the NHR”#, while the NHR-binding antibody, D5’, binds to a
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hydrophobic pocket immediately C-terminal to the enfuvirtide-
binding site. The NHR is>90% conserved among over 8000 Env
sequences in the Los Alamos 2021 HIV database comprising most of
the published Env sequences (Fig. 1B-D, Table S1). The hydrophobic
pocket of NHR consists of seven discontinuous residues (L568, V570,
W571, K574, Q575, Q577, and R579) that are 97-99% conserved, likely
due to their importance in the fusion process®'°. Consistent with high
conservation of the NHR, the mRNA sequences encoding these resi-
dues are found in stem V of the Rev response element, which is
essential for viral replication™".

Viral neutralization by NHR-targeting antibodies has been modest
and limited to tier-1and tier-2 viruses (defined by their neutralization-
sensitivity where tier-1 viruses are the most neutralization-
sensitive)”” . Recently, we showed that neutralization by NHR-
targeting antibody D5 could be enhanced >5000-fold in cells expres-
sing human FcyRI*. As well, the neutralization potency of an optimized
D5 variant, D5_ARY was also enhanced in FcyRI-expressing cells. This
enhancement was independent of neutralization tiers, demonstrating
broad neutralization across all tiers, including tier-3, the most difficult
to neutralize'. We proposed that the enhancement of neutralization
was due to binding of the Fc region of NHR-targeting antibodies to
FcyRI, which prepositions the antibodies on host cells, thereby
increasing their local concentration for binding to the transiently
exposed NHR at the PHI. Although FcyRI is not expressed on CD4 +T
cells, the major target cells for HIV-1 infection, it is expressed on
macrophages and dendritic cells that are implicated in the early
establishment of HIV-1 infection'*%.

Here, we investigate whether prepositioning at the site of viral
fusion on T cells by a bispecific antibody (bsAb) can increase the local
concentration of potency-optimized D5_AR to enhance its ability to
prevent viral entry. Our approach, termed bispecific antibody-
mediated prepositioning, uses an engineered bsAb to preposition
D5_AR on CD4+ cells, achieving a 5000-fold enhancement in the neu-
tralization potency. This results in the effective neutralization of a wide
panel of pseudotyped and replication-competent viruses, including
tier-3 strains—the most difficult strains to neutralize with patient
antisera®. Using pseudovirus-based deep mutational scanning (DMS),
we identified mutations in the NHR that decrease the neutralization
potency of the bsAb, confirming that neutralization is dependent on
bsAb binding to the NHR. We evaluated the in vivo efficacy of bsAb in
HIV-1-infected humanized mice, revealing in vivo neutralization by the
NHR-targeting antibody. Sequencing of viral Env under selective
pressure in vivo suggests that a specific individual mutation in the NHR
is deleterious to viral fitness. Overall, our findings validate the NHR as a
druggable antibody target, introducing a new class of broadly neu-
tralizing antibodies (bnAbs) against HIV-1.

Results

Generation and characterization of a bsAb for prepositioning on
host cells

To develop a bsAb to preposition an NHR-targeting antibody at sites of
viral infection, we generated hybrids between D5_AR and ibalizumab
(iMab), an antibody against cellular CD4 (Fig. 2A, antibody sequences
available in Table S2) that has previously been used in bispecific
antibodies?°. While iMab has previously been used in bsAbs targeting
epitopes exposed in the prefusion state, our study uniquely employs
iMab together with D5_AR, which specifically binds to the highly con-
served NHR that is transiently and exclusively exposed in the PHI. iMab
does not block the binding of gp120 to CD4, so it does not exert
selective pressure against CD4 binding”. In order to promote correct
light chain pairing of the two antibodies and avoid light chain pairing
with the heavy chain of the other arm, we used the CrossMab
approach, in which the domain structure of one IgG antibody arm
remains unchanged, while in the second arm, the heavy chain and light
chain domains are crossed-over in the Fab regions®. To promote

dimerization of the heavy chains of the two antibodies, we used a
knob-in-hole approach where a knob is inserted into one heavy-chain
CH3 domain and a hole is inserted into the other (Fig. 2A). The knob
incorporates S354C and T366W substitutions and the hole incorpo-
rates Y349C and T366S substitutions. The heavy chain with the hole
has additional H435R and Y436F substitutions in the CH3 domain to
abolish binding to protein A”°. These modifications promote genera-
tion of highly pure heterodimeric bsAb, iMab/D5_AR (knob arm/hole
arm). As controls (indicated as “c”), we inserted the Fab arm from
mADb114, which targets unrelated Ebola glycoprotein, into either the
knob arm or the hole arm to generate c¢/D5_AR and iMab/c, respec-
tively. The control antibody (mAbll4) showed no neutralization
against HIV-1 as expected (Fig. S1).

We next tested iMab/D5_AR alongside the controls ¢/D5_AR and
iMab/c for simultaneous binding to CD4 and NHR on host cells using
flow cytometry. We incubated TZM-bl cells which express CD4*° with
the bsAb or control antibodies, and after washing, with biotinylated
NHR hydrophobic pocket mimetic IQN17"2. We monitored binding at
the cell surface with fluorescent probes streptavidin-APC and FITC-Fab
fragment anti-human IgG. We found that only iMab/D5_AR, not the
control antibodies, bound simultaneously to cells and to NHR mimetic
(Fig. 2B). These results suggest that, consistent with its design, the
bsAb effectively binds CD4 and NHR mimetic simultaneously.

