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Kaposi’s sarcoma-associated herpesvirus (KSHV) is the causative agent for primary effusion lymphoma (PEL),
multicentric Castleman’s disease (MCD) and Kaposi’s sarcoma (KS). KSHV is one of the oncoviruses that
contribute to 1.5 million new infection-related cancer cases annually. Currently, there are no targeted therapies
for KSHV-associated diseases. Through the development of a medium-throughput phenotype-based ELISA
screening platform based on KSHV ORF57 protein detection, we screened the Medicines for Malaria Venture
(MMV) Pandemic Response Box for non-cytotoxic inhibitors of KSHV lytic replication. MMV1645152 was
identified as a promising inhibitor of KSHV lytic replication, suppressing KSHV immediate-early and late lytic

gene expression and blocking the production of infectious KSHV virion particles at non-cytotoxic concentrations
in cell line models of KSHV infection with or without EBV coinfection. MMV1645152 is a promising hit com-
pound for the development of future therapeutic agents against KSHV-associated malignancies.

1. Introduction

Kaposi’s sarcoma-associated herpesvirus (KSHV) is the causative
agent for two lymphoproliferative malignancies, primary effusion lym-
phoma (PEL) and multicentric Castleman’s disease (MCD); and the
endothelial malignancy, Kaposi’s sarcoma (KS) (Cesarman et al., 2022).
KSHV contributes to the incidence of at least 1.5 million new cancer
cases by oncoviruses annually (Lunn et al., 2017) and has been classified
as a Class 1 carcinogen (Bouvard et al., 2009; Chen et al., 2021). KSHV
has a biphasic lifecycle where the virus exists either in a latent phase,
allowing the long term persistence of the viral episome where few viral
genes are expressed, or reactivates initiating lytic replication, where the
majority of the viral genes are expressed resulting in production of in-
fectious virions and ultimately death of the host cell (Aneja and Yuan,
2017).

Upon reactivation, a temporal cascade of expression is triggered
leading to the full complement of lytic genes. This occurs in three

chronological stages namely the immediate early, delayed early and late
lytic phases. Immediate early lytic genes are produced rapidly after
reactivation, commencing with the expression of KSHV ORF50 which
encodes the replication and transcription activator (RTA). KSHV
ORF50/RTA transactivates several KSHV lytic promoters, modulating
the switch between KSHV latent and lytic phases. The protein products
of immediate early genes initiate the transcription of delayed early genes
and subvert host cell processes essential for efficient infectious virion
production (Goodwin et al., 2001; Gould et al., 2009; Kirigin et al.,
2020).

KSHV ORF57, which encodes the mRNA transcript accumulation
(Mta) protein, is an essential immediate early lytic gene which regulates
the expression of other lytic genes, promotes viral transcription, and is
essential for the production of infectious virion particles (Han and
Swaminathan, 2006; Verma et al., 2015). KSHV ORF57 regulates RNA
stability and is involved in the export and translation of viral genes
(Boyne et al., 2008, 2010; Majerciak and Zheng, 2009). Accordingly,

* Corresponding author. Biomedical Biotechnology Research Unit (BioBRU), Department of Biochemistry and Microbiology, Rhodes University, Grahamstown,

South Africa.
E-mail address: a.edkins@ru.ac.za (A.L. Edkins).

https://doi.org/10.1016/j.antiviral.2024.105990

Received 12 January 2024; Received in revised form 2 August 2024; Accepted 14 August 2024

Available online 16 August 2024

0166-3542/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:a.edkins@ru.ac.za
www.sciencedirect.com/science/journal/01663542
https://www.elsevier.com/locate/antiviral
https://doi.org/10.1016/j.antiviral.2024.105990
https://doi.org/10.1016/j.antiviral.2024.105990
https://doi.org/10.1016/j.antiviral.2024.105990
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

M.O. Okpara et al.

KSHV ORF57 plays a critical role in KSHV lytic replication (Puru-
shothaman et al., 2015), making KSHV ORF57 a good marker for the
discovery of therapeutic agents blocking early stages of lytic replication.

Despite decades of research on KSHYV, there are still no FDA approved
vaccines or targeted therapeutic interventions for the treatment of
KSHV-associated malignancies. Inhibitors of KSHV lytic replication,
including valganciclovir, zidovudine, cidofovir, cyclopropavir, adefovir,
acyclovir, and foscarnet sodium which target the viral DNA polymerase
(Bounaadja et al., 2013; Coen et al., 2014; Naimo et al., 2021; Ozbalak
et al., 2013; Uldrick et al., 2011; Upadhyayula and Michaels, 2013),
have been identified as potential therapeutic agents against KSHV.
However, poor clinical outcomes, including relapse, and haematological
toxicity prevented their clinical approval (Cesarman et al., 2022;
Ozbalak et al., 2013; Uldrick et al., 2011, 2012). Chemotherapeutic
agents such as vinblastine, cyclophosphamide, and etoposide either
alone or in combination, are approved under treatment plans in the US,
Europe, and South Africa for KSHV-associated malignancies. But like the
inhibitors of lytic replication, they were not without issue (Cesarman
et al., 2022). Despite several host-based pathways, such as UAP56,
mammalian target of rapamycin (mTOR), EphA2, p38
mitogen-activated protein kinase (MAPK) and topoisomerases I and II,
being essential for the KSHYV lytic life cycle, inhibition of these targets is
either not sufficient to clear KSHV infection in patients or the inhibitors
are potential immunosuppressants that reduce the recovery of
AlIDS-associated KS patients (Andrei and Snoeck, 2015; Mohanty et al.,
2017; Nichols et al., 2011; Schumann et al., 2016). On this basis, there
remains a need for novel therapeutic agents which specifically target
KSHYV lytic replication through other mechanisms.

Recently, the Medicine for Malaria Venture (MMV) and the Drugs for
Neglected Diseases initiative (DNDi), launched a library of 400 drug-like
compounds called the Pandemic Response Box (which was modelled
after the Malaria box and the Pathogen box) (Veale, 2019). The 400
compounds in the Pandemic Response Box include 201 antibacterial
compounds, 153 antiviral compounds and 46 antifungal compounds
(Samby et al., 2022) and were selected based on low toxicity to
mammalian cells and activity against specific microbial pathogens
(Medicines for Malaria Venture, 2019).

Here we report the development of a medium-throughput pheno-
type-based assay to monitor KSHV ORF57 expression and cytotoxicity to
host cells as a proxy for inhibition of KSHV lytic replication. A screen of
the MMV Pandemic Response Box identified six active compounds, the
most promising of which (MMV154152) displayed the best selectivity
indices for KSHV lytic replication inhibition.

2. Material and methods
2.1. Cell culture and reagents

The TREx-BCBL-1-RTA cell line (a gift from Prof. Jae Jung, Univer-
sity of Southern California, USA) is a genetically modified derivative of
KSHV-infected BCBL-1-based PEL B-cells that contains the RTA gene
under the control of a tetracycline-responsive promoter. The induction
of KSHV lytic replication was initiated by the addition of 2 pg/mL DOX
to TREx-BCBL-1-RTA cells (Nakamura et al.,, 2003). The BC-1
(CRL-2230™) cell line was purchased from ATCC (Virginia, USA).
BC-1 is a Burkitt’s lymphoma cell line that is latently infected with KSHV
and EBV. In this study, KSHV lytic replication was induced in BC-1 cells
by the addition of 1.5 mM sodium butyrate (NaB) (Sandhu and Damania,
2022). HEK293T cells (ATCC®CRL-3216™) were purchased from ATCC.
HEK293T is a human embryonic kidney-derived cell line immortalised
by transformation with SV40 T-antigen (Graham et al., 1977). The
rKSHV.219 cells (a generous gift from Dr Jeffrey Vieira, University of
Washington, USA) are HEK293T cells carrying a recombinant form of
KSHV genome (KSHV.219) (Vieira and O’Hearn, 2004). KSHV lytic
replication in rKSHV.219 cells was induced by the addition of 4 mM NaB
and 20 ng/mL 12-O-tetradecanoylphorbol-13-acetate (TPA).
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TREx-BCBL-1-RTA cells were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium (Thermo Fisher Scientific, USA) sup-
plemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS)
(Gibco, UK), 1% (v/v) penicillin-streptomycin-amphotericin (PSA)
(Lonza Group Ltd, Basel, Switzerland), 1% (v/v) GlutaMAX™-]
(Gibco™, Life Technologies, US) and 100 pg/mL hygromycin B (Glen-
tham Life Sciences, UK). BC-1 cells were cultured in RPMI 1640 medium
supplemented with 20% (v/v) FBS, 1% (v/v) PSA, and 1% (v/v) Glu-
taMAX™-I. TREx-BCBL-1-RTA and BC-1 cell lines were cultured at 37 °C
in a humidified incubator with 5% CO,. HEK293T cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) (LTC Tech, Johannesburg,
South Africa) supplemented with 10% (v/v) FBS, 1% (v/v) sodium py-
ruvate (Sigma-Aldrich, Darmstadt, Germany), 1% (v/v) non-essential
amino acids (Lonza, BE13-114E), 1% (v/v) PSA, 1% (w/v) G418
(Glentham Life Sciences, GA2946), and 1% (v/v) GlutaMAX™-I at 37 °C
in a humidified incubator with 9% CO,. The rKSHV.219 cells were
cultured in DMEM supplemented with 10% (v/v) FBS, 1% (v/v) PSA,
and 2 pg/mL puromycin (Glentham Life Sciences, GA1940) for KSHV
genome selection at 37 °C in a humidified incubator with 5% COx.

