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Abstract: Despite recent advances in oncology, cancer has remained an enormous global health
burden, accounting for about 10 million deaths in 2020. A third of the cancer cases in developing
counties are caused by microbial infections such as human papillomavirus (HPV), Epstein-Barr Virus
(EBV), and hepatitis B and C viruses. EBV, a member of the human gamma herpesvirus family, is a
double-stranded DNA virus and the primary cause of infectious mononucleosis. Most EBV infections
cause no long-term complications. However, it was reported that EBV infection is responsible for
around 200,000 malignancies worldwide every year. Currently, there are no vaccines or antiviral
drugs for the prophylaxis or treatment of EBV infection. Recently, the gut microbiota has been
investigated for its pivotal roles in pathogen protection and regulating metabolic, endocrine, and
immune functions. Several studies have investigated the efficacy of antiviral agents, gut microbial
metabolites, and natural products against EBV infection. In this review, we aim to summarise and
analyse the reported molecular mechanistic and clinical studies on the activities of gut microbial
metabolites and natural medicines against carcinogenic viruses, with a particular emphasis on EBV.
Gut microbial metabolites such as short-chain fatty acids were reported to activate the EBV lytic cycle,
while bacteriocins, produced by Enterococcus durans strains, have shown antiviral properties. Further-
more, several natural products and dietary bioactive compounds, such as curcumin, epigallocatechin
gallate, resveratrol, moronic acid, and andrographolide, have shown antiviral activity against EBV. In

this review, we proposed several exciting future directions for research on carcinogenic viruses.

Keywords: oncogenic viruses; Epstein-Barr virus; gut microbiota; natural products; short-chain fatty
acids; gut metabolites

1. Introduction

Cancer has remained a serious concern and is the second leading cause of death world-
wide [1]. The transformation of normal cells into neoplasm as a result of external stimuli,
including physical carcinogens (such as UV), chemical carcinogens (such as asbestos), and
biological carcinogens (such as viral and bacterial infections), can lead to various cancers [2].
The early link between cancer and viral infections was studied in chickens in 1910 by the
Nobel Laureate Peyton Rous [3]. Since then, several viruses with their oncogenic mecha-
nisms have been discovered. To date, eight oncogenic viruses (both RNA and DNA viruses)
have been identified, which can induce cancer by different mechanisms [4].

Oncogenic viral infections contribute to about 15% to 20% of total cancer in hu-
mans [5]. These known human oncoviruses include the hepatitis B virus (HBV), hepatitis
C virus (HCB), Epstein-Bar virus (EBV), human T-lymphotropic virus 1 (HTLV-1), Kaposi
sarcoma-associated herpesvirus (KSHV; also known as human herpesvirus 8), human pa-
pillomaviruses (HPV), Merkel cell polyomavirus (MCPyV), and human immunodeficiency
virus (HIV) [6]. Oncoviruses are infectious agents that cause prolonged, persistent infec-
tions that can induce the incidence of tumours [7-9]. For instance, HIV, rather than causing
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cancer directly, induces carcinogenesis of other viruses, including EBV and KSHV [6]. Ac-
cording to the classic carcinogenesis theory, initiators and promoters act on cells in multiple
steps or ‘hits,” which sets the transformation process, invasion, and metastasis [10,11].
The accumulation of these multiple hits is required for full cancer formation [12] and this
whole process may take several years [12]. ‘Hits” are considered genetic and defined by
amplifications in oncogenes, mutations & rearrangement, or changes in tumour suppressor
genes [13].

The transformation of a normal cell into a cancer cell by virus-mediated carcinogenesis
involves initiation, promotion, and progression (Figure 1) [14]. An interaction between a
carcinogen and the host DNA is initiation, whereas promotion is when cell proliferation oc-
curs (which usually takes a few months to years). The final step is the spread of the tumour,
known as progression. Human oncoviruses display direct and indirect cell transformation
mechanisms (viral carcinogenesis) (Figure 1) [15]. The virus encodes genes that activate
growth and enhances apoptosis resistance for direct carcinogenesis, therefore, modifying
the DNA repair mechanism [4,16]. During viral oncogenesis, tumour suppressors like p53
and pRb are inactivated until the DNA repair process is restored, otherwise, cell death is
activated (Figure 1) [16]. Our genome also tends to acquire mutation, which is increased
during viral infections. For example, viral antigen EBNA-1 can cause genome instability by
activating RAGI and RAG2 (Figure 1) [3].
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Figure 1. Transformation of normal cells into cancer cells by virus-mediated carcinogenesis.

Oncogenic viruses maintain telomere length by interfering with telomerase expression
leading to uncontrollable division [17]. Viral antigens like Kaposi’s sarcoma-associated
herpesvirus latency-associated nuclear antigen (LANA), HPV E6, HBV HBx, and latent
membrane protein 1 of the Epstein-Barr virus have been found to enhance telomerase
activity [18]. MicroRNAs have been found to inhibit the translation of mRNA [19]. These
microRNAs target cellular tumour suppressor genes like WIF1, Bin, and PUMA and in-
hibit cell death [20]. For indirect carcinogenesis, viruses do not live in the cancer cells
but act through mechanisms such as chronic inflammation, immune suppression, and
oncomodulation, leading to carcinogenic mutations in the host cells [21-23].

Standard antivirals, including acyclovir and ganciclovir, can prevent EBV and its lytic
replication but have not received Food and Drug Administration (FDA) approvals [24].
Additionally, the use of acyclovir and ganciclovir is linked to thrombocytopenia, liver and
kidney damage, and gastrointestinal dysfunction [25]. Therefore, discovering novel, potent,
and safe antiviral agents is crucial. An analysis of medicinal chemistry annual reports from
1984 to 1995 indicated that the majority of the synthetic agents approved by the FDA are
derived from medicinal plants [26], however, critical and comprehensive reviews on the
activity of these natural bioactive molecules against oncogenic viruses are limited.
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Gut microbiota is the collection of eukarya, archaea, and bacteria colonising the host’s
gastrointestinal tract (GIT). It coevolved over thousands of years through symbiosis with
the host in a complex and mutually beneficial relationship. Studies on gut microbiota
have just started in the last 20 years, despite its pivotal role in human health and disease
pathogenesis. Our group has recently reviewed the fundamental role of gut microbiota and
its metabolites in the development and treatment of cancer [27,28]. In the current review,
we summarise and discuss the activity of gut microbial metabolites and natural products
against carcinogenic viruses, emphasising EBV, and their implementation in anticancer
drug development in the future.

2. Epstein—Barr Virus

EBYV, formally called the human gamma herpesvirus 4, is one of the most common
viruses in humans [29]. It infects more than 90% of the population worldwide [30]. Primary
infection during childhood is generally asymptomatic. However, the virus can cause
infectious mononucleosis in 35-50% of the cases when infection occurs later in life [24].
EBV infects 90-95% of all adults globally and causes approximately 1% of all cancers and is
implicated in around 2% of all cancer-related deaths [31]. EBV is associated with several
human malignancies, including Burkitt lymphoma, Hodgkin disease, nasopharyngeal
carcinoma (NPC), gastric cancer, T/NK lymphoma (nasal natural killer/T-cell lymphoma),
AIDS, and transplantation-associated lymphomas [30]. The virus has two cycle stages,
the latent and lytic cycles [24]. In latency, the virus expresses only a limited number of
genes, including EBNA 1-6, LMP1, and LMP2 [24]. In the lytic cycle, EBV expresses two
transcription factors, Rta (R transactivator, the product of BZLF1 gene) and Zta (Z EB
replication activator, the product of BZLF1). These two proteins trigger lytic genes, which
encode diffused early antigen (EA-D) and DNA polymerase (Figure 2). Positive regulators
of BZLF1 and BRLF1 genes can trigger the shift from the latency to the lytic cycles of
EBV. Activators of BZLF1 and BRLF1 genes in B cells include physiological stimuli, B-cell
receptor engagement, DNA damage, TGF-f3, hypoxia, and chemical agents [32].

After DNA replication, late genes are expressed, followed by the production of virus
capsid antigens and membrane protein, and then they produce the mature virion [24].
The lytic infection was shown to contribute to lymphoproliferative disease [24]. Therefore,
the antiviral agent that blocks the viral lytic cycle, such as resveratrol, triptolide, and
berberine, can provide potential treatment or prevention strategies for EBV-associated
diseases (Figure 2).

EBV latency in resting and proliferating cells is divided into types III, II, I, and 0,
depending on the viral gene expression pattern [33]. It was reported that EBV induces
cancers of epithelial and lymphoid origin by the transformation of quiescent B cells into
lymphoblastoid cell lines (LCLs) (Figure 2) [34]. The virus life cycle is confined chiefly to
the B cells, establishing premalignant latent gene expression patterns. When EBV infects a
naive B cell, it expresses the latency III or growth program [35]. In this pattern, the virus
expresses EBNA 1-6, LMP1, LMP2A, and LMP2B with a complete oncogenic component of
nuclear proteins EBNA2, 3A, 3B, 3C, LP, and the EBV microRNAs. The infected B cell then
becomes proliferating B-cell which helps in EBV episomes replication. Notch signalling is
dysregulated in this gene expression pattern, leading to nonviral lymphoid malignancies.
Expression of c-myc, a cellular proto-oncogene, is dysregulated by upregulating cyclin
Ds and E and downregulating CDK2 inhibitors like p21“™! and p27XI"1. Latency III
has a free pattern of gene expression resulting in the production of oncogenic proteins
and eventually can cause cancer, especially in immunocompromised patients [36]. In
immunosuppressed and AIDS patients, AIDS-related-non-Hodgkin lymphoma and post-
transplantation lymphoproliferative disease latency III expressions are common [37].
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Figure 2. The impact of resveratrol, triptolide, and berberine on different phases of the EBV life
cycle (modified from Miinz, 2019 [33]). The virus passes from saliva to the B lymphocytes crossing
the oropharyngeal epithelium. Here, the virus causes the B cell to multiply and outspread through
the B cell compartment. The infected B cells may differentiate into latency 0 or total latency III
transformation. The latency III phase is highly immunogenic and EBNA1, EBNA2, EBNA-LP, EBNA3
(A, B, C), and LMP (1,2) are expressed. To remain immune silent, the virus switches from latency III to
latency II in which EBNA1, LMP1, and LMP2 are expressed, and then to latency 0. For the persistence
of viral infection, EBV drives latency 0 to latency I, where EBNAT is only expressed to allow the EBV
episome to be dissociated and maintained in dividing B cells. These B cells will randomly go for
the lytic cycle and lyse to produce and release the virions back to the saliva to infect more host B
lymphocytes. The germinal centre differentiation pathways provide premalignant precursors for
Hodgkin’s lymphoma and non-Hodgkin’s lymphomas, including diffuse large B-cell lymphoma and
Burkitt’s lymphoma. The lytic cycle primarily occurs in the plasma cells.