NHR-targeting antibody exhibits broad and potent neutraliza-
tion against HIV-1 through bispecific antibody-mediated
prepositioning

To assess the neutralization breadth and potency of iMab/D5_AR, we
tested it alongside control antibodies for neutralization in a luciferase-
based reporter assay® against a panel of 26 HIV-1 pseudotyped viruses
representing diverse clades and neutralization tiers. The panel used in
this study includes global HIV-1 Env reference strains®, highly
neutralization-resistant tier-3 pseudoviruses, and transmitted/founder
(T/F) pseudoviruses (RHPA4259 and WEAUd15.410), which are repor-
ted to be more infectious and have higher resistance to therapeutic
fusion inhibitors and bnAbs***, This panel also includes three pseu-
doviruses (3103.v3.c10, WEAUd15.410.5017, and X2088_c9) reported
to be resistant to 10E8/iMab®*, which is in phase I clinical trials
(NCT03875209 and NCT05890963) as an antibody-based prophylactic
and therapeutic.

The two control antibodies containing one control Fab arm, ¢/
D5_AR and iMab/c targeting either NHR only or CD4 only, as well as a
combination of the two, showed limited to modest neutralization
against all pseudoviruses, while iMab/D5_AR potently neutralized all of
the pseudoviruses in the panel (Fig. 2C and Table 1). Notably, the
neutralization ICgg values of iMab/D5_AR were in the range of efficacy
for prevention of infection in humans (ICgo <5 pg/mL)* against all
pseudoviruses in the panel (Table 1).

To further evaluate the neutralization potency of iMab/D5_AR, we
expanded the virus panel to 119 pseudotyped viruses and compared it
to the neutralization potencies of 12 previously identified bnAbs that
bind to various epitopes of Env published in the CATNAP database
which catalogs the efficacy of HIV-neutralizing antibodies. This panel
of 12 bnAbs targets epitopes including CD4bs, V1/V2, and V3 of gp120,
gpl20/gp41 interface that are accessible at the native prefusion
state’®”, and membrane-proximal external region (MPER) of gp4l.
iMab/D5_AR showed mean ICsq and ICgg values of 0.14 and 0.61 pg/mL,
respectively, with an exceptional breadth of 95% (Fig. 3). Therefore,
although the neutralization potency of iMab/D5_AR was comparable to
that of other bnAbs (Fig. 3A), the breadth of protection was highest for
the bsAb (Fig. 3B).

Next, we tested the neutralization efficacy of iMab/D5_AR against
a panel of six replication-competent HIV-1 viruses, using the luciferase-
based reporter assay. This panel includes T/F viruses (THRO, CH106,
CHO77, and CHOS8) and viruses with coreceptor tropism of CCRS5
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(Q23, THRO, CH106, CHO77, and CHO58) or CXCR4 (NL4-3). Com-
pared to the two control antibodies, our NHR-targeting bsAb, iMab/
D5_AR (Fig. 4A, B) and the FDA-approved NHR-targeting peptide
enfuvirtide (Fig. S2A) consistently neutralized all of the replication-

competent HIV-1 viruses in the panel, with iMab/D5_AR being parti-
cularly potent (Fig. S2B).

To test the neutralization efficacy of our bsAb on human primary
cells, we performed neutralization assays in peripheral blood
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Fig. 1| The transiently exposed gp41 NHR is highly conserved. A Overview of
HIV-1linfection. Infection by HIV-1is initiated by binding of envelope (Env) protein, a
trimer composed of gp120 and gp41 subunits, to CD4 on the surface CD4 + T cells.
Subsequently, the Env trimer binds to host cell receptors including CCRS and
CXCR4, and triggers membrane fusion. During the fusion process, Env undergoes a
conformational change, forming a prehairpin intermediate (PHI) followed by for-
mation of a trimer-of-hairpins. gp41 is composed of N-heptad repeat (NHR),
C-heptad repeat (CHR), and membrane-proximal external region (MPER). The
N-heptad repeat (NHR) becomes transiently exposed in the PHI, which is normally
not readily accessible in the native pre-fusion state. B Domain structure of HIV-1Env

protein, which is cleaved into gp120 and gp41. Numbers on top of each domain
show sequence identity (percentage of amino acids that are identical). NHR
sequence conservation in the logo plot (inset) is based on Los Alamos 2021 HIV
database (>8000 HIV-1 Env proteins). The epitope of the anti-NHR mAb DS is
highlighted in orange. C A table showing sequence identity of NHR and the epitope
of D5 among HIV-1 sequences. D Sequence conservation of NHR from 65 clustered
groups in the Los Alamos 2021 HIV database (Table S1) is overlaid on the structure
of gp41 inner-core mimetic 5-helix (PDB: 2CMR). The epitopes of D5 are shown in
spheres, colored based on the extent of conservation indicated by the

heatmap scale.
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Fig. 2 | Enhancing HIV-1 neutralization by NHR-targeting antibody through
bispecific antibody-mediated prepositioning on host cells. A Schematic of bis-
pecific antibodies (bsAbs) generated by combining the antibody fragments of anti-
NHR antibody D5_AR or anti-CD4 antibody iMab. mAbl14 targeting unrelated Ebola
glycoprotein is used as the control and is represented by the abbreviation ‘c’. A/B
represents the antibody configuration, with antibody A contributing the knob arm
(incorporating S354C and T366W substitutions) and antibody B contributing the
hole arm (incorporating Y349C and T366S substitutions). B Flow cytometry to
assess binding of bsAb to CD4-expressing TZM-bl cells and biotinylated NHR.
Shown on the axes are the binding of the three antibodies to CD4 (probed with
FITC-Fab fragment goat anti-human IgG, x-axis) and biotinylated NHR hydrophobic
pocket mimetic IQN17 (probed with streptavidin-APC, y-axis). The configuration of
the control Fab fragment is abbreviated as (c/) when on the knob arm and (/c) when
on the hole arm. 10,000 cells were detected per measurement and results were

