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A B S T R A C T

The highly conserved hydrophobic pocket region of HIV-1 gp41 NHR triple-stranded coiled coil is crucial for the
binding of CHR to NHR to form a six-helix bundle (6-HB). This pocket is only exposed instantaneously during
fusion, making it an ideal target for antibody drug design. However, IgG molecule is too big to enter the pocket
during the fusion process. Therefore, to overcome the steric hindrance and kinetic obstacles caused by the
formation of gp41 pre-hairpin fusion intermediate, we obtained nanobodies (Nbs) targeting NHR by immunizing
alpaca with an NHR-trimer mimic. Specifically, we identified a Nb, Nb-172, that exhibited potent and broadly
neutralizing activity against HIV-1 pseudoviruses, HIV-1 primary isolates, and T20-resistant HIV-1 strains. In
addition, the combinatorial use of mD1.22 and Nb-172 exhibited synergism in inhibiting HIV-1 infection inac-
tivating cell-free virions. Nb-172 can competitively bind to the hydrophobic pocket of gp41 NHR to inhibit 6-HB
formation. These findings suggest that Nb-172 merits further investigation as a potential therapeutic for HIV-1
infection.

1. Introduction

Acquired immunodeficiency syndrome (AIDS) caused by the human
immunodeficiency virus-1 (HIV-1) has remained a significant public
health challenge over the past 40 years. Even though antiretroviral
therapy (ART) has brought a glimmer of hope to HIV-infected patients
(Palella et al., 1998; Simon, et al., 2006), strict compliance is necessary
since an interruption of ART will lead to a rapid rebound of HIV-1 and
the continuous progression of disease owing to the phenomenon of
persistent latent reservoir (Finzi, et al., 1999). Additionally, lifelong
treatment usually leads to the accumulation of toxicity and drug resis-
tance (Wittkop, et al., 2011). However, studies in humanized mice have
shown that monoclonal antibody therapy can lead to prolonged inhi-
bition of HIV-1 infection, even after the cessation of ART, suggesting
that antibodies may play a role in treatment aimed at achieving HIV-1
remission (Halper-Stromberg, et al., 2014).

The development of potent, broadly neutralizing antibodies offers
novel approaches for preventing, treating, and curing AIDS (Caskey,
et al., 2019). To date, hundreds of HIV-1-specific monoclonal antibodies
with broadly neutralizing ability have been reported, and some have
been approved to enter the clinical stage, such as 3BNC117 (Scheid,
et al., 2011) and 10–1074 (Mouquet, et al., 2012). However, most of
these antibodies targeted mutation-prone antigenic sites exposed on the
surface of gp120 and gp41, thus leading to the production of resistant
strains (Zacharopoulou, et al., 2022).
During the process of infection, HIV-1 first binds to receptor CD4 and

co-receptor CCR5 or CXCR4 through gp120, which induces a confor-
mational change of gp41 that allows the fusion peptide (FP) of gp41 to
be released and inserted into the target cell membrane. After this, the N-
terminal heptad repeat (NHR) forms a trimeric coiled-coil structure,
leading to the exposure of a conserved hydrophobic pocket on its sur-
face, followed by reversal and tight binding of the extracellular C-
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terminal heptad repeat (CHR) to the NHR trimer, or, more specifically,
the hydrophobic pocket, to, in turn, form a stable 6-HB. This activity
culminates in membrane fusion between target cell membrane and viral
envelope (Chan, et al., 1997; Lu, et al., 1997; Weissenhorn, et al., 1997).
Thus, it can be seen that the hydrophobic pocket of gp41, which cor-
responds to residues 568–579 of HIV-1 HXB2 (Bruun, et al., 2023), plays
a key role in the fusion process. The characteristics of instantaneous
appearance and exposure of the hydrophobic pocket during fusion make
it difficult for pre-existing antibodies to induce its mutation (Lu, et al.,
1997). As such, the hydrophobic pocket becomes an optimal target for
antibody drug design. Ironically, however, exposure of the pocket region
also makes it subject to such obstacles as steric hindrance and the ki-
netics of HIV Env-mediated fusion. Therefore, it is difficult for IgG
(approximately 150 KD) to enter and play a neutralizing role (Eckert,
et al., 2008; Sabin, et al., 2010). This dilemma is a key scientific issue in
developing anti-HIV antibody drugs that can specifically target the hy-
drophobic pocket region of the NHR trimer and easily enter this region.
In fact, some antibody fragments have been designed to replace full-