Latency III is the most immunogenic phase of the EBV life cycle. Therefore, the cells
express a pattern shift to a default program or latency II to remain partially immune
silent (Figure 2). EBNA1 and two oncogenes, LMP1 and LMP2A, are expressed in latency
III [35]. These two oncogenes are essential for survival and B cell proliferation [38]. LMP1
activates NF-; B, a key transcriptional factor in viral and nonviral lymphomagenesis which
upregulates antiapoptotic molecules like A20 and Bcl2 in B cells to promote cell proliferation
and malignancy [35]. LMP1 inhibits DNA damage response and enhances telomerase
activity via JNK activation to promote genetic instability [39]. Likewise, LMP2A helps
in B cell differentiation, survival, and cell growth when the Ig receptor expression is
unavailable through PI3K-AKT pathway activation [40]. AIDS-associated lymphomas
and post-transplant lymphoproliferative disorders are common during latency III, while
diseases like Hodgkin’s disease and nasopharyngeal carcinoma are associated, during
latency 1II [36].

Burkitt’s lymphoma is common in latency I. The infected cell can switch to immuno-
logically silent latency programs. In this expression pattern, EBNAT is only expressed
to allow the EBV episome to be disassociated and maintained in dividing B cells [35,41]
(Figure 2). EBV replicates either by B cell proliferation or by lytic replication. In a cell
culture setting, some chemicals like sodium butyrate and 12-O-tertradecanoylphorbol
(TPA) can induce the EBV lytic cycle [42]. It suggests that host cell signal transduction and
epigenetic regulation play an essential role in switching the virus between latency and lytic
replication. When lytic replication occurs, the virus expresses almost all the genes present
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in its genome [33]. For instance, genes like BALF1, BCRF1, and BARF1 are expressed during
the lytic cycle, with oncogenic consequences [36]. The early lytic EBV replication creates
a tumour microenvironment responsible for the observed increased tumorigenesis [33].
TAlso, more TNF, CCL5, and IL-10 are produced by LCLs with an increased level of spon-
taneous lytic EBV reactivation, which recruits immunosuppressive myeloid cells (such
as TNFx-CCL5-macrophages) and inhibits the immune control by cytotoxic lymphocytes.
From a preclinical in vivo setting, EBV-associated lymphomagenesis increases with lytic EBV
replication through the formation of a tumour microenvironment, and suppression of this
lytic replication might be a useful strategy for the treatment of EBV-induced malignancies.

Several antiviral compounds designed for other herpesviruses have been tested on
EBV. These antiviral compounds can be divided into two major categories, (a) those that
interfere with the virus-encoded enzymes, and (b) the ones that interfere with the cellular
processes required for virus production [24]. The former includes nucleoside analogues
and non-nucleoside analogues. The other category comprises drugs targeting cellular
protein. Although several antivirals were proven to inhibit EBV replication in vitro, they
had limited success in clinical trials [24]. The current literature reveals that no antiviral
drug has been approved to treat EBV infections [24,25,43].

3. Gut Microbiota

Microbiota refers to a vast number of interacting bacteria, fungi, eukaryotic viruses,
archaea, and bacteriophages coexisting with the host for potential mutual benefit [44].
In the last two decades, extensive research has been done to explore the nature and ther-
apeutic potential of gut microbiota [45]. Emerging evidence has elucidated the role of
gut microbiota in protecting from pathogens, maintaining metabolic, endocrine, and im-
mune functions, and modifying drug action and metabolism (Figure 3) [45]. Gut microbial
metabolites include short-chain fatty acids, inosine, and bacteriocins, which have shown
a broad spectrum of biological activities in previous studies including anticancer and
immunomodulatory functions [27,46,47].

ud
MY
e
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Healthy diet

EBV

Carcinogenesis

Cancer cells

Healthy cells

Figure 3. Epstein-Barr Virus (EBV) medicated carcinogenesis and the potential protecting role of gut
microbiota through the production of metabolites.

3.1. Probiotics and EBV

Probiotics are living organisms that provide beneficial effects to the host when con-
sumed in sufficient amounts. Lactobacilli and Bifidobacteria are the most common probi-
otics [48]. Probiotics have been used as antimicrobials and for the prevention and manage-
ment of different allergies [48]. For instance, supplementation of Lactobacilli casei (strain
Shirotais) (6.5 x 10° CFU per day) to endurance athletes for 20 weeks reduced the plasma
levels of EBV and CMV (cytomegalovirus) antibodies, presumably by improving the host
immunity [49].
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3.2. Short-Chain Fatty Acids (SCFAs)

SCFAs are formed principally by fermentation of undigested starch and nonstarch
polysaccharides in the large bowel [50]. These are small monocarboxylic acids comprised
mainly of acetic (or acetate), propionic (or propionate), and butyric (or butyrate) acids
(Figure 4) [50].

OH OH OH
r Y

Acetic acid Propionic acid Butyric acid
Figure 4. Chemical structure of short-chain fatty acids.

SCFAs are metabolised by the colonocytes and the unmetabolized fractions are trans-
ported into the portal circulation to be used as an energy source for the hepatocytes, except
for acetate which is barely oxidized in the liver [51]. As a result, only a small amount of
SCFAs, originating from the colon, reaches the systemic circulation, so their faecal concen-
tration has been used as a proxy for SCFAs production in the colon [45]. Many studies
have shown the beneficial role of SCFAs in different diseases, including diabetes, cancer,
and hypertension. Table 1 summarises the potential therapeutic use of SCFAs and their
proposed mechanisms of action. Several reports demonstrated the protective role of SCFAs
against infections primarily attributed either to their direct antivirulence effect or indirect
effect on the host immune system [52]. Recently, SCFAs showed antiviral effects against
respiratory syncytial virus bronchiolitis and, interestingly, it is also reported that SCAFs
can activate the EBV lytic cycle [52,53]. In particular, propionate and butyrate have been
found to activate the EBV lytic cycle. They have also been reported as general inhibitors of
class I and class II histone deacetylases in different cell types [53].
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Table 1. Potential antiviral effect and the proposed mechanism of action of short-chain fatty acids (SCFAs).

SCFA

Viral Infection

Type of Study

Description and Outcome of the Study

References

Acetate

Respiratory syncytial virus
(RSV)

In vitro

Pretreatment of the A549 cells with acetate resulted in a reduction of RSV infection and
increased expressions of retinoic acid-inducible gene-I (RIG-I) and interferon-stimulated
genel5 (ISG15).

In vivo

The intranasal treatment of acetate in mice reduced RSV infection and viral load and
increased expression of RIG-I and Interferon 31 (IFNB1) in the lung tissue.

Ex vivo

Ex vivo treatment with acetate in RSV-positive infants showed reduced viral load and
increased expression of ISG15, RIG-I, and MAVS (mitochondrial antiviral-signalling
protein).

Clinical

Stools from 17 RSV-positive infants showed that the increased levels of acetate were
associated with faster recovery, a shorter duration of fever, and higher oxygen saturation
at admission.

Propionate

Herpes simplex virus 1
(HSV-1)

In vivo

Mice were given sodium propionate supplement in drinking water three weeks before
induction of the corneal HSV-1 infection, the animals had fewer ocular lesions when
compared to the control group.

Lymphoid and corneal tissues showed lower levels of CD4 (T-helper) Th1 and Th17 cells,
macrophages, and neutrophils and higher levels of regulatory T cells (Treg) when compared
to the control.

Butyrate

SARS-CoV-2
(COVID-19)

Clinical

High throughput RNA sequencing of many genes related to SARS-CoV-2 infection (4526
upregulated genes and 3167 downregulated genes) in butyrate-treated organoids and
showed that butyrate downregulates genes essential for SARS-CoV-2 infection, such as
ACE2 and its associated genes. Butyrate was also found to upregulate toll-like receptors
(TLR) and other antiviral pathways.

[56]
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3.3. Inosine

Inosine, the key intermediate in purine metabolism, is produced via the deamination
of adenosine by specific RNA deaminases (Figure 5) [57]. In living organisms, inosine is an
abundant nucleic acid base, and it serves as a crucial intermediate in purine metabolism [57].
In a recent in vivo study, the enhanced immunotherapy response by intestinal Bifidobac-
terium pseudolongum was modulated mainly by inosine metabolite and it was dependent on
T cell expression of the adenosine A2A receptor [58].
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Figure 5. Formation of inosine by specific RNA deaminase; ADA: adenosine deaminases.

Isoprinosine (IP), known as inosine pranobex or methisoprinol, is a 1:3 complex of
inosine and pranobex, respectively (Figure 5) [46]. The latter is a mixture of dimethyl amino
isopropanol (dimepranol) and p-acetamidobenzoate (acedoben) (Figure 5) [46]. Since 1971,
IP has been widely used against viral infections, including the herpes simplex virus (HSV),
HPV, HIV, cytomegalovirus (CMV), influenza, and acute respiratory infections, as well
as EBV infections, primarily due to its immunomodulatory effect and safety profile. The
antiviral properties of IP, when given after the onset of virus diseases, is due to enhancing
the natural immune response of lymphocytes [46].

