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A small molecule that selectively
inhibits the growth of Epstein-Barr
virus-latently infected cancer cells

Ying Li,"* Shujuan Du,?* Kun Zhou,"* Yulin Zhang,"* Xiaoting Chen,? Caixia Zhu,” Yuping Jia,® Yuyan Wang,?
Daizhou Zhang,>* Fang Wei,"* Yin Tong,"* and Qiliang Cai*>*

SUMMARY

Epstein-Barr virus (EBV), an oncogenic herpesvirus, is predominantly found in the latent infection form and
is highly associated with many human malignancies, which mainly have poor prognoses and no effective
treatments. Here, we obtained thirteen compounds from small-molecule libraries for specific inhibition of
EBV-latently infected cell growth in vitro by high-throughput screening. Among them, cetrimonium bro-
mide (CetB) was identified to selectively inhibit the growth of different EBV-infected B lymphoma cell
lines. Importantly, CetB reduced EBNA1 protein stability, activated G1 arrest and early apoptosis of
EBV-latently infected cells without viral lytic reactivation, which leads to dramatically inhibit colony forma-
tion and tumor growth of EBV-infected cells in vitro and in vivo, and significantly prolong the survival of
tumor-bearing mice. Overall, these findings demonstrate that CetB acts as a highly selective inhibitor of
the growth of EBV-infected cells and has the potential for further development of effective therapeutic
strategies specific against EBV-associated cancers.

INTRODUCTION

Epstein-Barr virus (EBV), an oncogenic gamma-herpesvirus,’ was first discovered in 1964 by Epstein and Barr in African children with Burkitt's
lymphoma.” EBV is a ubiquitous human virus that maintains an overall infection rate of around 95% in humans,” and can persist in individuals
for life after the primary infection, which mostly occurs in childhood and without obvious clinical symptoms." In contrast to other herpes vi-
ruses, EBV can cause B cell transformation and is closely related to a variety of malignant tumors, such as Hodgkin’s lymphoma (HL), Burkitt's
lymphoma (BL), diffuse large B cell lymphoma (DLBCL), and post-transplant lymphoproliferative disease (PTLD).*> Clinically, EBV-related tu-
mors have three typical characteristics, including extensiveness, seriousness, and refractory to treatment. For example, EBV can accelerate
tumor progression, with poor patient prognosis.® Patients with post-transplant lymphoproliferative diseases with a high EBV copy number
exhibit rapid progression, a high degree of malignancy, and a mortality rate of nearly 50%; this is especially true for pediatric transplant re-
cipients, who are vulnerable to EBV due to the immaturity of the pre-transplant immune system and may acquire the virus from donor organs
with maximum immunosuppression.” In HL, the EBV-DNA load in plasma is highly consistent with tumor burden, and a high EBV-DNA load in
plasma is often associated with poor prognosis.® In addition, increasing evidence shows that EBV-positive patients with DLBCL also have a
worse prognosis than EBV-negative patients.”

It has been well demonstrated that the life cycle of EBV contains latent and lytic replication phases. During latency, six nuclear antigens
including EBNA1, EBNA2, EBNA3A/3B/3C, and EBNA-LP and three latent membrane proteins (LMP1, LMP2A, and LMP2B) are varied ex-
pressed dependent,'® which are generally considered key for virus-induced tumorigenesis. The high perennial latent EBV carrier rate allows
reactivation into lytic replication for virion production by factors including the alternation of the host immune suppression, stress stimulation,
or expression of viral proteins and non-coding RNAs."" In past decades, the role of EBV infection in the development and progression of many
malignancies has been extensively demonstrated. However, there remains a lack of efficient and specific treatment for EBV-related cancers,
and no inhibitors effective against EBV latent infection have emerged thus far.'” Although many antiviral agents, such as acyclovir and gan-
ciclovir, are potent inhibitors of herpesvirus replication, none of them have been approved by the Food and Drug Administration (FDA) or
European Medicines Agency for the treatment of EBV infection in clinical practice.'® In addition, because these antiviral agents mainly target
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DNA polymerase to reduce the replication of the EBV lytic phase, and given that the process of EBV latent infection does not require DNA
polymerase, their antiviral effects are suboptimal.'® Therefore, the development of a novel strategy to discover compounds targeting EBV
latent infection is urgently required.'?

In this study, we performed high-throughput screening of 3,988 standard compounds and natural products to identify inhibitors targeting
EBV latently infected cancer cells. We used several pairs of EBV-infected and -uninfected B lymphoma cell lines with the same genotypic back-
ground to offer parallel infected and uninfected cells for comparative screening. Finally, we identified cetrimonium bromide (CetB) as a prom-
ising candidate for selectively targeting EBV latently infected B lymphoma and nasopharyngeal carcinoma (NPC) cell growth, as well as pe-
ripheral primary B cell growth from patients with EBV-positive DLBCL. CetB was also found to effectively inhibit colony formation and tumor
growth of EBV-infected B cell lymphoma cells in vitro and in vivo, and significantly prolonged the survival of tumor-bearing mice. Mechanis-
tically, we found that CetB selectively induced G1 arrest and early apoptosis of EBV-latently infected B lymphoma cells. CetB was shown to
reduce EBNAT protein stability, but not activate ZTA expression for lytic replication. Our findings provide a highly selective inhibitor and the
potential for further development of effective therapeutic strategies specific against EBV-associated cancers.