length monoclonal antibodies, including antigen-binding fragments
(Fab) and single-chain variable fragments (scFv)(Caillat, et al., 2020).
For example, D5 targeting the gp41 NHR is more potent as an scFv than
as a full-length IgG in preventing the infection of different HIV isolates
(Eckert, et al., 2008; Miller, et al., 2005). Furthermore, HK20-scFv
showed the highest potency in complete HK20 IgG, HK20-based Fab,
and scFv (Sabin, et al., 2010). Interestingly, apart from conventional
antibodies, camels produce heavy-chain-only antibodies, which contain
one single variable domain (VHH) rather than two variable domains (VH
and VL), designated nanobody (Nb), that makes up the equivalent of Fab
of traditional antibody IgG (Hamers-Casterman, et al., 1993; Wrapp,
et al., 2020). Although they represent only about one-tenth of traditional
antibodies, nanobodies still retain the specificity and affinity of tradi-
tional antibodies (Hanke, et al., 2020). Compared with human VH an-
tibodies, nanobodies have a longer CDR3 able to form a disulfide bond
with the adjacent CDR2 or CDR1 region to stabilize its structure. This
elongated CDR3 loop exhibits greater structural flexibility, and can
penetrate cavities on antigens, and may even have the capacity to spe-
cifically recognize hidden epitopes (De Genst, et al., 2006; Liu, et al.,
2021). Their advantageous biophysical properties have led to the eval-
uation of several nanobodies as therapeutics against some pathogens
(Cunningham, et al., 2021; Sarker, et al., 2013). However, no nano-
bodies are currently approved as HIV-1 therapeutics for clinical trials.
Here, we reported some anti-HIV-1 nanobodies isolated from an

alpaca that was immunized with a gp41 NHR-trimer mimic. These
nanobodies showed high binding affinity to the NHR-trimer protein and
anti-HIV-1 activity. Among them, Nb-172 exhibited potent and broadly
neutralizing activity against HIV-1 pseudoviruses, HIV-1 primary iso-
lates, and T20-resistant HIV-1 strains. In addition, the combinatorial use
of mD1.22 and Nb-172 exhibited synergism in inhibiting HIV-1 infection
and inactivating cell-free HIV-1 virions. The anti-HIV-1 activity of Nb-
172 is achieved by binding to the hydrophobic pocket of NHR to
inhibit 6-HB formation, and it is the first reported nanobody targeting
this region. The structural prediction shows that Nb-172 blocks the
binding of CHR to NHR, mainly through the interaction between its
CDR3 and residues 557–579 of NHR. These results suggest that Nb-172
merits further investigation as a potential therapeutic for HIV-1
infection.

2. Materials and methods

2.1. Cells and viruses

Expi293F, 293T, U87, MT-2, and CEMx174 5.25 M7 cells were all
obtained from the American Type Culture Collection (ATCC). TZM-b1
cells were obtained from the NIH AIDS Reagent Program and stocked
in our laboratory. Expi293F cells were cultured in SMM293-TII
expression medium (Sino Biological, China), while MT-2 and

CEMx174 5.25M7 cells were cultured in RPMI-1640medium containing
10 % fetal bovine serum (FBS). The 293T, U87 and TZM-b1 cells were
cultured in DMEM with 10 % FBS. Viruses used in this study were ob-
tained from the NIH AIDS Reagent Program.

2.2. Alpaca immunizations with covNHR-VQ

Alpaca immunizations were conducted by NBbiolab Co., Ltd.
Immunogenic protein covNHR-VQ was overexpressed and purified, as
described previously (Jurado, et al., 2019). Briefly, the sequence of
covNHR-VQ was cloned into a pComb3x vector with a 6 × His-Tag in
C-terminal and expressed in E. coli HB2151 cells. Bacterial trans-
formation with expression plasmid was amplified at 30 ◦C for 12 h under
the induction of IPTG at a final concentration of 0.1 mM. The super-
natant of covNHR-VQ was purified by Ni-NTA (Smart-Lifesciences,
China), and the protein was concentrated by ultrafiltration and redis-
solved in PBS. The purity of covNHR-VQ was detected by SDS-PAGE
with a purity > 95 %. One alpaca was injected intramuscularly with a
mixture of 0.5 mg covNHR-VQ and Freund’s complete adjuvant. In the
following 3rd, 6th, and 9th week, a mixture of 0.25 mg covNHR-VQ and
Freund’s incomplete adjuvant was injected into the alpaca, respectively,
for booster immunizations. Alpaca serum was collected after every im-
munization for titer detection.

2.3. Enzyme-linked immunosorbent assay (ELISA)

ELISA was used to quantify antigen-specific immunoglobulin titer in
alpaca serum. Briefly, 2 μg/mL covNHR-VQ were coated on wells of a
96-well polystyrene plate at 4 ◦C overnight. The plate was blocked with
5 % nonfat milk at 37 ◦C for 2 h before the inactivated alpaca serum was
added. After incubation at 37 ◦C for 1 h, the plate was washed with PBST
and then incubated with HRP-conjugated Anti-Alpaca IgG at 37 ◦C for
0.5 h. TMB (3,3′, 5,5′-tetramethylbenzidine) and H2O2 were used to
visualize the enzyme-linked reaction.
To quantify the affinity of nanobodies to NHR trimeric protein or