Table 2 summarises the key in vivo studies of isoprinosine against different viral infec-
tions. The mechanisms of action of IP as an immunomodulator in viral infections have been
proposed to be through increasing the levels of proinflammatory cytokines, such as IL-2 and
INF-c in mitogen- or antigen-activated cells, which initiates T-lymphocyte differentiation
resulting in induced lymphoproliferative action [59,60]. INF-c, in combination with the
direct effect of IP, decreases the production of anti-inflammatory cytokines, including IL-10
suggesting the potential immunomodulatory effect of IP on innate and adaptive immunity.
IP was also reported to increase the natural killer (NK) cells population and activity and
potentiate phagocytosis and macrophage chemotaxis [61-63].

The in vivo antiviral activity of IP was evaluated on murine gammaherpesvirus 68
(MHV68), which is a natural pathogen of mice, and used as a model for EBV infection. After
2 weeks of treatment, IP resulted in elevated levels of virus-neutralizing antibodies, leuko-
cytes, and neutrophils. However, the antiviral effect was time-limited and disappeared after
120-150 days. The incidence of tumour formation was 7.5% in the MHV-infected group
after treatment with IP, compared to 17.5% in the untreated group. This study showed that
IP administration should be repeated in chronic EBV infections [64].
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Table 2. Summary of key studies investigating the efficacy of isoprinosine (IP) in different viral

infections.
Infection Type of Study Main Findings References
The protective immunomodulating effect of IP
was investigated on EBV-transformed B
Epste.m-Barr In vitro . lymphoid cellg. 1P was fOL.md to bg an [65]
virus immunomodulating agent with an ability to
enhance the response of sensitized peripheral
blood mononuclear cells (PBL) to EBV-antigens.
Acute respiratory  Clinical: Randomised, double-blind, Phase =~ Faster improvement in subjects in the IP group [66]
viral infections 4 study (n = 231) with placebo (n = 232) versus those in the placebo group.
Clinical: The study was N onducted dgrmg Demonstrated the positive effect of IP against
June-September 2020 in three nursing . .
. ) . COVID-19. The case-fatality rate in these three
SARS-CoV-2 homes (in the Czech Republic) with 301 nursing homes at the end of the pandemic’s first [67]
(COVID-19) residents, 156 of whom (51.8%) tested & @ of the pa :
s - wave was lower than similar nursing homes in
positive for the SARS-CoV-2 virus .
the Czech Republic.

(PCR test).

3.4. Bacteriocins

Bacteriocins are ribosomally-synthesized small amphiphilic peptides produced by
archaea and bacteria and extracellularly transported via an ATP-binding cassette trans-
porter [47]. Several bacteriocins produced by the lactic acid bacteria (LAB) display bacteri-
cidal or bacteriostatic effects on similar or closely related bacterial strains [68]. They are
fundamentally classified into two classes, class I lantibiotics and class II nonlantibiotics [47].
Lantibiotics, are gene-encoded peptides that are nontoxic to humans and have versa-
tile applications as antibiotics, biopreservatives, or bactericidal agents in cosmetics [47].
They act by forming pores in the cell membrane resulting in a decrease in the intracellular
pH and efflux of small metabolites [47]. Class I (lantibiotics) bacteriocins include the single
peptides nisin, mersacidin, and lacticin, while class II (non-lantibiotics) include pediocin,
lactacin, and lactococcin. Although a precise mechanism of action for every bacteriocin is
still unclear, binding to lipid II, the main transporter of peptidoglycans from the cytoplasm
to the cell wall, is reported in different studies [47]. Several reports documented the an-
tibacterial properties of bacteriocin. However, very few reports to date have displayed their
potential antiviral effect [69]. In particular, previous studies demonstrated the antiviral
properties of bacteriocins against different viruses including the oncogenic viruses HSV-1
and HSV-2 [70-73].

4. Natural Products as Antiviral Agents against EBV

Several oncogenic viruses have been identified since the association between viruses
and cancer was discovered in 1910 [3]. Even though the vaccines against HBV and HPV
have been highly successful, more preventative and therapeutic options are necessary
for other oncogenic viruses. Recent research has focused on the recovery of antivirals
from medicinal plants and foods, such as curcumin, andrographolide, resveratrol, epigallo-
catechin gallate (EGCG), and moronic acid (Table 3) [74-76]. However, more research is
necessary to discover novel, potent, and safe natural antiviral agents against oncoviruses.
Bioactive molecules from various natural sources, such as bryostatins, didemnin, cephalo-
statin from marine organisms, silymarin, stilbenes, vincristine from plants, rhizoxin, mit-
omycin, rapamycin from microorganisms, curcumin, allicin, and {3-carotene from fruits,
vegetables, and herbs have been analysed in vitro for their potential activity against onco-
genic viruses [4,77-79]. However, their molecular mechanisms of action have not been
investigated adequately, and further studies are crucial to understand their efficacy in
living organisms through in vivo studies. Few natural medicine products including berber-
ine, manassantin B, grifolin, and triptolide have been tested both in vivo and in vitro in
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relation to the EBV antiviral and anticancer mechanisms) [80]. The summary of plants and
natural bioactive compounds with antiviral effects against EBV is presented in Table 3.
The following section highlights the most interesting findings.

Andrographis paniculata is a medicinal plant commonly used in traditional medicine
in Asia. The herb has a bitter taste and is used to treat the common cold, colic pain,
liver disorders, and bowel issues [75]. A. paniculata was reported with several biological
properties such as immunoregulatory, anti-HIV, and antibacterial activities in previous
studies [75]. Recent research showed the antiviral effect of the ethanolic extract of A.
paniculata against EBV [75]. The mechanism of inhibition was reported to occur via blocking
the transcription of the immediate-early genes that encode lytic proteins Rta and Zta.
Andrographolide was the compound of interest in A. paniculata which effectively inhibited
EBV at 5 ug/mL [75]. Furthermore, the compound was found to be non-toxic to the P3HR1
cells at that concentration, indicating its potential anti-EBV effect.

Polygonum cuspidatum is another popular medicinal plant in Asia, which has been used
as a hepatoprotective and cholagogic traditional medicine in China, Japan, and Korea [81].
The ethanolic extract of P. cuspidatum was reported to inhibit the transcription of EBV
immediate early genes, and the expression of lytic proteins Rta, Zta, and EA-D [82,83].
The extract also inhibited the expression of latent membrane protein one triggering the
EBV-positive cells toward apoptosis [82]. In addition, the ethyl acetate subfraction from
ethanolic extract displayed a more potent EBV inhibitory effect [84]. The subfraction
blocked the transcription of immediate early genes, reduced DNA replication, and hindered
the production of virus particles [84]. Furthermore, the primary active components in
P. cuspidatum were reported to be resveratrol and emodin. The effective concentration
of emodin required to inhibit the expression of immediate—early protein by 50% (ECsq)
obtained from flow cytometry was 4.83 pg/mL (17.87 pM) and its ECsj value to reduce
DNA replication was 1.2 ug/mL [84]. These values were substantially lower than those
of resveratrol, EGCG, and andrographolide, suggesting that emodin effectively inhibited
the EBV lytic cycle and can be a potential lead for drug development for EBV-related
diseases [84].

Diterpenoids are common secondary metabolites found in plants such as Scutellaria
barbata and Euphorbia milii. E. milii has been used in Chinese medicine for detoxifying
purposes for centuries [85]. This group of compounds exhibits a wide range of biological
activities including antimicrobial, anti-inflammatory, antitumour, and antiviral effects. Neo-
clerodane diterpenoids from S. barbata showed inhibition toward the EBV lytic cycle [86].
Similarly, diterpenoids in E. milii were reported to have potential antiviral activity. In
particular, the acetone extract of E. milii inhibited the EBV lytic cycle [87]. Thirteen new
entrosane-type diterpenoids (1-13) were isolated from the E. milii extract and evaluated
against EBV. Among those, one derivative showed the most potent inhibitory activity with an
ECs5g value of 5.4 uM compared to the positive control (+)-rutamarin (ECsg = 5.4 uM) [87].

Berberine is a natural compound found in the rhizome, roots, and bark of medicinal
plants such as barberry (Berberis vulgaris) and huanglian (Coptidis rhizome) (Figure 6) [88].
Several studies showed the potential anti-inflammatory and chemo-preventative effects of
berberine [88]. It has been illustrated that berberine can inhibit cell proliferation, cell cycle
arrest, and apoptosis of EBV-associated NPC cells [89]. Berberine targeted EBNA1 transcrip-
tion and downregulated its expression, inhibited the p-STAT3 expression, and decreased
EBV virions production [90]. The in vivo results of a nontoxic dose of berberine showed a
decrease in tumour growth of the EBV-associated NPC [91]. In addition, berberine-induced
apoptosis illustrated the activation of XAF1 and GADD45a (Figure 6) [89]. Berberine in-
creased the cellular reactive oxygen species levels and upregulated p53 via activation of
JNK and p38-MAPK pathways. Then p53 translocated GADD45¢« (growth arrest and DNA
damage-inducible alpha) protein into the nucleus and the XAF1 (X-linked inhibitor of
apoptosis 1) protein into the cytosol. Furthermore, p53 upregulated PUMA, a proapop-
totic protein that rapidly induced apoptosis through a bax- and mitochondrial-dependent
pathway (Figure 6) [89].
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Triptolide produced by the thunder god vine (Tripterygium wilfordii) was reported to
have anti-inflammatory, immunosuppressive, and anticancer activities [92]. Studies have
demonstrated that cell proliferation of EBV-positive B lymphoma cells can be inhibited by
triptolide via downregulation of LMP1 transcriptional expression [93]. Triptolide targeted
the LMP1 promoter in type III infection cells, downregulating the LMP1 mRNA [93].
In comparison, other studies showed that triptolide inhibits the EBNA1 expression by
increasing the sensitivity of mitochondrial apoptosis in NPC [94].

—
-/\
XAF1

Mitochondria

GADD45a

ADD45a = XAF1
CytC — Caspase-9 —

\ / : l Triptolide ©
| S— Apoptosis < Caspase-3

Nucleus

Figure 6. A diagrammatic representation of the intracellular signalling mechanism during berberine-
induced apoptosis in EBV-positive B lymphoma cells (modified from Park et al. [89]). In this process,
intracellular reactive oxygen species (ROS) production is stimulated upon berberine treatment,
leading to the activation of various molecules, ultimately resulting in caspase-dependant apoptosis
of EBV-positive B lymphoma cells [89]. Triptolide was reported to induce apoptosis via caspase-9
dependant cell death mediated through the mitochondrial pathway [95].
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Table 3. In vitro and in vivo biological activity of some natural products against Epstein-Barr Virus.

