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Abstract

The capsid (CA) subunit of the HIV-1 Gag polyprotein is involved in several steps of the viral cycle, from the assembly
of new viral particles to the protection of the viral genome until it enters into the nucleus of newly infected cells. As
such, it represents an interesting therapeutic target to tackle HIV infection. In this study, we screened hundreds of
compounds with a low cost of synthesis for their ability to interfere with Gag assembly in vitro. Representatives of
the most promising families of compounds were then tested for their ability to inhibit HIV-1 replication in cellulo.
From these molecules, a hit compound from the benzimidazole family with high metabolic stability and low toxicity,
2-(4-N,N-dimethylaminophenyl)-5-methyl-1-phenethyl-1H-benzimidazole (696), appeared to block HIV-1 replication
with an IC50 of 3 uM. Quantitative PCR experiments demonstrated that 696 does not block HIV-1 infection before the
end of reverse transcription, and molecular docking confirmed that 696 is likely to bind at the interface between two
monomers of CA and interfere with capsid oligomerization. Altogether, 696 represents a promising lead molecule for
the development of a new series of HIV-1 inhibitors.
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Background worldwide [1]. In front of this pandemic, numerous treat-
Human Immunodeficiency Virus type 1 (HIV-1), the ments have been developed, against which HIV-1 is
causative agent of AIDS, is a major concern of pub- prone to resistance development given its intrinsic varia-
lic health with more than 37 million infected people bility [2]. Thus, new viral therapeutic targets with limited
variability are sought to try to circumvent this problem.
One of the most conserved regions of HIV-1 sequence is
the Gag polyprotein [3]. Gag is a structural protein that

fGuzman Alvarez and Lisa van Pul contributed equally to this work.

*Correspondence: guzmanalvarezlqo@gmail.com; is responsible for the architecture of the viral particle,
n.a.kootstra@amsterdamumc.nl; christophe.guillon@ibcp.fr the protection of the viral genome from cellular nucle-
! Laboratorio de Moléculas Bioactivas, Departamento de Ciencias Bioldgicas, ases, and the import of the reverse-transcribed DNA
CENUR Litoral Norte, Universidad de La Republica, 60000 Paysandu, Uruguay . o . .

2 Department of Experimental Immunology, Amsterdam UMC, into the nucleus before its integration in the genome of
Amsterdam Infection & Immunity Institute, University of Amsterdam, the infected cells. In particular, in the late phase of viral
1105 AZ Amsterdar, the Netherlands o replication, the capsid protein (CA) of the Gag polypro-

Retroviruses and Structural Biochemistry, UMR5086, Université de Lyon, .. . .. .

CNRS, MMSB, 69367 Lyon, France tein is oligomerizing into pentamers and hexamers to the
Full list of author information is available at the end of the article mature viral core of the virion which stability is necessary

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40360-022-00581-7&domain=pdf

Alvarez et al. BMC Pharmacology and Toxicology (2022) 23:43

for effective infection [4]. Moreover, CA is interacting
with several cellular factors to play different roles dur-
ing the early phase of the viral replication cycle, from
uncoating to trafficking and entering the nucleus of the
infected cells [5]. Among others, HIV-1 CA interacts
with Cyclophilin A, Nucleoporins 153 and 358, and poly-
adenylation specificity factor 6 (CPSF6)[6—10]. It can also
interact with restriction factor Trim5a to allow the eva-
sion of HIV from immune innate mechanisms [11]. The
fact that CA is important for both early and late phases
of the infection makes it a target of choice to develop
anti-HIV compounds [12]. Moreover, these pleiotropic
roles impose a strong selection to maintain all these func-
tions, resulting in low sequence diversity within a sin-
gle retroviral species and a conserved typical a-helical
structure between retroviruses [13—15]. It is composed
of two domains: the N-terminal domain (NTD) is made
up of 7 a-helices while the C-terminal domain (CTD)
has 4 o-helices. FIV (feline immunodeficiency virus)
and HIV-1 CA also possess an N-terminal B-hairpin
which seems to be involved in the entry of nucleotides
for the reverse transcription of the viral RNA genome
into double-stranded DNA [13, 16]. NTD and CTD of
CA are separated by a flexible linker which allows the
two domains to undergo relative spatial rearrangements
during CA oligomerization. HIV-1 CA interactions with
adjacent monomers to form the pentamers and hexam-
ers involve both NTD-NTD, CTD-CTD, and NTD-CTD
interactions, and CA-CA interactions are also needed to
assemble the oligomers and form the fullerene-shaped
mature viral core [4, 17-19].

