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ARTICLE INFO ABSTRACT

Keywords: The viral envelope glycoprotein (Env) mediates HIV entry to the cell. During this process, its gp41 subunits must
F“Si“’f‘ inhibitors assemble into a highly stable six-helix bundle (6HB) by association between their N-terminal and C-terminal
Antivirals heptad repeats (NHR or HR1 and CHR or HR2, respectively), bringing the viral and cell membranes into close

Chimeric proteins proximity. Further interactions involving the gp41 fusion peptide and the membrane proximal external region

(MPER) facilitate membrane fusion. Disrupting 6HB formation is a strategy to inhibit HIV. Previously, we re-
ported chimeric miniproteins (termed covNHR-N) that mimic the first half of gp41 NHR and potently inhibit HIV-
1. Stabilization of these miniproteins with disulfide bonds was essential for high inhibitory activity. Here, we
introduce newly designed covNHR-N miniproteins, further stabilized by polar-to-hydrophobic mutations.
Moreover, we incorporated additional structural motifs that interact with the MPER, a target of broadly
neutralizing antibodies (bNAbs). These novel miniproteins showed increased binding affinity for gp41-derived
peptides and improved HIV-1 inhibitory activity, particularly against infectious primary viruses on peripheral
blood mononuclear cells (PBMC). Furthermore, they exhibited strong synergy with bNAbs and reduced HIV-1
replication in ex vivo experiments with cells from infected donors. These miniproteins could be developed as
part of drug compositions against HIV-1.

1. Introduction rate of new infections remains remarkably high, with 1.0-1.7 million
cases per year [1]. Despite decades of efforts to develop an effective,

HIV-1 infection continues to be a global health issue, with >37 safe, and affordable HIV vaccine, only a few vaccine candidates have
millions of people living with the virus, and over 600,000 deaths per reached phases IIb or III of clinical trials, with little to no efficacy [2].
year, directly or indirectly associated with the infection. AIDS remains Meanwhile, antiretroviral therapies (ART) have significantly improved
one of the leading causes of death in underdeveloped countries, and the the life expectancy of HIV-infected patients by reducing the viral load to
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undetectable levels, keeping the virus latent and integrated into the DNA
of infected cells, and turning AIDS into a chronic disease [3]. Never-
theless, the emergence of multidrug-resistant viral strains and, in some
cases, serious drug interactions necessitate expanding the repertoire of
therapeutic approaches targeting different stages of the HIV-1 replica-
tion cycle.

A widely pursued strategy to combat HIV-1 is inhibiting its entry into
the cells mediated by the envelope glycoprotein (Env). Inhibiting viral
entry before integration is highly recommended to prevent the estab-
lishment of new viral reservoirs, one of the major challenges for
achieving HIV cure. Env is a non-covalently associated trimer of heter-
odimers composed of two glycoprotein subunits, gp120 and gp41, which
decorate the viral membrane [4]. In its pre-fusion state, the three gp120
subunits cover the transmembrane gp41 subunits, stabilizing them in a
closed, spring-loaded metastable conformation. Attachment of the virus
to the host cell begins with gp120 binding to the CD4 receptor. This
event induces a secondary binding to a co-receptor (CCR5 or CXCR4),
which triggers gp41 release and the insertion of its N-terminal fusion
peptide (FP) into the cell membrane. This is followed by a series of
conformational changes that ultimately lead to the formation of a more
energetically favorable conformation, known as the 6-helix bundle
(6HB), formed by the N-terminal heptad repeat (NHR or HR1) and C-
terminal heptad repeat (CHR or HR2) regions of gp4l. In this 6HB
structure, three CHR regions associate externally over an inner helical
coiled-coil NHR trimer in an antiparallel orientation, thus bringing the
viral and host-cell membranes into proximity. The helical zippering
between NHR and CHR extends toward the membrane external proximal
region (MPER) and the fusion peptide proximal region (FPPR) of gp41,
promoting lipid mixing and eventually causing membrane fusion.
Consequently, compounds that interact with these gp41 regions inter-
fere with this key process and thereby constitute HIV fusion inhibitors.

HIV-1 infection rapidly elicits non-neutralizing antibodies (Abs)
within just a week, while neutralizing antibodies against variable re-
gions of gp120 emerge between 3 to 12 months. The virus readily es-
capes the selection pressure exerted by strain-specific Ab responses.
Only a small percentage of infected people develop potent Ab responses
of the type associated with the most effective broadly neutralizing Abs
(bNAbs). These bNAbs recognize a few conserved epitopes shared across
virus subtypes and isolates, including the variable loops at the trimer
apex, the CD4 binding site, a gp120 glycan epitope, the gp120-gp41
interface, and the gp41 MPER [5,6]. Passive immunotherapy based on
bNADbs is a promising strategy for treating or preventing HIV-1 infection,
and some of these Abs have advanced to clinical trials [7]. They are
being tested in “shock and kill” strategies, to suppress HIV rebound
following treatment with latency-reversing agents (LRAs) [8]. However,
serious challenges remain, such as viral load rebound, the emergence of
bNAb-resistant strains, and reduced efficacy in cell-to-cell transmission.

Due to its key role in the fusion process and high sequence preser-
vation, the gp41 MPER contains highly pursued epitopes for HIV
neutralization mediated by antibodies [9,10]. Among these, 2F5 and
4E10 have been studied for decades as leads for vaccine design. These
bNADbs recognize their MPER epitopes aided by their binding to the viral
membrane through their long CDR H3 loops [11]. Despite extensive
efforts, no vaccine or immunization strategy has induced robust MPER
bNAD responses. To explain this, it has been argued that the MPER is
highly flexible, conformationally complex [12], and sterically con-
strained [13], making immunogen design targeting these epitopes
particularly challenging.

We have previously shown that the C-terminal half of CHR, located
immediately upstream of the MPER, can be targeted by small chimeric
proteins (named covNHR-N) that mimic the gp41 NHR in a stabilized
three-helix bundle conformation [14]. The small size of these mini-
proteins (approximately 12 kDa) makes them particularly suitable for
accessing CHR epitopes that are partially occluded by glycans and ste-
rically constrained by the narrow ectodomain-membrane space. We
demonstrated that the inhibitory activity of these miniproteins does not
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rely on the interaction involving the conserved NHR hydrophobic
pocket and the CHR pocket-binding domain [15], but solely on their
binding to the C-terminal half of CHR, which is also highly conserved
(Fig. S1). Moreover, the inhibitory potency of these small NHR mimics is
strongly correlated with their structural stability [16].

In this work, we further stabilized the covNHR-N miniprotein by
substituting three buried glutamine residues with isoleucine, resulting in
a hyper stable miniprotein. Subsequently, we used this miniprotein as a
stable scaffold to graft additional FPPR motifs, extending its interaction
toward the gp4l MPER region. The newly designed miniproteins
exhibited enhanced binding affinity for a modified version of the T20
peptide (enfuvirtide) [17], which includes part of the MPER. All mini-
proteins demonstrated potent and broad HIV inhibitory activity in
standard in-vitro cell infection assays. Remarkably, the inhibitory ac-
tivity of the miniproteins was especially high against the infection of
peripheral blood mononuclear cells (PBMC) with primary virus isolates,
showing efficacy comparable to that of the best bNAbs. Additionally, the
miniproteins inhibited virus reactivated ex vivo from CD4 T cells isolated
from HIV infected patients. Furthermore, they exhibited considerable
synergy with bNAbs in combination inhibition assays. These results
highlight the potential of these miniproteins as highly promising anti-
HIV molecules.

2. Materials and methods
2.1. Protein and peptide samples

Modelling was carried out using SwissPDBviewer [18] and YASARA
Structure [19], using as a template the previously reported crystallo-
graphic structure of the complex between the C34 peptide and a covNHR
protein (PDB entry 6R2G) [20]. Miniproteins mimicking the N-terminal
half of gp41 NHR had been previously modelled, incorporating disulfide
bonds that tether each loop to its neighboring chain end (covNHR-N-
dSS) [16]. Stabilizing mutations and FPPR extensions were computa-
tionally designed, as described in more detail in the Results section and
Supplementary Appendix S1. The amino acid sequences of the mini-
proteins and their physical properties are listed in Tables S1 and S2.
Alphafold 2 was used via the Colabfold server [21] to predict the three-
dimensional structures of the miniproteins.

The DNA encoding the sequences of the miniproteins were synthe-
sized and cloned into pET303 expression vectors (Thermo Fisher Sci-
entific, Waltham MA). The sequences (Table S1 in the Supplementary
Information) included an N-terminal methionine and a C-terminal six-
histidine tag, with the sequence GGGGSHHHHHH. The proteins were
overexpressed in E. coli BL21 (DE3) cells transformed with the plasmids.
Protein purification was performed using nickel-tag affinity (NTA)
chromatography, followed by cation exchange chromatography, as
previously described [22]. The purity and identity of the proteins were
assessed by SDS-PAGE and mass spectrometry. Pure protein aliquots
were stored frozen at —80 °C. For biophysical characterization, the
protein solutions were extensively dialyzed against the appropriate
buffer and centrifuged at 4 °C for 30 min in a benchtop microcentrifuge
before concentration measurement.

Synthetic peptides derived from the gp41 CHR sequence were ob-
tained from Genecust (Boynes, France) with a purity >95 %, in N-
acetylated and C-amidated form. Stock peptide solutions were freshly
prepared by weighing the required amount of lyophilized peptide and
dissolving it in the appropriate buffer. Thereafter, the pH was measured
and adjusted, if necessary, using diluted HCl or NaOH, followed by
centrifugation at 4 °C for 30 min in a microcentrifuge to remove any
insoluble material. The final peptide concentration was measured
spectrophotometrically. Protein-peptide mixtures were prepared by
adding the required volume of peptide stock solution to the previously
prepared protein sample. Protein and peptide concentrations were
measured by UV absorption at 280 nm, using extinction coefficients
calculated based on their respective amino acid sequences with the
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ExPasy ProtParam web server (https://web.expasy.org/protparam/
accessed on 5 February 2024) [23]. However, the T20-4R peptide
exhibited anomalous UV absorption at pH 3.0, requiring its extinction
coefficient to be corrected by a factor of 1.45, as determined by NMR
using potassium hydrogen phthalate as an internal reference. All sam-
ples were freshly prepared and immediately used in experiments.

2.2. Circular dichroism (CD)

CD spectra were recorded in a Jasco J-715 spectropolarimeter
(Jasco, Tokyo, Japan) equipped with a Peltier thermostatic cell holder.
Far-UV CD spectra (260-200 nm) were measured using a 1-mm path-
length quartz cuvette at a protein concentration of approximately 15
pM. Spectra were recorded at a scan rate of 100 nm/min, 1-nm step
resolution, 1-s response, and 1-nm bandwidth. The resulting spectra
were usually the average of five scans. For thermal melting experiments,
the CD signal was monitored as a function of temperature at 222 nm.
Each spectrum was baseline-corrected by subtracting the blank spec-
trum obtained with the buffer. Finally, the CD signal was normalized to
molar ellipticity ([0], in deg.-dmol™*.cm?). Binding experiments with
CHR peptides were conducted at a 1:2 molar ratio between the proteins
and the corresponding peptide.

2.3. Dynamic light scattering (DLS)

Particle size distributions of the covNHR-N miniproteins were
assessed by DLS measurements using a DynaPro MS-X instrument
(Wyatt, Santa Barbara, CA, USA). DLS data were measured at 25 °C with
an average number of 50 acquisitions and an acquisition time of 10 s.