NHR-derived peptide, 2 μg/mL N63-trimer protein or 5 μg/mL IQN17
peptide were coated on wells of a 96-well polystyrene plate at 4 ◦C
overnight. The plate was blocked with 5 % nonfat milk at 37 ◦C for 2 h
before diluted nanobodies were added. After incubation at 37 ◦C for 1 h,
the plate was washed with PBST and then incubated with HRP-
conjugated 6*His Tag Monoclonal Antibody (Proteintech, China) at 37
◦C for 0.5 h. TMB and H2O2 were used to visualize the enzyme-linked
reaction.
We measured the competitive binding of CHR-derived peptides and

Nb-172 to NHR trimer. Briefly, 2 μg/mL N63-trimer protein was coated
on wells of a 96-well polystyrene plate and incubated at 4 ◦C overnight.
The plate was blocked with 5 % nonfat milk at 37 ◦C for 2 h. Serially
diluted C34 and T20 peptides were incubated with 1 µM Nb-172, and
then the mixture was transferred to the ELISA plate (50 µL/well) and
incubated at 37 ◦C for 1 h. After washing with PBST three times, HRP-
conjugated 6*His Tag Monoclonal Antibody was added and incubated
at 37 ◦C for 0.5 h. TMB and H2O2 were used to visualize the enzyme-
linked reaction.

2.4. Phage library construction and clone selection

Phage library construction and nanobody expression were conducted
by NBbiolab Co., Ltd. Briefly, peripheral blood of alpaca was collected
after the 4th immunization, and peripheral blood mononuclear cells
(PBMCs) were isolated using lymphocyte separating medium. Total RNA
of PBMC was extracted by Trizol (Thermo Fisher, USA) and reverse
transcribed by PrimeScript™ II 1st Strand cDNA Synthesis Kit (Takara,
Japan) to synthesize cDNA. Then the nanobody gene fragment was
amplified by nested PCR, and the products were cleaved with SfiI (NEB,
USA) before insertion into the pComb3xss vector. The ligation product
was transformed into E. coli TG1 cells to construct a nanobody phage
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library against covNHR-VQ.
ELISA was used to screen positive phages. Briefly, 5 μg/mL covNHR-

VQwere coated on wells of a 96-well polystyrene plate at 4 ◦C overnight.
The plate was blocked with 3 % OVA-PBS at 37 ◦C for 2 h before adding
the nanobody phage library. After incubation at 37 ◦C for 1 h, the plate
was washed with PBST to wash away unbound phages, and 100 µL Gly-
HCl were used for elution. Then the eluant was neutralized with
Tris–HCl in the first and successive screening rounds. After three rounds
of screening, 192 clones were randomly selected for monoclonal phage
identification by ELISA. Briefly, 2 μg/mL covNHR-VQ were coated on
wells of a 96-well polystyrene plate at 4 ◦C overnight. The plate was
blocked with 5 % nonfat milk at 37 ◦C for 2 h before the addition of the
phage culture supernatant. After incubation at 37 ◦C for 1 h, the plate
was washed with PBST and then incubated with HRP-conjugated Anti-
M13 Bacteriophage at 37 ◦C for 0.5 h. TMB and H2O2 were used to
visualize the enzyme-linked reaction.
The nanobody gene fragment was cloned into an expression vector

with a 6 × His in the C-terminus. The recombinant plasmid was trans-
formed into Bacillus, and the monoclonal colonies were activated in MT
medium at 37 ◦C. After 4 h, the positive clones were identified by PCR,
transferred to MTNmedium at a ratio of 1:200, and cultured at 30 ◦C for
72 h. The supernatant was collected by centrifugation at 10,000 g for 10
min and was purified by Ni-NTA. The protein was concentrated by ul-
trafiltration, and the buffer was replaced with 0.1 M NaHCO3 (pH 8.3).
The purity of nanobodies was detected by SDS-PAGE with a purity > 90
%.

2.5. Inhibition of HIV-1 pseudovirus infection

Stocks of single-round-infection HIV-1 Env pseudovirus were pro-
duced by co-transfecting 293T cells with one volume of HIV-1 Env
expression plasmid and two volumes of HIV-1 backbone plasmid
(pNL4–3.Luc.R-E-) using VigoFect Transfection Reagent (Vigorous
Biotechnology, China). After incubating at 37 ◦C for 8 h, the supernatant
was replaced with fresh DMEM containing 10 % FBS. Culturing
continued for another 48 h, and then the supernatants containing HIV-1
pseudoviruses were collected. To detect neutralizing activity, TZM-b1
cells were seeded into wells of a 96-well plate (104 cells per well) in
advance. Nanobodies and D5 scFv were serially diluted in DMEM, fol-
lowed by incubation with HIV-1 pseudoviruses at 37 ◦C for 0.5 h. Then
the mixture was transferred into TZM-b1 cells. After 12 h, the mixture
was replaced with fresh DMEM containing 10 % FBS. After culturing for
another 48 h, the cells were lysed with cell lysis buffer (Promega, USA),
and luciferase activity was detected with the Luciferase Assay System
(Promega, USA).