2.2. Compounds

The Pandemic Response Box (containing 400 structurally diverse
drug-like compounds) was kindly provided by the MMV Foundation.
The compounds were supplied in five 96-well plates A — E. A total of 80
wells in each plate contained 10 pL/well of 10 mM compound (dissolved
in DMSO) except for Plate E which had 10 pL/well of 2 mM compound
(dissolved in DMSO) in the last 11 wells. All plates were stored at
—20 °C. The MMV compound IDs for the 400 compounds are provided in
Table S1.

Compounds 1 (MolPort-001-816-819), 2 (MolPort-003-723-761), 3
(MolPort-005-982-777), and 4 (MolPort-007-995-593) were sourced via
MolPort. These compounds were used in this study because of their
structural similarity to the one compound of interest from the Pandemic
Response Box screen. Compounds 1, 2, 3, and 4 were purchased as
powders with 97%, >90%, >90%, and 95% purity, respectively, and
were diluted in DMSO to a final concentration of 100 mM, 50 mM, 50
mM, and 100 mM, respectively. All compounds were stored at —20 °C
after dissolving in DMSO.

2.3. Cell viability assay

Cell viability and cytotoxicity were assessed using the resazurin cell
viability assay. TREx-BCBL-1-RTA or BC-1 cells were seeded at a density
of 4 x 10° cells/mL in medium in wells of a flat 96-well tissue culture
plate and treated with compound(s) or DMSO (as vehicle control) for 22
h. For HEK293T cells, cells were seeded at a density of 1.5 x 10° cells/
mL in medium in wells of a flat 96-well tissue culture plate for 16 h
before treatment (to allow the cells enough time to attach to the plate).
The cells were treated with compound(s) or DMSO (as vehicle control)
for 22 h. Resazurin dye (7-hydroxy-3H-phenoxazin-3-one 10-oxide) was
added to the cells and incubated at 37 °C for 2 h. The amount of
resorufin produced (which is proportional to the number of viable cells)
was determined by measuring the fluorescence intensity at an excitation
wavelength of 560 nm and emission wavelength of 590 nm. The relative
cell viability for the treated cells was calculated as a fraction or per-
centage of fluorescence reading for treated cells to fluorescence reading
for the DMSO control. For CCs determination, the fluorescence readings
for the treated cells were used to plot a dose-response curve via non-
linear regression in GraphPad Prism software.

2.4. ELISA-based assay for measuring KSHV ORF57 protein in lysates
Reactivated and unreactivated TREx-BCBL-1-RTA cells in suspension

were lysed using 10x lysis buffer [1.5 M NaCl, 10% (v/v) Triton X-100,
10% (w/v) Sodium deoxycholate, 1% (w/v) SDS, 100 mM Tris-Cl (pH
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7.5), and 10x cOmplete™ EDTA-free protease inhibitor cocktail (Sigma-
Aldrich, Germany)] on ice for 25 min. A total of 50 pL of the whole cell
lysates were pipetted into designated wells of 2 separate 96-well flat-
bottom high binding microtitre plates (Greiner Bio-One, Germany)
and incubated at 4 °C for 16 h. Non-specific binding sites in the wells
were blocked with 3% (w/v) BSA at 22 °C for 2 h. Monoclonal mouse
anti-ORF57 (Santa Cruz, sc-135746) and polyclonal rabbit anti-GAPDH
(Santa Cruz, sc-25778) primary antibodies with HRP-conjugated donkey
anti-mouse IgG (Thermo Fisher Scientific, A16011) and HRP-conjugated
donkey anti-rabbit IgG (Thermo Fisher Scientific, A16023) secondary
antibodies were used for detecting KSHV ORF57 and GAPDH proteins,
respectively. HRP buffer (pH 5) [25.7 mM citric acid, 48.6 mM
NayHPO4, 1 mg/mL TMB (in DMSO), and 30 % (v/v) H20,.] was added
into each well and incubated at 25 °C for 15 min in the dark for colour
development. The reaction was stopped by adding 1 M H3SO4 and
absorbance read at 450 nm. The absorbance reading was proportional to
the amount of KSHV ORF57 or GAPDH protein present in the cell lysates.

2.5. Western blotting

Reactivated TREx-BCBL-1-RTA, BC-1 or rKSHV.219 cells were
treated with either DMSO (as reactivated untreated control) or com-
pounds and unreactivated TREx-BCBL-1-RTA or BC-1 cells were treated
with DMSO (as unreactivated untreated control) for 24. The cells were
washed with ice-cold phosphate-buffered saline (pH 7.45) and collected
by centrifugation. Lysis buffer [150 mM NaCl, 1% (v/v) Triton X-100,
1% (w/v) Sodium deoxycholate, 0.1% (w/v) SDS, 10 mM Tris-Cl (pH
7.5), and 1x cOmplete™ EDTA-free protease inhibitor cocktail (Sigma-
Aldrich, Germany)] was used to extract protein samples on ice for 25
min from cell pellets. The concentration of protein in lysates was
determined using the bicinchoninic acid (BCA) protein quantification
assay as described by Smith et al. (1985) with modifications (Smith
et al., 1985) and denatured in Laemmli SDS loading buffer at 95 °C for 5
min. An equal amount of denatured protein samples was resolved by
SDS-PAGE and transferred to nitrocellulose membrane using the com-
plete Bio-Rad Trans-Blot Turbo Transfer System (BioRad, California,
USA). The nitrocellulose membrane was blocked in 5% (w/v) Blotto,
non-fat dry milk (Santa Cruz Biotech., CA, USA) dissolved in
Tris-buffered saline containing 0.1% Tween-20 (TBST). The membrane
was incubated in the appropriate primary and secondary antibodies. The
primary antibodies used in this study were mouse anti-ORF57 (207.6)
monoclonal antibody (Santa Cruz Biotechnology, sc-135746),
HRP-conjugated  anti-GAPDH  antibody = (EPR6256)  (Abcam,
ab185059), mouse anti-KSHV ORF45 (2D4A5) (Novus Biologicals,
NPB2-37685), and mouse anti-EBV EBNA-1 (1EB12) monoclonal anti-
body (Santa Cruz Biotechnology, sc-81581). The secondary antibodies
used in this study were HRP-conjugated donkey anti-mouse IgG
(Thermo Fisher Scientific, A16011) and HRP-conjugated donkey
anti-rabbit IgG (Thermo Fisher Scientific, A16023) secondary anti-
bodies. Visualization of blots was performed using the Clarity™ Western
ECL substrate kit (BioRad, California, USA) and image capture per-
formed using a BioRad ChemiDoc™ MP System (BioRad, California,
USA).