2.4. Differential scanning calorimetry (DSC)

DSC experiments were carried out in PEAQ-DSC or VP-DSC micro-
calorimeters equipped with autosamplers (Malvern Panalytical, Mal-
vern, UK). Scans were typically performed from 5 to 120 °C, at a scan
rate of 90 °C-h™ ! and a protein concentration of 30 pM, unless stated
specifically. Instrumental baselines were recorded before each experi-
ment with both cells filled with buffer and subtracted from the experi-
mental thermograms of the protein samples. Consecutive reheating runs
were performed to assess the reversibility of thermal denaturation. The
excess heat capacity (ACp) relative to the buffer was calculated from the
experimental DSC thermograms using Origin software (OriginLab,
Northampton, MA) and normalized per mole of protein. In experiments
with protein-peptide mixtures, the excess heat capacity of the free
peptide was measured independently and subtracted from the thermo-
grams of the mixtures.

2.5. Isothermal titration calorimetry

ITC measurements were carried out using a Microcal VP-ITC
microcalorimeter (Malvern Instruments, Worcestershire, UK). The pro-
tein solutions were typically titrated with 25-30 injections of 7.5 pL of
the peptide solution at 480 s intervals. Protein concentration in the cell
was ~10 to 15 pM, while the ligands in the syringe were typically ~125
uM for T20-4R and ~ 180 pM for Y24L. The experiments were carried
out in 50 mM sodium phosphate buffer, pH 7.4, or 50 mM glycine/HCl
buffer, pH 3.0, at 25 °C, as stated in each experiment. The experimental
thermograms were baseline corrected, and the peaks were integrated to
determine the heats produced by each ligand injection. Each heat was
then normalized per mole of added ligand. The resulting binding iso-
therms were fit using a binding model of identical and independent sites,
allowing the determination of the binding constant, Ky, the binding
enthalpy, AHy, and the binding stoichiometry, n, for each interaction.
The heat of dilution of the ligand was estimated from the final heats of
the titrations, once the protein was saturated, and included as a fitting
parameter. From the fitting parameters, the Gibbs energy and entropy of
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binding could be derived as AG, = —RT-In Ky, and T-AS, = AHp, — AGy,.
2.6. X-ray crystallography

Freshly purified Q23I-ex2 was dialyzed against 10 mM Tris pH 7.5
buffer and concentrated to 5 mg-mL~!. Crystallization conditions were
screened by the sitting-drop vapor-diffusion method using commercial
screening kits Structure 1 and 2 Eco Screen from Molecular Dimensions
(Suffolk, UK). 2 pL of complex solution and 2 pL of reservoir solution
were mixed and equilibrated at 298 K against 200 pL reservoir solution
in 48-well MRC Maxi Optimization plates (Cambridge, UK). Several
favorable conditions were identified and further optimized to obtain
protein crystals. The best diffracting crystals were obtained in 0.1 M
sodium phosphate monobasic monohydrate, 0.1 M potassium mono-
basic phosphate, and 2 M sodium chloride.

Before data collection, Q23I-ex2 crystals were soaked in a cryopro-
tectant solution (30 % PEG200) and flash-cooled in liquid nitrogen. Data
sets were collected at 100 K at the beamline XALOC at the ALBA syn-
chrotron (Barcelona, Spain), using a wavelength of 0.979 A [24].
Diffraction data were indexed and integrated with XDS in the AutoPROC
toolbox [25]. Data scaling was performed using the program Aimless
from the CCP4 suite [26]. Data collection statistics are shown in
Table S3. Solution and refinement of the structures were performed
using the PHENIX suite [27]. Molecular-replacement phasing using
PHASER [28] was performed with the coordinates of the crystallo-
graphic structure of covNHR in complex with the synthetic CHR peptide
C34 (PDB entry 6R2G [20]). Manual model building was performed
using COOT [29]. Refinement was performed using phenix.refine in
PHENIX [30]. To model flexible regions of the protein, ensemble
refinement (ER) was performed with phenix.ensemble_refinement [31].
ER is a structure determination method that samples alternate confor-
mations through molecular-dynamics (MD) simulations that are
restrained by crystallographic data, and generates structural ensembles
that better represent the conformational diversity of biomolecules
compared to traditional single-structure models. For this purpose, the
refined final model was used as initial coordinates, and the resulting 100
models were analyzed. The quality of the structure was checked using
Molprobity [32]. Structural refinement statistics are collected in
Table S3. All residues fall within the allowed region of the Ramachan-
dran plot. The protein coordinates were deposited at the Protein Data
Bank under the accession code 9HS7.

2.7. Binding assays to Env spike

The capacity of the covNHR miniproteins to bind soluble HIV-1 en-
velope protein (Env) was determined by ELISA, as previously described
[14]. Briefly, 96-well ELISA plates (Maxisorp, Nunc) were coated at 4 °C
overnight with 0.5 pg/mL Env gp160 MN/LAI (a hybrid oligomeric
gp160 Env with gp120 derived from HIV-1 MN and gp41 derived from
HIV-1 LAI). After washing and saturation with 2 % BSA, 0.05 % Tween
in PBS for 1.5 h at 25 °C, 0.02 pM of covNHR molecules were added and
incubated for 2 h at room temperature. The plate was then washed five
times and covNHR binding was detected with 100 pL anti-6x His-tag
antibody conjugated to horseradish peroxidase (HRP) (Abcam, Cam-
bridge, UK). Antibody binding was then revealed with tetrame-
thylbenzidine (TMB) substrate buffer, the reaction was stopped with 1 M
H2SO4 and optical density was read at 450 nm with a Molecular Device
Plate Reader equipped with SoftMax Pro 6 program. Background bind-
ing was measured in plates without Env and subtracted from the data.
The percentage of binding was calculated using the readings with wells
coated with His-tagged Env incubated with PBS buffer instead of
covNHR-N molecules as a control for 100 % binding.

2.8. HIV

The HIV strains used were either pseudoviruses or primary isolates.
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The viruses and plasmids were obtained through the NIH HIV Reagent
Program, Division of AIDS, NIAID, NIH. Pseudoviruses SF162 and
MW965.26 were produced by co-transfection with SF162 or MW965.26
Env plasmids and HIV pSG3 delta Env backbone. Primary isolates of
SF162 and 92RWO009 strains were produced on PBMC. Virus stocks were
titrated to obtain about 20,000 RLU for TZM-Bl assay and 5 to 10 % p24-
positive infected cells for the PBMC assay.

2.9. Virus binding assay

We analyzed the capacity of miniproteins to retain whole virus
particles, as previously described [33]. Plate wells were coated with
each miniprotein at different concentrations and incubated with pri-
mary virus particles (Bal, SF162 and 927RW009) at 37 °C for 1 h. After
washing, the amount of intact virus captured was quantified by the
measurement of p24 by ELISA in the supernatant after virus breakup.
4B3, 246D and polyclonal antibodies were used as positive controls. 2F5
has been described to have limited binding capacity to the whole virus,
as its epitope is poorly accessible before conformational modifications
caused by binding to CD4 [34].

2.10. Virus inhibition assays

Virus inhibition was analyzed using either the conventional TZM-Bl
neutralization assay or a PBMC based assay on primary virus stocks
[35,36]. Briefly, TZM-BIl based assay was performed with two pseudo
viruses (SF162 of clade B and MW965.26 of clade C) and a primary
isolate 92RWO009 (clade A). The two pseudo viruses are classified as
easy-to-neutralize Tier 1 viruses, therefore efficiently neutralized by
bNAbs such as 3BNC117 [37]. PBMC-based assay was performed with
SF162 and 92RW009 primary isolates (virus stocks produced on PBMC).
3 days after infection, PBMC were stained for the detection of intracel-
lular p24 to measure the % of infected cells. The inhibitory concentra-
tion 50 (ICsp) was calculated as the concentration of the molecule
required to achieve a 50 % reduction in virus growth. To identify po-
tential miniprotein toxicity, staining was performed using LIVE/DEAD™
Fixable Violet Dead Cell Stain (Molecular Probes) before intracellular
p24 staining.

2.11. Combination inhibition assays

Combinations of miniproteins and mAbs were performed with serial
dilutions of both molecules at concentrations selected to encompass
their respective ICso values. ICsp, ICy, ICoo and ICgs values were
calculated for each single molecule and combined molecules. Hill’s plots
corresponding to the individual and combination molecules were drawn
using the constant ratio combination inhibition data. Data were
analyzed according to the Chou and Talalay method [38] to calculate
the combination index (CI) and the dose-reduction index (DRI). Details
of the analysis are described in the Supplementary Appendix S2.

2.12. Ex vivo inhibition assays

2.12.1. Ethics

PBMCs samples (30-50 x 10°) from 8 viremic participants included
in the APRIL study (Analysis of the Persistence, Reservoir and HIV La-
tency) were used. This monocentric, observational, and prospective
study was approved by the institutional review board CPP (Comité de
Protection des Personnes) Est I on January the 5th 2023 (2022-A02567-
36), and promoted by the University Hospitals of Strasbourg, France
(NCT05752318). All participants provided informed consent for the use
of their data and samples in biological research. Participant’s charac-
teristics are presented in Table S6.

2.12.2. Cell culture
CD4+ T cells were isolated by negative magnetic selection using the
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EasySep Human CD4+ T Cell Enrichment Kit (StemCell Technology,
Cat#19052). Purity was typically >98 %. 5 x 10° to 15 x 10® CD4+ T
cells resuspended at 2 x 10° cells/mL in RPMI +10 % Fetal Bovine
Serum (FBS) + IL-2 (10 ng/mL) were left resting for 3 days at 37 °C with
5 % CO;. Cell medium was changed, and cells were split equally into
four conditions by adding either: (i) antiretroviral drugs (raltegravir
[RAL] + lamivudine [3TC], 200 nM each), (ii) Q23I-ex2 (0.2 pM), (iii)
bNAbs (clones 3BNC117 + 10-1074, 1 pg/mL each) and (iv) control
(PBS). Cells were then cultured for four additional days, harvested and
stained using HIV-Flow [39] allowing to reveal productively infected
cells (p24+ cells). Supernatants were collected for HIV-RNA and p24
measurements.

3. Results

3.1. Design of hyper-stable NHR-mimetic miniproteins harboring MPER-
binding motif

We started from a previously designed covNHR-N-dSS miniprotein
that mimics the N-terminal half of gp41 NHR in a trimeric coiled-coil
helical conformation [14,16]. This single-chain miniprotein contains
two disulfide bonds tethering each loop with the first and third helix
edges. The addition of each disulfide bond increased the melting tem-
perature by about 19-20 °C compared to similar proteins with none or
one disulfide bond. Moreover, disulfide bond stabilization strongly and
progressively increased HIV-1 inhibitory activity in vitro [16]. Accord-
ingly, since there is a strong correlation between the structural stability
of the miniproteins and their inhibitory activity, we aimed to further
stabilize them. It was previously shown that substituting triads of buried
polar amino acids with isoleucine within the NHR coiled coil produces a
dramatic stabilizing effect [40,41]. The N-terminal part of gp41 NHR
contains two buried glutamine triads (corresponding to Q562 and Q572
in Env sequence numbering) that establish internal hydrogen bond
networks involving buried water molecules [20]. While the Q562 side
chain actively participates in water-mediated interactions with CHR,
Q572 is totally buried within the NHR trimeric coil. We previously
showed that substituting this glutamine triad for isoleucine in a covNHR
protein produced a stabilization of >40 °C, converting the NHR mimetic
protein into a hyper stable protein, while preserving its potent inhibitory
activity [41]. Therefore, we decided to introduce similar GIn to Ile
mutations (Q23I, Q411 and Q86I) to create a hyperstable covNHR-N
miniprotein named covNHR-N-Q23I, for simplicity abbreviated Q231
(Fig. 1).