Compound Source Cell Line/Animal Mode of Action References
HK1 and HONEI nasopharyngeal .
carcinoma cells and NOD /SCID mice Suppressed the expression of EBNAT. [88]
C666-1, HONEI, HKl and NP460 STAT3 activation was inhibited in the nasopharyngeal carcinoma
. nasopharyngeal carcinoma cells and 1 [90]
Berberine Berberis vulgaris nude mice cells.
CNE2 nasopharyngeal carcinoma cells ~ Regulated the expression of key proteins of the MAPK/ERK [91]
and BALB/C-NU male mice pathway.
IM-9 multiple myeloma cells Upregulated XAF1 and GADD45a expression by MAPK and [89]
functional p53.
i?cl eBurkltt lymphoma cells and female Activation of TPA-induced EBV-early antigen was suppressed. [76]
P3HR-1 Burkitt lymphoma cells Decreased the growth and development of the virus. [96]
Resveratrol Polygonum cuspidatum ) . Decreased protein synthe.s.is and low.ere.d reactive oxygen species
Akata and Raji Burkitt lymphoma cells  (ROS) levels. Redox-sensitive transcription factors AP-1 and NF-kB [97]
were suppressed.
ilﬁas ta and B95-8 Burkitt lymphoma Antiapoptotic proteins Mcl-1 and survivin were downregulated. [98]
Lo . NA and HA nasopharyngeal carcinoma  Suppressed the promoter activities of two viral IE genes and
Apigenin Punica granatunm and P3HR1 Burkitt lymphoma cells decreased the viral reactivation 591
(+)-Rutamarin Rutu graveolens P3HR-1 Burkitt lymphoma cells Exhibited anti-EBV lytic DNA replication. [100]
. . . Raji Burkitt lymphoma cells and The expression of NF-kB was downregulated through
Wogonin Scutellaria baicalensis four-week-old male BALB/c nude mice. =~ LMP1/miR155/NF-kB/PU.1 pathway. [101]
P3HR-1 Burkitt lymphoma cells Inhibited the EBV lytic proteins expression. [102]
Epigallocatechin gallate Camellia sinensis CNE1-LMP1 nasopharyngeal carcinoma The MEK/ERK1/2 and PI3K/AKT signalling were suppressed. [103]
and B95-8 Burkitt lymphoma cells Downregulated LMPI. [104]
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Table 3. Cont.

Compound Source Cell Line/Animal Mode of Action References
Inhibited EBV infection. Targeted the first step of the SUMO (small
Glycyrrhizin Glycyrrhiza glabra HEK (Human embryonic kidney) cells ~ ubiquitin-like modifier)ylation process resulting in limited cell [105,106]
growth and apoptosis.
HONE1/ Akata, C666-1 nasopharyngeal
carcinoma and P3HR-1 cells Burkitt Reduced the expression of LMP1 in EBV-positive B lymphocytes. [93]
lymphoma cells
s . . . .. HEK and B95-8 Burkitt lymphoma cells, . . . e
Triptolide Tripterygium wilfordii HelLa (cervical cancer cells and BALB/c Increased the mltoch.ondrlal apoptosis sensitivity in [94]
: nasopharyngeal carcinoma cells.
male mice
HEK, B95-8 and P3HR-1 Burkitt Targeted and downregulated the translation factors SP1 and c-Myec. [107]
lymphoma cells
Phytol Lindernia crustacea RTA expression was inhibited. [108]
Aloe-emodin Lindernia crustacea P3HR-1 Burkitt lymphoma cells EBV lytic cycle was inhibited. [108]
C%s/trans-martynomde' & Lindernia crustacea EBV lytic cycle was affected. [108]
Cis/trans-isomartynoside
EBV lytic cycle was affected.
P3HR-1 Burkitt lymphoma cells Inhibited the transcription of EBV immediate early genes, the [84]
Emodin Polygonum cuspidatum expression of EBV lytic proteins, and reduced EBV DNA replication.
NA, HA, HONE-1 and TWO01 EBV reactivation and nasopharyngeal carcinoma recurrence were [109]
nasopharyngeal carcinoma cells decreased.
(+)-Hyperjaponicol B & . . . : . .
Hyperjaponicol D Hypericum japonicum B95-8 Burkitt lymphoma cells Suppressed EBV DNA replication. [110]
Hyperjaponicol H Hypericum japonicum B95-8 Burkitt lymphoma cells Moderately inhibited EBV lytic DNA replication. [111]
Grifolin Albatrellus confluens &  CNE1-LMP1 nasopharyngeal carcinoma  Targeted DNMT1 to block aerobic glycolysis. [112]
Boletus pseudocalopus cells Blocked DNMTT1 localization to restore OXPHOS
Glycyrthizia uralensis or Induced cell cycle arrest and strong early apoptosis and
Quercetin yey SNU719 gastric carcinoma cells necrosis/late apoptosis. Inhibited infection of EBV from [113]

G. glabra

lymphocytes to gastric adenocarcinoma cells.
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Table 3. Cont.

Compound Source Cell Line/Animal Mode of Action References
Blocked lytic replication and virion production by inhibiting
Manassantin B Saururus chinensis P3HR-1 Burkitt lymphoma cells mTORC?2 activity and blocking the mTORC2-PKC/AKT-signalling [114]
pathway.
Protoapigenone Thelypteris torresiana P3HR-1 Burkitt lymphoma cells illl"l?b’;i:gsactwatlon important for lytic cycle activation was [115]
HONE1 and HK1-EBV nasopharyngeal Induced cell cycle arrest and apoptosis via the mitochondria- and [74]
Curcumin Curcuma longa carcinoma cells death receptor-mediated pathways.
HelLa cervical cancer cells Inhibited the transcription level of EBNAI. [74]
Andrographolide Andrographis paniculata  P3HR1 Burkitt lymphoma cells Inhibited the transcription of IE genes that encoded Rta and Zta [75]
Thirteen ent-rosane-type L . o . -
diterpenoids Euphorbia milii P3HR-1 Burkitt lymphoma cells Inhibited lytic replication. [87]
T\./venty—sa.x neo-clerodane Scutellaria barbata P3HR-1 Burkitt lymphoma cells Inhibited lytic replication. [86]
diterpenoids
Moronic acid Rhus chinensis HEK, P3HR-1 Burkitt lymphoma cells Inhlb}ted the expression of Rta, and Zta, and interfered with the [116]
function of Rta.
28 lignans Saururus chinensis P3HR-1 Burkitt lymphoma cells Inhibited lytic replication. [117]
. Astragalus . . . .
Polysaccharide Raji Burkitt lymphoma cells Suppressed the expression of the IE protein, Rta, Zta, and EA-D. [118]
membranaceus
Microalgae
Ankistrodesmus
Sulphated polysaccharides  convolutus, Akatg, B95-8, and P3HR- Reduced cell-free EBV DNA. [119]
Burkitt lymphoma cells
Synechococcus elongatus,
and Spirulina platensis
.. s BC-3 and BCBL-1 lymphoma, and B95-8 . . .
Angelicin Psoralea corylifolia and Raji Burkitt lymphoma cells Inhibited lytic replication. [120]
Lawsone I . . R
(2-hydroxy-1,4- Lawsonia inermis In vivo two-stage mouse skin model Reduced EBV—early antigen activation [121]
. (henna leaf) Reduced skin carcinogenesis in a mouse model.
naphthoquinone)
Luteolin (3,4,5,7- Fruits and vegetables NA, HA nasopharyngeal carcinoma, Suppressed the activities of Zta and Rta by deregulating its Sp1 [122]

tetrahydroxyflavone)

and P3HR-1 Burkitt lymphoma cells

binding.
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Saururus chinensis has been used as an anti-inflammatory, antipyretic agent to treat
jaundice and edema in traditional Chinese and Korean medicine. Lignans, isolated from
S. chinensis and Litsea verticillate exhibited an antiviral effect against EBV through inhibition
of the lytic cycle along with other biological activity [117,123]. In particular, among 28 lig-
nans isolated from S. chinensis, manassantin B showed the most promising inhibition [117].

The sulphated polysaccharides found in microalgae were also reported to have antivi-
ral activity. For instance, the methanol extracts of Synechococcus elongatus and Ankistrodesmus
convolutus were reported with low cytotoxicity and a strong antiviral effect against EBV in
Burkitt’s lymphoma cells. The antiviral activity was measured by reducing the cell-free
EBV DNA [119].

Moronic acid found in Rhus chinensis and Brazilian propolis inhibited the expression of
Rta, Zta, and an EBV early protein [116]. It was also reported that moronic acid interfered
with the function of Rta. In particular, it reduced the ability of Rta to activate a promoter
containing a Rta-response element [116]. As the expression of many EBV lytic genes
depends on Rta, the treatment of P3HR1 Burkitt’s lymphoma cells with moronic acid
substantially reduced EBV particles produced by the lytic cycle [116].

Astragalus membranaceus has been used in traditional Chinese medicine for centuries
primarily due to its immune-stimulatory, antiviral, antioxidant, and antitumor properties.
The plant extract inhibited EBV lytic cycle by suppressing the expression of the immediate—
early protein, including Zta, Rta, and EA-D [118]. The authors reported that the antiviral
activities of A. membranaceus were attributed to its polysaccharides [118].

Henna (Lawsonia inermis L.) has been used to treat various ailments, including having
antimalarial, antibacterial, and antidiabetic uses for centuries [121]. This plant is found
in Africa, southern Asia, and part of Australia. Henna leaf powder and its primary
pigment, lawsone (2-hydroxy-1,4-naphthoquinone), both showed significant inhibition
(>88%) of EBV-early antigen activation in vitro. Additionally, henna leaf powder and
lawsone significantly reduced skin carcinogenesis incidence in a mouse model administered
by either oral or topical routes [121].

