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Abstract

Kaposi’s sarcoma-associated herpesvirus (KSHV) is an etiological agent of multiple malignancies
associated with compromised immunity, such as Kaposi’s sarcoma (KS) and Primary Effusion
Lymphoma (PEL). KSHV infection is lifelong with no available treatment or vaccines and poses a high
risk to immunocompromised individuals. The virus is transmitted via the oral and sexual route, and has a
biphasic life cycle with a short lytic replication cycle followed by long-term latency, with the expression
of few genes making detection difficult. Reactivation from latency results in a cascade of viral gene
expression and pathogenesis. Critical to controlling KSHV infection is the cGAS-STING DNA-sensing
pathway (STING), known to activate the type I interferon response and induce cancer cell death or
growth inhibition. STING exhibits both anti-viral and anti-tumor responses, showing promise as a protein
of interest to study for the development of a therapeutic treatment. By examining the in vitro effectiveness
of STING agonists in inhibiting KSHV oncogenesis in PEL, the study aimed to provide the foundation for
a potential novel therapeutic approach. Six patient-derived PEL cell lines were treated with the STING
agonist diaminobenzamidazole (diABZI) in a dose-dependent manner. Four of the PEL cell lines
exhibited decreased cell growth, viability, and colony formation, while two PEL cell lines were resistant
to treatment, correlating with the presence or absence of STING expression. RNA-sequencing was
performed and discovered upregulation of multiple interferon-stimulated genes (ISG) in responsive cell
lines. Further investigations will explore STING agonists’ inhibition of PEL oncogenesis in vitro via
colony formation and in vivo using a PEL xenograft model with NSG mice. Successful completion of this
project will offer insight into potential clinical treatments for targeting KSHV infection and reactivation.
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Background

Kaposi's sarcoma-associated herpesvirus (KSHV) is a transforming gammaherpesvirus
(Haddad et al., 2021) and the etiological agent responsible for multiple health conditions such as
Kaposi’s sarcoma (KS), Multicentric Castleman’s Disease (KSHV-MCD), and Primary Effusion
Lymphoma (PEL) (Cesarman et al., 1995; Soulier et al., 1995). KSHV infection is lifelong and

there are currently no effective KSHV-specific treatments or vaccines. KSHV follows a biphasic
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life cycle with a short de novo lytic replication before establishing long-term latency (Krishnan et
al., 2004), making immune detection of the virus difficult with the expression of a few genes
(Hilton et al., 2013). Lytic reactivation from the latent stage results in a cascade of viral gene
expression (Gabaev et al., 2020). Furthermore, KSHV encodes proteins capable of overcoming
the host’s innate immune system by inhibiting apoptosis and suppressing antiviral genes (Lee et
al., 2014), perpetuating its lifelong infection.

Primary Effusion Lymphoma (PEL) is an aggressive B-cell non-Hodgkin’s lymphoma
malignancy resulting from latent KSHV infection (Klein et al., 2003). It localizes to serous body
cavities and is diagnosed almost exclusively in AIDS patients (Cesarman et al., 1995). PEL is
generally resistant to chemotherapy and has a survival of less than six months, leading to disease
relapse (Boulanger et al., 2005). There are currently no KSHV-specific vaccines or treatments to
prevent KSHV infection and the development of PEL, demonstrating the threat of PEL to
immunocompromised patients and emphasizing the need for innovative treatments.

Critical to controlling KSHV infection is the cGAS-STING (cyclic-GMP-AMP Synthase-
Stimulator of Interferon Genes, hereafter STING) DNA-sensing pathway (Sun et al., 2013).
Upon detecting exogenous pathogenic DNA and endogenous DNA damage, cGAS produces 2°3’
cycling GMP-AMP (¢cGAMP), a cyclic dinucleotide (CDN) and the natural STING agonist (Gao
etal., 2013; Wu et al., 2013). STING is an endoplasmic reticulum membrane signaling protein
that translocates to the Golgi following activation by cGAMP, where it recruits and
phosphorylates TANK binding kinase 1 (TBK1) and is phosphorylated in return (Ishikawa &
Barber, 2010). Phosphorylated TBK 1 recruits and phosphorylates interferon regulatory factor 3
(IRF3), which translocates to the nucleus, activating the transcription of type 1 interferon
(Ishikawa & Barber, 2010).