2.6. Determination of viral mRNA transcript expression levels

Cellular and viral mRNA were extracted from TREx-BCBL-1-RTA, BC-
1, rKSHV.219 or HEK293T cells (for re-infection assays) to determine
viral transcription levels. Reactivated TREx-BCBL-1-RTA or BC-1 cells
were treated with either DMSO (as reactivated untreated control) or
compounds and unreactivated TREx-BCBL-1-RTA or BC-1 cells were
treated with DMSO (as unreactivated untreated control) for 24-48 h
HEK293T cells were treated with either DMSO (as untreated control),
compounds or viral supernatants for 24 h. Reactivated rKSHV.219 cells
were treated with either DMSO (as untreated control) or compounds and
unreactivated rKSHV.219 cells were treated with DMSO (as
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unreactivated untreated control) for 24 h. Total RNA was extracted from
the cells using Zymo Research Direct-zol™ RNA Miniprep Plus kit (Zymo
Research, cat. No.: R2073) according to the manufacturer’s instructions.
The extracted RNA was subjected to RNA clean-up and concentration to
remove viral and/or genomic DNA contamination through DNase I
treatment using the Zymo Research RNA Clean and Concentrator™-5 kit
(Zymo Research, Catalogue number: R1014) according to the manu-
facturer’s instructions. The resultant cleaned-up and concentrated RNA
was reverse transcribed to cDNA using the LunaScript® RT SuperMix kit
(New England Biolabs, cat. No.: E3010L) according to the manufac-
turer’s instructions. The cDNA was subjected to qPCR analysis to
determine the expression levels of viral mRNA transcripts relative to
human GAPDH mRNA transcript (used as a normalizer). The oligonu-
cleotide primer sets used in this study for qPCR were purchased from
Integrated DNA Technologies. The forward and reverse sequences for
the primers are: ORF57 (5-CACTTCTGGAATACTACAGGCCAGG-3’; 5-
GTTAAATTTGGCCGACCCCATTGC-3'), ORF47 (5-CGCGACCACTGCA-
GATAGCTCTATTC-3’; 5-TTCCCTTTTGACCTGCGTGCG-3'), ORF65 (5'-
CCTTAGGGATCAGAAACCGCGC-3’; 5-CAGAGGACAGGGTGGTTATAC
TGC-3), ORF45 (5-CCGCCCACTCGATTTCATCAGG-3’; 5-TCCAGC-
CACGGCCAGTTATATGC-3"), ORFK8 (5- GTCATCGAAAGCATACA-
CAAGACAGC-3’; 5- TGCTGGCACATTCGCATCAGC-3'), ORF10 (5- ATC
TCTAATCGAGTACCCCT-3’; 5- TAGAATGCAGTGTAGGTCTC-3"), ORF
52 (5- ACCTTGCTGAATATTGTCCT-3’; 5- CCTTACGATGGAAGAC
CTAA-3), ORF62 (5- GTTCCCTTTGATTCTCATCCGGTGC-3’; 5'-
CAGAAACACAGTCCAGGGGCC-3), ORF50 (5-AGACCCGGCGTTTAT-
TAGTACGT-3’; 5-CAGTAATCACGGCCCCTTGA-3"), ORF73 (5- CCA-
GACCAGTCGCCCATAACTTATTG-3’; 5-GGAAGATTGTAGGTTTCCTGC
CAGG-3), VIRF3 (5-AGCCGTACACTGTGTTGATAC-3’; 5-CACGATT-
CATAGTGAGAAACA-3"), and GAPDH [Hs.PT.39a.22214836 (5-ACA
TCGCTCAGACACCATG-3’; 5-TGTAGTTGAGGTCAATGAAGGG-3)].

The expression levels of cellular and viral target genes were deter-
mined by two-step quantitative reverse transcription PCR (qPCR) using
a CFX Connect Real-Time PCR Detection System (Bio-Rad, SA). For all
gPCR experiments, the appropriate number of controls and replicates
were included to conform with the minimum information for publica-
tion of quantitative real-time PCR experiments (MIQE) guidelines
(Bustin et al., 2009). The qPCR reaction component for each test sample
included 10 pL of Luna® Universal qPCR Master Mix (New England
Biolabs, cat. No.: M3003E), 0.5 pL of 10 pM forward primer, 0.5 pL of 10
UM reverse primer, either 10 ng of template genomic DNA (variable
volume) or 50 ng of reverse transcriptase (RT) cDNA template (variable
volume) and nuclease-free water (to make up mixture volume to 20 pL).
The qPCR reaction component for each control sample included 10 pL of
Luna® Universal qPCR Master Mix, 0.5 pL of 10 pM forward primer, 0.5
pL of 10 pM reverse primer, either nuclease-free water (equal volume of
template genomic DNA used) or 50 ng of no reverse transcriptase (NRT)
cDNA template (variable volume) and nuclease-free water (to make up
mixture volume to 20 pL). The thermocycling protocol was a 60 s initial
denaturation step at 95 °C, followed by 40 cycles of 15 s denaturation
step at 95 °C and 30 s extension step at 60 °C. A melt curve analysis was
performed at a 0.2 °C increment from 60 to 95 °C to confirm that a single
specific product was amplified. At the end of the qPCR run, the data
were acquired and analysed using the CFX Maestro Software (Bio-Rad,
SA). Each target gene Cr value was normalized to GAPDH (the house-
keeping gene) and was quantified using the comparative Cy (AACT)
method as described by Schmittgen and Livak (2008) (Schmittgen and
Livak, 2008). Viral transcript levels in the treated reactivated
TREx-BCBL-1-RTA or BC-1 or infected HEK293T cells were compared to
the viral transcript levels in the reactivated DMSO control or uninfected
HEK293T cells.

2.7. Viral DNA replication assay

The viral DNA replication assay was performed to monitor KSHV
replication within the host cell upon induction of lytic reactivation in
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treated and untreated cells. Reactivated TREx-BCBL-1-RTA cells were
treated with either DMSO (as reactivated untreated control) or com-
pounds and unreactivated TREx-BCBL-1-RTA cells were treated with
DMSO (as unreactivated untreated control) for 72 h. Total genomic DNA
was extracted from the cells using the Zymo Research Quick-DNA™
Miniprep kit (Zymo Research, cat. No.: D3025) according to the man-
ufacturer’s instructions. An amount of 10 ng of template genomic DNA
was used for qPCR analysis with primers specific to KSHV ORF57 gene
(to assess the level of viral DNA) and human GAPDH gene (as the
normalizer). Viral DNA level in treated reactivated TREx-BCBL-1-RTA
cells was compared to the viral DNA level in the reactivated DMSO
control.

2.8. KSHV re-infection assays

The KSHV re-infection assays were performed with TREx-BCBL-1-
RTA cells (KSHV infected cell line capable of producing infectious
virion particles) and HEK293T cell line (target host cells for re-infection)
to monitor the production of infectious virions or viral entry. For re-
infection assays to determine infectious virion production. Reactivated
TREx-BCBL-1-RTA cells treated with DMSO (as untreated control) or
compound(s) and unreactivated TREx-BCBL-1-RTA cells treated with
DMSO (as untreated control for reactivation) were cultured for 72 h. The
viral supernatants were used to infect naive HEK293T cells and to
determine viral load in the supernatants. A 2.7 mL volume of each viral
supernatant was mixed with 300 pL of complete DMEM (HEK293T
growth medium) and the mixture was used to infect HEK293T cells (that
had been seeded in a 6-well plate a day before) for 24 h. Total RNA was
extracted from the HEK293T cells, treated with DNase I, reverse tran-
scribed to cDNA, and qPCR analysis was used to determine the expres-
sion level of KSHV ORF57 and ORF73 mRNA transcripts in the HEK293T
cells as an indication of viral infection (Murphy et al., 2023; Schumann
etal., 2016). A 2 pL volume of each viral supernatant was used for gPCR
analysis with primers specific to KSHV ORF57 gene. The amount of
KSHV DNA in ng was determined from a standard curve and converted
to copy number using the equation (ng RNA x 6.022 x 10%%)/(length x 1
x 10° x 660) and used to normalise the amount of virus in each
re-infection assay.