2.6. Inhibition of HIV-1 infection

Inactivated alpaca sera, or nanobodies, were diluted in wells of a 96-
well plate and incubated with 100TCID50 HIV-1 at 31.5 ◦C (only for
detection of alpaca serum neutralization) or 37 ◦C for 0.5 h before MT-2
cells or CEMx174 5.25 M7 cells were added to the mixture. MT-2 cells
and CEMx174 5.25 M7 cells were used as target cells for the X4 and R5
virus, respectively. To test the mD1.22/Nb combination, the ratio of
mD1.22 and VHH in the combination was calculated based on their own
IC50, as previously described (Wang, et al., 2021). For example, the
IC50 of mD1.22 and Nb-172 against 92UG024 was about 9.0 nM and
207.7 nM, respectively, so they were mixed at a ratio of 1:23, followed
by a second round of testing the inhibitory activity against 92UG024.
The mixture of mD1.22 and nanobody was diluted and incubated with
100TCID50 of HIV-1 at 37 ◦C for 0.5 h before MT-2 cells or CEMx174
5.25 M7 cells were added to the mixture. After incubation at 37 ◦C for 12
h, the supernatants were replaced with RPMI-1640 medium with 10 %
FBS. After an additional 4 days, the cell supernatant was collected and
treated with 5 % TritonX-100, and p24 antigen was detected by ELISA,
as previously described (Lu, et al., 2012). Briefly, human HIV-1 IgG was

coated on wells of a 96-well polystyrene plate at 5 µg/mL at 4 ◦C
overnight, and then the plate was blocked with 5 % nonfat milk at 37 ◦C
for 2 h. The collected supernatants were added to the plate and incu-
bated at 37 ◦C for 1 h. Then, mouse anti-p24 monoclonal antibody 183
was added and incubated for another 1 h. Following this,
HRP-conjugated Rabbit anti-mouse IgG (Dako, Denmark) was used to
detect p24 antigen levels. TMB and H2O2 were used to visualize the
enzyme-linked reaction according to the previous description.

2.7. Inactivation of HIV-1 virions

The effect of Nb-172 on mD1.22-mediated HIV-1 inactivation ac-
tivity was determined, as previously described (Su, et al., 2017). Briefly,
Nb-172 and mD1.22 were serially diluted 1:4 before mixing with 500
TCID50 HIV-1 at equivalent volume and incubated at 4 ◦C for 1 h. Then,
PEG-6000 was added to the mixture at a final concentration of 3 % to
precipitate the virus at 4 ◦C for 1 h. After that, the mixture was centri-
fuged at 13,000 rpm for 30 min and washed 3 times with 3 % PEG
containing 10 mg/mL BSA. The virus pellet was resuspended with RPMI-
1640 medium and cultured with MT-2 cells (X4 virus) or CEMx174 5.25
M7 cells (R5 virus). After a 5-day incubation, the supernatants were
collected, treated with 5 % TritonX-100, and tested for p24 expression
level with ELISA as described previously.

2.8. Bio-layer interferometry (BLI)

The binding kinetics between Nb-172 and N63-trimer protein was
measured by BLI on an Octet-RED96 (ForteBio, USA). N63-trimer-Fc was
loaded onto anti-human IgG Fc capture-coated (AHC) biosensors at 10
μg/mL. Nb-172 and D5 scFv were serially diluted 1:3, starting at 1 μM,
with PBST. After association for 300 s, the antigen-immobilized sensors
were immersed in PBST for another 300 s for dissociation. All curves
were fitted with 1:1 binding model, and KD values were determined, but
only if R2 values > 95 % confidence level.

2.9. Native polyacrylamide gel electrophoresis (N-PAGE)

The blocking effect of Nb172 on the formation of 6-HB by C34 and
N36 was confirmed by N-PAGE as previously described (Yu, et al.,
2013). Serially diluted Nb-172 was incubated with an equal volume of
N36 peptide (20 µM) at 37 ◦C for 1 h. C34 peptide was then added to the
mixture at a final concentration of 5 µM and incubated at 37 ◦C for 0.5 h.
Then the mixture was loaded on a Tris-glycine gel, followed by elec-
trophoresis for 2 h before visualization by Coomassie blue.

2.10. Statistical analysis

Statistical analysis was conducted by GraphPad Prism 9.0. Statistical
significance between different groups was established using two-way
ANOVA, and a p-value below 0.05 was considered significant; * p <

0.05.

2.11. Combination index (CI)

The CI of mD1.22 and Nb-172 against different HIV-1 strains was
calculated using the CalcuSyn program (Biosoft, Ferguson, MO, USA). CI
< 1 represents the effect of synergism, and 0.1 < CI < 0.3, 0.3 < CI <
0.7, 0.7 < CI < 0.85, and 0.85 < CI < 0.9 indicate strong synergism,
synergism, moderate synergism, and slight synergism, respectively.