Then, we used the Q23I miniprotein as a scaffold to graft additional
motifs that could interact with the highly conserved MPER region that
follows C-terminally the CHR region. To achieve this goal, we based our
design on a previously published gp41 construct in fusion intermediate
conformation, including the MPER region [42]. This structure (PDB
entry 2X7R) shows clearly defined contacts between part of the MPER
and part of the fusion peptide proximal region (FPPR), which are
organized as splayed helical extensions of the NHR-CHR core. To mimic
this interaction in our constructs, we extended N-terminally the NHR
helices of our mimetic miniprotein to include several FPPR residues in
helical conformation and ligated their ends with appropriate loops
(Fig. 1A). Since these helical extensions and the longer loops connecting
them will naturally tend to destabilize the structure of the miniprotein,
we engineered stabilizing interhelical interactions and recreated the
disulfide bond tethering the C-terminus and the new loop (see additional
details of the design in Appendix S1 and Figs. S2 and S3 of the Supple-
mentary Information). We designed two new miniproteins with different
lengths of the FPPR extensions (named Q23I-ex1 and Q23I-ex2) (Fig. 1).
The sequences and molecular characteristics are collected in Tables S1
and S2. The predicted structures of the three miniproteins using
Alphafold 2 through the Colabfold web server [21] are very similar to
the designed models (Fig. S4).

The three miniproteins were overexpressed in E. coli, purified and
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Fig. 1. Design and characterization of covNHR-N miniproteins. (A) Ribbon representation of the designed models. Mutated side chains (Q23I, Q41I and Q86I) in
covNHR-N-Q23I and disulfide bonds tethering each chain end with its adjacent loop are highlighted with sticks and colored by atom type. The FPPR extensions in
Q23I-ex1 and Q23I-ex2 are colored in green and orange, respectively. (B) Far-UV CD spectra of each miniprotein, showing a typical a-helical structure. Data are
presented as mean-residue ellipticity. (C) Thermal unfolding profiles of Q23I and its parent protein covNHR-N-dSS followed by CD at 222 nm.

biophysically characterized. They could all be produced with high yields
and were highly soluble, folded in an o-helical structure (Fig. 1B,
Table S2), and behaved as monomeric particles in solution according to
DLS measurements (Fig. S5). The thermal unfolding profile of the Q23I
miniprotein, measured by circular dichroism (CD) at pH 7.4 (Fig. 1C),
did not show any unfolding transition within the temperature range
explored, from 5 °C to 98 °C, whereas the non-mutated covNHR-N-dSS
protein unfolded with a melting temperature (T,) of about 84 °C [16].
At pH 2.5 or at pH 7.5 in the presence of the reducing agent tris(2-
carboxyethyl)phosphine (TCEP), the Q23I protein only showed incip-
ient unfolding near 100 °C due to reduction of disulfide bonds. In
contrast, the non-mutated parent protein covNHR-N-dSS unfolded at
about 45 °C, at pH 7.4 and in the presence of TCEP, demonstrating a
strong stabilization of >50 °C exerted by the triad of GIn-to-Ile muta-
tions. DSC experiments at pH 7.4 and 3.0 showed that the three proteins
are highly thermostable, with no discernible unfolding transitions
within the explored temperature range (Fig. S6). At pH 7.4, the DSC
thermograms showed strong exothermic effects at high temperature,
which could be associated with irreversible disulfide bond degradation
[43].

To investigate if the miniproteins can bind to the gp41 CHR region,
we used a synthetic peptide (named Y24L), which encompasses Env
residues Tyr638-Leu661, corresponding approximately to the second
half of the CHR region. This CHR peptide is complementary to the NHR
region imitated by our covNHR-N miniproteins in the gp41 post-fusion
structure [14], and contains a highly preserved CHR polar motif that
binds to a N-terminal NHR pocket (Fig. S1). Mixing the Y24L peptide
with each miniprotein produced a significant increase in a-helix struc-
ture according to the CD spectra (Figs. 2A and S7), indicating that the
peptide binds to the miniproteins acquiring an a-helical conformation,

whereas in its free form, it is almost unstructured.

Subsequently, we carried out isothermal titration calorimetry (ITC)
experiments at pH 7.4 with the Y24L peptide and the three miniproteins
(Fig. S8; Table 1). The binding of Y24L to Q23I is strongly exothermic,
with a dissociation constant roughly 2.5-fold lower than that measured
previously for the covNHR-N-dSS parent protein under identical con-
ditions [16]. The binding enthalpy is slightly more negative, indicating a
tighter interaction as a result of the structural stabilization of the min-
iprotein produced by the Gln-to-Ile mutations. At pH 7.4, the binding
affinity of Y24L for the FPPR-extended miniproteins is quite similar to
the Q23I miniprotein, as expected, because they expose an identical
NHR complementary groove to this peptide.

To test whether the FPPR-extended miniproteins can also interact
with the gp41 CHR sequence including MPER residues, we analyzed the
binding to the T20 peptide (enfuvirtide; Env residues Tyr638-Phe673)
[17], which encompasses the C-terminal half of CHR and the initial
part of the MPER, including the putative gp41 core epitope recognized
by the bNAb 2F5 [44,45]. However, at pH 7.4, adding T20 to the min-
iprotein solutions induced a heavy precipitation, as previously observed
also for full-length covNHR proteins [20], precluding the study of their
interaction under these conditions. We also tested a modified version of
T20 (T20-4R) containing four arginine residues at the C-terminus to
increase its solubility. However, it produced a similar co-precipitation at
pH 7.4. Then, we explored the binding of T20-4R to the covNHR-N
miniproteins at other pH values and found that the protein-peptide
mixtures remained soluble at pH 3.0 and below. Thus, we decided to
characterize their interaction at pH 3.0 to evaluate possible differences
in interaction strength that could be attributed to an extended interac-
tion interface involving the FPPR and the MPER regions. The molecular
size of the protein-peptide complexes in 1:2 protein:peptide mixtures
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Fig. 2. Binding of the covNHR-N miniproteins to gp41-derived peptides. (A, B): Effect of peptide binding on a-helix structure. (A) Far-UV CD spectra of Q23I in free
form and in 1:2 mixture with Y24L peptide at pH 7.4. (B) Far-UV CD spectra of the Q23I-ex2 in free form and in 1:2 mixture with T20-4R peptide at pH 3.0. For
comparison, the spectra of the free peptides and the theoretical sum of the spectra (dashed lines) of the free molecules in 1:2 ratio are also shown. (C, D): Binding
curves measured by ITC for the titrations at 25 °C and pH 3.0 of Q23I with Y24L peptide (C), and Q23I-ex2 with T20-4R (D). The symbols correspond to the
experimental binding heats normalized per mole of added peptide during the titrations. The solid red lines represent the best fits obtained using a binding model of
independent and identical sites. (E, F): Dissociation constants (E) and binding enthalpies (F) measured by ITC (Table 1) for each covNHR-N miniprotein and the

two peptides.

ruled out formation of high order aggregates at pH 3.0, according to DLS
measurements (Fig. S5).

Mixing Y24L or T20-4R with the different miniproteins at pH 3.0
produced considerable increases in negative ellipticity in the far-UV CD
spectra, similar to those observed at pH 7.4 (Figs. 2B and S9), once again
indicating binding of the peptides to the miniproteins with acquisition of
a-helical structure. Notably, at this acidic pH the free T20-4R peptide
contains a significant amount of a-helical structure, in contrast with the
Y24L peptide, which is mostly unstructured. Despite this, the increase in
helical structure formation produced by T20-4R binding to the extended
miniproteins appears very similar to that of the shorter Y24L peptide.
From the mean-residue ellipticity values at 222 nm, measured for the
free molecules and the mixtures [46], we estimated that about 16-22
residues of Y24L form o-helix in the complexes (only 3-4 in the free
peptide), whereas 27-33 residues of T20-4R are o-helical in the com-
plexes (12-13 in the free peptide). This result suggests that the MPER
region has a high propensity for adopting a helical conformation in the
free peptide [47] and remains helical when bound to any of the three
proteins.

To further explore the interaction between the miniproteins and the
peptides, DSC experiments with protein:peptide mixtures at different

molar ratios showed the development of characteristic endothermic
transitions corresponding to dissociation of the protein-peptide com-
plexes (Fig. S10), confirming the binding of the peptides to the mini-
proteins. The dissociation transitions of the Q23I protein with Y24L and
T20-4R peptides suggest a slightly less stable complex with the MPER-
extended peptide. The protein-peptide complexes of the FPPR-
extended miniproteins were more stable than those of Q23L. It is note-
worthy that, for each extended miniprotein, the dissociation transition
of the T20-4R peptide is shifted toward a higher temperature compared
to the Y24L peptide, indicating additional interactions at the FPPR-
MPER interface that increase the stability of the complexes. Moreover,
Q23I-ex2 forms the most stable complex with T20-4R due to its longer
FPPR extension and more extensive interactions with the peptide’s
MPER region.

To corroborate the differences in peptide binding strength produced
by the inclusion of the FPPR-MPER interaction motifs, we carried out
isothermal titration calorimetry (ITC) experiments at 25 °C and pH 3.0
with the three miniproteins and the two peptides (Figs. 2C-D and S11).
The ITC thermograms revealed exothermic, high-affinity binding for all
protein-peptide complexes. The thermodynamic parameters of binding
are collected in Table 1. The affinity of Q23I for the Y24L peptide at pH
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Table 1

Thermodynamic parameters measured by ITC for the binding of gp41-derived
peptides to the covNHR-N miniproteins. Parameters correspond to best fits
using a binding model of independent and identical sites. Uncertainties corre-
spond to 95 % confidence intervals of each fitting parameter.

Protein Peptide n* Ky’ Kq* AHp!
(10°M™h (nM) (kJ-mol™ 1)
pH7.4
covNHR-N-dSS® Y24L 0.89 412 £0.17 243 £ 10 —-90+4
Q231 0.82 9.8 +£0.9 102 +9 —-94.0 +£ 0.8
Q23I-ex1 0.81 10.3 + 0.9 97 + 8 —87.9+£ 0.6
Q23I-ex2 0.82 11.9+1.8 84 +13 -91.7+1.1
pH 3.0
Q231 Y24L 0.91 1.18 £ 0.16 850 + 115 —86 +3
Q23I-ex1 0.90 3.9+04 257 + 25 —-94.0 £ 1.3
Q23l-ex2 0.88 6.2 + 0.6 162 + 16 -95.8 +1.2
pH 3.0
Q231 T20-4R 0.89 1.55 + 0.20 643 + 81 —78.6 2.3
Q23I-ex1 1.03 11.2+0.21 89 +17 —95.8 +£ 2.0
Q23I-ex2 1.04 15+3 67 + 14 -96.2 + 1.9

@ Apparent binding stoichiometry.
b Binding constant.

¢ Dissociation constant.

4 Binding enthalpy.

¢ Data taken from [16].

3.0 is about 8-fold lower than at pH 7.4, although still within the sub-
micromolar range. This indicates a relatively mild influence of pH in
the NHR-CHR interaction. The binding affinity of the Y24L and T20-4R
peptides for the Q23I miniprotein is almost the same (Fig. 2E), as ex-
pected because this miniprotein does not harbor the FPPR motif for
MPER binding. However, the T20-4R binding enthalpy of is slightly
lower than that of Y24L for this miniprotein. This difference might be
related to the preexisting a-helical structure in the free T20-4R peptide.
As a result, the binding entropy loss is also lower, resulting in a very
similar binding Gibbs energy.

In the case of the two FPPR-extended miniproteins, the binding af-
finities for both peptides at pH 3.0 are significantly increased compared
to the Q23I variant (Fig. 2E), which agrees with the DSC results. The
affinity increment is higher in the case of T20-4R compared to Y24L for
both extended miniproteins, due to additional interactions at the FPPR-
MPER interface. Moreover, the binding enthalpies for both peptides are
higher than that observed for Q23I (Fig. 2F). This might be related to a
cooperative communication along the NHR groove, as previously
described [48,49]. These results collectively indicate that the FPPR ex-
tensions establish interactions with the MPER residues, enhancing the
miniproteins’ binding to their gp41 target.