STING also plays an important role in tumor suppression and cancer growth inhibition
(Zheng et al., 2023). STING induces an intrinsic antitumor response through apoptosis and
autophagy. This leads to an extrinsic response where apoptosis releases tumor-associated
antigens, leading to activation and infiltration of T cells and natural killer cells into tumors
(Demaria et al., 2015; Ohkuri et al., 2014). The ability of the cGAS-STING pathway to exhibit
both anti-viral and anti-tumor responses (Woo et al., 2014) provides a new approach to targeting
KSHV-related cancers. Previous studies using STING agonists to treat cancer in vivo have

shown promising results for immunotherapy by using agonists to promote tumor shrinkage and
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effective antitumor activity (Chang et al., 2022). The current agonists in clinical trials or
recruitment focus on solid tumors and none involve viral cancers. By examining the in vitro
effectiveness of STING agonists in inhibiting KSHV oncogenesis in PEL, this study will provide

the foundation for a potential novel therapeutic approach.

Aims and Hypotheses

I.  Aim 1: Determine the ability of STING agonist diABZI to inhibit KSHV oncogenesis in
PEL in vitro.

For this aim, it is hypothesized that the in vitro treatment of PEL cells with a STING agonist,
diABZI, will inhibit oncogenesis by activating an intrinsic anti-tumor response, leading to

decreased cell viability and cell growth.

II.  Aim 2: Identify the pathways regulated in PEL cells following STING activation by
diABZI.

RNA sequencing and Ingenuity Pathway Analysis will be used to identify and determine the
pathways involved in the phenotypes seen in Aim 1. This aim hopes to identify the mechanism
responsible for KSHV oncogenesis inhibition by STING agonists, and it’s predicted the RNA
sequencing data will reveal the upregulation of interferon-stimulated genes and cell death

pathways.

Methods

Cell Culture

PEL cell lines BC1, BC2, BCP1, JSC1, BCBL1, and BC3, and non-PEL BJAB cells were
gifted from Dr. Blossom Damania (UNC-Chapel Hill). All cells were cultured in Roswell Park
Memorial Institute 1640 (RPMI) medium supplemented with 10% fetal bovine serum (FBS)
(Sigma) and 50 to 100 IU/ml penicillin and 50 to 100 pg/ml streptomycin (P/S) (Corning),
except BC2 cells were supplemented with 20% fetal bovine serum (FBS). Cells were cultured at

37 °C in a 5% CQO2 incubator.

Cell Growth and Cell Viability Assay
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PEL cells were treated in an increasing dose-dependent manner with diaminobenzamidazole
(diABZI) (MedChemExpress, HY-103665) at 0.1, 1, and 10 uM for 72 hours. Cell growth rate
was measured using live to dead cell counts recorded with a hemocytometer and trypan blue
staining at 24, 48, and 72 hours. Cell viability was quantified using a Cell Titer-Glo Luminescent
Cell Viability Assay (CTG) (Promega) per the manufacturer’s instruction. Luminescence was

measured using Synergy H1 microplate reader (BioTek).

RNA-Sequencing

BCBLI1, BC1, BC2, BC3, and BJAB cells were treated with 4 uM diABZI for 24 hours.
RNA was harvested using the Monarch Total RNA Miniprep Kit (New England Biolabs Cat.
#T2010S). RNA samples were sent to Admera Health for mRNA Illumina sequencing ( 40M
reads in PE150 format). Data was subjected to DE, Go enrinchment, and Kyoto Encyclopedia of

Genes and Genomes pathway analysis.