Therefore, the emergence of viruses with escape muta-
tions to anti-CA treatments could be hindered by these
sequence and structural constraints, reinforcing the
interest of CA as a therapeutic target for HIV infection.
Peptides, peptidomimetics, or small molecules targeting
CA have been developed which could inhibit HIV in vitro
and are mostly binding three regions of CA [20]: hydro-
phobic pockets in the NTD, a groove in the CTD, or a
pocket formed between the NTD of one monomer and
the CTD of an adjacent monomer in a CA hexamer [21-
25]. These various targeted regions are reflecting multi-
ple mechanisms of inhibition, from blocking of CA-CA
interactions during virus assembly to interference with
post-entry events through the stabilization of the viral
core or competition with cellular partners [20, 22].
Although a recent paper has demonstrated the clinical
potential of CA as a therapeutic target [26], no CA inhib-
itor is available yet on the market to tackle HIV infection.
The low metabolic stability of some compounds [22] and
high costs of production are among the main obstacles
to their development for clinical use. Thus, the quest for
new compounds against HIV-1 CA is still ongoing.
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More than 400 compounds from our chemical library
described elsewhere have been tested for their ability to
interfere with CA assembly. Then from the data previ-
ously acquired from those 400 molecules tested in CA
from FIV, we selected 10 compounds for their structural
relationship with known CA HIV-1 inhibitors [27-31].
From those molecules, 5 compounds demonstrated
interference with the assembly of HIV-1 CA in vitro
One hit molecule, compound 696, which was recently
shown by NMR to bind FIV capsid protein [27], demon-
strated an inhibitory effect on HIV-1 replication in cel-
lulo, with an ICy, of 3 pM. Docking experiments with
this hit compound demonstrated its binding to the NTD
of HIV-1 CA, in the zone of interaction of CA with its
cellular partner Nup153 which is also targeted by the
structurally-related inhibitor PF74 [21]. A comparison of
the binding site of the PF74 and the possible interaction
region of 696 suggests a different inhibition mechanism
between PF74 and our compound 696. Also, PF74 accel-
erated the oligomerization in vitro, and 696 inhibited
these. Moreover, 696 shows high metabolic stability and
low toxicity, which makes it an interesting lead molecule
to optimize for the development of a new class of low-
cost HIV CA inhibitors.

Results and discussion
Screening of the chemical library for CA assembly
inhibition in vitro
More than 400 compounds from our chemical library
described elsewhere [28-30] have been tested for their
ability to interfere with CA assembly. As the assembly
inhibition assay requires high protein and molecule con-
centrations, with the concomitant solubility problems, a
dose—response curve could not be determined for this
assay as the 1:1 protein: compound ratio is unreachable.
However, it is a common first-line screening strategy for
anti-assembly molecules to select molecules to be tested
in cellulo and/or in vivo [26]. Then from the data previ-
ously acquired from those 400 molecules tested in CA
from FIV, we selected 10 compounds for their structural
relationship with known CA HIV-1 inhibitors [30]. From
those molecules, 5 compounds demonstrated interfer-
ence with the assembly of HIV-1 CA in vitro (Fig. 1),
namely compounds 305, 553, 878, 696, and 1310 (Fig. 2).
Compound 314 showed an inconsistent behavior
because of its insolubility at concentrations higher than
10 uM. Compounds 314 and 305 are thiazolidene hydra-
zines designed as antiparasitic compounds targeting
Trypanosoma cruzi (Fig. 2). Compounds 1310 and 878
are derivatives from the same rational design as com-
pound 314, but these were not active against 1. cruzi
and have no recognized biological activity [32]. Notably,
compounds 696 and 553 are structurally related to CA
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inhibitor PF74. However, 553 had high unspecific cyto-
toxicity in murine macrophages 100% at 50 pM in 24 h.
Also, it has a nitro group which is generally associated
with toxicity and interference with liver metabolism and
was not considered for in cellulo experiments, also it was
tested positive in the Ames test in silico (Fig. 2).