RESULTS
Identification of small-molecule inhibitors of EBV latently infected cancer cells

To identify inhibitors that can efficiently target and selectively kill EBV latently infected cancer cells, we conducted high-throughput screening
with libraries of small molecules using EBV-infected [lymphoblastic cell (LCL) and EBV-infected BJAB (E-BJAB)] and uninfected (BJAB) B cell
lymphoma cell lines. The libraries comprised 3,988 individual compounds, including 1,988 FDA-approved small-molecule drugs and 2,000
natural products. We treated LCL, E-BJAB, and BJAB cells with a final concentration of 100 nM each compound for 72 h and counted the
surviving cells by adding CellTiter-GloR to detect the ATP content. We selected compounds representing 0.8% (in the E-BJAB group) and
1.6% (in the LCL group) of libraries, which induced cytotoxicity in >50% of E-BJAB/LCL cells and also over 2-fold activity than that in BJAB
cells (Figure 1A). Interestingly, most of the selected compounds (64% in LCL/BJAB and 70.6% in E-BJAB/BJAB) in the two groups were shown
the effects of antitumor (39.7%, 32.4%), antibacterial (7.9%, 17.6%), antioxidant (7.9%, 8.8%), receptor antagonist (4.8%, 5.9%), and immuno-
suppressor (3.2%, 5.9%) (Figure 1B). In contrast, histone deacetylase inhibitor (14.3%), anti-malaria (6.4%), anti-angiogenic (4.8%), and
Ca-antagonist (3.2%) appeared exclusively in the LCL/BJAB group, whereas the presence of hormone (11.8%) and nucleoside (11.8%) was
noticeable in the E-BJAB/BJAB group.

To further screen compounds that target EBV-positive cells and have low toxicity to EBV-negative cells, we set up viability of EBV-unin-
fected cells >50% as an additional criterion for primary screening. Based on this standard, the secondary screening of selected compounds
was performed, and we obtained a total of 31 (22 in the LCL/BJAB and 12 in the E-BJAB/BJAB, with three overlaps) types of effective com-
pounds (Figure STA). Among them, except for receptor antagonists, antitumor (32%, 23%), antibacterial (14%, 23%), antioxidant (9%, 15%),
and immunosuppressor (4.5%, 8%) compounds remained in both groups, whereas histone deacetylase inhibitor (9%) and antimalaria
(4.5%) only presented in the LCL/BJAB group (Figure S1B). Intriguingly, many of these have been documented to be associated with EBV
infection or EBV-related cancers. For example, BAY1 is an inhibitor of the multifunctional transcription factor NF-kB, and has been shown
to inhibit the growth of EBV-positive gastric cancer cells in vitro."” EBV can induce the expression of KLF14 by targeting the E2F-Rb-
HDAC complex in latent infection, which could be blocked by histone deacetylase inhibitors (HDACI)."® Moreover, the head shock protein
90 inhibitor BIIB021 (BIIB) exerts an inhibitory effect on EBV-associated T and NK lymphoma by inducing apoptosis or cell-cycle arrest.’” Addi-
tionally, nocodazole (Noco) and MTH1 inhibitors induce the expression of two lytic proteins (Zta and EA-D) and the apoptosis of EBV-infected
cancer cells.'®"” These results confirm that our drug screening system targeting EBV-infected cells is reliable.

From the 31 qualified compounds obtained in the preliminary screening, we selected 11 compounds, including thiostrepton (Thio),
adenine (Aden), adenine hydrochloride (AdeH), adenine sulfate (AdeS), acipimox (Acip), amlodipine besylate (AmiIB), chlorothiazide
(Chlo), cetrimonium bromide (CetB), celastrol (Cela), mirabex (Mira), and ginkgolide B (GinB), which have not been reported to associate
with EBV or EBV-related tumors, for further verification.

CetB selectively inhibits the proliferation of diverse EBV-latently infected B lymphoma cell lines

To further verify the specific inhibition efficacy of these 11 compounds on EBV latently infected cells, we detected their cytotoxicity within
effective and reasonable concentrations using another pair of EBV-infected and -uninfected B lymphoma cell lines, BL41-B95.8 vs. BL41,
with the same genotype background. As shown in Figure 2, except for Thio and Cela, the remaining nine compounds presented higher inhib-
itory activity in the BL41-B95.8 cells than that in the BL41 cells. Among them, CetB is an interesting candidate that could be used for specific
targeting of EBV latently infected cells because it presents significantly stronger inhibitory activity in EBV latently infected cells than in unin-
fected cells (IC50: 4.01 vs. 23.0 uM).

To further determine whether CetB can broadly and specifically inhibit the proliferation of EBV latently infected cells in vitro, we treated an
equal quantity of four pairs of EBV latently infected and uninfected B lymphoma cell lines, including LCL/BJAB, BL41-B95.8/BL41, DG75-EBV/
DG75, and Akata-EBV/Akata, in the presence and absence of different concentrations of CetB at different time points, and observed the cell
number every day for 5 days. Interestingly, with DMSO as an internal control and using Thio and Cela (both of which have been previously
reported to have strong antioxidant effect’™) as two parallel controls (at a concentration of 0.5 uM), CetB consistently displayed a significantly
high inhibitory effect on the proliferation of various EBV-positive cell lines compared to EBV-negative cell lines (Figure 3). Unexpectedly, the
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Figure 1. Identification of small molecules that induce cytotoxicity in EBV-infected but not uninfected B lymphoma cells

(A) LCL, E-BJAB, and BJAB B lymphoma cells were treated with libraries of 3,988 compounds from the FDA-approved and nature product collection. Cells were
seeded in a 384-well plate with 50 pL of sample (0.5 x 103 cells) per well, before treating with 100 nM (final concentration) of each compound for 72 h. The ATP
content was detected with CellTiter-GloR, and the proportion of live cells was counted. Top panels, red to purple indicates high to low fluorescence intensity,
which in turn means high to low cell viability. Middle panels, streamlined workflow for high-throughput screening of small-molecule compounds against EBV-
infected cancer cells. Bottom panels, the results were normalized using DMSO as a parallel negative control (standardized at 100% of live cells). The green
lines are cutoff thresholds set at 50% of live cells for LCL or E-BJAB cells. Ninety-four compounds (2.4% of all compounds) shown in the orange square were
selected from the initial screening.

(B) Group analysis of the biological functions of the 94 (three overlaps) compounds with > 2-fold inhibitory efficiency from (A). The results are presented in
percentage.

inhibitory effect of Cela on the proliferation of the EBV-negative cell lines BJAB and BL41 was much stronger than that of the EBV-positive cell
lines LCL and BL41-B95.8, which is consistent with the lower cell viability of EBV-negative cells shown in Figure 2.