Western Blotting

SDS-PAGE and immunoblotting were used to verify and measure the activation of STING
by diABZI in PEL cells. Cells were lysed and harvested in SDS loading buffer containing 50 nM
Tris-HCI pH 6.8, 0.01% bromophenol blue, 6% glycerol, 5% B-mercaptoethanol, and 2% SDS.
Lysates were boiled at 95°C for 10 minutes and run on a 10% APS resolving gel (181.7 g/L Tris
Base, 4 g/L SDS, 4% TEMED) at 120 V, 80 min in a Bio-Rad Mini-PROTEAN Tetra cell.
Protein samples were transferred to a 0.45 um Immobilon-P polyvinylidene fluoride (PVDF)
transfer membrane (Sigma-Aldrich Millipore) using a semi-dry transfer method in 3 g/L Tris
base, 14.4 g/L glycine, and 1 g/L SDS, followed by transfer in a Bio-Rad Trans-Blot Turbo
Transfer system at 1.3 Amps, 15 minutes. Membranes were blocked in TBST containing 0.05
g/mL Bovine Serum Albumin (BSA) for 30 minutes then treated with primary antibody at 4°C,
overnight, and at a dilution of 1:1000 in TBST containing 0.05 g/mL BSA with the exception of
B-Actin (1:6000). Membranes were treated with secondary antibody at room temperature, 1 hour,
and at a dilution of 1:6000 in TBST containing 5% BSA. Membranes were washed in TBST
containing 1% Tween. Immunoblots were visualized using equal volumes of Clarity Western
ECL Substrate luminol/enhancer solution and peroxide solution (Bio-Rad), on the Bio-Rad

ChemiDoc Imaging System. The primary antibodies used were: phospho-TBK1 (#5483S),
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phospho-IRF3-S386 rabbit mAB (AbCam, #AB76493), anti-phospho-IRF3 (AbCam,
#AB76493), p-TBK1/NAK-S172 rabbit mAB (Cell Signaling, #D52C2), phospho-STING-S366
(Cell Signaling, #50907), STING Rabbit mAB (Cell Signaling, #13647), and B-Actin HRP-
linked mAB (Santa Cruz Biotechnology, #A1723). The secondary antibody antibody used was
anti-rabbit IgG, HRP-linked (Cell Signaling, #7074).

Statistical Analysis

Statistical analysis was performed with GraphPad Prism 8.0 software (San Diego). Statistical
significance was determined by one-way ANOVA followed by Kruskal-Wallis multiple-
comparisons tests or two-way ANOVA followed by Dunn post-test as indicated in figure
legends. P value < 0.05 was considered significant. *p <0.05, **p <0.01, ***p <0.001 and

*Ex%kp <0.0001. All data were shown as mean £ SEM.
Results

STING Expression Profiles in Six Patient-Derived PEL Cell Lines

STING is commonly suppressed in cancer and KSHV(+) cells, therefore RT-qPCR and
western blot were performed to confirm STING expression level among six patient-derived
Primary Effusion Lymphoma (PEL) cell lines and BJAB, a non-Burkitt Lymphoma-like,
KSHV(-) cell line. (Fig 1A). BCBL1, BC1, BC2, and BCP1 cell lines exhibited various levels of
STING expression in a characteristic migration pattern, consistent with its expected molecular
weight of approximately -38 kDA (Fig 1B). BC3, JSC1, and BJAB had little to no STING
protein levels and these lines were expected to behave differently to agonist treatment compared
to the four STING-positive cell lines (Fig 1B). RT-qPCR was conducted to measure STING
mRNA transcript levels in the six PEL cell lines and BJAB normalized to B-Actin and with a
fold change of transcript levels in relation to BC1. The transcript levels reflect the immunoblot
(Fig 1C). Following the western blot and RT-qPCR results, a successful characterization of the
desired phenotype was concluded, categorizing BCBL1, BC1, BC2, and BCP1 cell lines as
STING-positive and BC3, JSC1, and BJAB cell lines as STING-negative.
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Figure 1. STING Expression Profiles in Six Patient-Derived PEL Cell Lines (A) Experimental Design: RNA and
protein were extracted from six patient-derived PEL cell lines and BJAB, a non-Burkitt Lymphoma-like, KSHV(-)
cell line. (B) Western blot of STING protein expression levels. (C) RT-qPCR showing STING transcript levels
normalized to actin. Fold change of transcript levels in relation to BC1.