For re-infection assays to determine infectious viral entry, unreacti-
vated and reactivated TREx-BCBL-1-RTA cells were cultured for 72 h. A
2.7 mL volume of each viral supernatant was mixed with 300 pL of
complete DMEM (HEK293T growth medium). The reactivated viral su-
pernatant was supplemented with DMSO (as untreated control) or
compound(s) while the unreactivated supernatant was treated with
DMSO (as untreated control for reactivation). The treated supernatant
was immediately used to infect HEK293T cells that had been seeded in a
6-well plate a day before. Total RNA was extracted from the HEK293T
cells, treated with DNase I, reverse transcribed to ¢cDNA and qPCR
analysis was used to determine the expression level of KSHV ORF57
mRNA transcript in the HEK293T cells as an indication of viral infection.

2.9. Reproducibility and statistical analysis

Western blot analyses were performed at least three independent
times and densitometry data for the western blots are the mean + SEM
of at least three independent biological replicates, except where other-
wise stated. All gPCR data are the mean + SEM of experiments per-
formed in technical triplicates and are a representation of at least two
independent biological replicates with similar trends. The data for
ELISA-based and cell viability assays are the mean of experiments per-
formed in technical triplicates and are a representation of at least two
independent biological replicates, except where otherwise stated. The
ICsp and CCsg data are the mean + SEM of experiments performed in
technical triplicates and are a representation of at least two independent
biological replicates. The graphs/curves and statistical analyses per-
formed in this study were plotted using GraphPad Prism software
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version 9 (GraphPad Software Inc., CA, USA).
3. Results

3.1. Development of a medium-throughput phenotype-based screening
assay

Prior to screening, an ELISA-based medium-throughput screening
assay to determine KSHV ORF57 protein levels relative to the host
GAPDH protein and cell viability from the same sample was developed
(Fig. 1A). The primary and secondary antibody dilutions were optimized
(Fig. S1A), and the impact of FBS in the growth medium on KSHV ORF57
protein detection and TREx-BCBL-1-RTA cell viability was assessed. The
impact of resazurin dye used for viability assessment on KSHV ORF57
protein detection was also assessed (Fig. S1). Given that TREx-BCBL-1-
RTA is a suspension cell line and must be lysed in growth medium the
impact of FBS on KSHV ORF57 protein detection was assessed. FBS-
supplemented medium negatively impacted the detection of KSHV
ORF57 protein level between reactivated and unreactivated samples
(Fig. S1B), suggesting serum in the FBS-supplemented medium reduced
the resolution of KSHV ORF57 protein detection. Also, whole cell lysate
protein concentrations from cells grown in FBS-supplemented medium
were at least 3.3-fold higher than those grown in FBS-free medium
regardless of the cell seeding density (Fig. S1C, Table S2). This suggested
that serum may compete with cellular and viral proteins for binding to
ELISA plates.

KSHV ORF57 protein levels in TREx-BCBL-1-RTA cells were similar
at 8- and 24-h post-induction of lytic replication irrespective of the
presence of FBS, the exclusion of which did not affect the induction of
KSHV lytic replication and/or the expression of lytic proteins after 24 h
(Fig. S1D). This time (24 h) was also sufficient to discriminate between
KSHV ORF57 protein levels in reactivated and unreactivated TREx-
BCBL-1-RTA cells (Fig. S1E). The cell viability test confirmed that the
TREx-BCBL-1-RTA cells were viable in FBS-free medium within 24 h
under both latent and lytic conditions (Fig. S1F).

Given that the screening approach was based on the inhibition of
KSHV ORF57 protein expression (as a marker for KSHV lytic replication)
and cytotoxicity of the MMV compounds in the same population of
reactivated TREx-BCBL-1-RTA cells in suspension, the impact of resa-
zurin cell viability dye on KSHV ORF57 protein detection using the
ELISA-based assay was assessed. Although resazurin dye reduced KSHV
ORF57 detection in TREx-BCBL-1-RTA cells in FBS-free medium
(Fig. S1G), the effect was minor and still permitted sufficient resolution
of differences between the reactivated and unreactivated samples.
Additionally, determining the cytotoxicity and KSHV ORF57 protein
inhibition of each MMV compound from the same population of cells
from the same 96-well plate would prevent the variations that splitting
of cells into two different 96-well plates would introduce.

Therefore, the final assay used 8 x 10* TREx-BCBL-1-RTA cells
cultured in 200 pL of FBS-free medium (at a seeding density of 4 x 10°
cells/mL) in 96-well plates and treated with DOX to induce lytic repli-
cation for 24 h. The final optimized assay antibody conditions discrim-
inated between KSHV ORF57 protein levels in reactivated and
unreactivated TREx-BCBL-1-RTA cell lysates. The cytotoxicity of each
MMV compound and the respective KSHV ORF57 protein level were
determined from the same population of cells seeded in wells of the same
96-well plate.

3.2. Screening of the pandemic response box for non-cytotoxic inhibitors
of KSHV ORF57 protein expression

The 400 MMV Pandemic Response Box compounds were screened for
non-cytotoxic inhibitors of KSHV ORF57 protein expression as a marker
for KSHYV lytic replication at a 20 pM single-point screening concentra-
tion (Fig. 1A). The inhibition of KSHV ORF57 protein expression was
expressed as a fraction of KSHV ORF57 protein level normalized to
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Fig. 1. Screening of MMV Pandemic Response Box for inhibitors of KSHV ORF57 protein. (A) Optimized workflow for the medium-throughput phenotypic
ELISA and cell viability screening assays. (B) Reactivated TREx-BCBL-1-RTA cells were treated with 400 MMV compounds at a single-point screening concentration
of 20 puM for 24 h. The relative expression of KSHV ORF57 protein normalized to GAPDH, and relative cell viability were determined using an ELISA-based assay and
resazurin cell viability assay from the same population of treated reactivated TREx-BCBL-1-RTA cells. A total of 44 compounds, represented by the data points in the
top left quadrant, met the selection criteria, namely a cut-off of relative cell viability of 0.7 (indicated by the red line) and a relative ORF57 expression level of 0.5
(indicated by the blue line). (C) Reactivated TREx-BCBL-1-RTA cells were treated with the selected 44 MMV compounds at a single-point concentration of 10 pM for
24 h. The relative expression of KSHV ORF57 protein normalized to GAPDH, and relative cell viability were determined using the ELISA-based assay and resazurin
cell viability assay from the same population of treated reactivated TREx-BCBL-1-RTA cells. Only 7 compounds, represented by the data points in the top left
quadrant, met the selection criteria, namely a cut-off of relative cell viability of 0.7 (indicated by the red line) and a relative ORF57 expression level of 0.606
(indicated by the blue line). The data shown are the mean of a single independent experiment performed in technical duplicate.

GAPDH in treated reactivated cells to KSHV ORF57 protein level
normalized to GAPDH in the reactivated DMSO control cells. The rela-
tive cell viability of each MMV compound was expressed as a fraction of
the fluorescence reading of the treated reactivated cells to the fluores-
cence reading of the reactivated DMSO control cells. The initial
screening selection criteria were KSHV ORF57 relative expression less
than or equal to 0.5 and a relative cell viability value greater than or
equal to 0.7, with 44 compounds, represented by the data points in the
top left quadrant of the graph, meeting the selection criteria
(Fig. 1B-Table S1). There were a further 219 compounds that were non-
cytotoxic, but which did not supress relative expression of KSHV ORF57
below the 0.5 threshold. A total of 45 cytotoxic compounds had a KSHV
ORF57 relative expression greater than 0.5, and 92 compounds that
were cytotoxic with KSHV ORF57 relative expression less than 0.5.
These compounds were all excluded (Fig. 1B-Table S1). Of the 153
compounds in the Pandemic Response Box with reported antiviral ac-
tivity, there were 10 compounds with reported anti-herpesvirus activity.
None of the 10 compounds with reported anti-herpesvirus activity met
the selection criteria for the initial screening presumably because most
of these compounds target later phases in the KSHV replication cycle.
MMV690653 [letermovir (70% cell viability)], MMV001761 [ganci-
clovir (92% cell viability)]l, MMV001961 [acyclovir (84% cell
viability)], MMV1580486 [pritelivir (100% cell viability)],
MMV1580478 [tenofovir (100% cell viability)] and MMV1782210
[cyclopropavir (91% cell viability)] were non-cytotoxic to reactivated
TREx-BCBL-1-RTA cells but the percentage inhibition of KSHV ORF57
protein ranged from 30 to 43% which was below the selection criterion
of 50%. MMV009948 [imatimib (38% cell viability)], MMV639951
[everolimus (33% cell viability)], and MMV1580493 [verdinexor (12%
cell viability)] showed high percentage KSHV ORF57 protein inhibition
(65%, 53%, and 73%, respectively) but this was attributed to

cytotoxicity. MMV1593517 [selinexor (63% cell viability and 35%
KSHV ORF57 inhibition)] did not meet any of the selection criteria
(Table S1). Interestingly, only 4 compounds (MMV1645152,
MMV1782222, MMV1580499, and MMV1634394) out of the 153
compounds in the Pandemic Response Box with reported antiviral ac-
tivity were among the 44 compounds that met the initial selection
criteria (Table S1)

