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Abstract

Background Human immunodeficiency virus-1 (HIV-1) is the causative agent of acquired immunodeficiency
syndrome, which is a major global health problem. Although combination antiretroviral therapy (CART) successfully
expands the lifespan of HIV-1-infected patients, long-term cART often increases drug resistance and adverse effects.
Therefore, efforts are ongoing to develop novel anti-HIV-1 drugs.

Methods The anti-HIV-1 activities of compounds were investigated using TZM-bl reporter cell line, A3.01 T cell line,
and peripheral blood mononuclear cells infected with several HIV-1 strains, including wild type and drug-resistance
associated mutants. Next-generation sequencing analysis and in silico molecular docking studies were employed
to determine the mode of action of the compound.

Results We identified a small-molecule inhibitor consisting of a thiadiazole core appended to two pyrazoles (BPPT),
which exerted a highly potent inhibitory effect on HIV-1 infectivity, with a half-maximal effective concentration (ECg)
of 60 nM, without causing cytotoxicity. In experiments with various HIV-1 strains and cell types, the potency of BPPT
was found to be comparable to that of commercial antiretroviral agents (azidothymidine, nevirapine, and others).
Further analysis of the mode of action demonstrated that BPPT is a novel type of HIV-1 non-nucleoside reverse
transcriptase inhibitor (NNRTI). Analysis of viruses harboring drug-resistance-associated mutations showed that BPPT
was potent against G190A (C or S) mutations in reverse transcriptase (RTase), exhibiting high-level resistance to other
NNRTIs. Next-generation sequencing analysis of long-term treatment with BPPT displayed an RTase mutation profile
different from that in the case of established NNRTIs. Given these data, in silico molecular docking studies demon-
strated the molecular mechanism underlying the BPPT-mediated inhibition of RTase.

Conclusion Our data suggest that BPPT is a novel small-molecule inhibitor of HIV-1 RTase and could serve as a prom-
ising chemical scaffold to complement or replace conventional treatments, particularly for overcoming resistance
associated with the G190 mutation.
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Introduction
Acquired immune deficiency syndrome, caused by
human immunodeficiency virus-1 (HIV-1) infection,
is one of the most challenging health problems world-
wide [1]. Although combination antiretroviral therapy
(cART) successfully represses the viral load, it often
leads to drug resistance-associated mutations, adverse
side effects, and poor patient compliance with long-
term administration [2]. Additionally, latently HIV-
1-infected reservoirs cells established during early
infection persist in patients and are not eradicated even
with cART [3-5]. Therefore, exploring new anti-HIV-1
drug candidates with higher potency, novel targets, and
fewer side effects is an ongoing research interest [6].
Several strategies for suppressing the HIV-1 life cycle
have been investigated; these include interruption of
the CCR5 attachment of viral gp120 [7, 8], fusion of
virus-host membranes [9], reverse transcription (RT)
[10, 11], and integration and virion maturation [12, 13].
RT, accomplished by viral reverse transcriptase (RTase),
has been a key target for developing agents against
HIV-1 infection for a long time since HIV-1 was identi-
fied, and RTase inhibitors (RTIs) are the main compo-
nents in cART regimens [14]. RTIs are classified into
two categories based on their binding to the catalytic
and hydrophobic allosteric sites of RTase. Nucleoside
RTase inhibitors (NRTIs) are structural analogs lack-
ing the 3"-hydroxyl group of nucleoside(tide) (Fig. 1A)
and are converted to their phosphorylated active form
by cellular kinases [15]. Phosphorylated NRTIs bind
to the catalytic site of the p66 subunit of RTase and
are subsequently incorporated into viral cDNA dur-
ing RT, followed by the termination of viral DNA syn-
thesis [10, 16]. Non-nucleoside reverse transcriptase
inhibitors (NNRTIs) bind to a hydrophobic pocket near
the catalytic site of the p66 subunit of RTase (Fig. 1A),
leading to structural changes within the active site of

(See figure on next page.)
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RTase and interference with viral DNA polymerization
[17-19]. The advantages of the NNRTI-class of RTase
inhibitors, including no cellular phosphorylation com-
pared with the some NRTIs, have prompted the iden-
tification of more than 60 diverse chemical scaffolds
as NNRTIs [20]. The United States (U.S.) Food and
Drug Administration (FDA) has approved six clini-
cal drugs (nevirapine (NVP), delavirdine (DLV), efa-
virenz (EFV), etravirine (ETR), rilpivirine (RPV), and
doravirine (DOR)), and the Russian Ministry of Health
has approved elsulfavirine (VM-1500A or ESV) [21].
The binding mode of these drugs involves interactions
with residues L100, K101, K103, V106, V179, Y181,
Y188, G190, F227, W229, and M230 in the hydropho-
bic pocket of RTase [22, 23]. However, high-level resist-
ance-associated mutations, such as L100I, K101E/P/Q,
K103N, Y181C, Y188L, E138K, and G190A/S, impose
restrictions on the clinical use of these inhibitors [24].

Diverse screening approaches, such as structure-based
drug design and computational virtual and biochemi-
cal/biophysical screening, are currently available for
anti-HIV-1 drugs. Functional screening assays based
on reporter cells are widely used in initial screening
approaches because of their advantages in displaying
antiviral activity relevant to physiological conditions.

In this study, we employed a TZM-bl reporter cell line
assay, which is widely used as a validated standard plat-
form for HIV-1 vaccine and drug development [25, 26],
to identify novel agents against the early phase of HIV-1
infection from a compound library. The assay results
were verified with orthogonal assays including diverse
HIV-1 strains and cellular systems. We identified a
chemical scaffold containing a thiadiazole core appended
to two pyrazoles (hereafter, referred to as BPPT). The
compound selectively inhibited the RTase activity with a
mode of action similar to that of NNTRIs, resulting in the
inhibition of viral replication. In addition, the mechanism

Fig. 1 Anti-viral activity of BPPT in various cell types. A Chemical structures of BPPT and currently approved reverse transcriptase (RTase) inhibitors
and illustration of etravirine bound to the hydrophobic pocket of RTase. The illustration of the crystal structure has been adapted from previously
deposited data [72]. B TZM-bl cells (1 x 10% infected with HIV-1 L4z at a multiplicity of infection (MOI) of 0.5 were treated with two-fold (left panel)
and five-fold (right panel) serial dilutions of BPPT. After 48 h of infection, the firefly luciferase (F-Luc) activity, indicating viral infectivity (red line),

and cell viability (black line) were determined using the Bright-Glo luciferase assay kit and PrestoBlue Cell Viability Reagent, respectively. C TZM-bl
cells (5x 10%) cultured in 24-well plates were infected with HIV-1,, ;JRES-eGFP virus along with the indicated compounds. After 48 h of treatment,
GFP-expressing cells were observed using fluorescence microscopy (x 200 magnification) and the count of GFP-positive cells was determined using
flow cytometry. The concentrations of the compounds were as follows: BPPT (0.01, 0.1, 1, and 10 uM); zidovudine (AZT, 5 uM); efavirenz (EFV, 1 uM);
dolutegravir (DTG, T uM). D A3.01 cells (5x 10%) infected with HIV-1 L4z atan MOl of 0.1 were treated with five-fold serial dilutions of BPPT for 3 days.
The p24 levels (red line) in the cell supernatant were determined using the HIV-1 p24 ALPHALISA kit. The cell viability (black line) was determined

as described above. E Peripheral blood mononuclear cells (PBMCs; 4 x 10°) infected with HIV-1,,.; (purple line) or HIV-1 ¢ (pink line) at an MOI

of 0.1 were treated with five-fold serial dilutions of BPPT. The levels of p24 were determined using the HIV-1 p24 ALPHALISA kit after 3 (HIV-1pccp)

or 4 (HIV-1y4.3) days. In parallel, the cell viability (black line) was determined at 4 days, as described above. B, D, E The dose-response curves show
the relative activity compared with that of the dimethy! sulfoxide (DMSO) control (mean+SD; n=3)
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of action of BPPT was elucidated using in vitro resistance
selection and in silico docking studies.