diABZI Decreases Viability and Inhibits Growth in a Dose-Dependent Manner in STING-
positive PEL Cell Lines

The six PEL cell lines and non-PEL BJAB cell line were treated with three different
concentrations of STING agonist diABZI at 0.1 uM, 1 uM, and 10 uM over 72 hours post-
diABZI treatment to observe potential dose-dependent effects via cell growth and viability
(Figure 2A). A live/dead cell count was performed for each cell line at 72 hours following
diABZI (Figure 2B). A statistically significant dose-dependent decrease in cell growth was
observed compared to mock in BC1, BC2, BCBL1, and BCP1 cell lines suggesting increased
sensitivity to diABZI treatment as concentration increased. No statistically significant dose-
dependent cell growth changes were observed in BC3, JSC1, and BJAB cell lines shown by the
relatively stable live and dead cell counts spanning the different diABZI concentrations. Cell-
Titer Glo luminescence assay was used to measure cell viability based on the amount of ATP
present. There was a significant decrease in cell viability in BC1, BC2, BCBL1, and BCP1 cell
lines compared to mock while no decrease was observed in JSC1 and BJAB cell lines. Live cell

growth curves were recorded for all cell lines 72 hours post-diABZI treatment and recorded in
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Figure 2C. The cell growth curves are reflective of the phenotype seen in the live-dead cell
counts and cell viability assay. Thus, diABZI induced activation of the STING pathway and had
a statistically significant impact on cell viability and growth in a dose-dependent manner among

the identified STING-positive PEL cell lines (BC1, BC2, BCBLI, and BCP1).
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Figure 2: diABZI Decreases Cell Viability and Inhibits Growth in STING(+) PEL Cell Lines (A) Experimental
Design: PEL cells were treated with 0.1, 1, and 10 uM of STING agonist diABZI for 72 hours post-diABZI before
cell growth and viability was measured. (B.1) Live (blue) and dead (orange) cell counts at 72 hours post-treatment.
(B.2) Cell viability based on ATP was measured using Cell-Titer Glo luminescence assay. Data are presented as
mean + SD from at least three independent replicates. *P<0.05; **P<0.01; ***P<(0.001; ****P<(0.0001 (One-Way
ANOVA).
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RNA Sequencing of diABZI-treated PEL Cell Lines

After confirming the response induced by diABZI in STING-positive PEL cell lines, the
upregulated and downregulated genes impacted by diABZI were identified. Four PEL cell lines
(BC1, BC2, BCBLI, BC3) and non-KSHV lymphoma (BJAB) cell line were treated with 4 uM
diABZI for 24 hours followed by RNA extraction (Figure 3A). RNA sequencing revealed the
upregulation of interferon-stimulated genes (ISG) in the STING agonist-responsive cell lines
BC1, BC2, and BCBLI1. The identified upregulated and downregulated genes were grouped and
compared across the four KSHV(+) cell lines in a Venn diagram (Figure 3B). RNA-sequencing
data was analyzed using mRNA- and non-coding RNA-sequencing and Kyoto Encyclopedia of
Genes and Genomes pathway (Figure 3C). Volcano plot representation revealed a more
significant change in gene expression in STING-positive cell lines compared to BC3, a non-
responding cell line. Commonly identified upregulated genes across the STING agonist-
responsive PEL cell lines (BC1, BC2, and BCBL1) include IF144, IFIT1-3, ISG15, and
CXCL10, indicating activation of the interferon-stimulated gene pathway upon diABZI
treatment. This comprehensive RNA sequencing analysis highlights the consistent modulation of