3. Results

3.1. Isolation of HIV-1 gp41 NHR-binding nanobodies

To obtain nanobodies targeting HIV-1 gp41 NHR, we used covNHR-
VQ, a reported engineered trimeric protein based on NHR sequence

L. Sun et al.
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(Jurado, et al., 2019) to immunize alpaca (Fig. 1A) based on a 9-week
immunization schedule. The immunogen covNHR-VQ was successfully
expressed in E. coli and purified (Fig. 1B). After the 4th immunization,
high levels of covNHR-VQ-specific antibodies were detected in alpaca
serum (Fig. 1C) and showed a significant difference compared to
pre-immunization levels. To detect whether the immunized alpaca
produced HIV-1 neutralizing antibodies, we detected the HIV-1
neutralizing titers in alpaca serum. Neutralization titer of alpaca
serum against HIV-1 laboratory-adapted strain Bal (R5) was not detec-
ted at 37 ◦C (Fig. 1D), which could be attributed to the natural heavy
chain-only antibody (HCAb) with a molecular weight of approximately
100 KD in alpaca that could not penetrate the steric hindrance caused by

conformational changes during the fusion process (Hamers-Casterman,
et al., 1993). Previously, Golding et al. (Golding, et al., 2002) demon-
strated that a temperature of 31.5 ◦C could slow down the transition of
gp41 from the pre-hairpin intermediate state to the post-hairpin fusion
state, which allowed accumulation of more advanced gp41 fusion in-
termediates. As suspected, the immunized alpaca serum did show
neutralizing activity at 31.5 ◦C (Fig. 1E). Thus, we isolated the periph-
eral blood mononuclear cells (PBMCs) of alpaca, extracted total RNA,
and constructed a phage library against covNHR-VQ with a capacity of
1.02 × 109 clones (Fig. 1F). The positive phage was screened by three
rounds of ELISA, and the sequences of nanobodies were compared and
sorted. After removing similar sequences and performing

Fig. 1. Nanobodies targeting NHR were obtained by immunizing alpaca with NHR-trimer mimic covNHR-VQ. (A) Domain distribution of HIV-1 gp41 and sequences
of NHR-derived proteins. HIV-1 gp41 is composed of 345 amino acid residues, corresponding to residues 512–856 of HXB2 gp160. It consists of an extracellular
domain, a transmembrane domain (TM) and a cytoplasmic domain (CP). The extracellular domain of HIV gp41 contains three important functional domains: fusion
peptide (FP), N-terminal heptapeptide repeat (NHR) and C-terminal heptapeptide repeat (CHR). GIV motif (aa 547–556) and pocket-forming sequence (aa 566–583)
in the NHR and pocket-binding domain (aa 628–635) and lipid binding domain (aa 659–666) in the CHR are labeled. (B) Analysis of covNHR-VQ with SDS-PAGE. (C)
The titer of covNHR-VQ-specific antibody in alpaca serum after 4 times immunization. (D-E) Neutralizing titer of alpaca serum against HIV-1 Bal at 37 ◦C and 31.5 ◦C.
(F) Schematic illustration of phage display strategy to screen NHR-specific nanobodies. The total RNA of alpaca PBMCs was extracted to synthesize cDNA. Nanobody
gene fragment was amplified by nested PCR and expressed in a phage library. The covNHR-VQ-specific nanobodies were screened through ELISA and expressed in
Bacillus. (G) Analysis of nanobodies with SDS-PAGE. Biological replicates in one experiment were used for statistical analysis. Two-way ANOVA was used in the
statistical analysis. * and NS mean p < 0. 05 and no statistical significance, respectively.
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complementarity-determining region (CDR) analysis, 11 specific clones
of different sequences were screened out. We successfully expressed
these specific nanobodies using prokaryotic expression, which displayed
dominant bands in the SDS-PAGE with a molecular weight of approxi-
mately 15 KD (Fig. 1G).

3.2. NHR-binding nanobodies showed neutralizing activity against HIV-1

To determine whether nanobodies could bind to the NHR trimer, we
fused the trimerization motif of T4 bacteriophage fibritin-foldon to the
C-terminus of NHR-derived peptide N63 to generate an N63-trimer, as
previously described (Bi, et al., 2022). It contains all sequences of the
gp41 NHR motif (Fig. 1A), which can better mimic the natural confor-
mation of the NHR trimer. The affinity of nanobodies to the N63 trimeric
protein was identified using ELISA. Most nanobodies showed
concentration-dependent binding to the N63-trimer. However, some
nanobodies, such as Nb-162, Nb-172, and Nb-187, exhibited much
stronger affinity to the N63-trimer with no decrease in their binding
ability observed within the detection concentration range (Fig. 2A).
However, only Nb-117, Nb-145, Nb-162, Nb-172, Nb-187, and Nb-190
could neutralize HIV-1 Bal infection within the detection concentra-
tion range, while Nb-162 and Nb-172 showed the strongest neutralizing
activity with IC50 (half maximal inhibitory concentration) values of 1.19
and 0.33 μM, respectively (Fig. 2B).