Toxicology profile of the active compounds

The cytotoxicity of the compounds was assayed in differ-
ent types of cells (TZM-bl cells, U87-CD4-CCR5, murine
macrophages (J774.1), and THP-1 monocytes) at 25, 50,
and 100 uM (Fig. 2). All of the compounds demonstrated
EC,, of more than 50 pM, except for compound 553.
Compound 314 has the most complete toxicology profile
because was preclinically developed for Chagas disease
infection, as an antiparasitic drug. This one also dem-
onstrates good toxicology profiles, with no mutagenicity
and no genotoxicity, also low oral toxicity in vivo. Com-
pound 696 also demonstrates low unspecific toxicity. It
has lower oral toxicity than PF74. Was predicted as no
mutagenic by the TEST software.

Inhibitory activity of selected compounds against HIV-1
replication in cellulo

Based on the compounds which showed an inhibitory
effect in our assembly assay (Fig. 1), we selected mol-
ecules from our chemical library related to these lead
compounds, favoring those with good solubility and low
toxicity. This led us to consider 22 molecules (Table S2) in
total that were tested in cellulo for their ability to inhibit

HIV-1 replication. Among the 22 compounds, only two
compounds showed a clear dose-response inhibition of
HIV-1 replication, compounds 314 and 696. Compound
696 showed inhibition of HIV-1 replication in U87-CD4-
CCR5 cells of more than 80% at the two highest concen-
trations tested after 11 days (Fig. 3a). As demonstrated
using MTT assay, this effect was not due to the possible
toxicity of compound 696 in the range of concentration
we used (Fig. 3b). Thus, with an IC,, of 2.3+0.6 uM
on day 11, 696 demonstrates a selective activity of at
least 10 times between mammalian cells (EC5,>50 pM,
Fig. 2) and antiviral activity (ECy,/IC5,>21). Also com-
pound 696 had low toxicity on murine macrophages
EC,,>50 uM (at 48 hs), EC,, inU87-CD4-CCR5 (11 days)
and TZM-bl cells >50 mM (48hs), EC50 in human mac-
rophages>100 mM (48hs), EC, in human red blood
cells > 100 mM (24hs).

Among the other compounds, 314 showed inhibition
only at 10 pM, which was not sufficient for the calcula-
tion of an IC;, A trend towards inhibition of HIV-1
replication at low concentrations for compounds 878
and 1310 was observed. The results obtained with 878
and 1310 could not be confirmed at high concentrations
because of solubility problems. In particular, compound
1310 has two ionizable groups, which may interfere with
its permeability into the cells. It will be interesting to con-
sider these two compounds for future chemical modifica-
tions, such as esterification with methanol of compound
1310 or a different solubilization approach with com-
pound 878. The remaining compounds tested showed no
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inhibition of HIV-1 replication in U87-CD4-CCR5 cells
(data not shown). No p24 production was detected in the
AZT (10 uM) control (data not shown).

We have recently demonstrated the binding and inhibi-
tory effect of 696 on FIV capsid assembly in vitro [27].
Thus, we investigated the interaction of 696 with HIV-1
CA by microscale thermophoresis (MST). Interestingly,
specific binding of compound 696 to monomeric HIV-1
CA was detectable with an estimated K of 69+6 pyM

(Fig. 4). On the opposite, although showing some inhibi-
tory effects at high concentrations, compound 314 dis-
played no specific binding for HIV-1 CA at 200 uM
(data not shown). This suggests that the effect of 314 on
HIV-1 replication might not be specific to CA inhibition
and that this compound might interfere with another
step of viral replication. As it is an efficient inhibitor of
some parasite proteases [33], an inhibitory effect of 314
against HIV-1 protease will be worth exploring. Thus,
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we focused on compound 696 as it showed a clear dose—
response inhibition of HIV-1 replication in cellulo and a
specific affinity for HIV-1 CA in the micromolar range.

Compound 696 does not block HIV-1 infection

before the end of the reverse transcription

Various mechanisms of action have been described so
far for CA inhibitors (reviewed in [20]): inhibition of the
formation of the viral core in the late steps of viral rep-
lication by inhibition of CA/CA interactions will lead to
the production of non-infectious viral particles, while
inhibition of early stages of infection, during uncoating

and/or nuclear import of the capsid will lead to abortive
infection before integration and will block further viral
replication.

As inhibition of infection of U87-CD4-CCR5 cells can
reflect inhibition at both early and late steps of infection,
we evaluated specifically the effect of compound 696 on
the early phase of the viral cycle. To check if the addition
of the CA inhibitor inhibited HIV-1 reverse transcrip-
tion, qPCR was performed on cells preincubated with
696 for 18 h (Fig. 5) before infection.