The 44 compounds meeting our initial selection criteria, were further
triaged by a single-point screen at 10 pM. Here selection criteria were
modified to KSHV ORF57 relative expression of less than or equal to
0.606 and a relative cell viability value greater than or equal to 0.7. This
reduced the cohort to 7 potential non-cytotoxic inhibitors of KSHV lytic
replication, represented by the data points in the top left quadrant of the
graph (Fig. 1C-Table S3). From these data, MMV1645152 was shown to
have the lowest relative KSHV ORF57 protein expression value (0.437)
and the highest relative cell viability value (1.082) (Table S3).

3.3. MMV1645152 is the most active non-cytotoxic inhibitor of KSHV
ORF57 expression

The selected 7 compounds from the validation screening were
MMV1645152, MMV1782223, MMV1634394, MMV1634403,
MMV1782212, MMV1634363, and MMV1578568 (Fig. 2A). Western
blot analysis was subsequently used as an orthogonal method to validate
these compounds for non-cytotoxic reduction in KSHV ORF57 expres-
sion at a 50 pM single-point treatment concentration. The Western blot
data indicated that MMV1645152 was the most potent inhibitor of
KSHV ORF57 expression (Fig. 2B), with no observable cytotoxicity at 50
uM, and subsequently the most favourable selectivity index (calculated
as relative cell viability/relative expression of KSHV ORF57, Table 1).
MMV1782212 was cytotoxic resulting in at least 97% cell death at 50
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24 h. FL and CL ORF57 indicate the full-length and cleaved ORF57, respectively. Both the FL and CL ORF57 were quantified for all KSHV ORF57 densitometry
analysis in this study. The normalized expression of KSHV ORF57 protein in each treated sample was relativized to the corresponding reactivated DMSO control.
Unreactivated TREx-BCBL-1-RTA responses are indicated by -DOX and -NaB. Statistical analysis comparing each treated sample to their corresponding reactivated

DMSO control was determined by unpaired student’s t-test in GraphPad Prism where *

*P < 0.0001 was considered significant.

MMV1645152.
Next, the ICs¢ and CCsg of the identified 7 MMV compounds were
determined. In this study, the ICsy refers to the concentration of a

Table 1
Screening data for the 7 selected MMV compounds.

MMV Compound  Relative expression of Relative cell Selectivity compound required to inhibit KSHV ORF57 protein expression by 50%
P KSHV ORF57 viability index when compared to the untreated control, while CCs¢ indicates half-
MMV1645152 0.53 1.028 1.940 maximal cytotoxicity concentration. The ICsg, CCsg, and selectivity
MMV1782223 L12 0783 0700 indices (CCs¢/ICsp) again showed that MMV1645152 was the most
MMV1634394 1.1 0.73 0.664 . .

MMV1634403 1.04 0.535 0.514 promising compound (Table 2, Figs. S3A and S3B). Although
MMV1782212 N/A 0.027 N/A MMV1782212 had similar selectivity index to MMV1645152 (0.860 and
MMV1634363 1.05 0.844 0.804 0.865, respectively), it was more cytotoxic (Table 2, Fig. S3B). Taken
MMV1578568 1.47 0751 0.511 together, these data suggested that MMV1645152 is the most promising
2 From Western blot in Fig. 2B. non-cytotoxic inhibitor of KSHV ORF57 protein expression in MMV

Pandemic Response Box.
pM (Table 1). Consequently, an insufficient amount of cellular protein

was available for Western blot analysis. 3.4. MMV1645152 is a superior inhibitor of KSHV ORF57 protein and
As a further control, we sought to exclude the potential contribution lytic gene expression than the structural analogues of MMV1645152

of doxycycline (DOX, used to induce lytic replication) to the anti-KSHV

activity of MMV1645152 by using NaB as an alternative inducer of Next, the dose dependent inhibition of KSHV ORF57 protein
KSHV lytic replication (Sandhu and Damania, 2022). Firstly, the
maximum concentration of NaB required to cause a similar percentage
of cell death as 2 pg/mL DOX in TREx-BCBL-1-RTA cells was determined
(83.4% and 84.7%, respectively) (Fig. S2). Therefore, 0.5 mM NaB and
2 pg/mL DOX were used to induce KSHV lytic replication in
TREx-BCBL-1-RTA cells in the presence of 50 pM MMV1645152. DOX MMV1645152 132.7 114.8 0.865

Table 2
ICs0, CCs0, and selectivity index of the selected 7 MMV compounds.

MMV Compound ID ICs (UM) CCso (UM) Selectivity index

induced a more robust KSHV lytic replication than 0.5 mM NaB xﬁ‘ﬁzgiizi 1>72902 :1;; ;3‘1079
(Fig. 2C). However, the relative reduction in expression of KSHV ORF57 MMV1634403 1221 47 0.585
protein in the DOX- and NaB-reactivated TREx-BCBL-1-RTA cells with MMV1782212 8.8 76 0.86
50 pM MMV1645152 was similar (Fig. 2C), indicating that DOX did not MMV1634363 205.7 52.9 0.257
contribute to the inhibition of KSHV ORF57 protein expression by MMV1578568 231.3 67.8 0.293




M.O. Okpara et al. Antiviral Research 230 (2024) 105990

expression by MMV1645152 was evaluated and compared to that of MMV1645152 (Figs. SSA-D and S3B), compounds 1, 2, and 3 had no
selected structural analogues of MMV1645152. MMV1645152 inhibited discernible effect on KSHV ORF57 protein expression, while compound

KSHV ORF57 protein expression in a dose-dependent manner with a 4 demonstrated weaker albeit dose-dependent inhibitory activity
significant reduction in KSHV ORF57 protein level at 20 uM treatment (Fig. 3C and D). Together this tentatively indicated the importance of
concentration and above (Fig. 3A). The dose-response curves derived both the position of the aryl halogenation and the presence of the amino

from the Western blot showed that the IC5¢ of MMV1645152 for KSHV pyrimidinone bromine substituent on MMV1645152 (Figs. 2A and 3A-
ORF57 protein expression were estimated to be 17.1 uM (Fig. S4). The D).

ICsp of MMV1645152 determined using ELISA (Table 2) and Western Next, we determined whether MMV1645152 inhibited another im-
blot analysis (Fig. S4) varied because the ELISA technique has lower mediate early lytic protein (KSHV ORF45) in a dose-dependent manner.
resolution, specificity and sensitivity compared to Western blot. Hence, The effect of MMV1645152, the inactive control (compound 1) and
we regarded the ICso from the Western blot as more accurate and so a partially active control (compound 4) structural analogues on the
range of concentrations around that value were used in subsequent expression of KSHV ORF45 was investigated using Western blot. Neither
studies. These concentrations were also below the CCsq value such that MMV1645152 nor the selected structural analogues significantly altered
we were able to retain above 80% cell viability in all assays. KSHV ORF45 protein levels in reactivated TREx-BCBL-1-RTA cells