Cordyceps belong to the genus of Ascomycete fungi. Cordyceps are well known
for their medicinal properties [124]. For instance, cordycepin, an adenosine derivative,
found in cordyceps, expressed antitumor, antiviral and antifungal properties in previous
studies [124]. Since cordycepin has a similar chemical structure to adenosine, it can be
intercalated into RNA molecules and can terminate RNA synthesis [124]. Cordycepin
can be either isolated from cordyceps or be produced synthetically and was reported
to significantly downregulate most EBV genes of those tested [124]. The EBV genome
copy number was reduced by up to 55%, in response to 125 uM cordycepin treatment.
Furthermore, cordycepin significantly suppressed EBV transmission from cell to cell in
a coculture [124]. Therefore, cordyceps should be further investigated for their activity
against gamma herpesvirus infection and resulting cancers.

Manassantin B, a natural lignan extracted from the roots of the Asian lizard’s tail
plant (Saururus chinensis), was found to be efficient in blocking EBV lytic replication and
virion production with lower cytotoxicity [114]. The underlying mechanism by which
manassantin B targets the viral lytic replication was through suppression of the BZLF1
gene expression by interrupting the AP-1 signal transduction [114]. It specifically blocked
the rapamycin complex 2 (mTORC2)-mediated phosphorylation of AKT Ser/Thr protein
kinase at Ser-473 and protein kinase Cx (PKC«) at Ser-657. Briefly, Manassantin B inhibited
mTORC?2 activity by blocking the mTORC2-PKC/AKT-signalling pathway [114].

DNA methylation is an integral part of the EBV lytic cycle in which the viral genome
is methylated during the latency period, and it gradually becomes unmethylated in the
lytic cycles [125]. In EBV-associated NPC patients, abnormal DNA methylation has been
found, which correlates with poor survival outcomes. Targeting this DNMT1, which
causes abnormal DNA hypermethylation, is vital for epigenetic cancer therapy [125].
Natural compounds such as Grifolin have demonstrated DNMT1 expression inhibition
and mitochondrial translocation [112].
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4.1. Antiviral Agents from Food Sources

Recent research has also found effective EBV antiviral agents such as resveratrol and
EGCG from regular foods such as vegetables and spices. Resveratrol is a natural phenolic
compound found in many plants and fruits. The antiviral activity of resveratrol was
reported for the influenza A virus, HIV, polyomavirus, and Herpesviridae family [126].
De Leo et al. demonstrated that resveratrol strongly induced apoptosis of EBV-positive
Burkitt’s lymphoma cells depending on the viral latency program [97]. In particular,
resveratrol greatly suppressed latency I EBV (+) cells, but not latency II and III cells
(Figure 2). Additionally, resveratrol inhibited EBV reactivation by suppressing the lytic
genes expression [96,97]. The production of virion was also reduced in a dose-dependent
manner with the resveratrol treatment.

The popular green tea catechin EGCG is also a potential candidate for antiviral drug
development. EGCG inhibited the expression of EBV lytic protein by blocking the tran-
scription of immediate-early genes [102]. Liu et al. reported that EGCG could effectively
inhibit the EBV lytic cycle at DNA, transcription, and protein levels [103,104]. Similarly,
the dietary flavonoid apigenin, abundant in parsley, chamomile, celery, and vine-spinach,
blocked the EBV lytic cycle by suppressing the expression of immediate—early lytic protein
Zta, Rta, EA-D, and DNase and significantly reduced the production of EBV virion [99].

In comparison to EGCG and apigenin, luteolin (3,4,5,7-tetrahydroxyflavone) and
protoapigenone inhibited EBV by suppressing the activity of immediate—early lytic pro-
tein [115,122]. Protoapigenone, a natural derivative of apigenin, inhibited the transacti-
vation function of Zta and had no effect on the ability of Rta [115]. Additionally, pro-
toapigenone was not toxic to the P3HR1 cells at the concentration that inhibit the function
of Zta, indicating its therapeutic potential (selectivity index) in preventing EBV lytic prolif-
eration [115]. Luteolin, a popular flavonoid has been reported to have several therapeutic
properties including anti-inflammatory, antioxidant, antidiabetic, and antiangiogenesis
activities. Luteolin also exhibited a significant inhibitory effect on EBV reactivation by
suppressing Zta and Rta activities via deregulating its Sp1 binding, resulting in reduced
virion production [122].

Angelicin is an angular furocoumarin naturally found in the seeds of Psoralea corylifolia,
the roots of Angelica archangelica, and the family of Umbelliferae plants. Angelicin has been
used to treat various skin diseases together with long-wavelength UV irradiation [120].
It efficiently inhibited lytic replication of murine gammaherpesvirus 68 (MHV-68) in a
dose-dependent manner [120].

Ramayanti et al. reported that curcumin and its analogues significantly induced EBV
reactivation in nasopharyngeal and gastric carcinomas cells [127]. Moreover, curcumi-
noids, especially compound EF24 (curcumin with the replacement of the 3-diketone by
piperidinone), displayed exceptional potential as an EBV lytic activator [127]. Furthermore,
curcumin was found to reduce the viability and promote the apoptosis of EBV (+) nasopha-
ryngeal carcinoma cells [127]. It also inhibited the proliferation of tumour cells by targeting
the expression of EBV nuclear antigen 1 and exerted an antitumor effect [74].

4.2. Structural Modifications of Natural Products for Enhanced Activity

Natural antiviral agents thus far have not been highly effective in inhibiting EBV and
have often displayed cytotoxicity, which limits their application to treat EBV infections.
Structural modification of natural compounds and synthesis of new compounds have
been conducted in the literature to overcome these limitations. For example, coumarin (+)-
rutamarin, found in Ruta graveolens, moderately inhibited the EBV lytic cycle (ICsp = 7.0 uM)
and its potency was not adequate for further investigation [100]. Twenty-eight (-)-rutamarin
were semisynthesized from (-) chalepin, which is a derivative of (+)-rutamarin [100]. Of
these, sixteen compounds were potent against EBV lytic DNA replication. The most
effective antiviral compound had an ICs5j value of 0.83 uM (dropped ninefold compared to
unmodified (+)-rutamarin) and a selectivity index value of >120 [100].
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Protoflavones are natural flavonoids, well known for antitumor properties [128].
However, their cytotoxicity against normal cells is a major concern [129]. Protoapigenone, a
protoflavone, was reported to have an inhibitory effect on the EBV lytic cycle [129]. Twenty-
seven compounds were prepared from apigenin, aiming to create protoflavones with
less cytotoxic effect [129]. Among these semisynthesis derivatives, protoapigenone 1’-O-
isopropyl ether was a promising lead with significant activity against EBV, low cytotoxicity,
and a selectivity index of 73 [129].

GAP31 (gelonium anti-HIV protein, 31 kDa) protein, first isolated from the plant
Gelonium multifloru, has shown great antiviral activities against HIV and HPV 1 infec-
tion [130]. The authors also reported the antiviral activities of GAP31 (synthetic) against
EBV via targeting EBNA1, the only latent gene expressed in most EBV neoplasms [131].
EBNA1 binds to the replication origin (oriP) to display its biological impact on EBV-
driven cell transformation and maintenance [131]. Recombinant GAP31 blocked EBNA1
dimer formation and consequently impaired EBNA1/oriP binding and transcription [131].
The blocking effect of GAP31 on EBNA1/oriP-dependent functions included impairing
EBV-driven cell proliferation, transformation, and tumorigenesis [131]. In particular,
rGAP31 at 0.32 nM reduced approximately 90% of the lymphoblastoid cell lines pro-
liferation by day 15 in that study [131]. Furthermore, the EBV-driven cell transformation
outgrowth was entirely abrogated by 0.64 nM rGAP31 [131]. GAP31 also suppressed
EBV-mediated cancer formation and reduced the tumour size in the xenograft mouse
model [131].

5. Conclusions and Future Direction

Natural sources with great chemical diversity could be the key to discovering novel,
potent, and safe antiviral agents against EBV. However, the research on the therapeutic
effect of gut microbial metabolites and natural products against EBV infection and can-
cers is limited. Natural bioactive compounds in plants, fruits and vegetables, microbes,
fungi, and marine organisms have been shown to have significant antiviral and anticancer
properties in the current literature. Most of the natural antiviral agents studied against
EBV are phenolic compounds that suppressed expression and/or interfered with the func-
tions of the EBV lytic proteins with some compounds inhibiting EBNAI. A few agents
acted as nucleoside analogues and terminated RNA synthesis. Compounds such as trip-
tolide, wogonin, and berberine have been tested in animal models for their efficacy against
EBV-induced infection. Furthermore, the structural modification of natural compounds
can be an effective method to improve their efficacy and overcome the limitations (such
as cytotoxicity) of the parent compounds. Although several candidates have shown great
potential for future drug development and their molecular mechanisms of action are un-
derstood up to some extent, further in vivo, and clinical studies are necessary. In particular,
understanding their molecular mechanisms of action through more systematic in vitro
and in vivo studies is crucial before conducting clinical trials. Similarly, future research
is warranted to investigate the effectiveness and molecular mechanisms of gut microbial
metabolites and gut microbiome in general against EBV-induced diseases at both preclini-
cal and clinical levels. The potential role of probiotic foods against EBV could be another
exciting area of research.

Author Contributions: R.A.E.: conceptualisation, methodology, investigation, writing—original
draft, figures, visualisation. H.T.V.: methodology, investigation, writing—original draft. R.S.: method-
ology, investigation, writing—original draft. D.C.: writing—review. C.G.L.: writing—review. D.].B.:
conceptualisation, design, methodology, investigation, writing—original draft, figures, review and
editing, visualisation, funding, supervision. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding. The APC was funded by Western Sydney
University, Australia.

Institutional Review Board Statement: Not applicable.



Int. J. Mol. Sci. 2023, 24,1716 18 of 23

Informed Consent Statement: Not applicable.
Data Availability Statement: No new data were created.