Materials and methods

Cell lines and reagents

TZM-bl cells (also referred to as JC53BL-13) [27] express-
ing human CD4, CXCR4, and CCR5 and the human T
cell line A3.01 were provided by the National Institute
of Health (NIH) HIV Reagent Program (Bethesda, MD,
USA). HEK293T (CRL-3216) cell line was purchased
from the American Type Culture Collection (ATCC,
Manassas, VA, USA). TZM-bl and HEK293T cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 1% penicillin—streptomycin
sulfate (Gibco-BRL, Waltham, MA, USA) and 10% fetal
bovine serum (FBS) (Hyclone, Logan, UT, USA). A3.01
cells and peripheral blood mononuclear cells (PBMCs)
(AllCells, Alameda, CA, USA) were cultured in RPMI
medium (Invitrogen, Waltham, MA, USA) or RPMI
medium supplemented with IL2 and pytohemagglutinin
M (PHA-M) for PBMCs, as previously described [28].

A compound library was obtained from the Korea
Chemical Bank (KCB) (www.chembank.org) of the Korea
Research Institute of Chemical Technology (KRICT).
The library consists of 16,771 compounds selected ran-
domly from~375,000 compounds deposited in KCB,
which were collected from various sources, including
pharmaceutical companies and research institutions.
All compounds were dissolved in dimethyl sulfoxide
(DMSO) at 5 mM and stored in 96-well plates at —20 °C.
Plates were sealed with coated aluminum foil to prevent
evaporation and cross-contamination. BPPT was initially
provided by the KCB of the KRICT, and custom synthe-
sized by ChemDiv (San Diego, CA, USA). The purity of
synthetic BPPT was confirmed to be greater than 95%
with 'H-NMR spectra data provided by the manufacturer
and our LC/MS and high-resolution mass spectrom-
etry (HRMS) data (Fig. S2). Enfuvirtide (T-20), zidovu-
dine (AZT), EFV, NVP, and triptolide (TPL, an HIV-1
transcriptional inhibitor) were purchased from Sigma
Aldrich (St. Louis, MO, USA). Dolutegravir (DTGQ), ralte-
gravir (RAL), RPYV, lopinavir (LPV), and ritonavir (RTV)
were purchased from Sellek Chem (Houston, TX, USA).
All the compounds were synthesized at purity exceeding
90% or 95%, as evaluated using high-performance liquid
chromatography.

Viruses

The HIV-1 molecular clones, including pNL4-3, p89.6,
ARV-resistant HIV-1 strains (ARP-7396, ARP-7406,
ARP-7407, ARP-12227, ARP-12231, ARP-12241, and
ARP-12243) [29, 30], and HIV-1 encoding green fluores-
cent protein (GFP) (ARP-11349: HIV-1,; ,.5-IRES-eGFP)
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[31] were provided by the NIH HIV Reagent Pro-
gram. Each molecular HIV-1 clone was transfected into
HEK293T cells, as described previously [32] to obtain
infectious HIV-1 particles. Virus-containing cell culture
supernatants were collected two days after transfection
and filtered through a 0.45 pm membrane filter (Milli-
pore Sigma, Burlington, MA, USA) to remove cell debris,
aliquoted, and frozen at—80 °C for future infections.
Viral titration was performed as described previously
[33]. In brief, 1x10* of TZM-bl cells seeded in 96-well
plates were infected with 200 pL of virus-containing
medium diluted two-fold serially, in triplicate. Two
days later, infectious viral particles were titrated using
the beta-Galactosidase staining kit (Mirus Bio, Madi-
son, WI, USA). The titer of infectious virus preparation
was determined as the mean value of the blue-colored
cell countxdilution factor and was used to determine
the multiplicity of infection (MOI) in each infection
experiment.

To construct clones with mutations in the RT region,
site-directed mutagenesis was performed using the over-
lap extension PCR method [34]. Briefly, PCR products
for the overlapping template were prepared using site-
directed mutagenesis with two separate PCR amplifica-
tions. The PCR amplifications were performed with Apal
forward and mutagenic reverse primer pairs, and muta-
genic forward and Agel reverse primer pairs, respectively,
using the pNL4-3 template. The overlap PCR was per-
formed with Apal forward and Agel reverse primer sets
using the first two mutated PCR products as templates.
The PCR product was then inserted into the Apal/Agel
site of pNL4-3 using the respective restriction enzymes.
The PCR amplification was performed using the PrimeS-
TAR® max DNA polymerase (Takara, Japan). The primer
sequences are listed in supplementary Table 1.

Antiviral activity

The inhibitory effects of the compounds on HIV-1
infection were determined as previously described
[32]. Briefly, 1x10* TZM-bl cells were seeded in white
96-well cell culture plates. After 24 h, the compounds
were added at the indicated concentrations, and the virus
infection was done at an MOI of 0.5. After 48 h of infec-
tion, the inhibitory effect on viral infection was deter-
mined by measuring the firefly luciferase (F-Luc) activity
using BioTek Synergy H1 (Agilent Technologies, Santa
Clara, CA, USA) with the Bright Glo"" luciferase assay
kit (Promega). GFP-expressing cells infected with HIV-
1nia3-IRES-eGFP were visualized using fluorescence
microscopy (IX83, Olympus, Japan) and counted using
flow cytometry (FACSLyric, Becton Dickinson, Franklin
Lakes, NJ, USA).
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A3.01 cells (5x10% or PBMCs (4% 10° pre-activated
with PHA-M for 3 d) were infected with HIV-1 strains
at an MOI of 0.1 with spinoculation at 300x g for 2 h at
25 °C. After infection, the cells were washed with fresh
medium and cultured with the indicated concentrations
of the compounds. PBMCs were supplemented with 10
international units (IU)/mL of IL-2. After 72 or 96 h of
infection, the inhibitory effect on viral replication was
determined by measuring the amount of viral capsid pro-
tein (p24) in the cell culture medium using an HIV-1 p24
ALPHALISA kit (PerkinElmer, Waltham, MA, USA).

Cell viability test

To assess the cytotoxicity of the compounds, cells were
prepared and treated with the compounds in parallel
with assays for anti-HIV-1 activity, as described above,
except for viral infection to avoid the cytopathic effects
of the virus. Cell viability was determined using the
PrestoBlue Cell Viability Reagent (Thermo Fisher Scien-
tific, Waltham, MA, USA), following the manufacturer’s
instructions.