The nucleoside analog Zidovudine (AZT) was used as
a positive control for inhibition of reverse transcription.
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Pre-incubation of the cells with AZT resulted in an
efficient inhibition of HIV-1 reverse transcription
(p=0.029), while compound 696 did not show any sig-
nificant effect. Preincubation of the cells with the com-
pound for 18 h did not show any significant effect of 696
either (data not shown). This suggests that 696 does not
inhibit viral replication during the steps of viral replica-
tion which are taking place between entry and reverse
transcription.

Modelling the mechanisms of inhibition by 696

To understand the molecular mechanisms of inhibition,
compound 696 was computationally docked against a
monomer of HIV-1 CA (Fig. 6). The molecular docking
for 696 suggests that this compound binds to the NTD
of CA, in a zone that is involved in protein: protein inter-
actions during HIV-1 CA oligomerization [19]. Thus,
we positioned compound 696 at the interface between
two monomers of an HIV-1 CA hexamer. Compound
696 appears to bind at the interface between monomers
(Fig. 7). This suggests that this compound may inhibit
HIV-1 replication in cells by interfering with Gag:Gag
interactions and/or capsid transportation during the viral
cycle.

Noteworthy, PF74 and 696 are structurally related
and PF74 has been shown to inhibit HIV-1 by target-
ing the same area in a rather similar orientation (Fig. 7).
The main difference between the two compounds is the
extrusion of PF74, which presents a larger interface of
interaction with the second monomer of CA (130 A2)
than 696 (16 A2), as calculated by PISA [35].

Interestingly, this zone is the binding site of cellular
partners Nup153 and CPSF6, which are involved in the
import of the CA or its content from the cytoplasm to
the nucleus before HIV-1 integration [8—10].

Indeed, PF74 has been described as inhibiting the
uncoating step by stabilizing the assembled viral cap-
sid, thereby targeting early steps of viral replication and
resulting in the blockade of HIV-1 integration [21, 36].
Our molecular docking strategy, which proved success-
ful in identifying the binding site of 696 of FIV CA [27],
suggests that 696 is binding at the same site as PF74 on
HIV-1 CA However, we showed that this compound does
not inhibit the early steps of HIV-1 replication, before
reverse transcription (Fig. 5). This could come from a
weaker interaction of 696 with HIV-1 CA, suggested by
the smaller surface of interaction with the second mono-
mer of CA compared to PF74 (Fig. 7). It could also reflect
that 696, as PF74, could interfere with the import of the
HIV-1 capsid in the nucleus at the pre-integration step
[34]. Structure-based optimization of 696 to increase this
interaction and more detailed experiments to address
which step of the HIV-1 viral cycle is inhibited, either
pre-integration events and/or assembly itself, will be
sought to clarify this point.

Noteworthy, PF74 has been described as having low
metabolic stability [22] (Table 1), which is not the case
here as 696 was stable for 4 h under microsomal and
cytosolic fraction derived from rat liver, as checked
by Thin Layer Chromatography by the absence of new
metabolites (Figure S2 in supporting material). 696 dem-
onstrated also a selective activity of at least 10 times
between mammalian cell and antiviral activity (Figs. 2
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Fig. 6 Molecular docking of compound 696 on HIV-1 CA monomer (top) or dimer (bottom). Compound 696 and its surfaces are displayed in cyan
and the chain of the dimer used for docking is displayed in dark orange. HIV-1 CA monomers and dimers are extracted from PDB entry 4XFZ [19]

and 3). These observations, together with the low toxic-
ity effects predicted in vivo (see supporting information)
make this compound a safe hit candidate for a drug devel-
opment process. Moreover, 696 is a benzimidazole deriv-
ative, which is encouraging as such derivatives are among
the most frequently used ring systems in drugs listed by
the US FDA [37]. Furthermore, 696 has the advantages of
easy and low-cost preparation (see supporting informa-
tion). This is a crucial point, as the affordability of pre-
scription drugs is a limitation in low-income countries
with high HIV-1 prevalence, which host most of the HIV-
infected individuals worldwide. Nowadays, that is the
real limitation in HIV control because most people can-
not afford the costs of the actual treatments. This needs
to be kept in mind for the upcoming optimization based
on compound 696 as a hit molecule, before being used as
an anti-HIV-1 therapeutic molecule.