plotted using FlowJo. The control shows binding to neither CCRS nor NHR, while
the bsAb binds both simultaneously. C Maximum % inhibition (left), ICso (middle),
and ICg, (right) for neutralization by iMab/D5_AR, its two control antibodies, and a
mix of the two control antibodies, against a panel of 26 HIV-1 pseudotyped viruses
representing diverse clades and tiers (see Table 1, source data are provided as a
source data file). Each dot (n = 26) represents the average neutralization of biolo-
gical duplicates of technical replicates for each pseudotyped virus. Maximum %
inhibition values were calculated from the inhibition at the highest antibody con-
centration (50 pg/mL for iMab/D5_AR, and 50 pg/mL each for iMab/c and c/D5_AR
in combination). ICso and ICgq values were calculated using GraphPad Prism. Error
bars indicate median +/- interquartile range. mAb114 Fab was used as a control Fab.
The two-sided Wilcoxon-matched pairs signed test was used; **** indicates
p<0.0001. Black dotted lines indicate limit of quantification (50 pg/mL) of bsAb.

mononuclear cells (PBMCs) against the NL4-3 replication-competent
HIV-1 virus. NL4-3 virus uses CXCR4 as a coreceptor. CXCR4 cor-
eceptor usage has been associated with decreasing CD4 + T cell counts
and accelerated progression to acquired immunodeficiency syndrome
(AIDS)’®. iMab/D5_AR showed potent neutralization even at 1pg/mL
while the two control antibodies showed weak or no neutralization

(Fig. 4C). At a high concentration (100 pg/mL), iMab/c weakly neu-
tralized the virus, and the combination of control antibodies neu-
tralized the virus effectively.

Finally, we tested whether iMab/D5_AR could also inhibit HIV-1
infection against TZM-bl cells expressing FcyRI, since dendritic cells
and macrophages expressing FcyRI are susceptible to HIV-1 infection.
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Table 1| Neutralization by iMab/D5_AR against a panel of HIV-1 pseudotyped viruses

Env Tier Clade Coreceptor Tropism bsAb IC80 (ug/mL)
iMab/D5_AR iMab/c c/D5_AR

HXB2 1 B X4 0.23 >50 >50
MW965 1 C R5 0.18 >50 >50
Bal 1 B R5 0.75 >50 >50
SS1196.1 1 B R5 0.49 1.6 >50
SF162 1 B R5 1.2 >50 >50
Q23 1 A R5 0.36 >50 >50
398F1* 2 A R5 0.33 0.39 >50
246F3* 2 AC R5 0.86 1.7 >50
CNE55* 2 CRFO1_AE R5 2 >50 >50
TRO1* 2 B R5 0.86 1.3 >50
CHNM9* 2 CRFO7_BC R5 0.45 0.78 >50
X1632* 2 G R5 1.8 >50 >50
CEN76.1* 2 (¢} R5 0.9 11 >50
31083.v3.c10 2 ACD 0.84 0.43 >50
WEAUd15.410.5017 2 B R5X4 0.35 27 >50
X2088_c9 2 G R5 0.31 0.69 >50
25710* 2 C R5 0.36 >50 >50
CEO0217* 2 C R5 0.39 1.3 >50
BJOX2000* 2 CRFO7_BC R5 0.44 4.3 >50
X2278* 2 B R5 0.44 0.94 >50
RHPA4259 2 B R5 0.5 >50 >50
CAP210_E8 2 C R5 0.35 0.99 >50
TRJO 3 B R5 0.84 >50 >50
33-7 3 CRFO2_AG 1.3 >50 >50
253-1 3 CRFO2_AG R5 0.15 0.39 >50
PVO.4 3 B R5 0.97 15 >50

Global panel of HIV-1 Env reference strains® are denoted with an asterisk (*).

iMab/D5_AR showed potent neutralization against HXB2 (tier-1) and
25710 (tier-2) HIV-1 pseudoviruses in the presence of FcyRI (Fig. S3).
These results suggest that prepositioning of the NHR-targeting
antibody on CD4-expressing cells via bispecific antibody-mediated
prepositioning is an effective approach to neutralize HIV-1.

Deep mutational scanning confirms neutralization mechanism
of iMab/D5_AR

To determine the neutralization mechanism of iMab/D5_AR, we used a
pseudovirus-based DMS system* with two mutant libraries each con-
taining ~40,000 mutant Env sequences from the subtype A T/F virus
BF520.W14M.C2 (called BF520 hereafter)*’; these mutant libraries
were produced for a previous study and described in detail
previously”. The DMS system measures the impact of individual and
multiple mutations within the Env protein on viral neutralization,
which enables mapping of residues on the Env protein important for
the neutralization by iMab/D5_AR. We first validated the DMS system
using enfuvirtide, as clinical resistance to enfuvirtide has been well-
characterized on the IAS-USA drug resistance mutations list" and DMS
of enfuvirtide has been characterized previously*” on subtype A BG505
Env. Consistent with these prior results, DMS using enfuvirtide against
the BF520 Env mutant libraries identified residues 544-556 in the NHR
as dictating sensitivity to enfuvirtide (Fig. 5A). While still within the
NHR, the residues identified in the DMS map of iMab/D5_AR sensitivity
(564, 568, 574, and 577; Fig. 5B) were different from those of enfuvir-
tide (Fig. 5C). These four residues are all in the hydrophobic pocket
where D5_AR binds, consistent with the bsAb design.