3.2. Crystal structure of Q23I-ex2

The three miniproteins and their complexes with Y24L and T20-4R
peptides were submitted to crystallization screens. Only the free Q23I-
ex2 produced crystals of sufficient quality for X-ray diffraction. The
crystal structure of Q23I-ex2 was solved by molecular replacement using
the experimental model of the complex between covNHR and C34 (PDB
entry 6R2G [20]). The final structure shows some regions with high B-
factors, especially in the FPPR-extended region, indicating high flexi-
bility. Only residues 3-128 were modelled (Fig. 3A). Ensemble refine-
ment (ER) was performed with the final model to account for poorly
modelled regions (Fig. 3B). This refinement removes the modeller bias
through a Bayesian ensemble of structures. Since proteins are flexible
and dynamic molecules —a characteristic partially hidden in the B-
factors— ER is a valuable tool to reveal this flexibility [31]. The
resulting ensemble shows lower R factors (R/Rfree = 0.18/0.22 vs R/
Rfree = 0.20/0.24 for the single model). The greatest conformational
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flexibility is observed in the FPPR extension, particularly in the N-ter-
minal part of the first helix and the loop connecting the second and third
helices. This is likely due to poor interhelical contacts in this region,
despite efforts to stabilize it by engineering interhelical interactions to
reduce conformational flexibility and entropy. Moreover, two disulfide
bridges (Cys3-Cys86 and Cys45-Cys128) were designed to bring
together the three helices. The disulfide bridge in the carboxyl-terminal
region reduces flexibility, but the bridge between Cys3-Cys86 in the
amino-terminal region does not. Residues surrounding this disulfide
bridge exhibit poor electron density, making them difficult to model.
Moreover, a comparison of the experimental model with that obtained
with AlphaFold 2 (Fig. 3A) shows evident discrepancies in the amino
terminal part of the trimeric helical bundle structure. Indeed, the per-
residue pLDDT score from the AlphaFold model indicates reduced pre-
diction reliability in regions with higher RMSD in the ensemble obtained
by ER.

In contrast to the FPPR-extended region, the core NHR region of the
miniprotein shows lower B-factors and flexibility. Replacing the three
buried glutamine residues with isoleucine (Ile35, Ile53 and Ile120) re-
sults in tighter packing of the helices, enhancing dramatically the
thermostability of these miniproteins. Indeed, Ile35 and Ile53 are fully
buried (ASA 1.2 and 3.4 AZ), and Ile120 (19.1 Az) is mostly buried
(Fig. 3C).

These results highlight a considerable difficulty in designing a
structurally stable FPPR motif to interact with the gp41 MPER region.
Despite this, the two extended miniproteins show a clearly increased
affinity for the T20-4R peptide compared to Q23I, suggesting that the
flexible FPPR extension adapts to interact with the MPER region of the
peptide.

3.3. HIV inhibition assays

To evaluate whether the increases in binding affinity for the CHR-
MPER peptide sequence observed in the extended miniproteins result
in enhanced inhibitory activity against HIV-1 infection in cells, we
carried out in vitro inhibition assays with different viral strains. First,
single-cycle infection assays on TZM-BI cells were performed using two
pseudoviruses (SF162 and MW965.26) and one primary isolate
(92RW009) in the presence of the three miniproteins (Fig. 4), as well as
the parent miniprotein covNHR-N-dSS [16]. As a reference, we also
tested the potent bNAb 3BNC117 [37]. All miniproteins showed
considerable inhibitory activity against the three strains, with ICsg
values in the nanomolar range, similar to other fusion inhibitors. The
inhibitory activity of the miniproteins was further tested with four
additional Tier 2 viruses (Fig. S12 and Table S4), demonstrating
considerable inhibition breadth.

The three Q23I stabilized variants showed significantly higher ac-
tivity than the less stable covNHR-N-dSS (p < 0.01 for Q23[; p < 0.05 for
Q23I-ex1 and Q23I-ex2) (Fig. 4 and Table 2). This is consistent with a
previously observed correlation between fusion inhibition activity and
structural stability for these miniproteins [16]. However, we did not
observe significant differences in IC5g between the Q231 variant and the
two extended miniproteins in these assays (Table 2), despite the above-
described differences in affinity for the gp4l CHR-MPER target
sequence. These results suggest that, under the context of the virus-cell
interface, the MPER region might be partially occluded, possibly
embedded in part into the lipid membrane. In comparison to the
3BNC117 mAb, which targets the gp120 CD4 binding site, the covNHR-
N miniproteins exhibit ICsq values >2 orders of magnitude higher in nM
units (over one order of magnitude in pg/mL units).

Then, we assayed the inhibitory capacity of the miniproteins in
PBMC cells using real virus isolates (Fig. 5 and Table 3). Notably, in
these assays the miniproteins showed an inhibitory activity comparable
to the potent 3BNC117 mAb for the two viruses tested. In the case of the
difficult-to-neutralize 92RWO009 virus, the miniproteins have a two-fold
lower ICso than 3BNC117 (Table 3). These inhibition activities were
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Fig. 3. Crystal structure of Q23I-ex2. (A) Superposition between the crystal structure (PDB entry 9HS7) with the AlphaFold model of Q23I-ex2: The experimental
crystal structure model (residues 3-129) is represented with ribbons colored by the B-factor values, whereas the AlphaFold model backbone (residues 1-140) is
drawn with sticks and colored by pIDDT score (predicted Local Distance Difference Test). The isoleucine residues (Ile35, Ile53 and Ile120) and the disulfide bridges
(Cys3-Cys86 and Cys45-Cys128) are shown in sticks. (B) Ensemble refinement of the coordinates of the best crystallographic model (9HS7), where the backbones of
100 molecular dynamics models have been represented with lines. (C) Packing of the mutated isoleucine residues (I1le35, Ile53 and Ile120, in red sticks) and sur-
rounding hydrophobic residues (in grey sticks) represented by their Gaussian surface. Molecular graphics figures are drawn using PyMOL (The PyMOL Molecular

Graphics System, Schrodinger, LLC).

observed in the absence of any toxic effect of miniproteins (Fig. S13). It
is well established that the observed neutralizing potency of the bNAb
decreases in PBMC assay compared to TZM-Bl [50-52]. Such a decrease
in neutralization potency was not observed for our miniproteins. On the
contrary, the ICsq values for the Tier 2 92RWO009 virus in PBMC cells
were even 100-fold lower than those measured in TZM-BI cells, indi-
cating that under the more in vivo-like conditions of the PBMC assay, the
miniproteins are particularly efficient in blocking infection by primary
viruses. This high efficacy may be explained by an efficient binding of
the miniproteins to the few Envs present at the surface of primary iso-
lates. Indeed, primary viruses have been described as having fewer Envs
with a more constrained trimeric conformation compared to virus-
adapted strains [53]. The small size of the miniproteins may still
allow them to access the few Envs in closed conformation compared to
virus adapted strains. Besides, the enhanced inhibitory effectiveness of
the miniproteins could be attributed to particularly efficient inhibition
of primary cell-to-cell transfer. Thus, for primary viruses with closed

trimeric Envs and under the tight space of the virological synapse during
cell-to-cell transfer, bNAbs are often less effective in blocking cell-to-cell
transmission [54,55], whereas our small miniproteins may be able to
access gp41 more easily to block membrane fusion in a primary virus
environment.

3.4. Binding to Env spike

To investigate binding of the covNHR-N miniproteins to their target
in a context more akin to the native viral Env, we performed ELISA
experiments with soluble uncleaved gp160 MN/LAI Env (Fig. S14). The
three miniproteins showed a high binding level to the Env spike, simi-
larly to that previously observed for the parent covNHR-N miniproteins
and for full covNHR [14,16]. This confirms that the CHR region of the
native Env spike is accessible to the miniproteins. No significant dif-
ferences were found between the binding levels of the three mini-
proteins, in agreement with their similar inhibitory activity.
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Fig. 4. TZM-BI cell infection assays in presence of the inhibitory covNHR-N
miniproteins or the 3BNC117 mAb. TZM-BI cells were infected with different
HIV strains in presence of variable concentrations of covNHR-N miniproteins or
the 3BNC117 mAb. Two pseudoviruses, SF162 (A) and MW965.26 (B), and a
primary isolate, 92RW009 (C), were used. Data correspond to the percentage of
infected cells relative to the controls in absence of inhibitor. The lines represent
the best fit using a Hill’s sigmoidal function. Error bars correspond to the
standard deviation from the mean values from duplicates.

3.5. Capture of virus particles

To further understand the mechanism by which these miniprotein
inhibitors could block HIV-1 infection, we tested whether they could
directly capture the primary infectious virus particles (SF162 and
92RWO009). The amount of intact captured virus was quantified by p24
ELISA. As a positive control, we used mAb 447-52D directed to V3 loop
and sera containing polyclonal neutralizing Abs. We also added 2F5
bNADb, which previously showed a limited binding capacity to whole
virus particles [33].

The three miniproteins were unable to capture the two viruses tested
(SF162 and 92RWO009) (Fig. S15), although efficient inhibition of HIV
replication was observed on primary cells. 2F5 was also unable to cap-
ture these viruses, whereas Abs against V3 loop and polyclonal samples
bound SF162 viral particles efficiently. This lack of viral capture, even
though they were inhibiting these viruses, suggests that structural
modifications occurring during the fusion may be necessary for acces-
sibility to these epitopes. These structural changes were described as
crucial for 2F5 Ab binding to primary viruses [34]. It is also possible that
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Table 2
Inhibitory activity of covNHR-N miniproteins and the 3BNC117 mAb in TZM-Bl
assay for two pseudoviruses and one primary isolate.

Inhibitor ICs0” m" 1Cso m ICso m
(nM) (nM) (nM)
SF162 MW965.26 92RW009
covNHR-N- 82+4" 136+ 29.7 + 1.49 +
dss 0.07 2.5 0.17
Q231 24 + 1.0 + 11.2 + 167+ 1723+ 206+
7% 0.3 1.0% 0.11 1.4 0.02
Q23I-ex1 59+ 5%  1.45+ 9.4+ 27 + 130+7  1.88+
0.14 2.6* 1.8 0.22
Q23l-ex2 56 + 6%  1.56 + 5.4+ 1.26 + 235 + 2.5+
0.09 0.4%* 0.08 69 1.0
3BNC117 0.14 + 0.73 £ 0.18 + 1.6 + 4.26 + 1.45 +
0.05 0.13 0.08 0.3 0.13 0.13

# The 50 % inhibitory concentrations (ICsp) and the Hill’s coefficients (m)
have been obtained by fitting the data of Fig. 4 using a Hill’s sigmoidal function.

b Standard errors of the fits. Statistical significance versus covNHR-N-dSS: ** p
< 0.01; * p < 0.05.
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Fig. 5. PBMC infection assays in the presence of the inhibitory covNHR-N
miniprotein or the 3BNC117 mAb. PBMCs were infected with virus isolates in
the presence of variable concentrations of covNHR-N miniproteins or the
3BNC117 mAb. Viruses used were SF162 (A) and 92RW009 (B). Data corre-
spond to the percentage of infected cells relative to the controls in the absence
of an inhibitor. The lines represent the best fits using a Hill’s sigmoidal func-
tion. Error bars correspond to the standard deviation from the mean values out
of duplicates.

immobilized miniproteins and 2F5 at the plate surface are sterically
unable to access the base of the virions’ Envs where their epitopes are
located. In contrast, the more exposed gp120 epitopes are more easily
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Table 3
Inhibitory activity of covNHR-N miniproteins and the 3BNC117 mAb in PBMC
assay for two different primary isolates.