Materials and methods

Description of the compounds

The herein studied compounds were selected using the
following criteria: i) agents inhibiting CA assembly of
FIV in vitro, ii) compounds with strong activity in other

pathogens with low-cost production, or iii) compounds
with low unspecific toxicity. Then from the chemical col-
lection with around 2000 exclusive compounds designed
by our team, we selected 10 compounds belonging to
diverse structural families: steroids, quinoxalines, cur-
cuminoids, thiazolidene hydrazines, and benzimida-
zole. Then, based on the compound which showed an
inhibitory effect in our assembly assay, we extended our
selection with additional molecules related to these lead
compounds to finally consider 22 molecules in total for
their inhibitory effect on HIV-1 replication in U87 cells.
The chemical synthesis of these molecules followed the
previously reported procedures [28, 30, 33, 38, 39]. Syn-
thesis and in-depth characterization of the two com-
pounds 696 [27] and 314, which are thoroughly analyzed
in this study, are available as supporting information.

Liver fraction stability studies

For the determination of liver fraction stability, rat liver
microsomal and cytosolic proteins were used (MOL-
TOX™ manufactures products, North Carolina, US).
Rat liver microsomal and cytosolic proteins were used
according to the manufacturer’s recommendations
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Fig. 7 Molecular docking of compound 696 in a CA dimeric interface
(top) compared to the published structure of PF74 in a complex with
a CA hexamer (bottom, PDB entry 4XFZ [19]). The coloring of the

amino-acid chains is identical to Fig. 6

and the methodology previously described [40]. The
protein content of the microsomal and cytosolic frac-
tions was determined by the bicinchoninic acid assay
from Sigma (Schnelldorf, Germany), as suggested by
the manufacturer. The final concentration of 696 in the
aqueous medium was 100 puM and was prepared from
a stock solution in DMSO. The solutions were further
homogenized and incubated at 37 ° C for 1 to 4 h fol-
lowing the OECD recommendation for drug develop-
ment. After that, thin-layer chromatography of ethyl
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acetate extracts was performed to evaluate the presence
of metabolites.

Calculation of the pharmacokinetic parameters [40, 41]

The predictions were performed as described before [42]
with the open-access SwissADME software (http://www.
swissadme.ch, accessed on 25 February 2020), a tool
that allows the prediction of different pharmacokinetic
parameters such as water solubility, lipophilicity, gastro-
intestinal absorption, bioavailability, etc. (see supporting
information). The oral median lethal dose (LDj) in rats
was estimated using the Toxicity Estimation Software
Tool (TEST). For both of them, the SMILES codes, gen-
erated with the ChemBioOffice 2010 program, were used.

Red blood cell lysis assay [32]

Human blood (blood discarded from the blood bank)
collected in sodium citrate solution (3.8%) was centri-
fuged at 200 x g for 10 min at 4 °C. The plasma super-
natant was removed and erythrocytes were suspended in
ice-cold PBS. The cells were again centrifuged at 200 x g
for 10 min at 4 °C. This procedure was repeated two more
times to ensure the removal of any released hemoglobin.
Once the supernatant was removed after the last wash,
the cells were suspended in PBS to 2% w/v red blood cell
solution. A volume of 400 pL of compound 696 to be ana-
lyzed, in PBS (final doses 50, 100, and 200 uM), negative
control (solution of PBS), or Amphotericin B (AmpB)
(final dose 1.5 pM), was added to the 2% w/v red blood
cell solution. Ten replicates for each concentration were
done and incubated for 24 h at 37 °C before analysis.
Complete hemolysis was attained using neat water yield-
ing the 100% control value (positive control). The release
of hemoglobin into the supernatant was determined
spectrophotometrically at 405 nm using a multiplate
reader VarioskanTM Flash Multimode Reader (Thermo
Scientific, MA, US). Results are expressed as the per-
centage of total hemoglobin released in the presence of
the compounds. This percentage was calculated using
the equation percentage hemolysis (%)=[(A;, —A,)/
(A,,)] x 100, where A, is the absorbance at 405 nm of the
test sample at t=24 h, A, is the absorbance at 405 nm
of the test sample at t=0 h, and A, is the absorbance
at 405 nm of the positive control (water) at t=24 h. The
EC,, was defined as the drug concentration at which 50%
of the cells were not lysed relative to the control (solution
of PBS) and was determined by analysis using Origin-
Lab8.5® sigmoidal regression (% of not lysed cells com-
pared to the logarithm of the compound concentration).
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L0