The activity of four commercially available structural analogues of (Fig. 3E). Taken together, these suggested that MMV1645152 specif-
MMV1645152 (Compound 1-4, Fig. 3B) was compared to ically inhibits KSHV ORF57 protein.
MMV1645152. While all four compounds were less cytotoxic than We next evaluated the gene expression levels of the immediate early
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Fig. 3. MMV1645152 is more effective at inhibiting KSHV ORF57 protein expression than the structural analogues of MMV1645152 (A) Western blot
analysis and corresponding densitometry (using Image J) of KSHV ORF57 protein in reactivated TREx-BCBL-1-RTA cells treated with increasing concentrations
(0-100 uM) of MMV1645152 for 24 h. The normalized expression of KSHV ORF57 protein in each sample was relativized to the reactivated DMSO/untreated control.
(B) Structural analogues of MMV1645152. (C) Western blot analysis and corresponding densitometry (using Image J) of KSHV ORF57 protein in reactivated TREx-
BCBL-1-RTA cells treated with 50 pM MMV1645152 or 50 pM of each analogue for 24 h. The normalized expression of KSHV ORF57 protein in each sample was
relativized to the reactivated DMSO control. (D) Western blot analysis and corresponding densitometry (using Image J) of KSHV ORF57 protein in reactivated TREx-
BCBL-1-RTA cells treated with increasing concentrations (0-50 pM) of each analogue for 24 h. The normalized expression of KSHV ORF57 protein in each sample was
relativized to the reactivated DMSO control. (E) Western blot analysis and corresponding densitometry (using Image J) of KSHV ORF45 protein in reactivated TREx-
BCBL-1-RTA cells treated with increasing concentrations (0-50 pM) of MMV1645152 or compound 1 or compound 4 for 24 h. The normalized expression of KSHV
ORF45 protein in each sample was relativized to the reactivated DMSO control. Unreactivated TREx-BCBL-1-RTA responses are indicated by -DOX. Statistical analysis
comparing each treatment concentration to the reactivated DMSO control was determined by one-way ANOVA with Dunnett’s multiple comparisons test where *P <
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 were considered significant.
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lytic gene (KSHV ORF57), delayed early lytic gene (KSHV ORF47) and
late lytic gene (KSHV ORF65) in reactivated TREx-BCBL-1-RTA cells
treated with increasing concentrations of MMV1645152 or the inactive
structural analogue (compound 1) or partially active structural analogue
(compound 4) using qPCR (Fig. 4). MMV1645152, but not the structural
analogues, significantly reduced KSHV ORF57 and ORF65 gene
expression in a dose-dependent manner. MMV1645152 did not alter
KSHV ORF47 gene expression. However, the structural analogues
significantly increased KSHV ORF47 gene level in a dose-dependent
manner (Fig. 4A-C). This suggested that reduced ORF57 levels with
MMV1645152 also occurred at the transcript level.

Having shown that neither MMV1645152 nor the selected structural
analogues altered KSHV ORF45 protein expression (Fig. 3E), we deter-
mined whether the compounds altered KSHV ORF45 transcript level in
reactivated TREx-BCBL-1-RTA cells using qPCR. Neither MMV1645152
nor the selected structural analogues significantly altered KSHV ORF45
transcript level in reactivated TREx-BCBL-1-RTA cells (Fig. 4D). These
data are consistent with the impact of the compounds on KSHV ORF45
protein expression (Fig. 3E). The gene expression levels of the early lytic
gene (KSHV ORFKS8) and late lytic genes (KSHV ORF10, ORF52, and
ORF62) in reactivated TREx-BCBL-1-RTA cells treated with 50 pM
MMV1645152 or the inactive structural analogue (compound 1) were
also evaluated using qPCR. Neither MMV1645152 nor the inactive
structural analogue significantly altered the gene expression level of
KSHV ORFKS at 50 pM (Fig. 4E). However, the gene expression of KSHV
ORF10, ORF52, and ORF62 were significantly reduced by
MMV1645152, in contrast no reduction was observed by the inactive
analogue compound 1 (Fig. 4F-H).

KSHV ORF57 expression is upregulated by the KSHV latent-lytic
switch transactivator (ORF50), therefore, to determine whether
MMV1645152 or the inactive structural analogue (compound 1)
blocked the expression of the KSHV ORF50, which then affected
downstream ORF57 expression, qPCR was used to evaluate KSHV
ORF50 expression in treated reactivated TREx-BCBL-1-RTA cells.
Neither MMV1645152 nor compound 1 significantly inhibited the
expression of KSHV ORF50 (Fig. 41). This suggested that the anti-KSHV
activities of MMV1645152 were not due to differential induction of
KSHV lytic reactivation. In addition, MMV1645152 did not alter the
expression of latent genes ORF73 and vIRF3 (Fig. S6) suggesting that
MMV1645152 specifically targets KSHV during the lytic phase.

3.5. MMV1645152, but not the selected structural analogues, inhibits
KSHV DNA replication in a dose dependent manner

The effect of MMV1645152 and the selected structural analogues on
KSHV DNA replication was determined by assessing the levels of viral
DNA, using primers specific to the KSHV ORF57 gene, relative to
GAPDH gene in the host genome, as a marker for viral DNA replication.
Treatment with DOX to induce lytic replication significantly increased
viral DNA (Fig. 5A-C). KSHV DNA levels in reactivated TREx-BCBL-1-
RTA cells were reduced in a dose-dependent manner with
MMV1645152 (Fig. 5A), but not with the inactive analogue compound 1
(Fig. 5B) or the partially active analogue compound 4 (Fig. 5C). These
data suggested that MMV1645152 blocked the expression of viral genes
required for efficient viral DNA replication. The data also confirm that
the anti-KSHV activity of MMV1645152 is specific.

3.6. MMV1645152 reduced production of infectious KSHV virions and
inhibited viral infection of naive HEK293T cells

To reduce KSHYV infection, a therapeutic agent can either inhibit the
production of infectious virus from infected cells or inhibit the entry of
KSHYV virions into host cells (or both). Accordingly, we conducted a re-
infection assay to test both mechanisms (Fig. 6A). The CCsg concentra-
tions of MMV1645152, compound 1, and compound 4 in HEK293T cells
were first determined to be > 500 pM, with at least 60% of the HEK293T
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cells still viable at 500 pM (Fig. S7). Consequently, a 50 pM treatment
concentration was selected for the re-infection assays.

Reactivated TREx-BCBL-1-RTA cells were treated with 50 pM
MMV1645152, compound 1 (Fig. 3B), or compound 4 (Fig. 3B) for 72 h
and the viral supernatants were used to determine the levels of infec-
tious KSHV virions. The level of KSHV ORF57 and ORF73 mRNA
expression in HEK293T cells was normalized to the viral DNA load in the
supernatants using qPCR (Fig. 6A). Treatment of reactivated TREx-
BCBL-1-RTA cells with 50 pM MMV1645152 significantly reduced
KSHYV infection of HEK293T cells by 4-fold (when the lytic gene KSHV
ORF57 was used as a marker) or 2-fold (when the latent gene KSHV
ORF73 was used as a marker) (Fig. 6B and C). However, equivalent
concentrations of compound 1 (inactive analogue) or compound 4
(partially active analogue) did not reduce infection of HEK293T cells by
KSHV (Fig. 6B and C).

To determine whether MMV1645152 could directly inhibit KSHV
lytic replication upon infection of naive HEK293T cells, TREx-BCBL-1-
RTA cells were reactivated for 72 h and the viral supernatants were
supplemented with vehicle control (DMSO) or 50 pM compounds and
immediately used to infect HEK293T cells for 24 h. The level of KSHV
ORF57 mRNA in HEK293T cells was determined using qPCR (Fig. 6A).
Only MMV1645152 significantly inhibited the lytic replication of KSHV
upon infection of naive HEK293T cells (Fig. 6D). Taken together, the re-
infection data suggested that MMV1645152 inhibited viral infection
through inhibition of KSHV infectious virion production and inhibition
of KSHYV lytic replication in naive HEK293T cells.

3.7. MMV1645152, but not the inactive structural analogue, can inhibit
KSHYV lytic replication in the context of EBV co-infection

Having demonstrated that MMV1645152 possessed anti-KSHV ac-
tivity in the TREx-BCBL-1-RTA cell line model of KSHV infection, we
sought to investigate whether this activity could be replicated in another
KSHYV infected PEL cell line, namely the BC-1 cell line (a lymphoma cell
line co-infected with KSHV and EBV).

The CCsg values for MMV1645152 and compound 1 (Fig. 3B) in
reactivated BC-1 cells were 100.4 pM and 390.7 pM, respectively
(Fig. S8). Compound 1 (inactive analogue) was less cytotoxic in BC-1
cells compared to MMV1645152; a trend similar to cytotoxicity in
reactivated TREx-BCBL-1-RTA cells.