Inhibitor 1Cso” m" ICso m
(nM) (nM)
SF162NN 92RW009

covNHR-N-dSS 17 £3° 0.75 £ 0.08 10+ 4 1.0 £ 0.4
Q231 11+2 0.98 £ 0.16 3.1+0.8 0.88 £ 0.23
Q23I-ex1 16 £ 4 1.06 + 0.21 2.8+0.1 1.01 + 0.04
Q23I-ex2 17+ 6 1.3+0.5 2.44 £+ 0.03 1.27 £ 0.02
3BNC117 mAb 3.3+0.7 1.26 £ 0.13 6.36 + 0.23 1.78 £ 0.09

# The 50 % inhibitory concentrations (ICso) and the Hill’s coefficients (m)
have been obtained by fitting the data of Fig. 5 using a Hill’s sigmoidal function.
b Standard errors of the fits.

accessible to the mAbs in this capture assay. Additional experiments,
such as kinetics and avidity of attachment, will be necessary to decipher
the mechanism leading to efficient inhibition on primary cells by the
miniproteins.

3.6. Combination assays with broadly neutralizing mAbs

To further evaluate the significance of the inhibitory activity of these
miniproteins and their relevance as potential antivirals in combination
therapy, we tested the possible synergy of each miniprotein with bNAbs.
First, combination experiments with each miniprotein and the bNAb
3BNC117 were conducted on TZM-BI assays using SF162 pseudoviruses.
Data were analyzed according to the Chou and Talalay method [38] to
calculate the combination index (CI) and dose-reduction index (DRI)
(Fig. 6; see Appendix S2, Table S5A, and Figs. S16-S18 in the Supple-
mentary Material for additional details). We observed considerable
synergistic effects between the miniproteins and 3BNC117, which in-
hibits virus attachment to the cells by targeting the CD4 receptor
binding site on gp120. Synergy with a CI < 1 was observed at all dose
levels corresponding to high inhibition percentages, whereas antago-
nism was only observed at two doses with low inhibition percentages.
Synergy was more pronounced for Q23-ex1 and, especially, for Q23I-ex2
compared to the Q23I variant. Q23I-ex2, which contains the largest
FPPR extension and interacts with part of the MPER (see above).
Interestingly, the cooperativity parameter m (slopes in Hill’s plots) in
the miniprotein-mAb mixtures increased compared to the mAb alone or
the miniproteins alone (Fig. S16). A cooperativity parameter m > 1 has
been related to multiple interaction sites, whereas m < 1 has been
attributed to target heterogeneity [56]. This enhancement resulted in
significant dose reductions of 3BNC117 when combined with each
miniprotein and more favorable instantaneous inhibitory potential (IIP)
at therapeutically relevant doses (inhibition percentage > 90 %) [56].
These results suggest a mechanistic relationship between the inhibition
of CD4 attachment to the cells by 3BNC117 and gp41-mediated fusion
inhibition targeting the CHR-MPER.

We carried out similar combination experiments between the mini-
proteins and the bNAbs 2F5 and 4E10 (Fig. 6, Table S5B and
Figs. $19-S22). These mAbs inhibit membrane fusion by targeting gp41
MPER epitopes that partially overlap (2F5) or are immediately down-
stream (4E10) to the interaction target of our miniproteins. Similar to
the results obtained with 3BNC117, we observed strong synergy at high
inhibition percentages and some antagonism at low doses (Fig. 6). The
cooperativity parameters of the mixtures were also higher than those of
the bNAbs alone and similar or higher than those of the miniproteins
alone, giving rise to considerable dose reductions and IIP improvements.
Since these mAbs and our miniproteins share a common inhibition
mechanism, i.e., blocking the membrane fusion, the observed synergy at
high doses might be a result of a mutual enhancement in epitope
exposure produced between the bNAbs (MPER) and the miniproteins
(CHR-MPER). Another possible explanation for the synergy may be
related to the need to block a minimum number of Envs to impair pore
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Assay (virus): TZM-BI (SF162)

Miniprotein mAb
Al Mi Al Mi
%inhibition  CI one - one ™ PRI
(nM) (nM) (nM) (nM)
+3BNC117 (107:1)
50% 23 11 2.1 0.18 0.1 18
o1 70% 49 19 26 062 0.8 35
90% 163 45 3.6 44 0.42 10
95% 315 73 43 13 0.69 19
50% 77 I 24 037 0.I8 2.1
70% 88 30 3 1 0.28 3.6
Q231-ext 90% 242 58 42 49 0.54 9
95% 422 84 5 12 0.79 15
50% 51 125 71 0.4 0.12 34
70% 98 21 46 0.95 0.2 48
Q231-ex2 90% 276 48 5.8 38 045 8.4
95% 489 75 6.5 8.1 0.7 11.5
+2F5 (3:1)
50% 116 23 2 37 14 39 1
ol 70% 091 74 20 3.7 10.6 6.7 16
90% 0.64 175 48 3.6 44 16 27
95% 0.55 282 78 3.6 95 26 3.7
50% 0.94 31 6.4 78 29 21 14
70% 0.68 76 14 54 9.5 47 2
Q23l-exl 90% 319 49 6.6 62 16 38
95% 707 97 7.3 176 32 5.5
50% 0.54 37 6.7 53 6.5 23 238
70% 71 13.5 53 164 45 3.6
Q231-ex2 90% 202 39 5.1 71 13.1 54
95% 360 71 5.1 159 24 6.7
+4E10 (3:1)
50% 38 123 3.1 9.1 41 22
70% 70 2 32 3 73 45
st 90% 185 53 3.5 246 18 14
95% 316 88 3.6 755 29 26
50% 23 132 33 8.1 44 18
70% 84 25 34 25 8.2 3
Q231-ext 90% 236 67 3.5 147 2 6.5
95% 420 116 3.6 395 39 10.1
50% 20 146 27 10.6 49 22
70% 78 24 32 30 8 38
231-ex2
Q23l-ex 90% 226 52 43 160 17.5 92
95% 407 81 5 405 27 15
Assay (virus): PBMC (SF162)
Miniprotein mAb
oinhibiton 1 Alme Mixopp Alne Mo,
M) @M) M) (M)
+3BNC117 (3:1)
50% 0.31 135 27 5.1 14 0.9 6
70% 68 4 17 3.5 13 27
Q231-ext 90% 907 7.7 118 15 26 58
95% 3792 11 342 33 3.7 9
Assay (virus): PBMC (92RW009)
+3BNC117 (3:1)
50% 102 3 6 19 1 0.5 2
70% 0.62 10 29 3.5 28 1 3
Q231-exl 90% 67 75 9 14 25 5.6
95% 193 13 15 34 42 7.9

Fig. 6. Combination index (CI) and dose reductions index (DRI) for inhibition
of HIV-1 cell infection with combinations of covNHR-N miniproteins and
different bNAbs. Data have been calculated as described in detail in the Sup-
plementary Appendix S2. The background colour intensity indicates higher
synergic effects in red (CI) and green (DRI).

formation. Interestingly, the synergic effects with 2F5 seem to be more
pronounced for Q23I-ex2, which harbors the longest FPPR extension to
interact with part of the MPER. In contrast, the synergy with 4E10,
which has a non-overlapping epitope, is quite similar across the three
miniproteins.

Finally, we also tested the synergy between 3BNC117 and Q23I-ex1
using PBMC assays with two different primary isolates (SF162 and
92RWO009 strains) (Fig. 6, Table S5C and Figs. $23-S25). In PBMC as-
says, synergy was even stronger at high inhibition percentages (CI <
0.3), while antagonism was observed at low percentages for the
92RWO009 virus. A marked increase in the cooperativity m parameter
was also observed for both viruses, compared to the m values found for
the isolated proteins or mAb. In this type of assay, synergy could reflect
an increased accessibility of masked epitopes, following simultaneous
targeting of the CD4 binding site and the CHR-MPER region.
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3.7. Ex vivo inhibition pronounced overall synergistic effect with bNAbs. Ex vivo inhibition
assays are extremely relevant for inhibitory analysis, as the virus is

Finally, we evaluated the capacity of one of our miniproteins to directly reactivated from infected cells without a prior amplification
inhibit virus replication in cells of HIV-1 infected donors. We chose to step. We used CD4+ T cells isolated from 8 viremic participants,

focus on Q23I-ex2 for this analysis because it exhibited the most covering 5 different HIV-1 clades (Table S6). HIV-1 production was
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Fig. 7. Ex vivo inhibition assays in presence of Q23I-ex2 or the 3BNC117 + 10-1074 mAbs or antiretroviral drugs. Isolated CD4+ T cells from viremic HIV-infected
individuals failing antiretroviral therapy were treated with either: (i) antiretroviral drugs (raltegravir [RAL] + lamivudine [3TC], 200 nM each), (ii) Q23I-ex2 (200
nM), (iii) bNADbs (clones 3BNC117 + 10-1074, 7 nM each) and (iv) control (PBS). The frequency of HIV-infected cells (p24+) (A-B), p24 in supernatants (C-D) and
HIV-RNA in supernatants (E-F) were measured. Either the frequency of cells or levels are depicted (A, C, E) or the difference between the control and treated
conditions (B, D, F) for each participant (VIR1 to 8). Each colored dot represents another viremic infected individual. Significant differences between the Q23I-ex2
condition and other conditions are highlighted (Wilcoxon; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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analyzed upon Q23I-ex2 treatment and compared to the combination of
two bNAbs (3BNC117 + 10-1074), previously used in clinical trials [57]
and two well-known antiretroviral drugs (RAL + 3TC). Cell viability was
comparable across all conditions (Fig. $26), indicating that Q23I-ex2
was not toxic to the cells. Compared to the control condition, Q23I-
ex2 effectively prevented new cell infections, as evidenced by the
decrease in the frequency of p24+ cells (Fig. 7A). This decrease in the
frequency of productively infected cells was in a similar range as for
antiretroviral drugs and combined bNAbs (Fig. 7B). Similarly, p24 levels
in supernatants decreased upon Q23I-ex2 treatment (Fig. 7C) to a
similar extent as antiretroviral drugs and combined bNAbs conditions
(Fig. 7D). Finally, Q23I-ex2 was also able to decrease HIV-RNA levels in
the supernatants (Fig. 7E), similar to combined bNAbs but to a lesser
extent than antiretroviral drugs (Fig. 7F). Altogether, although used
alone, Q23I-ex2 effectively prevented HIV-1 infection of new target cells
in ex vivo treated CD4+ T cells from viremic individuals with a similar
magnitude as for combined antiretroviral drugs or combined bNAbs.

4. Discussion

Here, we have described a set of small artificial miniproteins aimed
at blocking gp41-mediated membrane fusion and, by this means, inhibit
HIV-1 infection. These miniproteins faithfully mimic the N-terminal half
of the NHR region of gp41 and were engineered based on our previous
designs with two objectives: first, to increase their conformational sta-
bility, since we previously found that this property was strongly corre-
lated with HIV-1 inhibitory activity [14,16]. A similar correlation was
also found for chimeric miniproteins mimicking HR1 in SARS-CoV-2 S2
[58,59]. Here, we indeed found about a 2.5-fold increase in the binding
affinity of the Q23I stabilized miniprotein for its complementary CHR
sequence compared to the non-mutated counterpart (Table 1). This
translates to a 3-fold increase in inhibitory potency against HIV-1 cell
infection (Table 2). A second objective was to extend the targeted
interaction by prolonging the N-terminus of the miniproteins with FPPR
sequence segments that could interact with part of the MPER, a highly
pursued neutralizing epitope targeted by bNAbs [9]. We found that the
inclusion of these FPPR extensions in the miniproteins enhanced the
binding affinity for the gp41-derived peptides, despite the considerable
flexibility of the FPPR region, as shown in the crystal structure of Q23I-
ex2. Moreover, only the extended miniproteins showed enhanced
binding to the T20-4R peptide compared to the Y24L peptide, devoid of
MPER residue, suggesting a contribution of the FPPR-MPER interaction.
However, this binding affinity enhancement did not produce significant
increases in the inhibitory potency of the miniproteins for different
strains. It is possible that, under the complex environment of viral
infection assays, factors other than direct binding to the target sequence
may play an important role in inhibition. For instance, the MPER region
might be less accessible to the miniproteins due to its embedment into
the viral membrane [60].