Time-of-addition (TOA) assay

The TOA assay was performed as described previously
[35]. Briefly, 1x10* TZM-bl cells were infected with
HIV-1 at an MOI of 0.5 and subsequently treated with
the compounds at the indicated time points. At 48 h
postinfection, viral infectivity was determined by meas-
uring the F-Luc activity with BioTek Synergy H1 (Agilent
Technologies) using a Bright Glo " luciferase assay kit.

HIV-1 reverse transcription assay
The in vitro RTase assay was performed using the
EnzChek™ Reverse Transcriptase Assay Kit (Invitro-
gen) and recombinant HIV-1 RTase protein (Abcam,
Cambridge, MA, USA) as previously described [36, 37].
Briefly, the poly(A) ribonucleotide template and oligo
d(T),¢ primer were annealed for 1 h at room tempera-
ture (24 °C). Subsequently, the template/primer solution
was diluted (1:200 in polymerization buffer), and 20 uL/
reaction was aliquoted into a 96-well black/clear bot-
tom microplate. Recombinant HIV-1 RTase (0.5 unit)
was added with or without the indicated concentrations
of compounds and incubated for 1 h at 24 °C. The reac-
tion was then stopped by adding 200 mM EDTA. The
RNA-DNA heteroduplexes elongated by the RTase activ-
ity were incubated with the PicoGreen reagent capable of
incorporation into the RNA-DNA duplexes for 5 min,
and then detected with BioTek Synergy H1, using exci-
tation and emission wavelengths of 480 and 520 nm,
respectively.

The amount of HIV-1 reverse transcripts in cells
infected with HIV-1 was measured using quantitative
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real-time PCR (RT-qPCR), as described previously [38,
39]. The HIV-1y;, 5 stock solution was treated with 100
units of DNase I (Roche) for 30 min at 37 °C to remove
the transfected plasmid DNA. A3.01 cells (1x10° were
infected with DNase I-treated infectious or heat-inacti-
vated (for 30 min at 70 °C) virus at an MOI of 0.5 with
spinoculation at 300 x g for 2 h at 24 °C. After infection,
the cells were treated with 1 uM of the indicated com-
pounds for 6 h in a 6-well cell culture plate. Total cellular
DNA was extracted using the G-Spin"' DNA extraction
kit (Intron Bio Tech, Seongnam-si, Gyeonggi-do, Repub-
lic of Korea), following the manufacturer’s instructions.
The amounts of early and late reverse transcripts were
quantified using a 7500 Real-Time PCR System (Applied
Biosystems) with each primer pair, as described previ-
ously [38, 39]. The amount of PCR products was normal-
ized against B-globin. The primer and probe sequences
are listed in Supplementary Table 1.

HIV-1 integration assay

The HIV-1 integrase activity was determined using an
HIV-1 integrase assay kit (Xpress Bio, Frederick, MD,
USA), as described previously [32]. In brief, a 96-well
plate coated with donor substrate (DS) DNA was blocked
with prewarmed blocking buffer for 30 min at 37 °C.
One hundred pL of diluted HIV-1 integrase (1:300 in
reaction buffer) was added to the plate and incubated
for 30 min at 37 °C. After three washing steps, 50 pL of
the indicated compounds was added to the plate at a
final concentration of 10 uM and incubated for 5 min
at 24 °C. Subsequently, 50 pL of diluted target substrate
(TS) DNA (1:100 in reaction buffer) was added to the
plate and incubated for 30 min at 37 °C. The plate was
washed and then incubated with horseradish peroxidase
(HRP)-conjugated antibody for 30 min at 37 °C. The inte-
grase activity was estimated by determining the peroxi-
dase activity with 3,3",5,5"-tetramethylbenzidine (TMB)
peroxidase substrate by measuring the absorbance at
450 nm. Detection of the integrated proviral DNA was
performed using Alu-LTR-based real-time nested PCR
(Alu-PCR), as described previously [40], with minor
modifications. In brief, 1x10° A3.01 cells were infected
with HIV-1 as described for the quantification of HIV-1
reverse transcripts. After infection, the cells were treated
with 1 pM of the indicated compounds for 24 h. There-
after, total cellular DNA was extracted. The 1st PCR was
conducted as follows: 1 pL each of forward and reverse
Aly primers (10 uM), 0.5 pL of ULF1 primer (10 pM),
12.5 uL of PrimeSTAR® max DNA polymerase (Takara,
Japan), 5 pL sample DNA (100 ng), and 1 pL of H,O were
mixed in a final volume of 25 pL. The mixture was pre-
heated to 94 °C for 2 min and then subjected to 15 cycles
of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 3 min. The
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samples were then held at 72 °C for 5 min. The 2nd round
of RT-qPCR was performed as follows: 1 pL each of for-
ward and reverse primers (10 uM), 2 pL of probe primer
(10 uM), 5 pL of tenfold diluted 1st round PCR product,
2 pL of H,0, and 10 pL of probe qPCR mix with UNG
(TaKaRa) were mixed, preheated to 95 °C for 2 min, and
then subjected to 40 cycles of 95 °C for 15 s and 60 °C
for 1 min. The amount of integrated proviral product was
quantified using a 7500 Real-Time PCR System (Applied
Biosystems). The PCR products were normalized against
CD3. The primer and probe sequences are listed in Sup-
plementary Table 1.

Drug combination assay

The combinatorial antiviral activity was determined
based on the EC;, values of the compounds (drugs)
against HIV-1 infectivity. The EC;, values of each drug
were determined in this and other studies [41-43], and
the virus inhibition rate was compared between com-
pounds alone and in combination with BPPT (1:1 ratio
of ECyy). The antiviral activities of BPPT combined
with NRTIs (EFV and AZT) and integrase strand trans-
fer inhibitors (INsTIs; RAL and DTG) were determined
in TZM-bl cells. TZM-bl cells (1x10% were seeded in
white 96-well cell culture plates. After 24 h, the cells were
infected with HIV-1;,5 at an MOI of 0.5 and treated
with the indicated compounds at their ECy, for 2 days.
The combinatorial assays of BPPT with protease inhibi-
tors (PRIs; LPV and RTV) were conducted in A3.01 cells.
A3.01 cells (5x 10% infected with HIV-1y; , ;-IRES-eGFP
at an MOI of 0.2 were treated with the indicated com-
pounds. After 4 days of infection, the inhibitory effect
on viral replication was analyzed using flow cytometry
(FACSLyric). The cell viability was determined using the
PrestoBlue Cell Viability Reagent (Thermo Fisher Sci-
entific) under the same conditions as used for the com-
pounds without viral infection.