Syntetic ascesibility

high (one quiral center)

low

Estimated production cost high low
ICs0 in UST7 (uM) 0.06 23206
ECso in TZM-bl cells (uM) 48hs 235 =25

Metabolic stability

Human liver microsomes, the half-life (t12) less than 1 min

Rat liver microsomes, the half-life (t12) more than 4h

Effect in p24 multimerization in vitro acceleration inhibition
Binding affinity (uM) 0.06-0.09 696
Oral Rat LDso mgkg* 1167 2820

*Calculated by Toxicity Estimation Software Tool (TEST)

The experiments were done in quintuplicate. AmpB was
used as a positive control.

Cytotoxicity in mammalian cells

TZM-bl cells, U87-CD4-CCR5, murine macrophages
(J774.1), and THP-1 monocytes (ATCC®TIB-202")
were grown following ATCC recommendations. Cells
were seeded in a 96-well plate (10* cells in 200 L culture
medium) and incubated at 37° C in a 5% CO, atmosphere
for 48 h, to allow cell adhesion before drug testing. For
stimulation (THP-1 monocytes), cells were incubated
with 100 nM of phorbol 12-myristate 13-acetate (PMA)
for 48 h. PMA was then washed and cells were left for
an additional 24 h, 48 h orll days (only U87 cells) with
growth media containing compound 696 at 10, 25, 50,
and 100 pM. A vehicle for control (0.4% DMSO) and neg-
ative wells (cells in medium) was used in each test. Cell
viability was then assessed by measuring the mitochon-
dria-dependent reduction of MTT (3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide) to formazan.
For this purpose, MTT in sterile PBS (0.2% glucose), pH
7.4, was added to the macrophages to achieve a final con-
centration of 0.1 mg/mL, and the cells were incubated
at 37 ° C for 3 h. After removing the medium, formazan
crystals were dissolved in 180 puL of DMSO and 20uL of
MTT buffer (0.1 M glycine, 0.1 M NaCl, 0.5 mM EDTA,
pH 10.5), and the absorbance at 560 nm was measured.
The EC;, was defined as the drug concentration at which
50% of the cells were viable relative to the control (0.4%
DMSO), and was determined by analysis using Origin-
Lab8.5® sigmoidal regression (% of viable cells compared
to the logarithm of the compound concentration)[39].
Tests were performed in triplicate, in two independent
experiments.

Expression and purification of HIV-1 CA

The HIV-1 CA protein was expressed and purified as
described for FIV CA with adaptations [31, 43]. Escher-
ichia coli cells (BL2I (DE3) pLysS, Lucigen, WI, US)
transformed with HIV-1 pNL4-3 CA expressing plasmid
(cordially provided by Professor Michael Summers, Uni-
versity of Maryland, US) were grown in Terrific Broth
Medium (Sigma-Aldrich, Schnelldorf, Germany), supple-
mented with 50 mg/mL of ampicillin, at 37 °C. When cells
reached an OD value between 0.3 and 0.4 at 600 nm, the
expression of CA was induced by the addition of 1 mM
isopropyl-D-1-thiogalactopyranoside (IPTG, Euromedex,
Souffelweyersheim, France) for 20 h at 25 °C, then cells
were harvested by centrifugation (7000 x g) and the pel-
lets were stored overnight at -20 °C. The pellet was then
treated with lysis buffer (50 mM NaH,PO,, 300 mM
NaCl, pH 8.5, lysozyme 1 mg/mL, DNase I 1 mg/mL,
protease inhibitor cocktail 80 mg/mL, MgCl, 4 mM)
for 1 h at 0 °C, followed by 4 steps of sonication (1 min
then 30 s of rest) at full power (Omni Sonic Ruptor 400
ultrasonic Homogenizer, PerkinElmer, MA, US). The
clarification step was performed twice by centrifugation
at 10,000 x g for 20 min and the supernatant was filtered
on a 0.45 um filter. The purification of HIV-1 CA protein
was performed by nickel affinity chromatography using
batch incubation with Ni** TED resin (0.15 g of resin
per g of pellet, Macherey—Nagel, Diiren, Germany), then
loaded onto a gravity column. The column was washed
three times with LEW buffer (50 mM NaH,P0O4, 300 mM
NaCl, pH 8.5), and the elution was performed with LEW
buffer containing increasing concentrations of imida-
zole (5 mM, 50 mM, 500 mM). The concentration of CA
was quantified by spectrophotometry at 280 nm using a
Nanodrop (Thermo Fisher, MA, US). The purity of the
protein at homogeneity was checked using SDS-PAGE
analysis before further processing. Buffer exchange, using
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ultrafiltration devices (10 kD MWCO, Sartorius, Got-
inga, Germany), was performed against a Phosphate/
NaCl Buffer (NaH,PO,/Na,HPO, 50 mM, NaCl 100 mM,
pH7.4).