Next, we inserted individual mutations of the four hydrophobic
pocket residues into pseudoviruses and assessed their susceptibility to
neutralization in the luciferase-based reporter assay (Fig. 5D, E). As
expected, the individual mutations did not exhibit any resistance
(decrease in neutralization compared to the wild-type (WT)) against
enfuvirtide. The four mutations showed resistance to iMab/D5 AR,
confirming that the binding of D5_AR to the hydrophobic pocket in the
NHR is the mechanism by which iMab/D5_AR acts to neutralize. As the
mutations K574N and Q577R exhibited the highest resistance to iMab/
D5 AR, we searched the Los Alamos HIV database for HIV-1 Env
sequences with deviations from the known D5 epitope residues (K574
and Q577). We found an HIV-1group O (outlier) isolate, MVP-5180, with
R574 and R577. MVP-5180 was effectively neutralized by enfuvirtide,
but only weakly neutralized by iMab/D5_AR (Fig. 5F), again confirming
that mutations in the hydrophobic pocket of the NHR alter neu-
tralization mediated by iMab/D5_AR.

Finally, we tested neutralization by D5_AR on FcyRI-expressing
TZM-bl cells and confirmed that, while neutralization of the K574N
mutation in pseudotyped virus was comparable to that of WT, the
Q577R mutation decreased neutralization by D5_AR (Fig. S4).

iMab/D5_AR exhibits in vivo therapeutic efficacy

To determine in vivo efficacy of iMab/D5_AR, we used a humanized
mouse model of HIV-1 infection*?, for which human bone marrow-liver-
thymus (BLT) is implanted into NOD/SCID/IL2rynull (NSG) mice, and
monitored by the presence of human CD45. The humanized mice were
infected with tier-1B isolate NL4-3 virus, where the sensitivity of control

Nature Communications | (2025)16:4617


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60035-6

120/gp41
A CD4bs VN2 V3 gpi<vgp MPER  NHR
interface
102 5 .
N eomes CORCD)
1 ' i
. 10" - D qﬁ‘ D
_ ) o
c  10° b O
> 0 g o
= 107 4 g &
o N
o () 0
© 1024 & )
o H o
103 v o
s 5 % o~ B o S b <
AQS)Q AQS’Q éo\'\ é\@ QO '\6\ 0&'{1‘ éy\ql éo\Q é\(‘) &'\ QQ?Q ‘)y.
£ N Q7 7 & < N\
2
< R
B
1 00 - iMab/D5_AR
[ )
O :
80 o O CD4bs
= @
é O © 10esvé O V1/N2loop
- 10-1074 : .
< 60 peT1280 & O © High mannose V3 loop
o peTIZ : O gp120/gp41 interface
© 40 peTis1 |10
D L0 o © MPER
m 8ANC195 ® NHR
20
0 T T 1
0.1 1 10 100

Potency (Mean ICg,, ug/mL)
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A Neutralization potencies of iMab/D5_AR and 12 bnAbs against a panel of 119 HIV-1
pseudotyped viruses. Antibodies are grouped by color based on which of six epi-
topes they target (CD4-binding site, CD4bs; V1/V2 loop of gp120, V1/V2 loop; high-
mannose V3 loop, High-mannose V3 loop; gp120/gp41 interface; the membrane-
proximal external region, MPER; and gp41 N-heptad repeat, NHR). The black dotted
line indicates the limit of quantification (50 pg/mL). Error bars indicate median +/-
interquartile range. Neutralization potencies of antibodies, apart from iMab/D5_AR

and 10E8v4, were obtained from published studies curated in the Los Alamos HIV
database (shown in gray background), CATNAP. Source data is provided as a source
data file. Each dot represents the average neutralization of technical replicates for
each pseudotyped virus. B Neutralization potency vs. breadth curve against 119
HIV-1 pseudotyped viruses. Antibodies were grouped by the epitope targeted
(colors in key). Breadth was defined as non-protective when ICg > 5 pg/mL. The
blue dotted line indicates ICgq of 5 pg/mL. Source data ARE provided as a source
data file.

antibodies was assessed on human primary cells in vitro (Fig. 4C). One
week post-infection, we treated mice with weekly intraperitoneal
injections of iMab/D5_AR, a combination of iMab/c and ¢/D5_AR, or
PBS as a formulation control (Fig. 6A). Weekly injections were chosen
to maintain sufficient antibody concentrations throughout the in vivo
experiments (Fig. S5). We collected blood samples from the mice every
2 weeks to measure viral load (VL) titers. Mice treated with iMab/D5_AR
exhibited a significant reduction in VL compared to the PBS formula-
tion control, and the decrease in the VL persisted until the injections
were discontinued at week 6 (Fig. 6B, C). The combination of control

antibodies also reduced the VL, although not significantly compared to
the control. We observed viral rebound at week 10, which correlated
with decreased plasma concentrations of the bsAbs (Fig. 6D).
Sequencing of the viruses from weeks 2 to 6 in iMab/D5_AR-treated
mice revealed a mutation (30% Q575R) in the epitope of the NHR-
targeting antibody (Fig. 6E), suggesting that the antiviral pressure we
observed was primarily due to the binding of D5 AR to the NHR.
Indeed, when we introduced Q575R into NL4-3 virus, the virus became
resistant to iMab/D5_AR (Fig. S6). The mutation reverted (0.2% Q575R)
by week 10 (Fig. 6E), at which point plasma concentrations of the bsAb
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Fig. 4 | iMab/D5_AR potently neutralizes replication-competent HIV-1 viruses.
A A table showing neutralization potencies of iMab/D5_AR against six replication-
competent HIV-1 viruses using the luciferase-based reporter assay. The ICgg values
of bsAb at <5, 5-50, and > 50 pg/mL were assigned the colors of red, blue, and
white, respectively. RS and X4 tropisms indicate CCRS and CXCR4, respectively.
B Maximum % inhibition for neutralization by iMab/D5_AR, its control antibodies,
and a mix of the two control antibodies against a panel of six replication-competent
viruses on TZM-bl cells. Maximum % inhibition values were calculated from the
inhibition at the highest antibody concentration (50 pg/mL for iMab/D5_AR, iMab/