In vitro selection of antiviral resistance mutations

A3.01 cells (1x10°) were infected at an MOI of 0.5 and
simultaneously treated with 60 nM of BPPT, 1 nM of EFV,
or 0.7 nM of RPV according to their ECy, values. Twenty
percent of infected cells were passaged every 3—4 days
with twofold increase in drug concentration whenever
the p24 level in the collected viral supernatant exceeded
20% of that in the no-drug control. Viral RNA was
extracted from viral supernatants using a QIAmp viral
RNA kit (Qiagen) on days 36, 39, and 52. The viral RNA
was converted into cDNA using RT-PCR with Super-
Script'" III reverse transcriptase (Invitrogen), and the RT
region (nt 2441-3959 of pNL4-3) was then PCR-ampli-
fied using PrimeSTAR® max DNA polymerase (Takara).
The quality and quantity of the amplified PCR products
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were assessed using a NanoDrop 8000 spectrophotom-
eter (Thermo Fisher Scientific) and a Qubit 3.0 Fluo-
rometer (Invitrogen). Libraries were prepared using an
[lumina DNA Prep Kit (Illumina, San Diego, CA, USA),
according to the manufacturer’s instructions. Libraries
were purified and normalized to a concentration of 4 nM
before pooling. The pooled library was denatured using
0.2 N sodium acetate and diluted to a final concentration
of 9.2 pM. The library was spiked with 20% PhiX Con-
trol V3 (Illumina). Amplicon sequencing was performed
on a MiSeq platform (Illumina) using a MiSeq Reagent
Nano Kit V2 (300-cycles) (Illumina). FASTQ files were
trimmed to eliminate low-quality reads and adapter
sequences, assembled, extracted, and aligned with refer-
ence sequences (pNL4-3) using the default settings in the
CLC Genomics Workbench software version 24 (Qiagen,
Germantown, MD, USA). For excluding minor variation
noise, the cutoff value was chosen as 0.5% based on a no-
drug control error rate > 0.4%.

Molecular docking studies

Molecular docking is an established protocol in the field
of computational biology for the identification of bind-
ing poses and molecular interaction patterns of recep-
tor—ligand complexes [44-46]. The Cdocker module
embedded in Discovery Studio (DS) was used to perform
the molecular docking study [47-49]. The crystal struc-
ture of HIV-1 RTase bound to the FDA-approved drug
EFV was downloaded from the Protein Data Bank (PDB:
1IKW) [50]. Prior to molecular docking studies, all het-
eroatoms and water molecules that did not participate in
protein—ligand interactions were removed, and hydrogen
atoms were added. The Clean Protein module, available
in DS, was used for protein preparation [47]. All missing
atoms were added and the bond orders were corrected.
The prepared protein was then minimized using the
CHARMmMm?27 force field [51]. The NNRTI-binding pocket
of the RTase was specified within the 10 A radius of the
bound drug, EFV. The 3D structures of chemical com-
pounds were also prepared and energy minimized using
the minimization tool in DS. A maximum of ten poses
was generated for each molecule subjected to molecu-
lar docking using the GOLD Genetic Algorithm. EFV,
bound to the crystal structure of HIV-1 RTase, was used
as a reference for docking analysis.

Statistical analysis

All statistical analyses were performed using Prism (v.5.0;
GraphPad, San Diego, CA, USA). All data are expressed
as the mean +SD (n=3) and were compared using one-
way ANOVA and Dunnett’s multiple comparison test,
with p<0.05, "p<0.01, and “"p<0.001 considered to
indicate significant differences.



Yu et al. Virology Journal (2025) 22:65

Results

Identification of a compound that inhibits HIV-1 infection
in early stages

To discover inhibitory compounds capable of inhibit-
ing HIV-1 infection in the early stages, initial screening
assays using TZM-bl cells (CD4*, CXCR4*, and CCR5")
harboring HIV-1 long terminal repeat (LTR) promoter-
driven firefly luciferase, which is activated by the Tat pro-
tein expressed early after HIV-1 infection, were carried
out with a library of 16,771 compounds at a final con-
centration of 6.25 uM. One hundred seventy-one com-
pounds exhibited over 50% inhibition of viral infectivity
at this concentration. The 2nd round of confirmatory
test revealed five compounds exhibiting varying degrees
of dose-dependent inhibitory effects on viral infection,
showing over 50% cell viability at 12.5 pM (Fig. S1).
The screened compounds were as follows: compound
1: 4-(2-0x0-2H-pyran-5-carboxamido)naphthalene-
1-sulfonic acid (half maximal effective concentration
(ECy,) =8.48 uM); compound 2: 4-ethyl-7-((1-oxo-1-phe-
nylbutan-2-yl)oxy)-2H-chromen-2-one (EC5,=4.89 uM);
compound 3:  3-tert-butyl-2-hydroxy-5-nitrobenza-
ldehyde (ECy;y=1.47 pM); compound 4: l-amino-
3-[(2,3-dimethoxyphenyl)methylideneamino]thiourea
(EC5=6.39 pM); and compound 5: N-(1-benzyl-1H-
pyrazol-3-yl)-5-[1-(4-bromo-3, 5-dimethyl-1H-pyrazol-
1-yl) ethyl]-1,3,4-thiadiazol-2-amine (ECy;;=0.06 pM)
(Fig. S1). Of these, compound 5, N-(1-benzyl-1H-pyra-
zol-3-yl)-5-[1-(4-bromo-3, 5-dimethyl-1H-pyrazol-1-yl)
ethyl]-1,3,4-thiadiazol-2-amine (BPPT), exhibited the
most potent antiviral activity with no cytotoxicity. The
BPPT structure consists of a thiodiazole core symmetri-
cally appended with anrylpyrazole and bromopyrazole.
(Fig. 1A). To evaluate the antiviral activity of BPPT, a
dose-response test using serial dilutions of BPPT was

Table 1 Antiviral activity of BPPT
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performed in TZM-bl cells. BPPT exhibited an EC;, of
0.06 pM against CXCR4 tropic HIV-1y;, 5 infection in
experiments with twofold (ranging from 0.024414 to
12.5 pM) and fivefold (ranging from 0.000026 to 50 uM)
serial dilutions and no severe cytotoxicity up to 250 uM
(Figs. 1B and S3A, B). In the TZM-bl cell assay, BPPT
also exhibited considerable inhibitory effects on the
CCR5-tropic HIV-1jpcqp and CXCR4/CCR5-dual tropic
HIV-149 4 strains with ECg, values of 0.16 and 0.09 pM,
respectively (Fig. S4 and Table 1). To further evaluate
the potency of BPPT using other reporter systems, the
cells were infected with HIV-1 encoding GFP (HIV-1y,.
5-IRES-GFP) after treatment with BPPT. As shown in
Fig. 1C, similar to the other ARVs (AZT, EFV, and DTG),
BPPT inhibited the GFP signaling in a dose-dependent
manner.

To determine the inhibitory effect of BPPT on whole
viral replication, A3.01 T cells infected with NL4-3
(Fig. 1D) and PBMCs infected with NL4-3 or JRCSF
HIV-1 strains (Fig. 1E) were treated with a serial dilution
set of BPPT. BPPT efficiently inhibited the viral replica-
tion cycle in these cells with ECy, values of 0.16 uM and
0.08 or 0.04 uM, respectively, without causing any cyto-
toxicity up to 50 pM. The potency of BPPT was similar to
that of NVP but less than that of EFV under our experi-
mental conditions (Fig. 1D, E, and Table 1).