Assembly inhibition assay

The CA assembly assay was performed in a final vol-
ume of 70 pL in 384-well plates, with a final concentra-
tion of 5 mg/mL of purified recombinant HIV-1 CA in
Phosphate/NaCl Buffer (NaH,PO,/Na,HPO, 50 mM,
NaCl 100 mM, pH 7.4), as described for FIV CA [27,
31]. Absorbance was measured at 340 nm every 30 s
in a multiplate reader VarioskanTM Flash Multimode
Reader (Thermo Scientific, MA, US) at 37 °C for 30 min.
The compounds were tested at a fixed initial dose of 25
or 50 pM (at 0.5% DMSO [v/v]) by adding 1 pL of the
concentrated ligand to the well before starting the meas-
urement. The controls were CA at 5 mg/mL in only 0.5%
DMSO [v/v] and CA without DMSO. The criteria to
select active compounds were the observation of at least
50% of assembly inhibition at these doses, based on the
reduction of the OD value at 340 nm at the plateau value
compared to the controls.

Cell lines

U87-CD4-CCR5 cells [44] and TZM-bl cells [45] were
obtained through the NIH AIDS Reagent Program
Division of AIDS, NIAID, NIH, and were cultured in
Iscove’s Modified Dulbecco Medium (IMDM) (Lonza,
Basel, Switzerland) supplemented with 10% [v/v] inacti-
vated fetal calf serum (Hyclone- Cytiva, DC, US), peni-
cillin (100 U/mL) and streptomycin (100 pug/mL), and
maintained in a humidified 5% CO, incubator at 37 °C.
HEK293T cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) without Hepes (Lonza, Basel,
Switzerland) supplemented with 10% [v/v] inactivated
fetal calf serum, penicillin (100 U/mL) and streptomycin
(100 pg/mL), and maintained in a humidified 10% CO,
incubator at 37 °C. THP-1 monocytes were obtained
from ATCC. Human red blood cells were purified from
blood discarded from the local blood bank.

Virus

HIV-1 NL4-3 Ba-L was produced by transient trans-
fection of HEK293T cells with pNL4-3 Ba-L using the
calcium phosphate method. The infectious virus was
harvested at 48 and 72 h after transfection and filtered
through a 0.22 pm filter. NL4-3 Ba-L titers were deter-
mined on TZM-bl cells.

Inhibition of HIV-1 replication in U87-CD4-CCRS5 cells
Compounds were first dissolved in DMSO to reach a
concentration of 20 mM. They were further diluted to a
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200 pM working stock and then further diluted to reach
a starting concentration of 10 uM in the culture plate.
UB7-CD4-CCR5 cells were seeded in quadruplicate at
4000 cells/well in a final volume of 100 pL. The next day,
24 uL of the compound was added in serial 1:2 dilutions
to the cells. Two hours later, 25 pL of infectious virus
(NL4-3 Ba-L) were added to the cells with a TCIDg, of
250. AZT at 10 uM was included as an inhibition control.
The medium was replenished in the presence of com-
pounds once every 3 to 4 days. The supernatant was col-
lected every 3—4 days and analyzed for virus production
by an in-house p24 capture ELISA. ICy, was calculated
using “Quest Graph' " IC;, Calculator” (AAT Bioquest,
Inc., https://www.aatbio.com/tools/ic50-calculator) [44].
Cytotoxicity of the compound was tested on U87-CD4-
CCR5 cells in parallel by MTT assay (at the same proto-
col as in Sect. 3.5 but after 11 days of incubation))[39].