There is increasing evidence that HIV-1 can infect cells not only at
the plasma membrane but also via endocytosis and fusion with endo-
somes [61-63]. Accordingly, effective fusion inhibitors may need to pre-
bind the Env and/or co-localize with the virus before it becomes endo-
cytosed. Additionally, an inhibitor also needs to resist the acidic pH and
harsh proteolytic activity in the late endosome. In this scenario, high
conformational stability may play an important role in inhibiting
endosome-mediated viral infection and might explain why more stable
mimetic proteins show higher inhibitory activity than less stable ones.
We have recently shown that conformational stability also plays a major
role in SARS-CoV-2 inhibition potency of HR1-mimetic proteins [58].
Recently, Wu et al. demonstrated that covalent stabilization of a trimeric
51-residue gp41 prehairpin intermediate increased epitope accessibility
and immunogenicity [64]. These studies highlight the importance of
conformational stabilization strategies to improve protein-based in-
hibitors and vaccine candidates.

Although our miniproteins were unable to capture virus particles in
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ELISA assays, they showed unexpectedly high and broad inhibitory ac-
tivity on primary cell infection. Moreover, Q23I-ex2 was able to inhibit
replication of different HIV-1 clades in CD4+ T cells purified from eight
distinct contemporaneously infected individuals ex vivo. These broad
anti-HIV-1 activities were comparable to combined ART or bNAbs,
demonstrating the extensive potency of Q23I-ex2 even when used alone.
We suggest that the small size and robust stability of the miniproteins
may play an important role in these high inhibitory activities. Mini-
proteins may access to the highly masked CHR epitope on primary HIV,
thereby supporting viral inhibition. Likewise, single-chain variable
fragments (scFvs) of bNAbs are more effective in inhibiting cell-cell
fusion than their IgG counterparts due to their smaller size, which al-
lows them access to sterically constrained epitopes [65].

The observed synergy between 3BNC117 and the CHR targeting
miniproteins indicates a mechanistic linkage between gp120 binding to
CD4 and gp41-mediated fusion. However, it is very difficult to establish
whether this cooperative connection is due to allosteric effects within
the Env structure or is a result of more complex factors, including the
need for multiple Env trimers to cooperate in the fusion process. At a
molecular level, soluble CD4 (sCD4) and b12 binding to the gp120
binding site induce an open conformation of Env, with considerable
conformational rearrangements in gp41, reorienting both NHR and CHR
and repositioning the fusion peptide [66]. These conformational
changes enhance the exposure of CHR and MPER, favoring the binding
of inhibitors and bNAbs. However, in contrast to CD4 and b12, 3BNC117
binding stabilizes the closed Env conformation, not supporting a direct
allosteric effect with fusion inhibitors. An alternative explanation may
be related to multiple interaction sites. For instance, PRO542, a tetra-
valent CD4-immunoglobulin fusion protein that blocks virus attachment
to the CD4 receptor, shows significant synergy with T20 in the inhibition
of virus-cell and cell-cell fusion [67]. The authors suggested that
blocking the virus attachment to CD4 may impair clustering of multiple
Envs necessary for pore formation, rendering prefusion intermediates
more susceptible to fusion inhibitors. We observed significant increases
in the cooperative parameter with m > 1 in the combination assays,
compared to single miniproteins or bNAbs, favoring multiple in-
teractions. In addition, a recent study shows that combining Abs that
recognize different epitopes may be beneficial to mitigate the effect of
antibody escape [68].

In conclusion, the single-chain NHR mimetic miniproteins presented
here are potent HIV-1 fusion inhibitors capable of efficiently reducing
the replication of a broad range of HIV strains. Moreover, these mole-
cules show significant synergic effects with bNAbs, demonstrating a
strong potential to be developed as part of drug compositions to treat
HIV-1 infection.
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1. Design of covNHR-N miniproteins
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Figure S1. Sequence conservation and consensus sequence of NHR, CHR and MPER
in gp41. The plots have been made with Jalview [1] using the 2022 Compendium
sequence alignment from Los Alamos Sequence Database (https://www.hiv.lanl.gov). A)
NHR region. The sequence location of the N-terminal polar pocket (NTP), the middle
pocket (MP) and the hydrophobic pocket (HP) are indicated with braces [2]. The NHR
sequence covered by the mimetic covNHR-N miniprotein is also indicated. B) CHR and
MPER regions. The different braces indicate the sequence locations of the conserved HP
and NTP binding motifs and the positions of the 2F5 and 4E10 core epitopes. The
sequences covered by the Y24L and T20 (enfuvirtide) peptides are also indicated.
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Appendix S1. Computer modeling of FPPR-extended NHR-mimetic miniproteins

We used as scaffold a previously designed covNHR-N miniprotein [3,4], which was
modelled using the crystallographic structure of our previous covNHR construct in
complex with the C34 peptide [5]. The covNHR-N mimetic protein imitates the N-
terminal half of the gp41 NHR region in a trimeric coiled-coil conformation and binds
the C-terminal half of CHR. This miniprotein construct was further stabilized by a triad
of Gln-Ile mutations (Q231, Q41I and Q86I; Table S1) as described in the main text,
giving rise to a hyperstable miniprotein (named here Q23I).

To graft in the Q231 miniprotein an additional motif that would interact with the MPER
region downstream of the CHR, we used as template the crystallographic structure of a
gp41 construct in a fusion-intermediate conformation [6] that includes the fusion-peptide
proximal region (FPPR) and the membrane proximal external region (MPER) (PDB id.
2X7R). We structurally aligned the NHR helical regions between Q231 and 2X7R (Figure
S2A). Then, we removed the loop connecting the second and third helices of Q231 and
extended N-terminally the first and third helices with the corresponding gp41 sequence,
following as a guide the conformation of the template structure 2X7R. Similarly, the
second inverse helix in Q231 was extended C-terminally with the corresponding reversed
sequence (Figure S2B). We created two versions of the extended constructs with different
lengths of the FPPR extensions.

The extended second and third helices were then linked with short poly-Gly loops
modelled manually, trying to set a similar loop conformation as that of the Q231 construct,
while keeping the psi and phi angles at allowed values. Once the loops were built, we
designed a disulfide bond tethering the N-terminus with the loops by mutating residues
to Cys at appropriate positions, compatible with disulfide bond formation. The constructs
were then relaxed by energy minimization using YASARA Structure[7]. Finally, residues
at the loops and near the loop anchors were rationally engineered with the aid of
RosettaDesign [8], designing stabilizing interactions (Figure S3). In this engineering
process, the groove between helix 1 and helix 3 was left intact. All the protein sequences
contain a C-terminal His-tag to facilitate purification. The final sequences and physical
properties are collected in Tables S1 and S2.



Figure S2: Templated modeling covNHR-N miniproteins. A) Structural alignment
between the covNHR-N miniprotein model and the gp41 construct including the FPPR
and MPER regions in a fusion intermediate conformation (PDB id. 2X7R [6]). In the
2X7R construct, the FPPR-NHR chains (gp41 residues 534-581) are colored in blue and
the CHR-MPER chains (gp41 residues 624-677) in green. The covNHR-N miniprotein is
colored in orange. B) Superposition between the FPPR-NHR region of 2X7R (blue), the
Q231 miniprotein (orange) and a construct with FPPR-extended helices (red).



Figure S3. Loop design connecting the covNHR-N helices. Schematic representation
of the loop designs for the extended constructs Q231-ex1 (A) and Q231-ex2 (B). The loops
have been represented with sticks, whereas the rest of the polypeptide chain is represented
with ribbons. The residue side chains that were engineered to additionally stabilize the
constructs are also highlighted with sticks and colored in CPK scheme.



Table S1. Amino acid sequences of the covNHR-N miniproteins

covNHR-N-dSS®@

Q231
Q23I-ex1
Q23I-ex2

MCRQOQKLSGIVQKONNLLRKIEAQQHLLQOR
MCRQOKLSGIVQKONNLLRKIEAIQHLLQOR

Helix 1
MACMTKTVQARQKLSGIVQOKONNLLRKIEAIQHLLQOR

MTCGAASMTKTVQARQKLSGIVOKONNLLRKIEAIQHLLOR

covNHR-N-dSS
Q231

Q23I-ex1
Q23I-ex2

GLICG

GLICG
Loop 1

GLICG

GLICG

covNHR-N-dSS

POLLHQOAEIERELNNQEQETIGSLKQR

Q231 ] POLLHQIAETERELNNQEQEIGSLKQR

Q23I-ex1 Helix 2 POLLHQIAETERELNNQEQEIGSLKQRAQVEKTA

Q23I-ex2 PQLLHQIAEIERELNNQEQEIGSLKQRAQVEKTMSAAS

covNHR-N-dSS GCIDG

Q231 GCMG

Q23I-ex1 Loop 2 GECDGA

Q23I-ex2 GCGMG

covNHR-N-dSS PLLSGIDOQONNLKRATEAQKHLLQLTCW

Q231 ] PLLSGIDOQONNLKRATEAIKHLLQLTCW

Q23I-ex1 Helix 3 PTLDVQARQLLSGIDQQONNLKRAIEATIKHLLQLTCW

Q23I-ex2 PASMTLDVQARQLLSGIDQOONNLKRATIEAIKHLLOLTCW
@ Ref. [4]

® " All the proteins contain the C-terminal sequence GGGGSHHHHHH

Table S2: Molecular characteristics of covNHR-N miniproteins

Protein Number of Molar mass  Extinction coeff. a-helix % (number of residues)
residues (Da) at 280 nm @ at pH 7.4 and 25°C ®
(M em™)
Q231 106 12010.83 5750 58.0% (62)
Q23I-ex1 130 14568.69 5750 53.6% (70)
Q23I-ex2 140 15423.74 5750 57.0% (80)

@ Estimated according to Expasy ProtParam (https://web.expasy.org/protparam/).
®) Calculated from the mean-residue molar ellipticity at 222 nm of the CD spectra
according to Luo & Baldwin [9].
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Q23lI Q23l-ex1 Q23l-ex2

Figure S4. Structure predictions with Alphafold 2. (A) Predictions of the three-
dimensional structures of the covNHR-N miniproteins and their complexes with the gp41
peptides from their amino acid sequences using Alphafold 2 server “Colabfold” with no
template option [ 10]. The images show ribbon representations of each predicted structure.
The miniproteins are colored in blue (helical regions) and cyan (loop regions). The Cys
side chains are represented with sticks and colored in yellow. The Y24L peptide is colored
in green and the T20-4R peptide in red. The His-tags in the proteins and the four Arg
residues in T20-4R were omitted for clarity. (B) Structural alignment between the Q231-
Y24L complex predicted by Alphafold2 and the crystallographic structure of the covNHR
protein in complex with the C34 peptide (PDB code 6R2G) [5]. (C) Details of the
predicted interactions of the MPER residues of T20-4R (orange and cyan, respectively)
with the FPPR extensions of Q23I-ex1 (left, color red) and Q231-ex2 (right, color blue).
The predicted structures of the three miniproteins are very similar to the designed models,
except for local differences in the loops connecting the helices and the absence of some
disulfide bonds in some of the predicted models. The interactions at the protein-peptide
interface resemble very much to those observed in the experimental structures used as
templates in the designs. Remarkably, the MPER region of the T20-4R peptide is
predicted to have a helical structure in the complexes, irrespectively of the presence of
the FPPR extension.