Determination of the mode of action of BPPT

To determine the mode of action of BPPT, a TOA assay
was performed with well-defined ARVs inhibiting dis-
tinct steps in HIV-1 infection, including the entry inhibi-
tor (T-20), NRTIs (AZT, NNRTI EFV), INsTIs (DTG
and RAL), and viral transcription inhibitor (TPL). The
inhibitory effect of BPPT disappeared when it was
administered at 6 h postinfection, which was later than

Compounds Virus Cells Assay ECso° CCy° SI
(1:5 dilution) (1:5 dilution)
(umol/L) (umol/L)
BPPT NL4-3 (X4) TZM-bl Luc 0.06+0.01 >50 >833
A3.01 p24 0.16+0.02 >50 >313
JRCSF (R5) TZM-bl Luc 0.16+0.01 >50 >313
89.6 (X4/R5) TZM-bl Luc 0.09+0.00 >50 >556
NL4-3 (X4) PBMCs p24 0.08+0.01 >50 >625
JRCSF (R5) PBMCs p24 0.04+0.03 >50 >1,250
EFV NL4-3 (X4) TZM-bl Luc 0.001+£0.00 2587 25,870
NVP 0.08+0.18 >50 >625

?The half maximal effective concentration
b The half of the cytotoxic concentration

The selective index were calculated by ration of EC5,/CCs,
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that in the case of T20 (1 h) and AZT (2 h), but faster
than that for DTG (8 h), RAL (8 h), and TPL (24 h). The
time-dependent inhibition curve of BPPT was similar
to that of EFV (Fig. 2A). To determine whether BPPT
exerts an inhibitory effect on virus production, HEK293T
cells were transfected with HIV-1y;, ;-IRES-GFP provi-
ral DNA and treated with BPPT for 48 h. The GFP sig-
nal expressed in transfected cells (Fig. 2B) and the level
of p24 in the supernatant from transfected cells (Fig. 2C)
were not inhibited by BPPT treatment. These data indi-
cate that BPPT does not affect the late stages after
intact viral DNA synthesis, including viral transcrip-
tion, assembly, and release of viral particles. In contrast,
BPPT treatment did not inhibit the Tat-mediated viral
transcription of LTR in bl-DTR cells that simultaneously
expressed Tat-mediated LTR-driven F-Luc and Renilla
luciferase (R-Luc) upon doxycycline treatment (Fig. S5).
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F-Luc indicates the Tat-mediated viral transcriptional
activity and R-Luc indicates the cellular transcriptional
activity as an expression control (47). The results shown
in Fig. 2A-C indicate the possibility that BPPT is an
NNRTIL To clarify this, in vitro assays of RTase and inte-
grase were performed in the presence of BPPT. BPPT
directly inhibited the RTase activity in a dose-dependent
manner (Fig. 2D), but did not affect the integrase activ-
ity even at a high dose (10 uM) (Fig. 2E). The half-max-
imal inhibitory concentration (IC;,) of BPPT against
RTase was 0.14 pM, which was higher than that of EFV
(0.012 pM) but lower than that of NVP (46.41 uM)
(Fig. 2D). To determine whether BPPT inhibits the RT
activity in cells infected with HIV-1, A3.01 cells were
infected with HIV-1y;,; under BPPT treatment; 6 h
later the levels of early and late RT products were deter-
mined using RT-qPCR (Fig. 2F), and 12 h later, the levels
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Fig. 2 Determination of the mode of action of BPPT. A Time-of-addition assay. TZM-bl cells (1 x 10%) were infected with HIV-1,, ; at an MOI of 0.5.
Subsequently, the cells were treated with the compounds at the indicated time points. At 48 h postinfection, the viral activity was measured

as the F-Luc activity using the Bright-Glo luciferase assay kit. The relative activities are expressed as the mean +SD (n=3) compared with that in
the DMSO control measured after 48 h of infection. The time frames associated with each HIV-1 infection step are represented based

on susceptibility to the well-known drugs. RT: reverse transcription, IN: integration. B and €. HEK293T cells (1.5 x 10°) were transfected with 200 ng
of the pBR43leG-nef* plasmid. Subsequently, the cells were treated as described for Fig. 1C. After 48 h, the GFP-expressing cells were observed
using fluorescence microscopy (x 200 magnification) (B), the count of GFP-positive cells was determined using flow cytometry (B), and the amount
of viral production was measured using the p24 ALPHALISA™ kit (C). ***p < 0.001, **p < 0.01, and *p < 0.05, compared with the cells treated

with DMSO. n.s.: non-significant. D An in vitro HIV-1 RT assay was performed with BPPT, EFV, and NVP, as described in “Materials and Methods”

E An in vitro HIV-1 integrase assay was performed with BPPT (10 uM), EFV (10 uM), and raltegravir (RAL, 10 uM), as described in “Materials

and Methods! Data are expressed as the mean +SD (n=3) compared with the DMSO control. F A3.01 cells (1 x 10°) infected with DNase I-treated
active or heat-inactivated HIV-1y 45 at an MOI of 1 were treated with the indicated compounds (1 uM). After 6 h of infection, viral reverse
transcription (RT) product (viral cDNA) was extracted; its level was determined using quantitative real-time PCR (RT-gPCR) and represented

as the mean +SD (n=3) normalized against 3-globin compared with that in cells treated with DMSO. G A3.01 cells (1x 10) infected with DNase
I-treated HIV-1y 45 at an MOl of 1 were treated with the indicated compounds (1 uM). After 24 h of infection, the level of integrated viral DNA
was determined using Alu-PCR, as described in “Materials and Methods! The relative activity is expressed as the mean+SD (n=3) compared

with the DMSO control. C and E-G ***p < 0.001, compared with the DMSO control. n.s.: non-significant
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of chromosome-integrated viral DNA were determined
using Alu-based qPCR (Fig. 2G). BPPT greatly inhibited
the synthesis of viral cDNA in both the early and late
stages of RT, and the inhibitory effect at the RT stage
resulted in the detection of a low level of integrated pro-
viral DNA, similar to that observed for other (N)NRTIs.
These results indicate that BPPT is a potent inhibitor of
RTase, comparable to the currently used NNRTIs.

Antiviral effect of BPPT on (N)NRTI-resistant HIV-1 variants
To evaluate the antiviral activity of BPPT against (N)
NRTI-resistant variants, BPPT or ARVs were used to
treat cells infected with recombinant viruses containing
NRTI- and NNRTI-resistant mutations, and their sus-
ceptibilities were determined (Table 2 and Fig. S6A). The
recombinant 7396 virus containing only NRTI-resist-
ance mutations was fully susceptible to BPPT and EFV,
and four-fold less susceptible to NVP than the wild-type
virus. In contrast, the susceptibility to NNRTIs and BPPT
was markedly reduced in strains containing NNRTI
resistance-associated mutations. The 7406 virus contain-
ing a G190C mutation was highly resistant to NVP and
EFV, but was slightly resistant to BPPT. BPPT and EFV
exhibited similar levels of resistance to the 7407 strain
harboring K103N, represented as 328.17- and 350 fold-
changes (FCs) in EC;, compared with that for the wild-
type virus, respectively. The strains containing multiple
NNRTI resistance-associated mutations, 12,227 (K101P/
K103N), 12,231 (K103N/V179F/Y181C), and 12,243
(K1001/V179D/M230L), exhibited high resistance to
either BPPT or the established NNRTIs. However, the
12,241 (K101E/138G/G190S) virus was more suscepti-
ble to BPPT than to NNRTIs. These results support the
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possibility that the G190C(S) substitution on RT may be
much less resistant to BPPT than to other NNRTIs.