CetB selectively inhibits colony formation and tumor growth of EBV-infected B lymphoma cells in vitro and in vivo

Next, to examine the inhibitory efficacy of CetB for the treatment of EBV-related tumors in vivo, and considering Cela as an antioxidant
compound is a potential promising strategy for treating EBV-infected cells as previous reports,””*? a xenograft mouse model was
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Figure 2. Cytotoxicity of 11 compounds on EBV-infected and -uninfected B lymphoma cells
EBV-infected BL41-B95.8 and uninfected BL41 cells were treated with 11 compounds selected from Figure STA at different dosages (0, 0.1, 1, 10, and 100 pM) for
72 h, and the cell viability was measured using a live cell counter. The IC50 (uM) values of some compounds were calculated and shown.

created by engrafting B lymphoma LCL-Luc cells into non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice. On
day 8 post engraftment, live bioluminescence imaging was performed to detect tumor signals within each mouse (Figure 4A, middle
panels). Mice exhibiting similar intensities of tumor signals were randomly separated into groups treated with CetB (5 mg/kg), Cela
(3 mg/kg), or both (CetB, 2.5 mg/kg and Cela 1.5 mg/kg) via intraperitoneal administration, with phosphate buffered saline (PBS)
and DMSO used as parallel controls. After treatment with PBS/DMSO, CetB, or Cela, mice began gaining weight as early as 1 week
due to tumor development. Mice treated with CetB maintained a relatively reduced weight, whereas those treated with Cela experi-
enced abnormal weight loss (Figure 4B), suggesting that Cela has a side effect of toxicity that cannot be ignored. Interestingly, the
inhibitory effect on the proliferation of LCL cells in mice in the CetB-only group was more than 2-fold that in the PBS/DMSO control
group, and CetB significantly prolonged the survival period of mice within 40 days, without obvious side effects (Figure 4C). In contrast,
although the inhibitory effect of both the Cela-only and CetB-Cela-combined groups on the proliferation of LCL cells in mice was
approximately 5-fold greater than that of the PBS/DMSO control group, showing a greater tumor inhibitory effect, Cela showed signif-
icant toxicity in that the mice began to die earlier, the survival period of the five mice was much shorter than that of other groups, and
the weight of the mice decreased abnormally.

To further confirm the selective effect of CetB on EBV-latently infected cells, we firstly performed the colony formation assays in vitro in the
presence or absence of CetB treatment by using two pairs of EBV-infected and uninfected B lymphoma cell lines including Akata vs. Akata-
EBV and BL41 vs. BL41-B95.8. The results showed that CetB significantly reduced the colony formation of EBV-latently infected Akata-EBV and
BL41-B95.8 instead of uninfected Akata and BL41 cells (Figure 5A). In the xenograft mouse model in vivo, we also observed that CetB dramat-
ically reduced the tumor growth of BL41-B95.8 cells, but not BL41 cells (Figure 5B), indicating that CetB selectively inhibits tumor growth of
EBV-infected B lymphoma cells.
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Figure 3. Inhibitory effects of three compounds on the proliferation of EBV-infected and -uninfected B lymphoma cells

The EBV-infected (BL41-B95.8, DG75-EBV, Akata-EBV, and LCL) and uninfected (BL41, DG75, Akata, and BJAB) B lymphoma cells were individually treated with
three compounds (Thio, CetB, and Cela) selected from Figure 3 at different dosages (0, 0.1, 0.5, 1, and 2 uM) for 0, 1, 2, 3, 4, and 5 days. DMSO was used as a
parallel control. The cell number was quantified using live cell counter.

CetB reduces EBNA1 protein stability and selectively induces G1 arrest and early apoptosis of EBV-infected B lymphoma
cells without activating lytic replication
To further investigate how CetB selectively targets and kills EBV latently infected cells, we next conducted cell viability analysis of these four
pairs of EBV-positive and -negative B lymphoma cell lines with different concentrations of CetB treatment for 48 h using CCK-8 staining. In
agreement with the findings shown in Figure 3, we observed that the EBV-infected LCL, E-BJAB, Akata-EBV, DG75-EBV, and BL41-B95.8 cells
were much more sensitive to CetB than the EBV-uninfected BJAB, Akata, DG75, and BL41 cells (Figure 6A). Furthermore, flow cytometric cell
cycle analysis revealed that CetB consistently enhanced G1 phase arrest of EBV-positive BL41-B95.8 and Akata-EBV cell lines compared to the
EBV-negative BL41 and Akata cell lines (Figure 6B). Consistently, we observed that early apoptosis was dramatically induced by CetB in EBV-
positive cells but not EBV-negative cells (Figure 6C).

To determine whether the selective inhibitory effect of CetB on EBV-latently infected cells was due to the reactivation of EBV lytic repli-
cation, we next performed immunoblotting and virion particle production experiments in both LCL and BL41-B95.8 cells individually treated
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Figure 4. CetB significantly reduces EBV-infected B cell lymphoma growth in vivo

(A) Schematic diagram of NOD/SCID mice engrafted intraperitoneally with 15 million EBV-infected LCL-Luc cells on day 8 (week 0) and treated with PBS, DMSO,
CetB (5 mg/kg), Cela (3 mg/kg), or combined (2.5 mg/kg CetB and 1.5 mg/kg Cela) by intratumor injection every other day for 1.5 weeks. Middle panels, the tumor
burden of NOD/SCID mice was analyzed by luminescence assay at weeks 0 and 2. Bottom panels, luminescent signals were quantified and presented as the
region of interest (ROI) signal intensity (total radiant efficiency [p/sl/[microwatt per cm?)).

(B) Weights of NOD/SCID mice engrafted intraperitoneally with LCL-Luc cells for 8 days and then treated with or without CetB/Cela from (A) were monitored
every 3 days for 5 weeks.