Acknowledgments: The research was supported by Western Sydney University, Australia. R.A.E.
and is supported by Western Sydney University PhD. Scholarship. R.S. was supported by the Western
Sydney University Summer Scholarship. D.]J.B. is supported by the Research Support Program
Fellowship at Western Sydney University. The authors acknowledge the open-access funding support
from Western Sydney University. Figures 1 and 3 were created with biorender.com.

Conflicts of Interest: As a medical research institute, NICM Health Research Institute receives
research grants and donations from foundations, universities, government agencies, individuals, and
industries. Sponsors and donors also provide untied funding for work to advance the vision and
mission of the institute. The authors declare no conflict of interest.

References

1.

10.
11.
12.
13.
14.
15.
16.
17.

18.

19.

20.

21.

22.

23.

24.

Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer |. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

Blackadar, C.B. Historical review of the causes of cancer. World J. Clin. Oncol. 2016, 7, 54-86. [CrossRef]

Moore, P.S.; Chang, Y. Why do viruses cause cancer? Highlights of the first century of human tumour virology. Nat. Rev. Cancer
2010, 10, 878-889. [CrossRef]

Fatima, I.; Kanwal, S.; Mahmood, T. Natural Products Mediated Targeting of Virally Infected Cancer. Dose-Response 2019, 17,
1559325818813227. [CrossRef] [PubMed]

zur Hausen, H.; de Villiers, EIM. Cancer: “causation” by infections—individual contributions and synergistic networks. Semin.
Oncol. 2014, 41, 860-875. [CrossRef] [PubMed]

Bouvard, V,; Baan, R,; Straif, K.; Grosse, Y.; Secretan, B.; El Ghissassi, F; Benbrahim-Tallaa, L.; Guha, N.; Freeman, C.; Galichet, L.; et al.
A review of human carcinogens—Part B: Biological agents. Lancet Oncol. 2009, 10, 321-322. [CrossRef] [PubMed]

Butel, J.S. Viral carcinogenesis: Revelation of molecular mechanisms and etiology of human disease. Carcinog. 2000, 21, 405-426.
[CrossRef] [PubMed]

Chang, Y.; Moore, P.S.; Weiss, R.A. Human oncogenic viruses: Nature and discovery. Philos. Trans. R. Soc. B Biol. Sci. 2017, 372,
20160264. [CrossRef] [PubMed]

Trichopoulos, D. Infections and human cancer: Cancer surveys, volume 33; microbes and malignancy: Infection as a cause of
human cancers. BM]J 1999, 319, 1207. [CrossRef]

Foulkes, W.D. Inherited Susceptibility to Common Cancers. N. Engl. . Med. 2008, 359, 2143-2153. [CrossRef] [PubMed]

Garber, J.E.; Offit, K. Hereditary Cancer Predisposition Syndromes. J. Clin. Oncol. 2005, 23, 276-292. [CrossRef] [PubMed]
Greaves, M.; Maley, C.C. Clonal evolution in cancer. Nature 2012, 481, 306-313. [CrossRef]

Curtius, K.; Wright, N.A.; Graham, T.A. An evolutionary perspective on field cancerization. Nat. Rev. Cancer 2018, 18, 19-32.
[CrossRef] [PubMed]

Pitot, H.C. The molecular biology of carcinogenesis. Cancer 1993, 72 (Suppl. 3), 962-970. [CrossRef]

Morales-Sanchez, A.; Fuentes-Panand, E.M. Human Viruses and Cancer. Viruses 2014, 6, 4047-4079. [CrossRef]

Khidr, L.; Chen, P-L. RB, the conductor that orchestrates life, death and differentiation. Oncogene 2006, 25, 5210-5219. [CrossRef]
[PubMed]

Cohen, S.B.; Graham, M.E,; Lovrecz, G.O.; Bache, N.; Robinson, PJ.; Reddel, R.R. Protein Composition of Catalytically Active
Human Telomerase from Immortal Cells. Science 2007, 315, 1850-1853. [CrossRef]

Terrin, L.; Dal Col, J.; Rampazzo, E.; Zancai, P.; Pedrotti, M.; Ammirabile, G.; Bergamin, S.; Rizzo, S.; Dolcetti, R.; De Rossi,
A. Latent Membrane Protein 1 of Epstein-Barr Virus Activates the hTERT Promoter and Enhances Telomerase Activity in B
Lymphocytes. J. Virol. 2008, 82, 10175-10187. [CrossRef] [PubMed]

Lewis, B.P; Burge, C.B.; Bartel, D.P. Conserved Seed Pairing, Often Flanked by Adenosines, Indicates that Thousands of Human
Genes are MicroRNA Targets. Cell 2005, 120, 15-20. [CrossRef] [PubMed]

Marquitz, A.R.; Raab-Traub, N. The role of miRNAs and EBV BARTs in NPC. Semin. Cancer Biol. 2012, 22, 166-172. [CrossRef]
[PubMed]

Chimal-Ramirez, G.K.; Espinoza-Sanchez, N.A.; Fuentes-Panand, E.M. Protumor Activities of the Immune Response: Insights in
the Mechanisms of Immunological Shift, Oncotraining, and Oncopromotion. J. Oncol. 2013, 2013, 1-16. [CrossRef]

Chadburn, A.; Abdul-Nabi, A.M.; Teruya, B.S.; Lo, A.A. Lymphoid Proliferations Associated With Human Immunodeficiency
Virus Infection. Arch. Pathol. Lab. Med. 2013, 137, 360-370. [CrossRef]

Michaelis, M.; Doerr, H.W.; Cinatl, J. The Story of Human Cytomegalovirus and Cancer: Increasing Evidence and Open Questions.
Neoplasia 2009, 11, 1-9. [CrossRef] [PubMed]

Andrei, G.; Trompet, E.; Snoeck, R. Novel therapeutics for Epstein-Barr virus. Molecules 2019, 24, 997. [CrossRef]


biorender.com
http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.5306/wjco.v7.i1.54
http://doi.org/10.1038/nrc2961
http://doi.org/10.1177/1559325818813227
http://www.ncbi.nlm.nih.gov/pubmed/30670935
http://doi.org/10.1053/j.seminoncol.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25499643
http://doi.org/10.1016/S1470-2045(09)70096-8
http://www.ncbi.nlm.nih.gov/pubmed/19350698
http://doi.org/10.1093/carcin/21.3.405
http://www.ncbi.nlm.nih.gov/pubmed/10688861
http://doi.org/10.1098/rstb.2016.0264
http://www.ncbi.nlm.nih.gov/pubmed/28893931
http://doi.org/10.1136/bmj.319.7218.1207
http://doi.org/10.1056/NEJMra0802968
http://www.ncbi.nlm.nih.gov/pubmed/19005198
http://doi.org/10.1200/JCO.2005.10.042
http://www.ncbi.nlm.nih.gov/pubmed/15637391
http://doi.org/10.1038/nature10762
http://doi.org/10.1038/nrc.2017.102
http://www.ncbi.nlm.nih.gov/pubmed/29217838
http://doi.org/10.1002/1097-0142(19930801)72:3+&lt;962::AID-CNCR2820721303&gt;3.0.CO;2-H
http://doi.org/10.3390/v6104047
http://doi.org/10.1038/sj.onc.1209612
http://www.ncbi.nlm.nih.gov/pubmed/16936739
http://doi.org/10.1126/science.1138596
http://doi.org/10.1128/JVI.00321-08
http://www.ncbi.nlm.nih.gov/pubmed/18684838
http://doi.org/10.1016/j.cell.2004.12.035
http://www.ncbi.nlm.nih.gov/pubmed/15652477
http://doi.org/10.1016/j.semcancer.2011.12.001
http://www.ncbi.nlm.nih.gov/pubmed/22178394
http://doi.org/10.1155/2013/835956
http://doi.org/10.5858/arpa.2012-0095-RA
http://doi.org/10.1593/neo.81178
http://www.ncbi.nlm.nih.gov/pubmed/19107226
http://doi.org/10.3390/molecules24050997

Int. J. Mol. Sci. 2023, 24,1716 19 of 23

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Zhang, S.; Zhu, Y,; Jin, Y.; Sun, H.; Wang, W.; Zhan, L. Difference between Acyclovir and Ganciclovir in the Treatment of Children
with Epstein—Barr Virus-Associated Infectious Mononucleosis. Evid.-Based Complement. Altern. Med. 2021, 2021, 1-6. [CrossRef]
[PubMed]

El Sayed, K.A. Natural Products as Antiviral Agents. Stud. Nat. Prod. Chem. 2000, 24, 473-572. [CrossRef]

Jaye, K,; Li, C.G.; Chang, D.; Bhuyan, D.J. The role of key gut microbial metabolites in the development and treatment of cancer.
Gut Microbes 2022, 14, 2038865. [CrossRef] [PubMed]

Jaye, K.; Li, C.G.; Bhuyan, D.J. The complex interplay of gut microbiota with the five most common cancer types: From
carcinogenesis to therapeutics to prognoses. Crit. Rev. Oncol. 2021, 165, 103429. [CrossRef] [PubMed]

Ascherio, A.; Munger, K.L. Epstein—Barr Virus Infection and Multiple Sclerosis: A Review. |. Neuroimmune Pharmacol. 2010, 5,
271-277. [CrossRef]

Murata, T. Regulation of Epstein-Barr virus reactivation from latency. Microbiol. Immunol. 2014, 58, 307-317. [CrossRef]
Roderburg, C.; Krieg, S.; Krieg, A.; Luedde, T.; Kostev, K.; Loosen, S.H. The Association between Infectious Mononucleosis and
Cancer: A Cohort Study of 24,190 Outpatients in Germany. Cancers 2022, 14, 5837. [CrossRef] [PubMed]

Kenney, S.C.; Mertz, ].E. Regulation of the latent-lytic switch in Epstein-Barr virus. Semin. Cancer Biol. 2014, 26, 60-68. [CrossRef]
[PubMed]

Miinz, C. Latency and lytic replication in Epstein—Barr virus-associated oncogenesis. Nat. Rev. Genet. 2019, 17, 691-700. [CrossRef]
[PubMed]

Saha, A.; Robertson, E.S. Mechanisms of B-Cell Oncogenesis Induced by Epstein-Barr Virus. |. Virol. 2019, 93, e00238-19.
[CrossRef] [PubMed]

Mesri, E.A.; Feitelson, M. A.; Munger, K. Human Viral Oncogenesis: A Cancer Hallmarks Analysis. Cell Host Microbe 2014, 15,
266-282. [CrossRef]

Thompson, M.P,; Kurzrock, R. Epstein-Barr virus and cancer. Clin. Cancer Res. 2004, 10, 803-821. [CrossRef]

Niedobitek, G.; Young, L.; Herbst, H. Epstein-Barr virus infection and the pathogenesis of malignant lymphomas. Cancer Surv.
1997, 30, 143-162.