¢, or ¢/D5_AR individually, and 50 pg/mL each for iMab/c and ¢/D5_AR in combi-
nation). Each dot represents an average of biological duplicates of technical
replicates. Error bars indicate median +/- interquartile range. mAbl14 Fab was used
as a control Fab. Source data are provided as a source data file. C Neutralization of
bsAb against NL4-3 replication-competent HIV-1 virus on human peripheral blood
mononuclear cells (PBMCs). Each dot represents an average of technical replicates
(n=3human donors). Error bars indicate mean +/- standard deviations (SD). Source
data are provided as a source data file.

were undetectable (Fig. 6D). Sequencing of the viruses in the mice
treated with the combination of control antibodies showed no evi-
dence of mutations in the NHR throughout the course of the experi-
ment (Fig. S7A). However, mutations reported to confer resistance to
iMab** were detected at week 10 (Fig. S7B). These mutations were not
found in the iMab/D5_AR-treated mice (Fig. S7C), indicating different
antiviral pressures were imposed by the bsAb compared to the com-
bination of control antibodies.

Discussion

Here, we utilize bispecific antibody-mediated prepositioning to
enhance binding to the transiently exposed NHR. Our bsAb targets
the host cell receptor to preposition the NHR-targeting antibody on
host cells, thereby enhancing its neutralizing potency at the HIV-1
PHI. This enhancement, which we observe in vitro in neutralization
assays and in vivo in a humanized mouse model, is reminiscent of
FcyRI-mediated potentiation at transiently exposed epitopes NHR
and MPER'*"7?***45_ Binding to viral lipids, a characteristic of gp41
MPER-targeting bnAbs that modulate neutralization*®*’, has also
been reported to contribute to enhancing neutralization in a similar
manner to FcyRI by increasing the local antibody concentration*. We
propose that our bsAb targeting CD4 prepositions the NHR-targeting
antibody on the host cells in a manner similar to FcyRI-mediated or
lipid-mediated potentiation.

The gp41 NHR is only transiently exposed in the PHI, preventing
NHR-targeting antibodies from binding to intact virions*. In contrast,
the gp41 MPER is accessible in the native pre-fusion state by MPER-
targeting antibodies, which can bind to intact virions, likely due to
tilting of the Env ectodomain, allowing access to the opposing
MPER>°"*2, iMab/D5_AR neutralized all of the variants reported to be

resistant to MPER-targeting antibodies (Fig. 2C), and it has been
reported that MPER- and NHR-targeting antibodies are synergistic*®.
This suggests that antibodies targeting these two different regions
could be used in combination.

We confirmed that binding to the NHR is responsible for the
neutralizing activity of iMab/D5_AR. First, we used in vitro DMS-based
mapping to identify mutations that led to resistance against the neu-
tralizing activity of iMab/D5_AR, revealing residues in the hydrophobic
pocket of the NHR-residues 564, 568, 574, and 577 (Fig. 5). Next, our
in vivo efficacy study identified an additional resistance mutation, also
in the NHR hydrophobic pocket, at residue 575 (Fig. 6E). Rapid rever-
sion of the in vivo mutation (Q575R) in the absence of antiviral pres-
sure suggests that it exerts a deleterious effect on viral fitness,
consistent with the high conservation of the NHR (Fig. 1B). This finding
further strengthens the rationale for developing NHR-targeting anti-
body therapeutics.

The passive infusion of bnAbs as a prophylactic approach to
prevent HIV-1 acquisition has been shown to be effective in clinical
trials and is currently under active investigation®*>**, The potency of
iMab/D5_AR is comparable to what was reported in the Antibody
Mediated Prevention (AMP) clinical trials to assess the ability of the
patient-derived gp120 CD4bs-targeting bnAb (VRCO1) as preexposure
prophylaxis®. In those studies, the authors found a correlation
between HIV-1 prevention efficacy in humans and in vitro neutraliza-
tion (ICgo <5 pg/mL) among different HIV-1 strains. iMab/D5_AR
showed ICgo <5 pg/mL against 95% of viruses in a panel of 119
pseudoviruses (Fig. 3). As well, while its neutralization potency
was comparable to those reported for other bnAbs, including
those in clinical development, the breadth of protection was
highest for iMab/D5_AR.
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We also acknowledge potential limitations to our study. The
resistance mutations identified in the in vitro DMS and in the in vivo
study were different. One possible explanation is that the DMS used
the BF520 envelope, while the in vivo study used the NL4-3 envelope,

and previous studies have shown that mutations can have varying
effects across different HIV-1 strains®. Despite these differences, all
identified residues are contact residues of the NHR-targeting antibody,
confirming that the binding of D5_AR to the hydrophobic pocket in the
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Fig. 5 | Identification of key residues for neutralization by iMab/D5_AR. DMS
maps of all sites in the BF520 Env ectodomain where mutations lead to resistance
from (A) enfuvirtide- and (B) iMab/D5_AR-mediated viral neutralization. Positive
values and negative values represent residues where mutations cause resistance or
sensitivity, respectively. Individual points on the line plots represent the mean
effect of mutations on escape at that site. Interactive versions of the resistance
maps for enfuvirtide and iMab/D5_AR are available https://dms-vep.org/HIV_
Envelope_BF520_DMS _iMab.D5_AR_Enfuvirtide/htmls/Enfuvirtide_mut_effect.html
and https://dms-vep.org/HIV_Envelope_BF520_DMS_iMab.D5_AR_Enfuvirtide/
htmls/iMab.D5_AR_mut_effect.html, respectively. C DMS-identified resistance sites
are shown for enfuvirtide (blue) and iMab/D5_AR (purple) in NHR, mapped onto a