(C) Total percentage of mouse survival in each group from (A). The significant difference of p value between PBS/DMSO and CetB groups was calculated and
shown in the figure.

with CetB. The results showed that along with the increased cell cytotoxicity of higher concentrations of CetB treatment, the production of
viral particles in the culture supernatant was reduced (Figure 6D). Moreover, consistent with these observations, we did not observe a dra-
matic increase in the expression of ZTA after treatment with an increased concentration of CetB, whereas the expression of EBNAT1 (the latent
key antigen) was gradually reduced, along with increase of PARP1 cleavage (Figure 6E). In contrast, the protein level of LMP1 (another viral
latent antigen) did not change upon the CetB treatment (Figure 6E). These results indicate that the activity of CetB selectively induced cyto-
toxicity in EBV-infected B lymphoma cells, probably due to targeting the key latent antigen EBNAT, instead of inducing the reactivation of lytic
replication.
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Figure 5. CetB selectively reduces colony formation and tumor growth of EBV-infected B lymphoma cells in vitro and in vivo

(A) CetB reduces the colony formation of EBV-infected B lymphoma cell lines in vitro. Equal amounts (5 x 10* of BL41, BL41-B95.8 (EBV), Akata, and Akata-EBV
cells were individually inoculated and treated with or without CetB (0.5 pM) and subjected to colony formation assays as indicated. The cells were fixed 2 weeks
later and stained with NBT to determine colony number. The colony number were quantified and shown at the bottom panel.

(B) CetB selectively inhibits tumor growth of EBV-infected B lymphoma cells in vivo. Schematic diagram of BABL/c-nu mice engrafted subcutaneously with 10
million BL41 or BL41-B95.8 cells on day 7 (week 0) and treated with PBS, DMSO, or CetB (5 mg/kg) by intratumor injection every other day for 9 days. Middle
panels, the tumor burden of ten BABL/c-nu mice from top panels were sacrificed and isolated for tumor analysis at 2 weeks later. The tumor weights were

*kkk

quantified and shown at the bottom panels. p < 0.001. n.s., non-significant.

To further elucidate how the expression of EBNAT1 is downregulated by CetB, LCL cells treated with different concentrations of CetB in the
presence or absence of caspase 3/7 inhibitor Z-DEVD-FMK were individually subjected to immunoblotting with EBNA1 antibodies. Interest-
ingly, the results showed that caspase 3/7 inhibitor efficiently blocked the CetB-induced reduction of EBNA1 protein level (Figure 7A). With
the treatment of cycloheximide, the results further showed that CetB reduced the protein stability of EBNA1 (Figure 7B), while no influence on
the EBNAT transcripts (Figure 7C).

CetB selectively inhibits the proliferation of EBV- but not KSHV (Kaposi's sarcoma-associated Herpesvirus)-infected cells
Considering that CetB is screened mainly based on different EBV-infected B lymphoma cell lines, we next sought to determine whether CetB
could selectively inhibit the proliferation of EBV-infected cells independent of cell type. To this end, we attempted to determine the effect of
CetB on EBV-infected and -uninfected NPC cell lines using Cé66-1 and 5-8F, with KSHV (another herpesvirus with highly homologous to
EBV?*)-infected B lymphoma cell lines K-BJAB and BCBL1, as well as EBV and KSHV double-positive B lymphoma cell lines JSC1 and BC1
used as parallel controls. Intriguingly, the results confirmed that the proliferation of the EBV-positive Cé66-1 cells was inhibited significantly
more than that of the EBV-negative 5-8F cells when the concentration of CetB reached 0.5 uM (Figure S2, top panels). Moreover, with an in-
crease in the concentration of CetB, the selective inhibitory effect on proliferation became more obvious (Figure S2, top panels). In contrast,
CetB had no selective effect on the inhibition of KSHV-infected B lymphoma BCBL1 or K-BJAB cells when compared to BJAB cells (Figure S2,
middle panels), while CetB presented moderate inhibitory effects on both EBV and KSHV double-positive B lymphoma JSC1 and BC1 cells at
the concentration of 1.0 uM (Figure S2, bottom panels). These results indicate that CetB could broadly and selectively inhibit the proliferation
of EBV (but not KSHV)-infected host cells, regardless of whether they were lymphoma or nasopharyngeal carcinoma cells, and co-infection
with KSHV or not.
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Figure 6. CetB selectively induces G1-arrest and early apoptosis of EBV-infected B lymphoma cells without activation of lytic replication

(A) Cytotoxicity of CetB on EBV-infected (BL41-B95.8, DG75-EBV, Akata-EBV, and LCL) and -uninfected (BL41, DG75, Akata, and BJAB) B lymphoma cell lines.
Cells (5 x 10%) were seeded in a 96-well plate (100 pL per well) and treated with different concentrations of CetB, as indicated, for 48 h. The percentage of cell
viability was measured by CCK-8 staining, and compared with that of the untreated group.

(B) CetB selectively induces G1 arrest of EBV-infected B lymphoma cells. Cells treated with 0.5, 1, or 2 pM CetB for 24 h, as indicated, were analyzed by flow
cytometry after propidium iodide staining. Untreated (mock) and DMSO were used as parallel controls. The percentages of G1, S, and G2/M populations
were quantified from triplicate experiments.

8 iScience 27, 110581, September 20, 2024



iScience ¢? CellPress
OPEN ACCESS

Figure 6. Continued

(C) CetB dramatically enhanced early apoptosis of EBV-infected but not -uninfected B lymphoma cells. Cells treated with or without 1 or 2 uM CetB for 24 h, as
indicated, were analyzed by flow cytometry after FITC-Annexin V and propidium iodide staining. The percentages of early apoptotic cells (positive for only
Annexin V) or late apoptotic cells (positive for only Pl) are highlighted. The relative fold change of early and late apoptosis of each cell line after CetB treatment is
shown in the bottom panel.

(D) CetB induces cytotoxicity and blocks production of EBV viral particles. LCL or BL41-B95.8 cells (5 X 10%) were seeded in a 96-well plate (100 pL per well) and
treated with different concentrations of CetB, as indicated, for 48 h, with three replicate wells per experimental group. The CetB-induced cell cytotoxicity was
measured by a live cell counter and presented as the relative percentage compared to the untreated group. The viral particles in culture supernatant were
detected by quantitative PCR, and are presented as the relative percentage compared to the untreated group.

(E) CetB reduced the expression of EBNA1 without activating ZTA expression. Immunoblotting results of LCL cells treated with CetB from (C). The LCL cells
treated with TPA and sodium butyrate (T and B), and BJAB cells were used as controls.