qPCR quantification of reverse transcribed and integrated
DNA

U87-CD4-CCR5 cells were plated in a 24-wells plate at
1.25 x 10° cells per well. After preincubation of the cells
for 18 h with compound 696 at 10 uM, or AZT at 10 uM
as an inhibition control, cells were infected with 1000
TCIDg, of NL4-3 Ba-L (DNAse treated for 30 min). Total
DNA was extracted 48 h post-infection using the All-
Prep DNA/RNA Mini Kit (Qiagen, Venlo, Netherlands).
The number of viral HIV-1 reverse-transcribed DNA
copies in the infected cells were measured by qPCR,
using GoTaq qPCR Master mix 2X (Promega, WS, US)
and a primer pair detecting pol viral DNA: Pol E 5" TTA
ACC TGC CAC CTG TAG TAG C 3’ and Pol B: 5" ATG
TGT ACA ATC TAG TTG CC 3! B-actin copy numbers
were determined to correct for DNA input using primer
pair: BA-S 5 GGG TCA GAA GGA TTC CTA TG 3
and BA-AS 5 GGT CTC AAA CAT GAT CTG GG 3!
The following program was used in the LightCycler 480
Real-Time PCR System (Roche, Basel, Switzerland): pre-
incubation: 95° C for 3 min, pre-amplification: 2 cycles of
95 °C for 15 s and 49° C for 15 s, amplification: 40 cycles
of 95 °C for 10 s, 58° C for 20 s, 72 °C for 30 s, melting
curve stage: 95° C for 5 s, 55° C for 1 min and then 97°
C with acquisition every 10° C, cooling stage: 40° C for
10 s. Serial dilution of the 8E5 cell line which contains 1
copy of HIV-1 proviral DNA per cell was used as a stand-
ard curve for viral RT products [46]. This cell line was
obtained through the NIH AIDS Reagent Program, Divi-
sion of AIDS, NIAID, NIH [47]. Results were calculated
as the number of copies of Pol per copy of B-actin. Sta-
tistical analysis was performed using an unpaired, two-
tailed, Mann—Whitney test with GraphPad Prism 7.0
software. Tests were performed in quadruplicate, in two
independent experiments.
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Affinity assays

The affinity of compound 696 for HIV-1 CA in vitro
was measured by microscale thermophoresis (MST) as
described previously for FIV CA [31]. Due to its intrin-
sic autofluorescence interfering with MST, the binding
of compound 314 to CA was measured using isother-
mal microcalorimetry (ITC) with a Microcal iTC200
calorimeter (Malvern Instruments, Worcestershire, UK).
The calorimeter cell contained 200 pL of recombinant
HIV-1 CA (kind gifted by Drs Verrier and Coiffier [48])
at 0.78 mg/mL in phosphate buffer (NaH,PO,/Na,HPO,)
50 mM pH 7.5, NaCl 100 mM, 1% DMSO [v/v]. Com-
pound 314 at 200 uM was then injected sequentially into
the calorimeter cell (injection #1: 1 uL, injections #2-#20:
2 pL) at 120 s intervals. Data were analyzed using the
OriginLab8.5® software according to the manufacturer’s
instructions.

Molecular docking

The molecular docking experiments were mostly per-
formed as previously described [31]. The hexameric crys-
tal structure of the HIV-1 capsid protein CA was used
as the target (PDB entry 4XFX [19]). Compounds were
modeled using the smiles code from the ChemOffice
software. Then, CA and compounds were prepared using
AutoDockTools v1.5.6 [49]. The polar hydrogen atoms
were added, the non-polar hydrogens were merged, and
the Gasteiger partial atomic charges were computed.
Finally, all the possible rotatable bonds were assigned for
each compound molecule.

A “blind docking” was then carried out with the pro-
gram AutoDock Vina v1.1.2 [50]. Compounds were
treated as flexible while the target protein was treated
as rigid. The search space was defined to encompass the
entire surface of the target protein, and a large exhaus-
tiveness value of 500 was used regarding the wide search
space (70x60x70 A%. A visual examination of the
resulting docking poses was carried out using PyMOL
(Schrodinger, LLC).

Conclusions

As it shows good metabolic stability and low unspecific
toxicity, as it targets a region of CA which appears prom-
ising in a therapeutic goal, as it inhibits HIV-1 replica-
tion in vitro even though it has not been optimized, and
given its low-cost synthesis, compound 696 represents
an interesting lead molecule which warrants further
optimization to generate potential anti-HIV therapeutic
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derivatives. Moreover, as compounds with closely related
structures did not demonstrate any inhibition of viral
replication, we concluded that this benzimidazole system
is very specific in its antiviral effects.
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