The impact of MMV1645152 and the inactive analogue control
compound 1 on KSHV ORF57 protein expression was assessed using
Western blot analysis. The expression of EBV EBNA-1 protein confirmed
that the BC-1 cells are co-infected with KSHV and EBV. MMV1645152
significantly inhibited KSHV ORF57 protein expression in reactivated
BC-1 cells in a dose-dependent manner (with at least 50% reduction at
10 pM) but did not significantly alter the expression level of EBNA-1.
Compound 1 did not alter the expression level of KSHV ORF57 or EBV
EBNA-1 (Fig. 7A). Furthermore, MMV1645152, but not the inactive
analogue compound 1, significantly inhibited the expression of KSHV
ORF57, ORF47 and ORF65 mRNA transcripts in a dose-dependent
manner (Fig. 7B and C). Taken together, these data confirm that
MMV1645152 can target KSHV in multiple KSHV infected cell lines, and
in the context of EBV co-infection.

3.8. MMV1645152, but not the inactive structural analogue, can inhibit
KSHYV infection of immortalised epithelial cells

Having shown that MMV1645152 possessed anti-KSHV activity in
lymphoma (TREx-BCBL-1-RTA and BC-1) cell lines, we sought to
investigate if the anti-KSHV activity of MMV1645152 can be replicated
in an immortalised epithelial model using HEK293T cells harbouring
rKSHV.219 (Fig. 8).

The expression of KSHV ORF57 protein in rKSHV.219 cells treated
with increasing concentrations of MMV1645152 or the inactive
analogue control compound 1 was evaluated using Western blot
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Fig. 4. MMV1645152 is more effective at inhibiting KSHV lytic genes than the selected structural analogues of MMV1645152. Reactivated TREx-BCBL-1-
RTA cells were treated with increasing concentrations (0-100 pM) of (A) MMV1645152 or (B) compound 1 or (C) compound 4 for 24 h (for ORF57 analysis) or 48 h
(for ORF47 and ORF65 analyses). qPCR analysis of KSHV ORF57, ORF47 and ORF65 mRNA transcripts normalized to host GAPDH mRNA transcript was used to
assess the fold changes in KSHV ORF57, ORF47 and ORF65 between compound and DMSO treated reactivated (+DOX) TREx-BCBL-1-RTA cells by the AACy method.
(D) Reactivated TREx-BCBL-1-RTA cells were treated with 50 pM of MMV1645152 or compound 1 or compound 4 for 24 h qPCR analysis of KSHV ORF45 mRNA
transcripts normalized to host GAPDH mRNA transcript was used to assess the fold changes in KSHV ORF45 between compound and DMSO treated reactivated
(+DOX) TREx-BCBL-1-RTA cells by the AACy method. (E)-(I) Reactivated TREx-BCBL-1-RTA cells were treated with 50 pM of MMV1645152 or compound 1 for 24 h
(for ORFK8 and ORF50 analysis) or 48 h (for ORF10, ORF52 and ORF62 analyses). qPCR analysis of KSHV ORFK8, ORF10, ORF52, ORF62, and ORF50 mRNA
transcripts normalized to host GAPDH mRNA transcript was used to assess the fold changes in KSHV ORFK8, ORF10, ORF52, ORF62, and ORF50 between compound
and DMSO treated reactivated (+DOX) TREx-BCBL-1-RTA cells by the AAC; method. Statistical analysis comparing each treatment concentration to the reactivated
DMSO control was determined by one-way ANOVA with Dunnett’s multiple comparisons test where *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 were
Eonsidered significant.
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Fig. 5. MMV1645152 is more effective at inhibiting KSHV DNA replication than the selected structural analogues of MMV1645152. Reactivated TREx-BCBL-
1-RTA cells were treated with increasing concentrations (0-100 pM) of (A) MMV1645152 or (B) compound 1 or (C) compound 4 for 72 h qPCR analysis of the viral
genomic KSHV ORF57 gene normalized to the host genomic GAPDH gene was used to determine the fold change between compound and DMSO treated reactivated
(+DOX) TREx-BCBL-1-RTA cells using the AACy method. Unreactivated TREx-BCBL-1-RTA responses are indicated by -DOX. Statistical analysis comparing each
treatment concentration to the reactivated DMSO control was determined by one-way ANOVA with Dunnett’s multiple comparisons test where **P < 0.01 was
considered significant.
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Fig. 6. MMV1645152 inhibits the production of infectious KSHV but not KSHV entry. (A) Workflow for re-infection assay to determine the production of
infectious virion particles with treatment on TREx-BCBL-1-RTA cells or with treatment on HEK293T cells. (B) and (C) Reactivated TREx-BCBL-1-RTA cells were
treated with either 50 pM MMV1645152 or compound 1 or compound 4 for 72 h. The viral supernatant was split into two parts — to infect HEK293T cells for 24 h and
to determine viral load using qPCR analysis. KSHV ORF57 and KSHV ORF73 mRNA transcripts normalized to host GAPDH mRNA transcript in HEK293T cells were
normalized to viral DNA load in each supernatant sample and was used to assess the level of KSHV infection in HEK293T cells. (D) TREx-BCBL-1-RTA cells were
reactivated for 72 h. The viral supernatant was supplemented with either 50 pM MMV1645152 or compound 1 or compound 4 and used to infect HEK293T cells for
24 h qPCR analysis of KSHV ORF57 mRNA transcripts normalized to host GAPDH mRNA transcript was used to assess the level of KSHV infection in HEK293T cells.
The AACr method was used to determine the fold change in KSHV ORF57 mRNA transcript levels between the treated HEK293T cells and the untreated DMSO
control. Statistical analysis comparing each treatment concentration to the reactivated DMSO control was determined by one-way ANOVA with Dunnett’s multiple
comparisons test where **P < 0.01, ***P < 0.001, and ****P < 0.0001 were considered significant.
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Fig. 7. MMV1645152 inhibits KSHV activity in reactivated BC-1 cells. (A) Western blot analysis and corresponding densitometry (using Image J) of KSHV ORF57
and EBV EBNA-1 protein levels relative to GAPDH in reactivated BC-1 cells treated with increasing concentrations (0-50 pM) of MMV1645152 or compound 1 for 24
h. The normalized expression of the target proteins in each sample was relativized to the reactivated DMSO control. (B) and (C) Reactivated BC-1 cells were treated
with increasing concentrations (0-100 pM) of MMV1645152 or compound 1 for 24 h (for ORF57 analysis) or 48 h (for ORF47 and ORF65 analyses). qPCR analysis of
KSHV ORF57, ORF47 and ORF65 mRNA transcripts normalized to host GAPDH mRNA transcript was used to assess the fold changes in gene expression levels of
KSHV ORF57, ORF47, and ORF65 between compound and DMSO treated reactivated BC-1 cells by the AACr method. Statistical analysis comparing each treatment
concentration to the reactivated DMSO control was determined by one-way ANOVA with Dunnett’s multiple comparisons test where **P < 0.01 and ****P < 0.0001

were considered significant.

analysis. MMV1645152 significantly reduced the expression of KSHV
ORF57 protein in a dose-dependent manner. However, compound 1 did
not alter the expression of KSHV ORF57 protein (Fig. 8A).