3.3. Nb-172 exhibited broad and potent neutralizing activity against HIV-
1

To study the inhibitory spectrum of Nb-162 and Nb-172 on different
HIV-1 stains, we evaluated the antiviral activity of Nb-162 and Nb-172
against pseudoviruses carrying Env of a panel of HIV-1 strains.
Compared with D5 scFv, a single-chain antibody fragment targeting
NHR (Miller, et al., 2005), both nanobodies showed a stronger ability to
inhibit pseudovirus entry. Between the two, Nb-172 showed better
neutralizing ability against HIV-1 pseudoviruses with IC50 of 0.15~1.59
μM (Table 1). Then, we evaluated the antiviral activity of nanobodies
against some HIV-1 primary isolates, including 92UG024 (D, X4),
92UG029 (A, X4), and 93/BR/020 (F, X4/R5). Similar to D5 scFv,
Nb-162 exhibited antiviral activity against all these HIV-1 clinical iso-
lates, but Nb-172 could significantly suppress HIV-1 infection with an
IC50 of 0.21–0.34 μM, approximately 3- to 5-fold more potency than that
of D5 scFv (Fig. 3A-C). Next, we assessed the antiviral activity of Nb-172
against T20-resistant HIV-1 strains. As shown in Table 2, Nb-172 was
highly effective against T20-resistant strains with IC50 ranging from 0.10
to 0.54 μM. These results demonstrate that Nb-172 exhibited potent and
broadly neutralizing activity against HIV-1 pseudoviruses, HIV-1 pri-
mary isolates, and T20-resistant strains.

3.4. Combinatorial use of mD1.22 and Nb-172 exhibited synergism in
inhibiting HIV-1 infection

Previous studies revealed the potential synergism between a gp120-
inhibitor and a gp41-binding antibody when combined to inhibit HIV-1
infection (Wang, et al., 2021). MD1.22 is a soluble CD4 subunit D1
analog with high solubility and stability in a neutral environment, and it
can inhibit a variety of HIV-1 strains in the low nanomole range (Chen,
et al., 2014). Based on this finding, we reasoned that mD1.22 and
Nb-172 used in combination might have the same result as the example
above. Accordingly, we measured the inhibitory activity of mD1.22 and
Nb-172 against HIV-1 clinical isolates. The results showed that mD1.22
and Nb-172 used in combination did exhibit a potent synergistic effect
on inhibiting infection of different HIV-1 primary isolates with CI values
of 0.24, 0.34, and 0.45, respectively. The IC50 values of mD1.22 and
Nb-172 in combination against different HIV-1 strains increased from
2.03- to 24.75-fold and 2.02- to 33.69-fold, respectively (Table 3). These
results indicate that the combined use of mD1.22 and Nb-172 can
improve anti-HIV activity.

3.5. Combinatorial use of mD1.22 and Nb-172 exhibited synergism in
inactivating HIV-1 virion

Although Nb-172 targeting the NHR can inhibit HIV-1 entry into the
cell, it cannot inactivate cell-free HIV-1 virions. Notably, our previous
study has shown that the gp41-targeting D5 scFv, in combination with a
gp120-targeting protein mD1.22, could enhance the inactivation activ-
ity mediated by mD1.22 (Wang, et al., 2021). Similarly, here we found
that the combination of Nb-172 in its combination with mD1.22 could
also enhance the inactivation activity of mD1.22, with the half-maximal
effective concentration (EC50) of mD1.22 in the combination of 0.78,
3.47, and 0.15 nM, respectively, in inactivating HIV-1 92UG024,
92UG029, and 93/BR/020 virions, with EC50 values of mD1.22 alone of
2.07, 9.47, and 0.40 nM, about 1.7-fold more potent than mD1.22 alone,
while Nb-172 alone had no inactivation activity at the concentration up
to 250 nM (Fig. 4A-C). These results provide evidence that the combi-
natorial use of the gp41-binding nanobody Nb-172 and gp120-binding
protein mD1.22 could enhance the total inactivation effect on cell-free
HIV-1 virions.

Fig. 2. NHR affinity and anti-HIV-1 activity of nanobodies. (A) Binding ability of nanobodies to N63-trimer. (B) Antiviral activity of nanobodies against HIV-1
laboratory-adapted strain Bal.

Table 1
Neutralizing activity of Nb-162 and Nb-172 against HIV-1 pseudoviruses.

strain subtype tier IC50 (µM) IC50 (µM) IC50 (μM)
Nb-162 Nb-172 D5 scFv

TRO_11 B 2 1.41 0.90 4.91
CH119 CRF07_BC 2 >5 1.59 >5
G clone 252 G 2 0.45 0.20 4.43
CRF02_AG clone 278 CRF02_AG 3 0.37 0.15 0.73
PVO clone 4 B 3 0.72 0.28 1.67
BJOX002000 CRF07_BC – 2.52 0.88 3.87
HXB2 B – 3.71 0.29 0.71
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3.6. Nb-172 inhibited 6-HB formation by binding to the hydrophobic
pocket of NHR