2. Biophysical characterization of covNHR-N miniproteins
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Figure S5: Molecular size of covNHR-N miniproteins. Hydrodynamic radius
distributions measured by dynamic light scattering (DLS). Measurements were carried
out at 25 °C in 50 mM sodium phosphate buffer pH 7.4 (A-C) and 50 mM glycine/HC1
pH 3.0 (D-F). (A) and (D) Q23I; (B) and (E) Q23I-ex1; (C) and (F) Q23I-ex2. Black lines
represent the hydrodynamic radius distribution of the free proteins and red and green lines
correspond to the mixtures of each protein with a 2:1 excess of Y24L or T20-4R peptide.
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Figure S6: Thermal stability of the covNHR-N miniproteins. DSC thermograms
measured in 50 mM sodium phosphate buffer pH 7.4 (A) and 50 mM glycine/HCI pH 3.0
(B). Scans were carried out at 90 °C/h with 30 uM protein solutions.
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Figure S7: Effect of peptide binding on a-helix structure (pH 7.4). Far-UV CD spectra
of the covNHR-N miniproteins in free form (black) and in 1:2 mixtures with Y24L
peptides (red). Spectra were recorded in 50 mM sodium phosphate buffer pH 7.4 at 25 °C
and normalized as ellipticity per mole of protein or peptide. For comparison, the CD
spectra of the free peptide (green) and the theoretical sum of the spectra of the free

molecules in 1:2 ratio (red dashed lines) are also shown. Data are plotted as follows: Q231
(A); Q23I-ex1 (B); Q231-ex2 (C).
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Figure S8: ITC titrations of each covNHR-N miniprotein with CHR-derived peptide
at pH 7.4. Isothermal titration calorimetry (ITC) experiments carried out by titration with
Y24L peptide (gp41 residues Tyr638—Leu661) on each covNHR-N miniprotein. (A)
Q23I; (B): Q23I-ex1; (C) Q23I-ex2. Experiments were carried out at 25 °C in 50 mM
sodium phosphate buffer pH 7.4. Upper panels correspond to the baseline-corrected
thermograms obtained with 25-30 injections of peptide sample on a protein solution.
Bottom panels correspond to the heats normalized per mole of injected ligand (symbols)
versus the protein:peptide molar ratio. The red solid lines correspond to the best fits of
the binding curves using a binding model of n independent and identical sites.
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Figure S9: Effect of peptide binding on a-helix structure (pH 3.0). Far-UV CD spectra
of the covNHR-N miniproteins in free form and in 1:2 mixtures with gp41 peptides.
Spectra were recorded in 50 mM glycine/HCI buffer pH 3.0 at 25 °C and normalized as
ellipticity per mole of protein or peptide.For comparison, the CD spectra of the free
peptide and the theoretical sum of the spectra (dashed lines) of the free molecules in 1:2
ratio are also shown. Data are plotted as follows: Q23I (A and B); Q23I-ex1 (C and D);
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Figure S10: Effect of peptide binding on the thermal stability of the covNHR-N
miniproteins. DSC experiments were performed using a scan rate of 90 °C/h. Samples
were prepared at 30 uM of protein concentration in 50 mM glycine/HCI buffer pH 3.0.
Peptides were added in the mixtures at the indicated molar ratios. Data are plotted as
follows: Q231 (A and B); Q23I-ex1 (C and D); Q23I-ex2 (E and F); Y24L (A,C and E);
T20-4R (B,D and F). The heat capacity of the free peptides was recorded independently
and subtracted from the thermograms for the sake of clarity of the observed effects. The
temperature of the dissociation peak at 1:2 molar ratio is indicated along each curve.
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Figure S11: ITC titrations of each covNHR-N miniprotein with gp41 derived
peptides at pH 3.0. Q231 (A and B), Q23I-ex1 (C and D) and Q23I-ex2 (E and F) were
titrated with the Y24L (A, C, E) or T20-4R (B, D, F) peptides. Experiments were carried
out at 25 °C in 50 mM glycine/HCI buffer pH 3.0. Upper panels in each graph show the
baseline corrected thermograms. Lower panels show the normalized binding heats (open
symbols) and the corresponding fittings (red lines) using a binding model of independent

and identical sites.



3. X-Ray Crystallography

Table S3.-X-Ray diffraction data collection and refinement statistics

PDB entry
Beamline

Data collection temperature (K)

Wavelength (A)

Resolution range (A)

Space group

a, b, c(A)

o By (°)

Total reflections

Unique reflections
Multiplicity

Completeness (%)

Mean I/ovl)

spherical

ellipsoidal

Wilson B factor (A?)

Rmerge

CCin

Reflections used in refinement
Rwork

Rfree

No. of non-H atoms
Ligands

Solvent

No. of protein residues
R.m.s.d., bonds (A)
R.m.s.d., angles (°)
Ramachandran favoured (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore

Average B factor (A?)

9HS7

XALOC (ALBA)

100
0.979

19.29-1.70 (1.90-1.70)

P65

65.44 65.44 88.77

90 90 120
117185 (5732)
11436 (572)
10.2 (10.0)
99.81 (100.00)
24.52 (3.71)
48.1 (8.2)
94.1 (86.9)
35.92

0.075 (0.991)
1 (0.752)
11432 (416)
0.203 (0.318)
0.239 (0.242)
1026

1

35

126

0.014

1.401

95.97

100.00

0

0

0

58.62




4. TZM-BI inhibition assays
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Figure S12: TZM-BI cell infection assays in presence of the inhibitory covNHR-N
miniproteins for several viral strains. TZM-BI cells were infected with different Tier 2
HIV isolates in presence of variable concentrations of covNHR-N miniproteins. HIV used
were CN54 (A), KON (B), TV1 (C) and 92UG025 (D). Data correspond to the percentage
of infected cells relative to the controls in absence of inhibitor. The lines represent the
best fit using a Hill’s sigmoidal function. Error bars correspond to the standard deviation

from the mean values from duplicates.

Table S4. 50% inhibitory concentrations (ICs¢) in nM of covNHR-N miniproteins
in TZM-BI assay for several HIV-1 strains

Virus strain CN54 KON TV1 92UG025
Subtype (tropism) C (RS) CRF02-AG (X4) C (RS) C(RS)
Q231 165+5 64+ 13 132 £52 68 +4
Q23I-ex1 240+ 9 65+6 139 £ 38 60 =4
Q23I-ex2 182+ 16 85+8 178 £ 0.4 91+2

The 50% inhibitory concentrations (ICso) have been obtained by fitting the change in
percentage of infected cells with the inhibitor concentration using a Hill’s sigmoidal

function.



5. Cytotoxicity assays
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Figure S13: Cytotoxicity of the covNHR-N miniproteins on PMBC cells.
LIVE/DEAD™ experiments were in parallel to p24 detection by ELISA in the PMBC
infection assays with SF162 NN virus. Percents of live cells in presence of the
miniproteins or the 3BNC117 mAb are compared with control cells and cells with added

virus.

6. ELISA binding assays with Env spike
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Figure S14: Binding of covNHR-N miniproteins to soluble gp160 MN/LAI Env
measured by ELISA. CovNHR-N binding to Env was detected using anti-His tag Ab as
primary antibody. Background binding was measured without Env and subtracted from
the data. 100% positive control was measured with wells directly coated with a His-
tagged Env. Data correspond to mean + S.D. values of triplicates.



7. Capture of infectious viruses
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Figure S15: Capture of whole virus particles. Infections virus particles (SF162 in blue
and 92RWO009 in orange) were captured by miniproteins (at 20 pM) or Abs (at 5 pg/mL)
previously coated on an ELISA plate. Supernatant collected after extensive washing were
analyzed for p24 detection. Mean and standard deviation of duplicates.



8. Combination inhibition assays

Appendix S2: Analysis of combination inhibition experiments

TZM-BI or PMBC assays were carried out with mixtures of covNHR-N miniproteins and
bnAbs as described in the Material and Methods section of the main text. The mixtures
were prepared by serial dilutions at different molar ratios, covering a concentration range
around their respective ICso values (see Tables S4A-C below). The percentage of infected
cells in each well was calculated according to the number of infected cells, relative to the
total number of living cells. Then, the percentage of inhibition for each single inhibitor
and for each combination was calculated by comparing the number of infected cells in
presence of inhibitor with the number of infected cells in absence of inhibitor (control),
according to equation 1.

100—% infected

0/ i drilnits _
inhibition =
% % infected(control)

(D

The inhibitor concentration leading to 50% inhibition, ICso, and the cooperativity
parameter, m, were calculated from linear regression in double logarithmic Hill’s plots
using equation 2 [11] with data of single inhibitor, bnAb and fixed-ratio mixtures (see
Figures S11, S14 and S18).

I ( % inhibition

[inhibitor]
100—%inhibition

[1Cs0]

)=m-log 2)

Then, the combination index (CI) and dose reduction index (DRI) corresponding to
different inhibition percentages were calculated for each inhibitor:bnAb mixture using
equations 3 and 4 [11]. Values for fixed-ratio mixtures and for individual mixtures were
calculated (Figures S12, S15, S16 and S19), where ICx corresponds to the concentration
of single inhibitor or bnAb corresponding to a certain inhibition percentage x, and
[Inhibitor]mix or [bnAb]mix correspond to the concentrations of each species in the mix
that produce the same percentage of inhibition. CI < 1 indicates synergism, CI = 1
indicates additive effects, and CI > 1 indicates antagonism.

__ [Inhibitorlmix , [bnAblmix
ICx(inhibitor) ICx(bnAb)

Cl, 3)
__ ICx(inhibitor)

- [Imhibitor)mix

DRI, (4)

Finally, isobolograms for each combination were calculated for I1Cso, IC70 and ICoo
according to equation 5 (Figures S13, S17, S20).

[Inhibitor |, = [bnAblpmix
IC,(inhibitor) = IC,(bnAb)




Table SSA. Combination inhibition assays with covNHR-N miniproteins and
3BNC117 in TZM-BI assays using SF162 pseudoviruses

% inhibition in presence of 3BNC117 and Q231.

3BNC117 (nM)

Q231 (nM) 4.67 1.55 0.52 0.17 0.06 0.00
500.00 99.73 99.77 99.71 99.57 98.53 97.57
166.67 99.67 98.82 96.97 93.67 94.14 87.78
55.56 98.74 98.76 91.99 85.96 72.65 75.05
18.52 96.82 91.12 82.03 56.88 43.15 34.90

6.17 92.15 89.25 70.98 45.80 37.20 22.95
0.00 90.67 77.44 76.25 41.64 33.11 38.43

% inhibition in presence of 3BNC117 and Q231I-exl1.