CetB selectively inhibits the in vitro proliferation of clinical EBV-infected cells derived from patients with B lymphoma

Considering that CetB showed a promising selective inhibitory activity on EBV-infected cell lines, we next wondered whether CetB has the
same effect on clinical EBV-infected cells derived from patients with B lymphoma. To investigate this, we first generated five EBV-infected
BJAB cell lines by infecting them with clinical EBV viral particles (individually isolated from the peripheral blood plasma of five patients
[P1-P5] with hemophagocytic syndrome) for 7 days (Figure 8A, top panels, the EBV infection rate were verified and quantified by immuno-
fluorescent staining with EBNA1 and shown in both bottom panel; Figure S3), before performing in vitro proliferation analysis with different
concentrations of CetB. The results showed that the inhibitory efficacy of CetB (1 uM) on clinical EBV-infected BJAB cell lines of P3, P4, or P5
was almost twice that observed on uninfected BJAB cells (Figure 8A, middle panels). In contrast, the inhibitory effect of CetB on clinical wild-
type EBV-BJAB generated from P1 and P2 showed moderate inhibitory activity. However, when the concentration of CetB reached 2 uM,
there was no significant difference in the inhibition of proliferation between the clinical wild-type EBV-BJAB cells and its parental BJAB cells.

We next sought to determine whether the selective inhibitory effect of CetB on clinical wild-type EBV-infected cells has the potential to
treat EBV-positive B lymphoma patients. We selected eight patients with DLBCL with or without EBV infection and harvested and treated their
peripheral blood mononuclear cells (PBMCs) with different concentrations of CetB in vitro for 48 h. The results showed that the inhibitory
effects of PBMCs on EBV-positive patients were significantly greater than those on EBV-negative patients when the concentration of CetB
reached 2 uM (Figure 8B). Consistently, using CD3 and CD20 staining for T cells and B cells, respectively, we found that the B cell population
from EBV-positive, but not EBV-negative patients with DLBCL was significantly inhibited by increasing concentrations of CetB (Figure 8C).

Taken together, we have identified CetB as a promising candidate for treating patients with EBV-infected B lymphoma. As CetB displays a
potent selectively inhibitory effect on EBV-infected cells by targeting EBV latent infection, it would be great interesting to conduct advanced
preclinical and clinical trials for its use in the treatment of EBV-associated cancers.

DISCUSSION

EBV is an oncogenic virus that is associated with many human malignancies.”*?® Many studies have explored how EBV establishes life-long
latency in the human host and is adept at evading host innate and adaptive immune responses.”*** However, there is currently no specific
and efficient therapy for EBV-associated cancers, although there are many experimental and empirical treatments for EBV-associated lym-
phoma. For example, antiviral compounds that inhibit viral replication have been shown to have no significant effect on tumors,” largely
because the viral thymidine kinase, as a target of nucleoside-type antiviral agents (ganciclovir and acyclovir), is expressed only in the EBV lytic
phase.*® Moreover, ESTs (expressed sequence tags), as an adoptive T cell therapy that can be generated from allogeneic, autologous, or
third-party donors, target EBV antigens that are presented on the cell surface by major histocompatibility complex molecules.®’ However,
ongoing immunosuppression, the time consuming process to generate ESTs, and the possibility of seronegativity render this approach chal-
lenging for broader application.*” Therefore, the development of more effective therapeutic strategies by targeting EBV latent infection is
urgently required.

To ensure the effective identification of small-molecule compounds specifically targeting EBV-infected cells, we selected 1,988 FDA-
approved small-molecule compounds and 2,000 natural products for high-throughput screening using several pairs of EBV-infected and -un-
infected B lymphoblastic cell lines with the same genotype background to enhance the possibility of identifying compounds with specific
inhibition of EBV-infected cells. Interestingly, in the initial screening, 31 compounds were found to significantly inhibit the proliferation of
EBV-positive, but not negative B lymphoma cells in vitro. Subsequently, three effective candidate compounds were confirmed using addi-
tional pairs of EBV-positive and -negative cell lines. Among them, CetB is a cationic quaternary ammonium salt surfactant, which is one of
the components of the topical disinfectant cetrimide. CetB has been shown to be involved in suppressing the TGF-B-mediated mesenchymal
phenotype and may be an effective drug to control the migration and invasion of HCC.** CetB has also been previously reported as a po-
tential therapeutic agent for head and neck tumors.** In contrast, Cela is a natural product with a variety of biological activities and has strong
antioxidant, anticancer angiogenesis, and anti-rheumatoid effects. Through the re-screening identification of multiple pairs of EBV-positive
and -negative cell lines, CetB consistently presents as a promising candidate for selective inhibition of the proliferation of EBV latently in-
fected cancer cells.

In this study, CetB was demonstrated to exclusively inhibit not only the proliferation of B lymphoma cells infected with the clinical EBV
strain (isolated from patients with hemophagocytic syndrome), but also PBMCs from patients with EBV-positive lymphoma. Moreover,
CetB treatment could dramatically induce regression of EBV-positive B lymphoma in a xenograft mouse model and significantly prolong
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Figure 7. CetB impairs the protein stability of EBNA1 not its transcripts in EBV-infected LCL cells

(A) CetB induces caspase -mediated EBNA1 degradation. LCL cells were treated with different concentrations of CetB for 48 h in the presence or absence of
caspase 3/7 inhibitor (Z-DEVD-FMK, 200 pg/ml) as indicated in the figure, followed by immunoblotting with EBNA1 antibody. GAPDH was used as an
internal control.

(B) CetB reduces protein stability of EBNA1. LCL cells treated with or without CetB (0.19uM) for 6 h, were subjected to cycloheximide (CHX, 200 pg/mL) treatment
for the indicated time before harvesting and lysing for immunoblotting (IB). The relative density of EBNA1 was quantified and shown at the bottom panel.