To further explore the effect of NNRTI resistance-
associated single mutations on susceptibility to BPPT,
recombinant HIV-1 variants containing a single muta-
tion associated with NNRTT resistance were constructed.
TZM-bl cells were infected with an equivalent MOI of
each recombinant for 48 h following treatment with
BPPT or ARVs. The ECg, values and FCs in ECy, com-
pared with those for the wild-type virus are listed in
Table 3 and their dose—response inhibitory curves are
shown (Fig. S6B). Substitutions at positions 181 (Y181C,
Y181V) or 188 (Y188L) significantly abolished the activ-
ity of BPPT, NVP, and EFV. The L1001 substitution con-
ferred a higher degree of resistance to BPPT (FC=58.33)
than to NVP (FC=2.20) or EFV (FC=15). The K101P
and K103N substitutions induced moderate resistance to
BPPT, with FCs of 28.50 and 13.75, respectively. V106M
substitution, known to be resistant to several NNRTIs,
showed no resistance to BPPT, whereas, the mutation
induced moderate resistance to current NNRTTIs, includ-
ing DOR, except RPV (Table 3 and Fig. S7). Although
BPPT exhibited no resistance to the V106M substitu-
tion, the antiviral activity of BPPT was less than that
of DOR and RPV (Fig. S7). Notably, the substitutions
(G190A, G190C, and G190S) at position 190 exhibited
the highest resistance to NVP (FCs=195.75-408.63)
and EFV (FCs=12-390), whereas these mutations were
susceptible to BPPT (FCs=1.09-4.588). The susceptibil-
ity of BPPT to the G1901C substitution was similar to
that of the 7406 strain containing the G190C substitu-
tion. Indeed, the G190A mutation did not confer resist-
ance to BPPT. AZT showed no resistance to NNRTI

Table 2 Antiviral effect of BPPT on clinically derived multi-drug resistant variants

Virus*  Major Major NRTI RAMs ECs, (UM)P

NNRTI (Fold change, FC)©

RAMs

BPPT EFV NVP AZT
WT 0.06+0.01 (1.00) 0.001+0.00 (1.00) 0.08+0.02 (1.00) 0.29+0.06 (1.00)
7396 41L/67N/69N/70R/215F 0.09+0.01 (1.34) 0.001+0.00 (1.00) 0.35+0.07 (438) 3.83+1.21(13.21)
7406 190C 41L/69S*/74V/184V/210W/215Y  0.35+0.04 (541) 1.09+0.24 (1,090.00)  >50 (>625) 15.13+£2.16(52.17)
7407 103N 70R/115F 19.69+1.6 (328.16) 0.35+0.03 (350.00) >50 (>625) >50(>172)
12,227 101P/103N 41L/215Y >50 (>833 1.94+0.23(1,94000) >50(>625) 1.00+0.13 (3.48)
12,231 103N/179F/181C  41L/215F >50(>833 0.18+0.22 (180.00) >50 (>625) 0.63+0.19(2.17)
12,241 101E/138G/190S 457+23(71.41) 2.16+0.51(2,160.00)  >50 (>625) 0.08+0.03 (0.28)
12,243 1001/179D/230L  41L/67G/74 >50 (>833) 10.82+0.37(10,820.00) 21.45+221 0.29+0.01 (1.00)
(268.13)

2 Catalog number provided by the NIH HIV Reagent Program

b The half maximal effective concentration

“The fold-change (FC) values were calculated by dividing the drug-resistant mutant HIV-1 ECg, by the wild type ECs,

" Indicates the insertion mutation



Yu et al. Virology Journal (2025) 22:65 Page 10 of 16
Table 3 The antiviral effect of BPPT on NNRTI-resistance associated single mutations
Virus ECso (UM)?

(Fold Change, FC)°

BPPT EFV NVP AZT
WT 0.06+0.01 (1.00) 0.001+0.00 (1.00) 0.08+0.02 (1.00) 0.29+0.06 (1.00)
L100I 3.50+0.65 (58.33) 0.02+0.00 (20.00) 0.18+£0.04 (2.25) 0.07+0.01 (0.24)
K101P 1.71+0.03 (28.50) 0.02+0.00 (20.00) 8.31+£0.60 (103.88) 0.04+0.00 (0.14)
K103N 0.88+0.12 (14.67) 0.04+0.01 (40.00) 4.55+0.27 (56.88) 0.11+£0.01(0.38)
V106M 0.07+0.01 (1.10) 0.01£0.00 (10.00) 1.71+0.04 (21.37) 0.08+0.01 (0.27)
Y181C >50 (>833) 0.04+0.00 (40.00) 19.49+0.19 (203.63) 0.76+0.03 (2.62)
Y181V >50 (>833) 0.10+0.00 (100.00) >50 (>625) 4.11+£0.01 (14.17)
Y188L >50 (>833) 0.26+0.03 (260.00) >50 (>625) 0.12+£0.01 (0.41)
G190A 0.07+0.00 (1.17) 0.01+0.00 (10.00) 15.66+2.73 (197.75) 0.11+£0.01(0.38)
G190C 0.29+0.03 (4.83) 0.39£0.09 (390.00) 23.77+3.31(297.13) 0.05+£0.01 (0.17)
G190S 0.28+0.05 (4.67) 0.12+0.01 (120.00) 32.69+4.49 (408.63) 0.08+0.01 (0.28)

?The half maximal effective concentration

b The fold-change (FC) values were calculated by dividing the drug-resistant mutant HIV-1 EC,, by the wild type ECs,

resistance-associated mutations except for Y181V. These
data indicate that the mechanism underlying the inhibi-
tion of RTase by BPPT may be largely shared with those
of NVP and EFV, with minor differences. These results
also suggest that BPPT could be an effective therapeutic
candidate against NNRTI-resistant viruses with a G190
mutation.

Combinatorial effect of BPPT with other classes of anti-HIV

drugs

As uncompetitive binding to the targets of different
classes of drugs can confer a higher barrier to drug resist-
ance and an efficient therapeutic outcome, cARTs are
medicated with combinations that generally consist of
two NRTIs and either an NNRTI, INSTI, or a PRI [20, 52].
Accordingly, a drug combination assay was performed
using TZM-bl cells treated with BPPT in combina-
tion with RTIs or INIs at their EC;,. Each combination
showed an additive inhibitory effect on viral infectivity
(Fig. 3A and B). The inhibitory effect of BPPT combined
with EFV was slightly lower than that of combinations
with other drugs, such as AZT, RAL, or DTG. The com-
binatorial inhibitory effects of PRIs were determined
using multi-round viral replication in A3.01 cells infected
with HIV-1 because PRIs act on the virus maturation
step, followed by inhibition of viral infection of neighbor-
ing cells. As shown in Fig. 3D, the combination of BPPT
and PRIs (LPV or RTV) significantly decreased the viral
replication (Fig. 3D). However, these combinations were
not cytotoxic (Fig. 3C and E). These results indicated that
BPPT cooperatively inhibited the viral activity with other
classes of ARVs and could be used as a component in
cART.