3BNC117 (nM)

Q23I-ex1 (nM) 4.67 1.55 0.52 0.17 0.06 0.00
500.00 99.83 99.63 99.80 99.36 97.84 96.99
166.67 99.66 99.21 94.31 90.14 85.64 81.38
55.56 99.17 91.59 87.48 68.61 71.56 46.74
18.52 95.11 83.04 66.90 32.88 34.05 25.20

6.17 92.30 80.56 53.40 35.31 13.39 6.87
0.00 88.88 77.13 62.78 32.01 16.88 8.67
% inhibition in presence of 3BNC117 and Q231-ex2.
3BNC117 (nM)

Q23I-ex2 (nM) 4.67 1.55 0.52 0.17 0.06 0.00
500.00 100.02 99.63 99.74 100.09 97.46 94.71
166.67 100.09 99.27 95.82 87.76 82.53 84.60
55.56 97.44 94.83 83.22 77.61 60.09 51.12
18.52 96.87 88.73 72.95 58.22 29.08 50.32

6.17 95.27 82.80 58.32 36.96 33.37 5.95

0.00 91.65 75.34 66.99 25.85 -0.58 18.91
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Figure S16. Combination TZM-BI assays with 3BNC117. Hill’s plots corresponding
to the individual and combination inhibition assays between the covNHR-N miniproteins
and 3BNC117 in TZM-BI assays using SF162 pseudoviruses. Data correspond only to a
constant [protein]/[mAb] molar ratio of 107:1 (diagonal data).
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Figure S17. Combination Index (CI) (A and B) and Dose Reduction Index (DRI)
with 3BNC117. CI and DRI (C and D) as a function of the percentage of inhibition
calculated for the combination TZM-BI1 assays between 3BNC117 and the each covNHR-
N miniprotein. (A and C) correspond to the calculated values using the parameters derived
from the Hill’s plots for constant ratio combinations. (B and D) correspond to the
individual combination data.
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Figure S18. Isobolograms with 3BNC117. Isobolograms were calculated from the
parameters of the Hill’s plots using the constant ratio combination inhibition data between
the different covNHR-N miniproteins, Q231 (A), Q23I-ex1 (B), Q23I-ex2 (C), and
3BNC117 for different inhibition percentages, as indicated. The continuous lines indicate
purely additive effects and the symbols the observed effects the inhibitor: bnAb mixtures.



Table SSB. Combination inhibition assays with covNHR-N miniproteins and 2F5
or 4E10 in TZM-BI assays using SF162 pseudoviruses

% inhibition in presence of 2F5 and Q23I.

2F5 (nM)

Q231 (nM) 166.67 55.56 18.52 6.17 2.06 0.00
500.00 99.72 99.99 99.87 98.70 99.80 97.56
166.67 99.88 98.46 97.60 96.91 95.11 91.73
55.56 98.74 94.38 90.71 83.83 75.88 57.28

18.52 98.27 91.90 82.65 66.72 47.54 20.39
6.17 99.53 94.21 77.09 60.05 28.57 4.53
0.00 97.32 91.54 79.82 50.44 38.43 -31.35
% inhibition in presence of 4E10 and Q23I.
4E10 (nM)

Q231 (nM) 166.67 55.56 18.52 6.17 2.06 0.00
500.00 99.69 100.01 99.52 98.88 99.38 97.42
166.67 100.21 98.28 96.36 94.48 92.10 90.32
55.56 97.34 89.32 85.80 77.53 68.99 50.72

18.52 93.49 81.66 69.84 56.55 42.05 32.53
6.17 89.56 78.44 63.88 43.72 35.83 -5.38
0.00 87.45 76.91 57.09 52.36 23.74 -7.51
% inhibition in presence of 2F5 and Q231-ex1.
2F5 (nM)

Q23I-ex1 (nM)  166.67 55.56 18.52 6.17 2.06 0.00
500.00 100.31 99.78 99.82 99.22 99.42 102.36
166.67 100.06 97.70 96.14 93.75 90.33 87.89
55.56 98.89 96.15 88.78 78.83 74.34 53.49

18.52 96.71 93.01 80.65 74.03 54.72 30.66
6.17 98.72 89.80 79.72 62.35 53.17 2431

0.00 95.03 88.44 82.22 54.57 48.58 4.50




Table S5B (Continuation). Combination inhibition assays with covNHR-N

miniproteins and 2F5 or 4E10 in TZM-BI assays using SF162 pseudoviruses

% inhibition in presence of 4E10 and Q231I-ex1.

4E10 (nM)

Q23I-ex1 (nM)  166.67 55.56 18.52 6.17 2.06 0.00
500.00 100.26 98.64 99.70 99.20 98.86 97.24
166.67 98.86 96.92 95.56 93.71 93.32 81.20
55.56 97.34 90.93 88.06 79.30 60.92 49.10

18.52 88.28 80.03 77.78 57.50 46.18 24.42
6.17 94.10 81.48 67.20 51.09 27.94 9.41
0.00 91.94 79.32 62.10 46.11 27.45 -6.52
% inhibition in presence of 2F5 and Q231-ex2.
2F5 (nM)

Q23I-ex2 (nM)  166.67 55.56 18.52 6.17 2.06 0.00
500.00 100.09 99.41 99.95 98.63 96.71 97.24
166.67 99.48 98.77 97.76 93.81 89.25 84.19
55.56 97.69 95.88 84.57 82.42 72.20 62.19

18.52 97.42 92.07 84.45 88.30 56.23 31.13
6.17 95.98 89.89 76.28 61.92 41.03 -14.56
0.00 94.56 89.36 71.58 51.51 23.42 1.21
% inhibition in presence of 4E10 and Q231-ex2.
4E10 (nM)

Q23I-ex2 (nM)  166.67 55.56 18.52 6.17 2.06 0.00
500.00 99.90 99.41 99.01 98.82 98.11 98.01
166.67 100.11 97.19 96.53 94.16 92.95 79.61
55.56 94.36 88.48 82.24 69.36 60.17 45.88

18.52 94.66 84.55 75.48 59.34 46.88 23.14
6.17 90.68 77.60 68.85 50.99 28.43 14.44
0.00 89.73 82.26 58.73 36.13 22.89 1.66
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Figure S19. Combination TZM-Bl assays with 2F5 and 4E10. Hill’s plots
corresponding to the individual and combination inhibition assays between the covNHR-
N miniproteins and 2F5 and 4E10 mAbs in TZM-BI assays using SF162 pseudoviruses.
Data correspond to constant [protein]/[mAb] molar ratio of 3:1 (diagonal data).
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Figure S20. Combination Index (CI) (A and B) and Dose Reduction Index (DRI)
with 2F5. Combination Index (CI) (A and B) and Dose Reduction Index (DRI) (C and
D) as a function of the percentage of inhibition calculated for the combination TZM-BI
assays between 2F5 and the each covNHR-N miniprotein. (A and C) correspond to the
calculated values using the parameters derived from the Hill’s plots for constant ratio
combinations. (B and D) correspond to the individual combination data.
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Figure S21. Combination Index (CI) (A and B) and Dose Reduction Index (DRI)
with 4E10. Combination Index (CI) (A and B) and Dose Reduction Index (DRI) (C and
D) as a function of the percentage of inhibition calculated for the combination TZM-B1
assays between 4E10 and the each covNHR-N miniprotein. (A and C) correspond to the
calculated values using the parameters derived from the Hill’s plots for constant ratio
combinations. (B and D) correspond to the individual combination data.
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Figure S22. Isobolograms with 2F5 and 4E10. Isobolograms calculated from the
parameters of the Hill’s plots using the constant ratio combination inhibition data between
the different covNHR-N miniproteins, Q231 (A,B), Q23I-ex1 (C,D), Q231-ex2 (E,F), and
2F5 (A,C,E) and 4E10 (B,D,F) mAbs for different inhibition percentages, as indicated.



Table SSC. Combination inhibition assays with Q23I-ex1 and 3BNC117 in PMBC

assays using SF162 and 97RW009 virus isolates.

% inhibition in presence of 3BNC117 and Q231-ex1 (SF162 virus)

3BNC117 (nM)

Q23I-ex1 (nM) 20 6.67 2.22 0.74 0.25 0.08 0.00
60.00 99.91 99.66 98.33 87.98 87.25 83.70 75.97
20.00 99.46 98.85 90.70 67.92 64.89 56.01 46.71

6.67 98.12 96.24 79.10 32.71 16.51 16.20 48.07
2.22 98.01 94.04 63.74 12.54 16.41 21.21 16.41
0.74 97.28 89.86 57.47 35.21 11.39 -10.76 17.76
0.25 95.82 83.91 55.17 25.50 -17.03 1.46 15.36
0.00 92.89 89.86 55.69 10.97 -7.63 13.38 14.63
% inhibition in presence of 3BNC117 and Q231-ex1 (97RW009 virus)
3BNC117 (nM)

Q23l-ex1 (M) 20 6.67 2.22 0.74 0.25 0.08 0.00
60.00 99.67 08.84 98.89 95.12 95.37 95.89 95.12
20.00 99.56 97.46 91.00 78.66 76.35 73.52 75.58

6.67 98.30 91.77 80.98 61.44 53.73 52.96 37.53
2.22 97.63 86.12 65.04 48.84 49.61 35.73 44.22
0.74 97.43 84.06 62.72 37.28 20.05 9.77 22.88
0.25 95.37 79.18 58.61 45.50 20.31 14.65 24.68
0.00 94 .86 79.18 50.64 50.39 25.19 -6.43 19.79
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Figure S23. Combination PMBC assays with 3BNC117. Hill’s plots corresponding to
the individual and combination PBMC inhibition assays between the Q23I-exl and
3BNCI117 using SF162 (A) and 97RWO009 (B) virus isolates. Combination data
correspond to constant [protein]/[mAb] ratio of 3:1 (diagonal data).
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Figure S24. Combination Index (CI) (A and B) and Dose Reduction Index (DRI)
with 3BNC117 in PMBC assays. CI (A and B) and DRI (C and D) as a function of the
percentage of inhibition calculated for the combination PBMC assays between 3BNC117
and Q23I-ex1 for two virus isolates (SF162 and 97RW009). (A and C) correspond to the
calculated values using the parameters derived from the Hill’s plots for a constant ratio
[protein]/[mAb] of 3:1. (B and D) correspond to the individual combination data.
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Figure S25. Isobolograms for 3BNC117 in PMBC assays. Isobolograms calculated
from the parameters of the Hill’s plots using the constant ratio combination inhibition
data in PMBC assays with Q23I-ex1 and 3BNC117 for different inhibition percentages,
as indicated. (A) SF162 virus; (B) 97RWO009 virus.



9. Ex vivo replication assays

Table S6: Participants characteristics included in the APRIL study (Analysis of the Persistence, Reservoir and HIV Latency) who
donated PMBC:s for the ex vivo inhibition analysis

HIV CDC Ageatvisit TEASMAHIV-L - 0p, tvisit  CD8atvisit  CD4/CDS

#ID Sex  Clade acquistion stage  (years) cljll)\i?s /(111?5) (/mm>) (/mm>) ratio ART at visit
VIR1 F A Unknown A 41 2.96 313 952 0.33 3TC+DRV/r
VIR2 F CRF02  Heterosexual A 39 3.36 299 1105 0.27 ABC/3TC/DTG
VIR3 F C Heterosexual A 39 2.55 722 454 1.59 TAF/FTC/BIC
VIR4 M CRF02  Heterosexual A 40 1.93 64 369 0.17 TDF/FTC/RPV
VIRS M A MSM A 31 3.24 784 724 1.08 /

VIR6 F Al Heterosexual  C 33 2.93 139 1666 0.08 3TC+ABC+DRV/r
VIR7 M F1 Heterosexual B 63 2.66 340 436 0.78 ABC/3TC+RPV
VIRS M B MSM B 59 2.30 407 710 0.57 ABC/3TC/DTG

MSM, Men who have sex with men; ART, antiretroviral treatment; 3TC, lamivudine; DRV/r, darunavir+ritonavir; ABC, abacavir; DTG, dolutegravir; TAF,
tenofovir alafenamide; FTC, emtricitabine; BIC, bictegravir; TDF, tenofovir disoproxil fumarate; RPV, rilpivirine.
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Figure S26: Ex vivo cell viability in presence of Q23I-ex2 or the 3BNC117+10-1074
mAbs or antiretroviral drugs. Isolated CD4+ T cells from viremic HIV-infected
individuals failing antiretroviral therapy were treated with either: (i) antiretroviral drugs
(raltegravir [RAL] + lamivudine [3TC], 200nM each), (ii) Q231-ex2 (200nM), (iii) bnAbs
(clones 3BNC117 + 10-1074, 7nM each) and (iv) control (PBS). The frequency (%) of
live CD4+ T cells is depicted for each participant (VIR1 to 8). Each colored dot represents

another viremic infected individual.
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