(C) CetB does not impair the transcripts of EBNAT1. LCL cells treated with different concentrations of CetB for 48 h were subjected to quantitative PCR analysis for
EBNA1 transcripts. GAPDH was used as an internal control. n.s., non-significant.

the survival of tumor-bearing mice. CetB also exhibited an inhibitory effect exclusively on the proliferation of EBV-positive not negative naso-
pharyngeal carcinoma cell lines in vitro, whereas there was almost no inhibitory effect on the proliferation of KSHV-positive cell lines, indi-
cating that CetB may be an ideal candidate for selectively treating EBV-positive cancers. To further explore why CetB can selectively inhibit
EBV latently infected, but not uninfected cancer cells, we examined the effects of CetB on the cell cycle and viral life cycle. Interestingly, the
results showed that CetB dramatically inhibited the expression of the EBV latent antigen EBNA1 without reactivating lytic replication, which in
turn, reduced the production of EBV viral progeny particles, possibly due to inducing G1 arrest and early apoptosis of host cells. However, the
more detailed mechanisms underlying the targeting effects of CetB on EBV latently infected cells require further investigation.

In summary, we identified CetB as a potential promising therapeutic agent for treating EBV latently infected cells and provided evidence
for the development of comprehensive and effective treatment strategies against EBV-associated cancers.

Limitations of the study

The effectivity and feasibility of CetB remains to be further demonstrated in the clinical treatment for patients with EBV-associated cancers,
although we have found CetB is a potential therapeutic drug for selectively inhibiting EBV-infected cell growth in cell lines and murine xeno-
graft-tumor model.
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Figure 8. CetB selectively inhibits the in vitro proliferation of EBV-infected cells derived from patients with B cell lymphoma

(A) Inhibitory effects of CetB on the proliferation of B lymphoma cells infected with wild-type EBV strain. Top panels, the immunoblotting analysis of BJAB cells
infected with wild-type EBV from the plasma of patients with hemophagocytic syndrome. The whole cell lysates extracted at 7 days post infection were subjected
to immunoblotting, as indicated. Middle panels, the BJAB cells infected with wild-type EBV strains from the top panel were individually treated with CetB at
different dosages (0, 0.1, 0.5, 1, and 2 pM) for 0, 1, 2, 3, 4, 5, and 6 days. The cell number was quantified using a live cell counter. The EBV viral copy number
per mL in the plasma of each patient (P1, P2, P3, P4, and P5) is shown in the top panels. The percentage of BJAB cells with EBV infection were quantified by
EBNAT1-positive staining and shown at the bottom panel. The representative immunofluorescent staining of EBNA1 was shown in the Figure S3. The LCL
cells treated with TPA and sodium butyrate (T and B), and BJAB cells were used as controls.

(B) CetB dramatically reduced the viability of PBMCs from patients with EBV-positive B cell ymphoma. PBMCs (1 million per mL) from patients with EBV-positive
(P#1 to P#4) and negative (P#5 to P#8) diffuse large B cell lymphoma (DLBCL) were individually cultured in a 6-well plate and treated with different final
concentrations of CetB (0, 0.5, 1, and 2 pM) for 48 h, before counting with a live cell counter to determine the viability. The presented data are from
duplicated experiments.

(C) CetB selectively inhibits the B cell but not T cell population in PBMCs from patients with EBV-positive B cell ymphoma. PBMCs from patients with EBV-positive
and -negative diffuse large B cell ymphoma were subjected to CetB treatment for 24 h, followed by flow cytometry analysis with FITC-CD3 and BV510-CD20
staining for T cells and B cells, respectively. The relative fold change of the B cell population in each patient after CetB treatment is shown in the bottom panel.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mouse monoclonal anti-PARP1 Santa Cruz sc-8007

Mouse monoclonal anti-ZTA(ZEBRA) Santa Cruz s¢-53904, clone BZ1
Mouse monoclonal anti-EBNA1 Santa Cruz sc-57719, Clone 0211
Mouse monoclonal anti-LMP1 Kerafast Cat.#: ETU0O1, S12
Mouse monoclonal anti-GAPDH Proteintech Cat.#: F1804

FITC anti-human CD3 Biolegend Cat.# 300406
Brilliant Violet 510™ anti-human CD20 Biolegend Cat.# 302340
antibodies of Fc inhibitor Biolegend Cat.# 422301
IRDye® 800cw Goat Anti-Mouse IgG Li-COR Cat.#: 926-32210
IRDye® 800cw Goat Anti-Rabbit IgG Li-COR Cat.#: 926-32211
Chemicals, peptides, and recombinant proteins

PMSF Amresco Cat.#: 329-98-6
Aprotinin Amresco Cat.#: 9087-70-1
Leupeptin Amresco Cat.#: 103476-89-7
Pepstatin Amresco Cat.#: 26305-03-3

XenolLight D-Luciferin-K+

PerkinElmer

Cat.#: 122799

Cell Cycle and Apoptosis Analysis Kit BioReagent C1052
Z-DEVD-FMK TargetMol Cat.#: 210344-95-9
Cycloheximide MCE HY-12320
Annexin V-FITC/PI Apoptosis Detection Kit YEASEN 40302ES60
Experimental models: Cell lines

BJAB Robertson ES Lab Cai etal.™
E-BJAB Lab stored This paper
BL41 Robertson ES Lab Saha et al.*®
BL41-B95.8 Robertson ES Lab Saha et al.”
DG75 Robertson ES Lab Saha et al.*®
DG75-EBV Lab stored This paper
Akata Lu Jianhong Lab NA
Akata-EBV Lu Jianhong Lab NA

LCL Lab stored Mo et al.*’
BCBL1 Robertson ES Lab Caietal.™
KSHV-BJAB Robertson ES Lab Caietal.*
C666-1 Lu Jianhong Lab NA

5-8F Lu Jianhong Lab NA

Jsci1 Robertson ES Lab Cajetal.™
BC1 Robertson ES Lab Caietal.”™

Software and algorithms

Image Studio Lite Ver 5.2

LI-COR imaging systems

https://www.licor.com/bio/support/answer-

portal/software/image-studio.html#SnippetTab

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SoftWorx Explore software Applied Precision, Inc. https://www.gelifesciences.com/en/us/shop/
cell-imaging-and-analysis/highand-super-
resolution-microscopes

Graphpad Prism 8 GraphPad Software https://www.graphpad.com/

ImageJ Software ImageJ Software https://imagej.net/mbf/installing_imagej.htm

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Qiliang Cai
(qiliang@fudan.edu.cn).

Materials availability

This study did not generate any unique reagents.