To find the potential antiviral mechanism of Nb-172, we first used
BLI to determine the binding ability of Nb-172 to the gp41 NHR-trimer.
Nb-172 showed potent binding ability to N63-trimer, compared to that
of D5 scFv, with KD value of 24.5 nM (Fig. 5A and B). Further, we
examined the binding ability of Nb-172 to IQN17, a trimeric peptide that
can present the hydrophobic coiled-coil pocket of gp41 NHR, as
described previously (Eckert, et al., 1999). D5 scFv, which targets the
highly conserved gp41 NHR hydrophobic pocket (Miller, et al., 2005),

was used as a control. The binding of Nb-172 to IQN17 peptide was
concentration-dependent, but compared with D5 scFv, Nb-172 dis-
played a relatively weaker affinity to IQN17 (Fig. 5C), suggesting that
the target of Nb-172 may not completely coincide with that of D5 scFv.
Then, we evaluated the ability of Nb-172 and CHR-derived peptides C34
and T20 to competitively bind to HIV-1 gp41 NHR. As shown in Fig. 5D,
C34 peptide blocked the binding of Nb-172 to N63-timer in a
concentration-dependent manner, suggesting that the binding epitope of
Nb-172 and C34 may overlap. However, the presence of T20 had little
effect on the binding of Nb-172 to N63-trimer, indicating that the key
binding region of Nb-172 consists of residues in the hydrophobic pocket
of NHR, rather than the main binding site of T20 (Fig. 1E), corre-
sponding to the result in which Nb-172 showed neutralizing activity
against T20-resistant HIV-1 strains with mutations in NHR. These results
indicate that Nb-172 can competitively bind to NHR, preventing its
interaction with CHR to form the 6-HB. Not surprisingly, native PAGE
results confirmed that Nb-172 could block the interaction of N36 and
C34 peptides to form 6-HB (Fig. S1).
Finally, AlphaFold3 (Abramson, et al., 2024) was used to predict the

structure of the N63 trimer in complex with Nb-172. As shown in Fig. 5F,
Nb-172 binds to residues L29-A51 of N63 (557–579 of gp41 NHR)
mainly through its CDR2 and CDR3. In addition, Nb-172 can block the

Fig. 3. Antiviral activity of Nb-162 and Nb-172 against HIV-1 primary isolates. Neutralizing activity of nanobodies against infection by HIV-1 clinical isolates
92UG024 (A), 92UG029 (B), and 93/BR/020 (C).

Table 2
Neutralizing activity of Nb-172 against T20-resistant HIV-1 strains.

Virus strain IC50 (Mean ± SD) (µM)

Nb-162 Nb-172 T20

WT >10 0.20±0.05 0.01±0.00
N42T, N43K 1.43±0.44 0.54±0.13 >1
V38E, N42S 2.29±1.72 0.10±0.01 >1
V38A, N42T >10 0.24±0.13 0.60±0.28

Notes: WT, HIV-1 NL4–3 D36G.

Table 3
Combinatorial use of mD1.22 and Nb-172 to inhibit infection by HIV-1 primary isolates.

Virus strain CI mD1.22 Nb-172

IC50 (nM) Fold of enhancement IC50 (nM) Fold of enhancement

Alone In combination Alone In combination

92UG024 0.24 9.0 1.2 6.50 207.7 27.6 6.53
92UG029 0.34 10.0 3.3 2.03 211.0 69.8 2.02
93/BR/020 0.45 10.3 0.4 24.75 336.5 9.7 33.69

Fig. 4. Inactivation activity of mD1.22 and Nb-172 in combination against HIV-1 virions. Inactivation activity of Nb-172 and mD1.22 against cell-free HIV-1
92UG024 (A), 92UG029 (B), and 93/BR/020 (C) virions.
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NHR- CHR interface by binding to the region on the N63-trimer that
overlaps with the C34 peptide (Fig. 5G and 5H), coinciding with the
above results. Notably, in the complex structure, many residues within
the binding region exhibited pLDDT (predicted local distance difference
test) scores above 70, indicating a high level of model confidence in the
predictions made by AlphaFold3. All these results suggest that Nb-172
can competitively bind to the NHR hydrophobic pocket and interfere
with the formation of 6-HB.