Babcock, G.J.; Hochberg, D.; Thorley-Lawson, D.A. The Expression Pattern of Epstein-Barr Virus Latent Genes In Vivo Is
Dependent upon the Differentiation Stage of the Infected B Cell. Immunity 2000, 13, 497-506. [CrossRef]

Kamranvar, S.A.; Masucci, M.G. Regulation of Telomere Homeostasis during Epstein-Barr virus Infection and Immortalization.
Viruses 2017, 9, 217. [CrossRef]

Portis, T.; Longnecker, R. Epstein—Barr virus (EBV) LMP2A mediates B-lymphocyte survival through constitutive activation of
the Ras/PI3K/ Akt pathway. Oncogene 2004, 23, 8619-8628. [CrossRef]

Sbih-Lammali, F.; Djennaoui, D.; Belaoui, H.; Bouguermouh, A.; Decaussin, G.; Ooka, T. Transcriptional expression of Epstein-Barr
virus genes and proto-oncogenes in north African nasopharyngeal carcinoma. J. Med. Virol. 1996, 49, 7-14. [CrossRef]

zur Hausen, H.; O’'Neill, EJ.; Freese, U.K.; Hecker, E. Persisting oncogenic herpesvirus induced by the tumour promotor TPA.
Nature 1978, 272, 373-375. [CrossRef] [PubMed]

Soldan, S.S.; Lieberman, PM. Epstein-Barr virus and multiple sclerosis. Nat. Rev. Microbiol. 2022, 21, 51-64. [CrossRef] [PubMed]
Fan, Y.; Pedersen, O. Gut microbiota in human metabolic health and disease. Nat. Rev. Microbiol. 2021, 19, 55-71. [CrossRef]
Silva, Y.P.; Bernardi, A.; Frozza, R.L. The Role of Short-Chain Fatty Acids From Gut Microbiota in Gut-Brain Communication.
Front. Endocrinol. 2020, 11, 25. [CrossRef] [PubMed]

Sliva, J.; Pantzartzi, C.N.; Votava, M. Inosine Pranobex: A Key Player in the Game Against a Wide Range of Viral Infections and
Non-Infectious Diseases. Adv. Ther. 2019, 36, 1878-1905. [CrossRef] [PubMed]

Cotter, P; Hill, C.; Ross, R. Bacteriocins: Developing innate immunity for food. Nat. Rev. Genet. 2005, 3, 777-788. [CrossRef]
[PubMed]

Kesika, P.; Sivamaruthi, B.S.; Thangaleela, S.; Chaiyasut, C. The Antiviral Potential of Probiotics—A Review on Scientific
Outcomes. Appl. Sci. 2021, 11, 8687. [CrossRef]

Gleeson, M.; Bishop, N.C.; Struszczak, L. Effects of Lactobacillus casei Shirota ingestion on common cold infection and herpes
virus antibodies in endurance athletes: A placebo-controlled, randomized trial. Eur. J. Appl. Physiol. 2016, 116, 1555-1563.
[CrossRef]

Cummings, ].H.; Pomare, E.W.; Branch, W.J.; Naylor, C.P.; Macfarlane, G.T. Short chain fatty acids in human large intestine, portal,
hepatic and venous blood. Gut 1987, 28, 1221-1227. [CrossRef]

Schonfeld, P.; Wojtczak, L. Short-and medium-chain fatty acids in energy metabolism: The cellular perspective. |. Lipid Res. 2016,
57,943-954. [CrossRef] [PubMed]

Machado, M.G.; Sencio, V.; Trottein, F. Short-Chain Fatty Acids as a Potential Treatment for Infections: A Closer Look at the
Lungs. Infect. Immun. 2021, 89, e00188-21. [CrossRef] [PubMed]

Gorres, K.L,; Daigle, D.; Mohanram, S.; Miller, G. Activation and repression of Epstein-Barr virus and Kaposi’s sarcoma-associated
herpesvirus lytic cycles by short-and medium-chain fatty acids. . Virol. 2014, 88, 8028-8044. [CrossRef] [PubMed]

Li, D.; Feng, Y; Tian, M.; Ji, ].; Hu, X.; Chen, F. Gut microbiota-derived inosine from dietary barley leaf supplementation attenuates
colitis through PPARY signaling activation. Microbiome 2021, 9, 83. [CrossRef] [PubMed]

Sumbria, D.; Berber, E.; Rouse, B.T. Supplementing the Diet with Sodium Propionate Suppresses the Severity of Viral Immuno-
inflammatory Lesions. J. Virol. 2021, 95, €02056-20. [CrossRef]


http://doi.org/10.1155/2021/8996934
http://www.ncbi.nlm.nih.gov/pubmed/34721648
http://doi.org/10.1016/s1572-5995(00)80051-4
http://doi.org/10.1080/19490976.2022.2038865
http://www.ncbi.nlm.nih.gov/pubmed/35220885
http://doi.org/10.1016/j.critrevonc.2021.103429
http://www.ncbi.nlm.nih.gov/pubmed/34293459
http://doi.org/10.1007/s11481-010-9201-3
http://doi.org/10.1111/1348-0421.12155
http://doi.org/10.3390/cancers14235837
http://www.ncbi.nlm.nih.gov/pubmed/36497319
http://doi.org/10.1016/j.semcancer.2014.01.002
http://www.ncbi.nlm.nih.gov/pubmed/24457012
http://doi.org/10.1038/s41579-019-0249-7
http://www.ncbi.nlm.nih.gov/pubmed/31477887
http://doi.org/10.1128/JVI.00238-19
http://www.ncbi.nlm.nih.gov/pubmed/30971472
http://doi.org/10.1016/j.chom.2014.02.011
http://doi.org/10.1158/1078-0432.CCR-0670-3
http://doi.org/10.1016/S1074-7613(00)00049-2
http://doi.org/10.3390/v9080217
http://doi.org/10.1038/sj.onc.1207905
http://doi.org/10.1002/(SICI)1096-9071(199605)49:1&lt;7::AID-JMV2&gt;3.0.CO;2-A
http://doi.org/10.1038/272373a0
http://www.ncbi.nlm.nih.gov/pubmed/204874
http://doi.org/10.1038/s41579-022-00770-5
http://www.ncbi.nlm.nih.gov/pubmed/35931816
http://doi.org/10.1038/s41579-020-0433-9
http://doi.org/10.3389/fendo.2020.00025
http://www.ncbi.nlm.nih.gov/pubmed/32082260
http://doi.org/10.1007/s12325-019-00995-6
http://www.ncbi.nlm.nih.gov/pubmed/31168764
http://doi.org/10.1038/nrmicro1273
http://www.ncbi.nlm.nih.gov/pubmed/16205711
http://doi.org/10.3390/app11188687
http://doi.org/10.1007/s00421-016-3415-x
http://doi.org/10.1136/gut.28.10.1221
http://doi.org/10.1194/jlr.R067629
http://www.ncbi.nlm.nih.gov/pubmed/27080715
http://doi.org/10.1128/IAI.00188-21
http://www.ncbi.nlm.nih.gov/pubmed/34097474
http://doi.org/10.1128/JVI.00722-14
http://www.ncbi.nlm.nih.gov/pubmed/24807711
http://doi.org/10.1186/s40168-021-01028-7
http://www.ncbi.nlm.nih.gov/pubmed/33820558
http://doi.org/10.1128/JVI.02056-20

Int. J. Mol. Sci. 2023, 24,1716 20 of 23

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Li, J.; Richards, E.M.; Handberg, E.M.; Pepine, C.J.; Raizada, M.K. Butyrate Regulates COVID-19-Relevant Genes in Gut Epithelial
Organoids From Normotensive Rats. Hypertension 2021, 77, e13-e16. [CrossRef]

Srinivasan, S.; Torres, A.; de Pouplana, L.R. Inosine in Biology and Disease. Genes 2021, 12, 600. [CrossRef]

Mager, L.F,; Burkhard, R.; Pett, N.; Cooke, N.C.A.; Brown, K.; Ramay, H.; Paik, S.; Stagg, J.; Groves, R.A.; Gallo, M.; et al.
Microbiome-derived inosine modulates response to checkpoint inhibitor immunotherapy. Science 2020, 369, 1481-1489. [CrossRef]
Lasek, W.; Janyst, M.; Wolny, R.; Zapata, L.; Bocian, K.; Drela, N. Inmunomodulatory effects of inosine pranobex on cytokine
production by human lymphocytes. Acta Pharm. 2015, 65, 171-180. [CrossRef]

Tsang, K.Y.; Fudenberg, H.H.; Pan, ].F.; Gnagy, M.].; Bristow, C.B. An in vitro study on the effects of isoprinosine on immune
responses in cancer patients. Int. J. Immunopharmacol. 1983, 5, 481-490. [CrossRef]

Ahmed, S.R.; Newman, A.S.; O’'Daly, J.; Duffy, S.; Grafton, G.; Brady, C.A.; Curnow, S.J.; Barnes, N.M.; Gordon, J. Inosine
Acedoben Dimepranol promotes an early and sustained increase in the natural killer cell component of circulating lymphocytes:
A clinical trial supporting anti-viral indications. Int. Immunopharmacol. 2017, 42, 108-114. [CrossRef]

Bekesi, ].; Tsang, P.; Wallace, J.; Roboz, J. Immunorestorative properties of isoprinosine in the treatment of patients at high risk of
developing ARC or AIDS. J. Clin. Lab. Immunol. 1987, 24, 155-161.