Next, the gene expression of immediate early lytic genes (KSHV
ORF57, ORF45, and ORF50), delayed early lytic gene (KSHV ORF47)
and late lytic genes (KSHV ORF10, ORF52, and ORF65) in reactivated
rKSHV.219 cells treated with 25 pM MMV1645152 or inactive analogue
control compound 1 was evaluated. MMV1645152, but not compound 1,
significantly reduced the gene expression levels of KSHV ORF57, ORF45,
ORF47, ORF10, and ORF52 (Fig. 8B). However, MMV1645152 and
compound 1 did not alter the expression level of KSHV ORF65 (Fig. 8B).
This confirmed that MMV1645152, but not compound 1, specifically
inhibited KSHV lytic gene expression. Furthermore, neither
MMV1645152 nor compound 1 altered the expression level of KSHV
ORF50 (Fig. 8B). This suggested that the anti-KSHV activity of
MMV1645152 is not because of differential reactivation of rKSHV.219
cells. Taken together, these data confirm that MMV1645152 can target
KSHV lytic replication in a range of cell types, including PEL and

epithelial cell line models.
4. Discussion

KSHV lytic replication plays a key role in the onset of KSHV infection
and tumorigenesis, and therefore inhibiting KSHV lytic replication is a
promising strategy for KSHV therapy. In this study, the protein level of
KSHV ORF57 was used to monitor KSHV reactivation and lytic repli-
cation in TREx-BCBL-1-RTA cells. Using KSHV ORF57 levels as the pri-
mary screen, we report the identification of a novel KSHV inhibitor from
the MMV Pandemic Response Box. MMV1645152 reduced lytic gene
and protein expression, reduced KSHV viral DNA replication and
inhibited production of infectious virions. Also, the inhibition of KSHV
lytic gene expression and KSHV ORF57 protein was replicated in the
context of EBV infection and in a KS epithelial cell line model. To the
best of our knowledge, this is the first study to use KSHV ORF57 protein
level as a marker to screen drug-like compounds for inhibitors of KSHV
reactivation and lytic replication and demonstrates that anti-KSHV
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Fig. 8. MMV1645152 inhibits KSHV activity in reactivated rKSHV.219 cells. (A) Western blot analysis and corresponding densitometry (using Image J) of KSHV
ORF57 protein levels relative to GAPDH in reactivated rKSHV.219 cells treated with increasing concentrations (0-25 pM) of MMV1645152 or compound 1 for 24 h.
The normalized expression of KSHV ORF57 protein in each sample was relativized to the reactivated DMSO control. (B) and (C) Reactivated rKSHV.219 cells were
treated with 25 pM MMV1645152 or compound 1 for 24 h qPCR analysis of KSHV ORF57, ORF45, ORF47, ORF10, ORF52, ORF65, and ORF50 mRNA transcripts
normalized to host GAPDH mRNA transcript was used to assess the fold changes in gene expression levels of KSHV ORF57, ORF45, ORF47, ORF10, ORF52, ORF65,
and ORF50 between compound and DMSO treated reactivated rKSHV.219 cells by the AACy method. Statistical analysis comparing each treatment concentration to
the reactivated DMSO control was determined by one-way ANOVA with Dunnett’s multiple comparisons test where *P < 0.05, **P < 0.01, ***P < 0.001, and ****P
< 0.0001 were considered significant.

12



M.O. Okpara et al.

compounds with novel modes of action can be identified from existing
libraries. This is the first study to report that MMV1645152 (2-amino-5-
bromo-6-(3-chlorophenyl)-1H-pyrimidin-4-one) is an inhibitor of KSHV
lytic replication.

Of the 153 antiviral compounds contained in MMV Pandemic
Response Box, 10 (to the best of our knowledge) have been reported in
the literature as potential therapeutic agents against herpesvirus in-
fections. Based on the selection criteria set for the initial screening of the
MMV Pandemic Response Box at 20 pM, MMV1645152 was a more
potent inhibitor of KSHV lytic replication. These compounds include
MMV1593517 (selinexor), which showed some activity against KSHV
(Meng and Gao, 2021); MMV690653 (letermovir) against CMV (Asha
and Sharma-Walia, 2021; Cassaniti et al., 2021); MMV1580478 (teno-
fovir) against KSHV (Tian et al., 2008); MMV009948 (imatinib), which
has passed phase II trial, and is active against KSHV (Campione et al.,
2009; Cao et al., 2015; Koon et al., 2014); MMV639951 (everolimus)
against KSHV (Mohanty et al., 2017); MMV001761 (ganciclovir) against
KSHV (Casper et al., 2004; Chatterjee et al., 2012; Gantt et al., 2011;
Parsons et al., 2006); MMV001961 (acyclovir) against KSHV (Kedes and
Ganem, 1997); MMV1580493 (verdinexor) against KSHV (Widman
et al., 2018); MMV1580486 (pritelivir) against HSV-1 and -2 (Quenelle
et al., 2018); and MMV1782210 (cyclopropavir) against HCMV,
HHV6A, HHV6B, and KSHV (James et al., 2011; Manners et al., 2018).
The initial phenotype-based screening was performed blind without
prior knowledge of the antiviral activity of the compounds in the
Pandemic Response Box and none of the above-mentioned compounds
were identified in our screen. This is likely due to the criteria of the
screen which was focused on inhibitors of KSHV lytic replication using
the early gene ORF57 as a marker, while most of the above-mentioned
antiviral compounds (example acyclovir, tenofovir, pritelivir, and gan-
ciclovir) target other processes like DNA replication which occur later in
the lifecycle of KSHV. A good antiviral drug should ideally reduce viral
DNA or infectivity by a thousand-fold at sub-micromolar concentrations.
However, the low micromolar ICsy for ORF57 inhibition and the novel
mechanism of action were deemed sufficient to prioritize
MMV1645152.

The four structural analogues used in this study to investigate the
specificity of MMV1645152’s anti-KSHV activities all belong to the
pyrimidinone group of chemical compounds but differ from
MMV1645152 in the number or position of halogen atom(s) (Figs. 2A
and 3B), which appear critical for the anti-KSHV activity of
MMV1645152. Like MMV1645152, compound 4 has a bromine atom in
position number 5 and significantly reduced KSHV ORF57 protein level
(Fig. 3C-D). However, none of the structural analogues had a chlorine
atom in position number 3 of the phenyl side chain, and this may explain
the difference in biological activity between MMV1645152 and the
structural analogues.

Our results also indicate that MMV1645152 has a novel mode of anti-
KSHV action that remains to be defined. MMV1645152 (2-amino-5-
bromo-6-(3-chlorophenyl)-1H-pyrimidin-4-one) is a member of the
pyrimidinone group of compounds previously shown to induce inter-
feron production as an antiviral response (Skulnick et al., 1985;
Stringfellow, 1981; Wierenga, 1985; Wierenga et al., 1980). Analogue 4,
which was partially active in our assays, is bropirimine
(PNU-54461/ABPP), an experimental anti-cancer agent evaluated for
treatment of viral infections, autoimmune disorders and bladder cancer
(Akaza et al., 1998; A. H et al., 1997; F. H et al., 1997; Sarosdy et al.,
2005; Sidwell et al., 1994; Suzuki et al., 2015; Vroegop et al., 1999;
Witjes et al., 1999). Bropirimine is an agonist of Toll-like receptor 7
(TLR7) leading to activation of TLR7 signaling and the production of
cytokines including interferon a/p (Akira and Hemmi, 2003; Suzuki
et al., 2015; Vroegop et al., 1999). TLR signaling is implicated in reac-
tivation of KSHV from latency (Gregory et al., 2009), and both TLR7 and
interferons are central to the KSHV antiviral response and are modulated
by viral mimics of host interferon regulatory factors (vIRF1-4) (Jacobs
and Damania, 2011; Sathish and Yuan, 2011). Interferon « is sufficient
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to reduce KSHV DNA load and viral gene expression (Monini et al.,
1999), including via increases in IFIT levels which reduce lytic repli-
cation (Li and Swaminathan, 2019). Therefore, it is plausible that the
production of interferon o/f by bropirimine (compound 4) explains the
partial reduction in KSHV lytic replication. We speculate that, based on
the structural similarity, the increased activity of MMV1645152 was due
to a similar mechanism of action. If correct, then the increased
anti-KSHV activity of MMV1645152 should induce higher levels of
interferon o/f production. Unexpectedly however, preliminary data
from our group suggest that MMV1645152 treatment in fact reduced
interferon o production during KSHV lytic replication (data not shown).
This suggests that the chemical modifications to bropirimine to produce
in MMV1645152 reduce interferon production and result in an alter-
native mechanism of action. The reduction in KSHV lytic replication
induced by MMV1645152 may translate into a concomitant reduction in
interferon production (Tabtieng et al., 2018; Zhang et al., 2020). How-
ever, further investigation into the mechanism of action of
MMV1645152 is needed to draw a mechanistic conclusion. Therefore,
additional experiments to understand the anti-KSHV mechanism of
MMV1645152 in detail and to generate more potent analogues are
ongoing.
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