4. Discussion

Gp41 is a promising target for HIV vaccine development and anti-
body drug design by the highly conserved sequences of FP, MPER, and
NHR regions. These conserved regions of gp41 play a critical role in
conformational changes, transforming the natural pre-fusion gp41

structure into post-fusion conformation (Caillat, et al., 2020). However,
most antibodies against gp41 induced during natural infection are
non-neutralizing (Tomaras, et al., 2008). Some monoclonal antibodies
targeting the MPER of gp41 have shown potent anti-HIV-1 activity, such
as 2F5, 4E10, and 10E8 (Huang, et al., 2012; Yang, et al., 2013), but it is
hard to induce these bNAbs by immunization with immunogens con-
taining the MPER sequence (Liu, et al., 2018). Apparently, the recently
reported MPER peptide-liposome immunization strategy is expected to
change this situation (Williams, et al., 2024). Meanwhile, few successful
immunization cases are known to effectively stimulate specific anti-
bodies targeting NHR.
Nelson et al. (Nelson, et al., 2008) obtained mAb 8K8-scFv by

immunizing rabbits with an NHR coiled-coil mimic, N35CCG-N13, which
had anti-HIV-1 activity, but did not inhibit the formation of 6-HB. In
spite of its limited potency, this work does confirm that neutralizing Abs

Fig. 5. Nb-172 inhibited the formation of 6-HB by binding to the hydrophobic pocket of NHR. (A-B) N63-trimer affinity of Nb-172 and D5 scFv. (C) Binding ability of
Nb-172 to IQN17 peptide. (D) Nb-172 competitively binds to N63-trimer with CHR-derived peptides. (E) Schematic representation of interaction between gp41 NHR
and CHR. The CHR sequence has been reversed to illustrate the NHR-CHR interactions through residues at the a and d sites and the e and g sites. Residues that make
up the hydrophobic pocket are highlighted in red. The potential binding site of Nb172 is represented by underscore. (F) Predicted structure of the N63-trimer in
complex with Nb-172 by AlphaFold3. (G) Structure of N63-trimer and C34. (H) Binding region of Nb-172 overlaps with that of C34.
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can be elicited by NHR trimer alone. The structure of the HIV-1 gp41
post-fusion bundle shows a prominent hydrophobic pocket in the NHR
trimer, consisting of seven discontinuous residues, including L568,
V570, W571, K574, Q575, Q577, and R579 (Bruun, et al., 2023; Chan,
et al., 1997). The hydrophobic pocket region is essential for the binding
of CHR and NHR to form a hairpin-like six-helix bundle in which amino
acid mutations can seriously increase the infectivity of HIV-1, thus
making it an ideal conserved target for antibody drug design (Cao, et al.,
1993). However, it is hard for IgG molecules to break the steric hin-
drance generated by conformational alteration in the fusion process to
then bind tightly to NHR (Corti, et al., 2010).
However, in this study, we reported a nanobody, termed as Nb-172,

targeting the pocket region of gp41 NHR by immunizing alpaca with an
NHR-trimer mimic. Nb-172 shows broadly neutralizing ability against
HIV-1 pseudoviruses with IC50 that ranges from 0.15 to 1.59 μM and
potent antiviral activity against HIV-1 primary isolates with IC50 that
ranges from 0.21~0.34 μM. Moreover, Nb-172 was highly effective
against T20-resistant strains with IC50 ranging from 0.10 to 0.54 μM,
showing more potency than D5 scFv (Miller, et al., 2005). The binding of
CD4 mimics to gp120 CD4-binding site (CD4bs) can cause conforma-
tional changes to expose co-receptor binding sites and induce the for-
mation of gp41 pre-hairpin fusion intermediate with NHR hydrophobic
groove and pocket exposed (Haim, et al., 2009), and the gp41-targeting
peptide or scFv can enhance the inactivation activity mediated by the
gp120-targeting protein (Wang, et al., 2021, 2022). Here, we found that
combinatorial use of CD4 mimic mD1.22 and nanobody Nb-172
exhibited a significant synergistic effect in that the IC50 values of
mD1.22 and Nb-172 in combination against different HIV-1 strains were
significantly enhanced, increasing from 2.03- to 24.75-fold, and 2.02- to
33.69-fold, respectively. Nb-172 also promoted the efficiency of mD1.22
to inactivate cell-free virions, with EC50 values increasing by 1.65- to
1.73-fold. In addition, C34 blocked the binding of N172 to N63-trimer in
a concentration-dependent manner, indicating that the binding epitope
of Nb-172 and C34may overlap. Previously, Strokappe et al. (Strokappe,
et al., 2012, 2019) screened a nanobody, termed as 2E7, targeting gp41
NHR by immunizing alpaca with gp140, and it exhibited anti-HIV ac-
tivity similar to that of Nb-172. However, unlike 2E7, Nb-172 binds with
the region comprised of residues 557 to 579, containing a hydrophobic
pocket of NHR, while 2E7 binds to residues 583–596 outside the pocket
region. Since the hydrophobic pocket is crucial for 6-HB formation,
Nb-172 stands out as a promising candidate for development as a ther-
apeutic antibody.
In summary, we are the first to report an alpaca-derived single-

domain antibody Nb-172 targeting the hydrophobic pocket region of
gp41 NHR, which shows broad anti-HIV-1 activity and exhibits syner-
gism in combinatorial use with mD1.22. We acknowledge some limita-
tions in this study. For example, the accurate target sites of Nb-172 need
to be further analyzed by the crystal structure obtained from X-ray
diffraction. As a nanobody, Nb-172 demonstrates strong immunoge-
nicity. Therefore, further humanization is necessary to ensure the safety
and efficacy of therapeutics.
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