Resistance selection of BPPT and molecular docking
analysis of BPPT in HIV-1 RT

Susceptibility to BPPT was greatly reduced by substitu-
tions at Y181 and Y188 in RTase and moderately reduced
by substitutions at K101 and K103, whereas, BPPT was
susceptible to substitutions at V106 and G190 (Table 3).
Although these mutations are known to be clinically
derived (N)NRTI resistance-associated mutations, BPPT-
induced resistance mutations remain to be elucidated.
Therefore, a resistance selection assay with a long-term
BPPT treatment was conducted. A3.01 cells infected with
HIV-1y;,.5 were initially treated with BPPT at its ECy,
The infected cells were passaged every 3—4 days with a
twofold increase in concentration, and viral RNA was
extracted from the viral supernatants on days 36, 39,
and 52 for next-generation sequencing. Nine different
variants, including L1001, K101E, V1081, E138G, V179],
Y181C/H, G190C, and H221Y, were detected in the cul-
ture with BPPT. Among them, the Y181C substitution
was the most dominantly observed at a rate of 24.88%
on day 36 (16-fold of ECy;), 36.5% on day 39 (17-fold of
EC,;), and 72.1% on day 52 (18-fold of EC;). The L100I
substitution also emerged at a rate of 62.79% on day 36,
but the proportion was gradually decreased to 41.82%
and 26.6% on days 39 and 52, respectively. (Fig. 4A and
Table S2). In addition, BPPT treatment caused the E138G
and Y181H substitutions at rates of~10% and G190C
and H221Y at minor ratios (rates<2%). EFV treatment
produced 16 variants, including L100I, K101E, K103N,
V1061, V108I, E138K/G, Y181C/H, G190C, H221Q/
Y/N/K/stop, and p225H substitutions. Among these,
the L100I substitution was the most dominant, and the
proportion of the mutation was rapidly increased at a
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Fig. 3 Drug combination assay. A, BTZM-bl cells (1 x 10%) infected with HIV-1y 4 5 at an MOl of 0.5 were treated with the indicated compounds

at their ECs. After 48 h of infection, the viral infectivity was determined using the Bright-Glo luciferase assay kit. The relative activity is expressed

as the mean +SD (n=3) compared with the DMSO control. The ECs values of the compounds are follows: BPPT (60 nM); AZT (290 nM); EFV (1 nM);
RAL (104 nM); DTG (1.6 nM). C The cell viability was determined using the PrestoBlue Cell Viability Reagent under conditions described for A and

B without viral infection. D A3.01 cells (5x 109 infected with HIV-1y ,5IRES-eGFP at an MOI of 0.2 were treated with the indicated compounds

at their ECy,,. After 4 days of infection, the level of viral replication was determined by counting the GFP-positive cells using flow cytometry. The ECy,
values of compounds are follows: lopinavir (LPV, 50 nM); ritonavir (RTV, 200 nM). The relative activity is expressed as the mean+SD (n=3) compared
with the DMSO control. E The cell viability was determined under conditions described for D, without virus infection, using the PrestoBlue Cell
Viability Reagent. A-E ***p <0.0001, compared with the DMSO control. n.s.: non-significant

rate of 22.22%, 86.2%, and 97.63% on days 36, 39, and
52, respectively. The V108, Y181C, and G190C muta-
tions were detected at moderate rates (<10%), whereas
K101E and H221Q were present in minor proportions
in EFV-treated viruses. RPV induced 15 different vari-
ants, including L100I, K101E, K106A, V108I, E138K,
Y188stop, G190E/K/C/D/R, and H221Q/N/K/L/L In the
case of RPV, the E138K substitution was dominant, with
mutation rate reaching 99.2% on day 52 (sixfold of ECy).
In addition, RPV induced the G190E substitution at a
rate 20% and H221Q at a rate 10% on day 52. No amino
acid substitution was found within the RT on day 52 in
the no-drug control group (Fig. 4A). These data indicate
that the escape pressure of the virus conferred by BPPT
may be different from that of EFV or RPV, especially the
L100 and Y188 residues, which play important roles in
the antiviral activity of BPPT.

To determine the mode of molecular binding of BPPT
to the NNRTI-binding pocket (NNIBP) in RTase, in sil-
ico molecular docking analysis of BPPT was performed
using the X-ray crystal structure of HIV-1 RTase (PDB
ID:1IKW) and EFV as a reference standard [50]. The
docking results showed that BPPT and EFV occupied
the same hydrophobic NNIBP, and the overall bind-
ing shape was similar, whereas the details of the binding
mode of BPPT were somewhat different from those of

EFV (Fig. 4B). The most distinctive feature was the num-
ber of hydrogen bonds (H-bonds). H-bonding is one of
the most important interactions in biomolecular systems.
In general, because the interaction strength of H-bond
is relatively high, the number of H-bonds can be a good
reference for comparing the binding affinity of ligands
with proteins. Based on molecular docking results, it
was predicted that BPPT forms three H-bonds with the
K101 residue of the protein, whereas EFV forms only
one. Thus, BPPT might be assumed to bind more tightly
or strongly to the protein than does EFV. This result is
consistent with our experimental data. The 2D interac-
tion analysis provided more details on the interaction
(Fig. 4C). Three H-bonds of BPPT are generated via an
NH moiety and two nitrogen atoms (2, 3-N) in the thia-
diazole core with K101, whereas one H-bond in EFV is
created between the NH group in benzoxazinone and
the protein. A phenyl moiety appended to the pyrazole
of BPPT participated in the pi-pi stacked interaction
with the phenyl group in Y181 and the indole moieties in
W229. Additional interactions, including van der Waals,
hydrophobic, pi-alkyl, and alkyl interactions, were also
visualized.

Another remarkable result was found for the G190 resi-
due of RTase. The antiviral effect data showed that BPPT
had significantly better drug resistance than EFV with the
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which are among the most important and strong interactions between protein and ligands. C 2D interaction maps of BPPT and EFV with HIV-1
RTase. The interaction networks between the atoms in the ligands with the protein were analyzed using the 2-dimensional map. Different colors

of dotted lines represent different molecular interactions as shown in the legend. Data for the Cdocker interaction energy and H-bond distance

from the K101 residue are given at the bottom

G190 mutants (Table 3). The experimental results cor-
roborated our computer modeling study because the 2D
binding network map clearly showed that EFV interacted
with G190, but BPPT did not (Fig. 4C). The CDocker
interaction energy of BPPT was —42.94 kcal/mol, which
was lower than that of EFV (—34.15 kcal/mol). These
data indicate that BPPT may bind to NNIBP as previ-
ously reported for NNRTIs, with some minor differences
in the interaction pattern from these drugs. Overall, our
in silico analysis indicated that BPPT shows better affin-
ity than EFV for the protein based on the number of
H-bonds and docking scores and has a more favorable
binding mode for drug resistance.