structure of the gp41 NHR (PDB: 2CMR). D Neutralization of BF520 Env pseudo-
typed viruses with individual mutations by enfuvirtide, and iMab/D5_AR shown as
maximum % inhibition calculated from the inhibition at the highest antibody
concentration (50 pg/mL). Each dot represents an average of biological duplicates
of technical replicates. E Table showing neutralization I1Cso (nM) values of enfu-
virtide and iMab/D5_AR against each of the four point mutations in the NHR
hydrophobic pocket. F Neutralization by enfuvirtide, iMab/D5_AR, and control
antibodies of HIV-1 isolate MVP-5180 pseudovirus with deviations from the known
D5 epitope sequences at residues 574 and 577. Results are shown as mean from
duplicate experiments. Error bars indicate mean +/- standard deviations (SD).
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NHR is the mechanism by which iMab/D5_AR acts to neutralize.
Another limitation is that the in vivo efficacy of iMab/D5_AR was not
statistically more potent than the combination of control antibodies
(iMab/c and ¢/D5 AR, Fig. 6). This outcome may be attributed to the
high plasma concentrations of the antibodies (2 mg injected weekly).
While iMab/D5_AR effectively neutralized NL4-3 replication-competent
HIV-1 virus at 1pg/mL, the combination of control antibodies also

-4 LOLTVIGTERLOAR

demonstrated effective neutralization at 100 pg/mL in the human
PBMCs neutralization assay (Fig. 4C).

Overall, our results show that targeting the PHI with the NHR-
targeting antibody iMab/D5_AR leads to extremely broad and effective
neutralization. This further validates the NHR as a druggable target for
antibodies (Fig. 7) and establishes a new class of broadly neutralizing
antibodies against HIV-1.
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Fig. 6 | iMab/D5_AR suppresses HIV-1 viral load in vivo. A Schematic repre-
sentation of the experimental timeline for evaluating the efficacy of bsAbs in vivo.
NOD/SCID/IL2rynull (NSG) mice were implanted with human bone marrow-liver-
thymus (BLT) tissues, followed by intravenous infection with 500 ng of NL4-3
replication-competent HIV-1 virus. Starting 1 week post-infection, mice were trea-
ted with weekly intraperitoneal injections of either iMab/D5_AR (2 mg), a combi-
nation of iMab/c (2 mg) and ¢/D5_AR (2 mg), or PBS as a control. Blood was drawn
from the mice every two weeks for ten weeks for viral load (VL) titration. B Changes
in plasma VL. Gray dashed lines indicate no change in VL from week 0. Black lines
represent data from each mouse, and red lines represent the geometric mean of
data from all mice (n =8 for iMab/D5_AR, n =4 for iMab/c + ¢/D5_AR, and n=2 for
PBS). C Geometric mean changes in plasma VL. Each line represents geometric

changes in the VL on a log;o scale, and the error bars represent the standard
deviation. iMab/D5_AR showed a statistical difference (p <0.05 as determined by
Mann-Whitney test) compared to the PBS group at weeks 2 and 4, whereas iMab/c +
¢/D5_AR did not show a significant difference from the PBS group (n =8 for iMab/
D5_AR, n=4 foriMab/c + ¢/D5_AR, and n =2 for PBS). D Plasma concentration of the
bsAb in NSG mice. The gray dashed lines indicate the limit of quantification by
ELISA at antibody concentration of 0.1 pg/mL. Black lines represent plasma con-
centration of the bsAbs from each mouse (n = 8 for iMab/D5_AR, n =4 for iMab/c +
¢/D5_AR), with red lines representing the geometric mean. E The logo plots show
the degree of conservation of the NHR from weeks 2-6 and week 10, with wild-type
sequences shown in gray and mutation highlighted in blue.

Methods

Sequence conservation in HIV-1 envelope

8394 HIV-1 Env sequences were obtained from the Los Alamos 2021
HIV database (Table S1). Env with X, stop codons, or sequences with
NHR frameshifts were filtered, resulting in 8155 unique Env sequences.
These sequences were aligned using Geneious alignment (Geneious
Prime) and used to calculate sequence identities for gp120 and gp41.
The sequences were grouped or clustered into those with 90%
homology within Env (129 sequences), and clusters with more than 1
Env (65 sequences) were then aligned to generate multiple sequence
alignment (MSA) using Geneious Prime and uploaded onto the consurf
server for overlay onto 2CMR structure on chain A.

Bispecific antibody expression and purification

Genes encoding the light and heavy chain of antibodies were synthe-
sized by Integrated DNA Technologies (IDT). Sequences of heavy and
light chain of antibodies can be found in the Supplementary Infor-
mation. The genes were cloned into linearized bispecific IgG1 plasmids
obtained as described®® using In-Fusion HD Cloning Kit Master Mix
(Clontech). Heavy knob, light chain, CrossMab heavy chain with hole,
and CrossMab light chain were co-transfected at a 1:1:1:1 ratio. The
bsAb was produced in Expi293F cells (Thermo Fisher Scientific) using
FectoPRO (Polyplus). The cells were incubated under 8% CO, at 37 °C
with shaking (120 rpm). The cells were harvested 4-5 days post-
transfection by spinning at 4,000 x g for 10 min and filtered through a
0.22-um filter. The bsAb was purified using a 5mL MabSelect Sure
PRISMTM column (Cytiva) on the AKTA pure FPLC followed by further
purification using size-exclusion chromatography on AKTA FPLC using
GE Superdex 200 increase 10/300 GL column (GE HealthCare).