Data and code availability
e Raw data has been deposited at Mendeley Data (https://data.mendeley.com/preview/mzbgkéged4).
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human participants

Peripheral blood samples of five patients with hemophagocytic syndrome (9/3/2019 to 27/12/2019), and eight patients with diffuse large B-cell
lymphoma (4 cases of EBV-positive lymphoma and four cases of EBV-negative lymphoma (9/12/2019 to 27/1/2021), were collected at
Shanghai First People's Hospital (Table S1). Usage of redundant patient sample for research purpose was approved by the Medical Ethics
Committee of the Institutional Review Board of Shanghai First People’s Hospital (approval ID:2020SQ149). All patient samples of each donor
gave written and signed the informed consent.

Cell lines

EBV-positive B-lymphoma LCL and EBV-negative B-lymphoma BJAB, DG75, Akata, and BL41 cell lines were purchased from ATCC and stored
in the lab. DG75-EBV, Akata-EBV and BJAB-EBV were individually constructed by our laboratory (confirmed by fluorescence microscopy and
Western blot experiments). DG75-EBV, Akata-EBV and BJAB-EBV cells were cultured with G418 (final concentration 250 pg/mL). BL41-B95.8,
KSHV-positive B lymphoma cell lines K-BJAB and BCBL1, and EBV/KSHV double positive B lymphoma cell lines JSC1 and BC1 were kindly
provided from Dr. Erle Robertson at University of Pennsylvania. EBV-positive nasopharyngeal carcinoma Cé66-1 and EBV-negative nasopha-
ryngeal carcinoma 5-8F cell lines were kindly provided from Dr. Jianhong Lu at Southern Central University. The cell lines were all grown in
RPMI 1640 medium containing 10% inactivated fetal bovine serum, penicillin and streptomycin at a final concentration of 100 pM, and
25 pg/mL gentamicin. All cell lines were incubated at 37°C in humidified environmental incubator with 5% CO.

Animals

Ethics statement and husbandry

All animal studies were conducted in accordance with the China Guide for the Care and Use of Laboratory Animals. All experiments were
approved and supervised by the Institutional Animal Care and Use committee at Fudan University (approval ID: 20230707-003). Five-week-
old female NOD/SCID mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd (Beijing, China). Mice were
housed in microisolator cages with no more than five mice per cage at certified specific-pathogen-free or germ-free vivaria. Animals were
provided with autoclaved water and food ad libitum.

METHOD DETAILS

High-throughput screening

The cells with viability higher than 95% were seeded in 384-well plates at 500 of cells/well in 50 pl fluid for 3 h and then treated with small
molecules at 100 nM final concentrations in 0.1% DMSO for 72 h by a robot operator (autoTM liquid handling system) adding compounds
(1,988 FDA-approved small-molecule drugs and 2,000 natural products provided by drug screening core facility at department of Chemistry,
Fudan University of School of Basic Science Medicine) from 384-well drug plate, each experiment was duplicated. The initial concentration of
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each drug compound was 100 pM, and 50 ng of each compound was dipped in the sample needle and added to 50 pl of the cell fluid, the final
concentration of the compound was 100 nM. Cells treated with 0.1% DMSO and PBS were used as negative controls. After incubation, the
384-well plate were taken out and added 20 pl CellTiter-GloR for 30 min at room temperature to each well in the dark for automatically count-
ing live cells with fluorescence staining (Quattro Micro reader, Waters), and results were analyzed with the MetaboScape analysis software.
The number of live cells in the DMSO control was set as 100% and used to normalize cells treated with different compounds. A total of 94 hits
that presented at least 50% cytotoxicity to LCL/E-BJAB cells but less than 10% cytotoxicity to BJAB cells were selected from the first round of
screening, and then validated in a secondary screening, resulting in the selection of 31 final compounds.

Cell proliferation assay

An initial density of 100,000 cells per 5 mL RPMI 1640 medium for each cell line was seeded into a T25 culture flask and treated with different
reagents, including DMSO, CetB, Thio, Cela, were counted daily using Vi-cell XR (Beckman Coulter).

Cytotoxicity assay in vitro

A total of 5,000 cells were seeded into a 96-well plates with 100 pl RPMI 1640 medium, and treated with different concentration of reagents,
including DMSO, CetB, Thio, and Cela. After incubation for 48 h, 10 ul CCK-8 solution was added to each well. After 1 h, absorbance at a
wavelength of 450 nm was read using Flexstation apparatus (MD).

Quantitation of EBV episome DNA

Total DNA was extracted by lysing buffer (10 mM Tris-HCI pH 8.0, 150 mM NaCl, 10 mM EDTA, 1% SDS) followed by proteinase K digestion.
The copy number of EBV episomal DNA was detected by quantitative PCR targeting EBNAT amplicon 387 bp with primers: F:
5'-CCTGTAGGGGAAGCCGAT-3', R: 5'-CAATGGTGTAAGACGACATT-3". The pET-28a plasmid carry EBNA1 DNA was used as a standard

control. Relative gene expression levels were calculated by using the threshold cycle (2722°T) formula.

Establishment of clinical EBV-infected B-lymphoma cell lines

EBV viral particles were isolated from the plasma of patients with hemophagocytic syndrome by ultracentrifugation, and used to infect BJAB
cells at a MOI (multiplicity of infection) of 5 in a tissue culture incubator. The efficiency of BJAB cells with wild-type EBV infection was verified
and confirmed by western blotting assay.

Cell cycle and apoptosis assay

The cell cycle was analyzed as previously described (Mo et al.®%). Briefly, cells were harvested, washed twice with PBS, and resuspended at
1x10° cells per ml. The fixed cells with cold 70% ethanol were then washed twice with PBS and resuspended in propidium iodide (Pl) staining
solution (50 pg/mL) and RNase A (100 ng/mL) for 30 min at room temperature. 1x10* Pl-stained cells were subjected to flow cytometry using a
BD FACS Calibur. The data were analyzed using FlowJo software. For cell apoptosis assay. Annexin V-FITC/P| Apoptosis Detection kit (Cat.#
40302ES60) was used in this experiment. Briefly, 1x10° cells were harvested, washed twice with PBS, and resuspended with 100 plL Binding
Buffer. Then, cells were resuspended in 5 ul Annexin V-FITC and 10 ulL Pl Staining Solution for 10-15 min in dark light. 1x10° Annexin

V-FITC/PI-stained cells were subjected to flow cytometry using a BD FACS Calibur.