Discussion

Thiadiazoles are heterocyclic compounds containing two
nitrogens, which have been extensively studied owing
to their pharmacological and biological properties, such
as antibacterial, antifungal, antitubercular, and antivi-
ral effects. In particular, several compounds containing
thiadiazoles, including 4-phenyl-1,2,5-thiadiazol-3-yl
N,N-dialkylcarbamate (TDA) [53], 1,2,3-thiadiazole

thioacetanilides (TTA) [54], and 3-aryl-6-adamantylme-
thyl-[1,2,4]triazolo[3,4-b][1,3,4]thiadiazoles [55], were
suggested as good scaffolds for the anti-HIV-1 activ-
ity. Pyrazoles are also an important class of heterocyclic
nuclei in medicinal chemistry because of their varied
biological activities, including antiviral, antimicrobial,
anticancer, and anti-inflammatory effects. Some pyrazole
derivatives have been reported to have anti-HIV-1 activ-
ity [56—-59] and were reported to act through RTase inhi-
bition. Despite the potency of thiadiazole and pyrazole
structures in the inhibition of HIV-1, the thiadiazole—
pyrazole hybrid has not been explored in the develop-
ment of anti-HIV-1 agents.

In this study, a thiadiazole derivative (BPPT) harbor-
ing two pyrazoles was identified as an inhibitor of HIV-1
infection using a cell-based screening of a compound
library. BPPT exhibited high potency with an EC;, of
60 nM and had no cytotoxicity up to 250 pM, result-
ing in an SI value >4166.7, which might be comparable
to that of the approved ARVs (Table 1). BPPT showed a
TOA curve similar to that of EFV (Fig. 2A), clear inhibi-
tory effects on both in vitro and in vivo RTase activities
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(Fig. 2D and E), and a well-fitted docking mode with the
NNIBP of RTase (Fig. 4B and C). These data demonstrate
that BPPT is a novel NNRTL

The current clinical use of NNRTI drugs has limited
therapeutic value because of the emergence of multi-
drug-resistant variants. First-generation NNRTIs (NVP,
DLV, and EFV) have lower genetic barriers to resistance
than other ARVs [60, 61]. The most common NNRTI
resistance-associated mutations, such as K103N, Y181C,
and G190A, were detected in patients in whom first-
line therapy failed [60, 61]. Second-generation NNRTIs
(etravirine [ETR] and RPV) belong to the family of di-
arylpyrimidine (DAPY) compounds that display potent
antiviral activities against wild-type HIV-1 and first-
generation NNRTI resistance-associated mutations,
especially K103N and Y181C mutations [62]. Neverthe-
less, Y1811, Y181V, E138K, and K103N/Y181C mutations
significantly decrease the susceptibility to second-gen-
eration NNRTIs [60, 61, 63]. Furthermore, these drugs
have poor water solubility and pharmacokinetic prop-
erties [64]. Recently, doravirine (DOR), with a relatively
high genetic barrier to resistance-associated mutations
and potent antiviral activity, was approved [65, 66]; how-
ever, high levels of resistance-associated mutations, such
as V1I06M/A, Y188L, and M230L, restrict its clinical use
[66].

BPPT has a unique structural feature that may provide
resistance mutation profiles different from those of pre-
vious NNRTIs. BPPT (FC=28.5) exhibited decreased
susceptibility of the K101P mutant compared to EFV
(FC=17) (Table 3), indicating that the NH group and thi-
adiazole moiety of BPPT are crucial for interaction with
K101 through three hydrogen bonds (Fig. 4C). Muta-
tions at Y181 and Y188 completely abrogated the anti-
viral activity of BPPT, indicating that the hydrophobic
tunnel provided by these amino acids may allow suitable
interactions between BPPT and NNIBP. In particular,
the aromatic stacking interaction with Y181 in the phe-
nyl moiety of BPPT is similar to that of the chlorophenol
moiety in RPV and DOL [67]. Mutations at G190 (such
as G190A and 190S), observed frequently in patients
who received first-generation NNRTIs [60, 61], showed
high levels of resistance to EFV and NVP; however, these
mutations were inadequate for conferring severe resist-
ance to BPPT (Table 3). These data are concordant with
the docking simulation results showing no interaction
between BPPT and G190 (Fig. 4C). This phenomenon is
similar to the potency of DOR against G190A, but mod-
est resistance against G190S [67, 68]. In vitro selection of
resistance mutations for BPPT showed patterns different
from those for EFV and RPV. EFV exhibited well-charac-
terized resistance-associated mutations, including L1001,
Y188C, G190C, and RPYV, as well as E138K, G190E, and
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H221Q [44, 68, 69]. Upon treatment with BPPT, Y181C,
Y181H, and L100I were generally observed, whereas
V106A, V1081, L234], and F227L, which are known to
be selected by DOR [66, 68], were not detected. These
data indicate that the L101 and Y181 residues are criti-
cal for interaction with BPPT, as shown in the docking
model (Fig. 4C), whereas the hydrophobic residues V106
and V108, known to interact with DOR [44, 67] are not
important for the BPPT activity to the extent they are for
DOR. The differences in the potency of resistance-asso-
ciated mutations and in vitro resistance selection profiles
might be due to the unique structure of BPPT, apart from
the structures of previously developed NNRTIs.

Second-generation NNRTIs, such as DAPY (ETR,
RPV) or its modified form (DOR), are multi-ring types,
which may provide flexibility to improve the ability to
bind to NNIBP and overcome resistance-associated
mutations [44, 70]. In this context, BPPT also comprises
multifunctional ring moieties, which may provide the
flexibility to interact with NNIBP and/or avoid NNRTI-
resistant mutations, unlike the DAPY-shaped drugs.

The (pyrazol-3-YL)-1,3,4-thiadiazol-2-amine ~ and
(pyrazol-3-YL)-1,3,4-thiazol-2-amine compounds, which
are similar in structure to BPPT, were identified as inhibi-
tors of the enoyl acyl carrier protein reductase (InhA)
enzyme of Mycobacterium tuberculosis (Mtb) [71]. Inter-
estingly, the Mtb-inhibitory compounds have a core
structure of 2-amino-(pyrazole-3-yl)-thiadiazole, which
is same as that of BPPT with some differences from the
BPPT at several residues (Fig. S8). The additive effects of
BPPT observed in combination with other ARVs indi-
cated that BPPT may be potentially useful for treating
infected patients in combination with the currently used
anti-HIV-1 drugs.

Although the core structure of BPPT is not originative
and its potency is lesser than that of the current ARVs,
the limitation of BPPT could be overcome if its potency
is further improved by undertaking a structure—activity
relationship study in conjunction with determination of
the actual binding to NNIBP and in vivo characterization.

Conclusion

We identified BPPT, which inhibits HIV-1 infectivity
and replication cycle in various cells, as well as HIV-1
variants, and exhibits low cytotoxicity. Mechanis-
tic analyses revealed that BPPT is an inhibitor of the
HIV-1 RTase activity with a mode of action similar to
that of NNRTIs. A series of studies on the susceptibil-
ity of NNRTT resistance-associated mutants, molecu-
lar docking to RTase, and in vitro resistance selection
demonstrated that BPPT might occupy the NNIBP of
RTase differently from the currently used NNRTIs.
Taken together, BPPT, comprising four aromatic rings,
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could serve as a promising scaffold for the development
of a new NNRTI against the current NNRTI-resistant
HIV-1 variants.
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