HIV-1 virus production

HIV-1 pseudotyped lentiviruses were produced by co-transfection of
HIV-1 Env plasmids (10 pg) and psg3A Env backbone plasmids (20 pg,
catalog number 11051 from NIH AIDS Reagent program) to
HEK293T cells using BioT (Bioland Scientific LLC) following the man-
ufacturer’s instructions. The medium was replaced with fresh medium
after 16 h post-transfection, and the supernatant was harvested 2d
post-media replacement. The supernatant was centrifuged at 300 x g
for 5min and filtered through a 0.45-um filter, and stored at —-80 °C
until further use. Strains of pseudotyped HIV-1 are listed in the excel
dataset file.

Replication-competent viruses were produced and titrated as
described previously”. Briefly, HIV-1 full length plasmids were trans-
fected to HEK293T cells using FUGENE (Promega) following the man-
ufacturer’s instructions. Media replacement and virus harvest were
performed as described above.

Cell culture

TZM-bl cells (obtained through the NIH AIDS Reagent program from
John C. Kappes and Xiaoyun Wu) and HEK293T cells were maintained
in Dulbecco’s modified eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 1% L-glutamine (Corning) and 1% penicillin-

streptomycin (Corning) and incubated with 5% CO, at 37°C in a
humidified atmosphere. TZM-bl cells transduced to stably express
FcyRI were maintained in DMEM supplemented as above and blas-
ticidin (Thermo Fisher Scientific) as described previously**. No com-
monly misidentified cell lines were used in the study.

Viral neutralization assay

TZM-bl cells with tat-regulated luciferase reporter gene expression
were used for quantification of viral infection and antibody neu-
tralization as described previously*®*’. Briefly, 5000 TZM-bl cells were
seeded overnight in white-walled 96-well plates with 5% CO, at 37 °C in
a humidified atmosphere. The medium was aspirated the next day, and
bsAb (50 pL) in various concentrations was added to the cells for 1h,
and a mixture (50 pL) containing HIV-1 pseudotyped lentivirus and
DEAE-dextran (10 pg/mL) was added to the cells. After two days, cells
were lysed, and BriteLite Plus reagent (Perkin Elmer) was added for
determination of luciferase activity. Relative luminesce unit (RLU)
values were measured using a Synergy HTX multimode reader (Bio-
Tek) and % infection was calculated by the following formula: [%
infection = (the luminescent signal of the test well-the luminescent
signal of the background well) / (the luminescent signal of virus only
well-the luminescent signal of background well) x100]. Wells con-
taining cells only were used for background measurement.

Human PBMCs neutralization assay

PBMCs were isolated from healthy donors (Stanford Blood Center)
using Lymphoprep (Stemcell Technologies) following the manu-
facturer’s protocol. PBMCs (2 x107) were stimulated with phytohe-
magglutinin (500X, Invitrogen) and interleukin-2 (100 U/mL,
PeproTech) in complete RPMI 1640 medium containing 10% FBS and
1% penicillin-streptomycin, and incubated for 48 h at 37 °C in a humi-
dified atmosphere with 5% CO,. After stimulation, PBMCs (2 x 105 cells
in100 pL) were seeded in white-walled 96-well plates. The bsAb (50 pL)
at various concentrations was added to the cells for 1h, followed by
NL4-3 replication-competent HIV-1 virus (50 pL). After 24 h, the cells
were centrifuged and washed 3 times with complete RPMI 1640
medium. Complete RPMI 1640 medium with bsAb (200 pL) was added
to the cells. After 4d incubation, the cells were centrifuged, and
supernatants were collected. HIV-1 infection and replication were
determined by measuring the p24 antigen in the culture supernatant
using HIV-1 p24 antigen enzyme-linked immunosorbent assay (ELISA)
kit (ZeptoMetrix RETROtek) following the manufacturer’s protocol.

Flow cytometry

TZM-bl cells expressing CD4>° were incubated with bsAb (10 nM) in
flow cytometry buffer (1% [w/v] BSA in PBS containing 0.05% [w/v]
sodium azide) for 1h at 4 °C. The cells were washed four times with
flow cytometry buffer and probed with biotinylated NHR hydrophobic
pocket mimetic IQN17 (10 nM)™ for 1 h at 4 °C. After washing with flow
cytometry buffer, the cells were probed with streptavidin-APC (1:200,
BioLegend) and Fluorescein (FITC)- Fab fragment goat anti-human IgG
(1:50, Jackson ImmunoResearch) in flow cytometry buffer for 1h at
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Fig. 7 | Binding sites for broadly neutralizing antibodies. Sites of vulnerability to broadly neutralizing antibodies on the HIV-1 Env trimer, shown from two perspectives
(PDB: 7SKA). NHR is inaccessible in this state and is only transiently exposed in the prehairpin intermediate conformation.

4 °C. The cells were washed four times and sorted using AccuriTM Cé6
Plus (BD Biosciences). 10,000 cells were detected per measurement,
and results were analyzed using FlowJo.

Deep mutational scanning

The previously described pseudovirus-based DMS platform was
used to map HIV Env resistance from neutralization by enfuvirtide and
iMab/D5_AR. Briefly, we used the two previously described biologically
independently produced mutant libraries of HIV Env strain BF520°,
which each contained ~40,000 mutants with an average of -2.5 non-
synonymous mutations per mutant. During antibody selections, VSV-G
pseudotyped neutralization standard viruses were spiked-in to be 0.5-
1% of the virus pool. For each antibody selection, we incubated 1 mil-
lion TZM-bl cells in a single well of a six-well dish with the antibody of
interest at 2x the target concentration in 1 mL. We then added 1 million
infectious units of the pool of mutant viruses plus VSV-G standards in
1mL to each condition, supplemented with 100 pg/mL DEAE dextran.
12 h after infection, each condition was mini-prepped to isolate the
unintegrated lentivirus genomes of non-neutralized viruses, and then
sequencing library preparation and sequencing were performed as
described in Radford et al. *°.