Flow cytometry analysis of human PBMC

The flow cytometry antibodies of Fc inhibitor (Fc Receptor Blocking Solution, Cat.# 422301), CD3 (FITC anti-human CD3 antibody, Cat.#
300406) and CD20 (Brilliant Violet 510™ anti-human CD20 antibody, Cat.# 302340) used in this study were purchased from Biolegend,
USA. A total of 1 x10° human peripheral blood mononuclear cells (PMBC) were harvested, washed twice with cell lotion (PBS with 2%
BSA), and resuspended with 100 plL cell lotion. 5 puL Fc inhibitor was added and incubated for 5-10 min, then 5 pL CD3 and 5 pLCD20
were added and incubated in ice for 15 min away from light. Before human PBMC were subjected to flow cytometry using a BD FACS Calibur,
they were washed twice with cell lotion. The data were analyzed using FlowJo software.

Immunoblotting assay

Immunoblotting analyses were performed as described previously (Han et al.*). Briefly, cells were harvested and lysed in the radioimmuno-

precipitation assay (RIPA) buffer containing protease inhibitors (Sigma-Aldrich). Proteins were separated by SDS-polyacrylamide gel electro-
phoresis gels and transferred to 0.45-mm nitrocellulose membrane (Millipore). The membrane was probed with the primary antibodies as
indicated and appropriate IRDye-800CW conjugated secondary antibodies, and scanned with an Odyssey Infrared scanner (LiCor
Biosciences).

Immunofluorescence
Immunofluorescence assays were performed as described previously (Zhu et al.”®). Briefly, cells were harvested and plated in polylysine-

treated coverslips for 4 h in CO, incubator to let cells attach to the plate followed by washing with ice-cold PBS twice, and fixed in 4%
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paraformaldehyde for 20 min at room temperature. After fixation, cells were washed three times in PBS and permeabilized in PBS containing
0.2% fish skin gelatin (G-7765; Sigma) and 0.2% Triton X-100 for 5 min, followed by primary (anti-EBNA1) and secondary antibody staining.
Nucleus was counterstained with 4, 6-diamidino-2-phenylindole (DAPI), and coverslips were mounted with p-phenylenediamine. The images
were analyzed with Photoshop (Adobe Systems Inc., San Jose, CA, USA) and fluorescence was quantified with the ImageJ software.

Soft agar colony formation

Soft agar colony formation assay was performed as described previously (Zhu et al.”). Briefly, the bottom layer containing 0.75% agar in 10%
FBS RPMI1640 were prepared first, and then the top layer contains appropriate amounts of cells in 0.36% agar mixture were put on the bottom
layer. The dish containing 2 layers was maintained in 37°C incubator for 2 weeks, and then the colonies were stained with 8 mg/ml NBT (Nitro-
tetrazolium Blue Chloride) in ddH,O and were cultured at 37°C overnight. Colonies were quantified with the ImageJ software.

Quantitative PCR

Quantitative PCR (qPCR) assay was performed as described previously (Mo et al.*"). Total RNA was extracted from cells using TRIzol (Invitro-
gen), processed for cDNA synthesis using the Reverse Transcription Kit (Applied Biosystems), and subjected to gPCR by using SYBR Green
Master Mix (Applied Biosystems). According to manufacturer's protocol, PCR conditions were performed as steps below: 1 cycle at 95°C for
5 min, followed by 40 cycles of 95°C for 15's, 60°C for 30 s and 72°C for 30 s. A melting-curve analysis was performed to verify the specificities
of the amplified products. The values for the relative levels of change were calculated by the threshold cycle (AACT) method, and samples
were tested in triplicates. The oligo sequences of primers targeting EBNA1 (F:5'-CCAAGAAGGTGGCCCAGATGGTGAG-3';
R:5'-TCACTCCTGCCCTTCCTCACCC TC-3') and GAPDH (F:5'-CTGGGCTACACTGAGCACC-3'; R: 5'-AAGTGGTCG TTGAGGGCAATG-
3') were used, respectively.

%)

Tumor xenograft

For the tumor formation experiment, 24 female NOD/SCID mice (Beijing Vital River Laboratory Animal Technology Co., China) at 5 weeks old
were each intraperitoneally injected with 1.5x10” LCL-Luc cells. At day 8 post-inoculation, mice were intraperitoneally injected with D-luciferin
at 150 mg/kg body weight and imaged with an VIS Spectrum in vivo imaging system (PerkinElmer). Equal of ROI (the region-of-interest) sig-
nals based on the (p/s)/(microwatts per square centimeter) formula were randomly split into 5 groups, and individually treated with PBS,
DMSO, CetB (5 mg/kg), Cela (3 mg/kg), combined CetB (2.5 mg/kg) with Cela (1.5 mg/kg) every other day for 6 times, and all groups
were weighted once every other day. At week 2 post-treatment, live imaging was performed again. For Matrigel tumor, 10 female BALB/
c-nu mice (Beijing Vital River Laboratory Animal Technology Co., China) at 5 weeks old were each subcutaneously injected with 1.0 x107 cells
(which were suspended in mixture of 100 ul RPMI1640 with sera free and 100 pl Matrigel) on the right groin for BL41-B95.8 cells and the left
groin for BL41 cells, respectively. At day 7 post-inoculation, equal of weight based on the formula were randomly split into 2 groups, and
individually treated with PBS/DMSO or CetB (5 mg/kg) every other day for five times, and all groups were weighted once every other day.
At week 2 post-treatment, all mice were euthanized and subcutaneous tumors were extracted for weight and size measure. All animal studies
were conducted in accordance with China guide for the Care and Use of Laboratory Animals. All experiments were approved and overseen by
the institutional animal care and use committee at Fudan University.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as mean + standard deviation (SD). The significance of the variability between different groups was determined by a two-
way analysis of variance using GraphPad Prism software (version 8.0). A p-value of < 0.05 was considered statistically significant and a p-value
of > 0.05 was considered statistically non-significant (Ding et al.*").
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