key antiviral genes in response to STING agonist exposure.
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Figure 3: RNA Sequencing of diABZI-treated PEL Cell Lines (A) Experiment Design: Four PEL cells (BCl1,
BC2, BCBL1, BC3) and non-KSHV lymphoma (BJAB) cell lines were treated with 4 uM diABZI for 24 hours
followed by RNA extraction. (B) Venn diagram summarizing the overlapping upregulated and downregulated genes
between the four PEL cell lines when treated with diABZI. IF144, IFIT1-3, ISG15, and CXCL10 were commonly
upregulated genes among BC1, BC2, and BCBLI1. (C) Volcano plots for BCBL1 and BC3 PEL cell lines showing
differential human gene expression of diABZI treatment vs mock. Each dot represents a single gene, with red as
significant expression change. Data represents two independent biological replicates.

Discussion

Initial investigations into STING expression across six patient-derived PEL cell lines (BCl1,
BC2, BCBL1, BC3, BCPI, JSC1) and the non-KSHV lymphoma cell line (BJAB) revealed
various STING protein and transcript levels across all cell lines. BCBL1, BC1, BC2, and BCP1
PEL cell lines exhibited detectable STING protein levels, whereas BC3, JSC1, and BJAB had
minimal to no STING protein expression. The obtained results align with previous findings
highlighting the heterogeneous nature of STING expression in cancer cell lines (Gentili et al.,

2019). In relation to Aim 1, treatment with STING agonist diABZI revealed a dose-dependent
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reduction in cell growth and viability, particularly in STING-positive PEL cell lines (BC1, BC2,
BCBL1, and BCP1). The live cell growth curves recorded over 72 hours post-diABZI treatment
mirrored the phenotypes observed in the live/dead cell counts and cell viability assays. In the
STING-positive cell lines, a statistically significant dose-dependent decrease in cell growth and
viability was evident, while the STING-negative PEL cell lines and BJAB showed relatively
stable growth patterns regardless of diABZI concentration. This aligns with studies illustrating
the antiproliferative effects of diABZI in various cancer models (Zhang et al., 2023). Conversely,
the suppression of STING may be a viral strategy to evade host immune response in the cGAS-
STING pathway by resisting diABZI treatment. This study highlights the potential of diABZI to
serve as an effective inhibitor of KSHV oncogenesis by leveraging this pathway.

Building on the cellular response induced by diABZI, RNA sequencing was employed to
identify upregulated and downregulated genes in four PEL cell lines (BC1, BC2, BCBL1, BC3)
and the non-KSHV lymphoma cell line (BJAB) following diABZI exposure. This analysis
unveiled the modulation of interferon-stimulated genes (ISG) and cell death pathways, both of
which STING is a major player. Studies have shown that ISGs OAS2, MX1, IF144, IFIT1, and
ISG15 are upregulated with during antiviral cell responses in conditions such as systemic lupus
erythematosus (Shen et al., 2022) and hepatitis E virus (Meyer et al., 2023), consistent with
IF144, IFIT1-3, ISG15, and CXCL10 being consistently upregulated in this study. This insight
into gene expression changes provides a molecular understanding of the cellular response to
STING agonist treatment. In relation to Aim 2, the upregulation of multiple overlapping genes
among the three PEL cell lines demonstrates that STING agonists operate along similar
mechanistic pathways. This upregulation of genes related to apoptosis, such as XAF1 and LTA,
suggests that STING activation not only triggers an antiviral response, but also operates through
similar anti-tumor mechanisms resulting in cell death (Jeong et al., 2018). The set of genes
specifically upregulated in BC3 also provides a future avenue for exploring BC3’s STING-
resistant genes.

The categorization of PEL cell lines based on STING expression, coupled with the observed
therapeutic potential of diABZI in select PEL cell lines, unveils a promising avenue for STING
pathway modulation in KSHV-driven cancer treatment. Future investigations may delve into the
cell death mechanism of the identified gene expression changes and explore STING agonists in

vivo in an established PEL xenograft mouse model.
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