Deep mutational scanning data analysis was performed using
dms-vep-pipeline-3. See (https://github.com/dms-vep/HIV_Envelope_
BF520_DMS _iMab.D5_AR_Enfuvirtide) for a repository containing the
analysis performed for this work (version 3.4.5). See (https://dms-vep.
org/HIV_Envelope_BF520_DMS iMab.D5_AR_Enfuvirtide/) for HTML
renderings of key analyses and results as well as interactive plots.
Analysis of sequencing data and modeling of the effects of mutations
on HIV Env function and antibody resistance were performed as pre-
viously described in Radford et al. * and Dadonaite et al. ®°. Briefly, for
antibody resistance modeling, we calculated the non-neutralized
fraction of each mutant in each antibody selection using the counts
of each mutant and the counts of the non-neutralized standard viruses
in antibody incubation versus mock incubation conditions. We used
the software package polyclonal® version 6.7 (see https://jbloomlab.
github.io/polyclonal/ for documentation) to model the effects of each
individual mutation on resistance from each antibody. For Fig. 5, the
line plots display the mean resistance score of mutations at each site.

39,60

Generation of humanized mice

Humanized mice were established as described previously®, in
accordance with protocols (ARC-2010-038) approved by the UCLA
Institutional Animal Care and Use Committees. Briefly, 7-10 weeks old
male NSG mice (Strain #005557 from the Jackson Laboratory) were
irradiated sublethally and implanted with BLT and CD34+ cells purified
from fetal liver. Ten weeks after implantation, the engraftment fre-
quency was determined by staining the blood lymphocytes and

splenocytes for human CD45. One week later, the mice were then
infected i.v. with 500 ng NL4-3 replication-competent HIV-1 virus. After
confirmation of viral infection, the bsAbs were injected intraper-
itoneally (2 mg) weekly for 6 weeks. In the case of the combination of
iMab/c and ¢/D5_AR, 2 mg of each antibody was injected. Mice were
retro-orbital bled every 2 weeks for plasma VL titration.

Plasma viral load quantification

Mouse blood was clarified through centrifugation at 350 x g, and RNA
extraction was performed using the QlAamp Viral RNA Mini Kit (Qia-
gen). Quantification of HIV-1 RNA was carried out using real-time RT-
PCR with TagMan RNA-To-Ct One-Step reagents (Thermo Fisher Sci-
entific). The primers used were HIV-1F: 5-CAATGGCAGCAATTT-
CACCA-3’ and HIV-1 R: 5-GAATGCCAAATTCCTGCTTGA-3, along with
a probe designed to hybridize to HIV-1 NL4-3 5-[6-FAM]CCCACCAA-
CAGGCGGCCTTAACTG [Tamra-Q]-3'.

Quantification of plasma concentration of bsAbs from huma-
nized mice using ELISA

Nunc 96-well Maxisorp plates (Thermo Fisher Scientific) were coated
overnight at 4 °C with 250 ng of streptavidin in coating buffer (0.1 M
sodium bicarbonate, pH 8.6). Wells were blocked with 150 pL of
ChonBlock buffer (Chondrex) for 1h at 37°C. Biotinylated IQN17
(20 nM) or biotinylated CD4 (200 ng/mL, ACROBiosystems) in ELISA
buffer (3% BSA/PBS) was added to the wells. After incubation for 1h at
37 °C, plates were washed with 0.05% (v/v) Tween 20 in PBS (PBST)
three times, followed by incubation with serially diluted mice sera
(1:100-1:7,812,500) or serially diluted bsAbs (5-0.000064 pg/mL) for
standards. After washing three times with PBST, the plates were incu-
bated for 1 h at 37 °C with goat anti-human IgG-horseradish peroxidase
(SouthernBiotech) at a 1:8000 dilution. The plates were washed six
times with PBST, followed by the addition of Turbo 3,3',5,5 tetra-
methylbenzidine (TMB)-ELISA substrate solution (Thermo Fisher Sci-
entific) and 2 M sulfuric acid stop solution. Absorbance was measured
at 450 nm using a BioTek Synergy HT Microplate Reader.

HIV-1 Env sequencing

Mouse plasma HIV-1 RNA extraction was performed using QIAamp
MinElute Virus Spin Kit (Qiagen). Subsequently, cDNA was generated
using SMARTScribe Reverse Transcriptase (Takara) following the
manufacturer’s instructions, using an Oligo(dT) primer. The Env
sequence was amplified by PCR using CloneAmp HiFi PCR Premix
(Takara) with a forward primer (5-GAGCAGAAGACAGTGGC-3’) and a
reverse primer (5-CCACTTGCCACCCATCTTATAG-3). The cycling
conditions were 2 min at 98 °C, followed by 45 cycles of 98 °C for
105, 58°C for 15, and 72 °C for 45 s, concluding with 2 min at 72 °C.
Next, nested PCR was performed using a forward primer (5-
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GAGCAGAAGACAGTGGC-3) and a reverse primer (5-CTATTCT-
TAAACCTACCAAGCCTC-3) to amplify the ectodomain of the HIV-1
env. The PCR product was sequenced using Oxford Nanopore
sequencing (Plasmidsaurus).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings in this study are available within the
paper and the Supplementary Information. The Source Data and
Supplementary Information are included with this publication. The
sequences of all the Env used in this study are available at
CATNAP. Source data are provided with this paper.

Code availability
No new code was generated, and previously published code was used
for DMS™.
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