Tsang, K.Y.; Pan, ].E; Swanger, D.; Fudenberg, H. In vitro restoration of immune responses in aging humans by isoprinosine. Int.
J. Immunopharmacol. 1985, 7, 199-206. [CrossRef] [PubMed]

Jani¢kova, O.; Ancicovd, L.; Briestenska, K.; Mistrikova, J. The effect of Isoprinosine treatment on persistent infection of Balb/c
mice infected with murine gammaherpesvirus 68. Acta Virol. 2017, 61, 32-38. [CrossRef] [PubMed]

Sundar, S.K,; Barile, G.; Menezes, J. Isoprinosine enhances the activation of sensitized lymphocytes by Epstein-Barr virus antigens.
Int. J. Immunopharmacol. 1985, 7, 187-192. [CrossRef] [PubMed]

Beran, J.; éalapové, E; épajdel, M. Inosine pranobex is safe and effective for the treatment of subjects with confirmed acute
respiratory viral infections: Analysis and subgroup analysis from a Phase 4, randomised, placebo-controlled, double-blind study.
BMC Infect. Dis. 2016, 16, 1-10. [CrossRef]

Beran, J.; épajdel, M.; Katzerova, V.; Holousova, A.; Malys, J.; Rouskova, J.E; Sliva, J. Inosine pranobex significantly decreased the
case-fatality rate among PCR positive elderly with SARS-CoV-2 at three nursing homes in the Czech Republic. Pathogens 2020, 9,
1055. [CrossRef]

Klaenhammer, T.R. Genetics of bacteriocins produced by lactic acid bacteria. FEMS Microbiol. Rev. 1993, 12, 39-85. [CrossRef]
Al Kassaa, I.; Hober, D.; Hamze, M.; Chihib, N.E.; Drider, D. Antiviral Potential of Lactic Acid Bacteria and Their Bacteriocins.
Probiotics Antimicrob. Proteins 2014, 6, 177-185. [CrossRef]

Todorov, S.D.; Wachsman, M.B.; Knoetze, H.; Meincken, M.; Dicks, L.M. An antibacterial and antiviral peptide produced by
Enterococcus mundtii ST4V isolated from soya beans. Int. . Antimicrob. Agents 2005, 25, 508-513. [CrossRef]

Wachsman, M.B,; Castilla, V.; de Ruiz Holgado, A.P.;; de Torres, R.A.; Sesma, F.; Coto, C.E. Enterocin CRL35 inhibits late stages of
HSV-1 and HSV-2 replication in vitro. Antivir. Res. 2003, 58, 17-24. [CrossRef] [PubMed]

Férir, G.; Petrova, M.I.; Andrei, G.; Huskens, D.; Hoorelbeke, B.; Snoeck, R.; Vanderleyden, ].; Balzarini, J.; Bartoschek, S.;
Bronstrup, M.; et al. The Lantibiotic Peptide Labyrinthopeptin A1 Demonstrates Broad Anti-HIV and Anti-HSV Activity with
Potential for Microbicidal Applications. PLoS ONE 2013, 8, e64010. [CrossRef] [PubMed]

Torres, N.I,; Noll, K.S.; Xu, S.; Li, ].; Huang, Q.; Sinko, PJ.; Wachsman, M.B.; Chikindas, M.L. Safety, formulation and in vitro
antiviral activity of the antimicrobial peptide subtilosin against herpes simplex virus type 1. Probiotics Antimicrob. 2013, 5, 26-35.
[CrossRef] [PubMed]

Liu, L.; Yang, J.; Ji, W.; Wang, C. Curcumin Inhibits Proliferation of Epstein—Barr Virus-Associated Human Nasopharyngeal
Carcinoma Cells by Inhibiting EBV Nuclear Antigen 1 Expression. BioMed Res. Int. 2019, 2019, 1-10. [CrossRef]

Lin, T.-P; Chen, S.-Y,; Duh, P.-D.; Chang, L.-K,; Liu, Y.-N. Inhibition of the Epstein-Barr Virus Lytic Cycle by Andrographolide.
Biol. Pharm. Bull. 2008, 31, 2018-2023. [CrossRef]

Kapadia, G.J.; Azuine, M.A.; Tokuda, H.; Takasaki, M.; Mukainaka, T.; Konoshima, T.; Nishino, H. Chemopreventive effect of
resveratrol, sesamol, sesame oil and sunflower oil in the Epstein—Barr virus early antigen activation assay and the mouse skin
two-stage carcinogenesis. Pharmacol. Res. 2002, 45, 499-505. [CrossRef]

Li, T,; Peng, T. Traditional Chinese herbal medicine as a source of molecules with antiviral activity. Antivir. Res. 2013, 97, 1-9.
[CrossRef]

Musarra-Pizzo, M.; Pennisi, R.; Ben-Amor, I.; Mandalari, G.; Sciortino, M. Antiviral Activity Exerted by Natural Products against
Human Viruses. Viruses 2021, 13, 828. [CrossRef] [PubMed]

Hassan, S.T.; Masar¢ikova, R.; Berchova, K. Bioactive natural products with anti-herpes simplex virus properties. J. Pharm.
Pharmacol. 2015, 67, 1325-1336. [CrossRef]

Ruchawapol, C.; Yuan, M.; Wang, S.-M.; Fu, W.-W.; Xu, H.-X. Natural Products and Their Derivatives against Human Herpesvirus
Infection. Molecules 2021, 26, 6290. [CrossRef]

Zhang, H; Li, C.; Kwok, S.-T.; Zhang, Q.-W.; Chan, S.-W. A Review of the Pharmacological Effects of the Dried Root ofPolygonum
cuspidatum(Hu Zhang) and Its Constituents . Evid.-Based Complement. Altern. Med. 2013, 2013, 1-13. [CrossRef]

Yiu, C.-Y,; Chen, S.-Y.; Chen, Y.-P; Lin, T.-P. Inhibition of the ethanolic extract from Polygonum cuspidatum root on the functions
of Epstein-Barr Virus latent membrane protein 1. J. Food Drug Anal. 2013, 21, 20-26.


http://doi.org/10.1161/HYPERTENSIONAHA.120.16647
http://doi.org/10.3390/genes12040600
http://doi.org/10.1126/science.abc3421
http://doi.org/10.1515/acph-2015-0015
http://doi.org/10.1016/0192-0561(83)90041-3
http://doi.org/10.1016/j.intimp.2016.11.023
http://doi.org/10.1016/0192-0561(85)90027-X
http://www.ncbi.nlm.nih.gov/pubmed/2409037
http://doi.org/10.4149/av_2017_01_32
http://www.ncbi.nlm.nih.gov/pubmed/28105852
http://doi.org/10.1016/0192-0561(85)90025-6
http://www.ncbi.nlm.nih.gov/pubmed/2409036
http://doi.org/10.1186/s12879-016-1965-5
http://doi.org/10.3390/pathogens9121055
http://doi.org/10.1016/0168-6445(93)90057-G
http://doi.org/10.1007/s12602-014-9162-6
http://doi.org/10.1016/j.ijantimicag.2005.02.005
http://doi.org/10.1016/S0166-3542(02)00099-2
http://www.ncbi.nlm.nih.gov/pubmed/12719003
http://doi.org/10.1371/journal.pone.0064010
http://www.ncbi.nlm.nih.gov/pubmed/23724015
http://doi.org/10.1007/s12602-012-9123-x
http://www.ncbi.nlm.nih.gov/pubmed/23637711
http://doi.org/10.1155/2019/8592921
http://doi.org/10.1248/bpb.31.2018
http://doi.org/10.1006/phrs.2002.0992
http://doi.org/10.1016/j.antiviral.2012.10.006
http://doi.org/10.3390/v13050828
http://www.ncbi.nlm.nih.gov/pubmed/34064347
http://doi.org/10.1111/jphp.12436
http://doi.org/10.3390/molecules26206290
http://doi.org/10.1155/2013/208349

Int. J. Mol. Sci. 2023, 24,1716 21 0f23

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Yiu, C.-Y,; Chen, S.-Y.; Huang, C.-W.; Yeh, D.-B.; Lin, T.-P. Inhibitory effects of Polygonum cuspidatum on the Epstein-Barr virus
lytic cycle. J. Food Drug Anal. 2011, 19, 3. [CrossRef]

Yiu, C.-Y,; Chen, S.-Y,; Yang, T.-H.; Chang, C.-].; Yeh, D.-B.; Chen, Y.-J.; Lin, T.-P. Inhibition of Epstein-Barr Virus Lytic Cycle by an
Ethyl Acetate Subfraction Separated from Polygonum cuspidatum Root and Its Major Component, Emodin. Molecules 2014, 19,
1258-1272. [CrossRef]

Kemboi, D.; Peter, X.; Langat, M.; Tembu, J. A review of the ethnomedicinal uses, biological activities, and triterpenoids of
Euphorbia species. Molecules 2020, 25, 4019. [CrossRef] [PubMed]

Wu, T.; Wang, Q.; Jiang, C.; Morris-Natschke, S.L.; Cui, H.; Wang, Y.; Yan, Y.; Xu, J.; Lee, K.-H.; Gu, Q. neo-Clerodane Diterpenoids
from Scutellaria barbata with Activity against Epstein-Barr Virus Lytic Replication. J. Nat. Prod. 2015, 78, 500-509. [CrossRef]
[PubMed]

Liu, S.-N.; Hu, J.; Tan, S.H.; Wang, Q.; Xu, J.; Wang, Y.; Yuan, Y.; Gu, Q. ent-Rosane diterpenoids from Euphorbia milii showing an
Epstein-Barr virus lytic replication assay. RSC Adv. 2017, 7, 46938-46947. [CrossRef]

Wang, C.; Wang, H.; Zhang, Y.; Guo, W.; Long, C.; Wang, J.; Liu, L.; Sun, X. Berberine inhibits the proliferation of human
nasopharyngeal carcinoma cells via an Epstein-Barr virus nuclear antigen 1-dependent mechanism. Oncol. Rep. 2017, 37,
2109-2120. [CrossRef]

Park, G.B.; Park, S.H.; Kim, D.; Kim, Y.S.; Yoon, S.H.; Hur, D.Y. Berberine induces mitochondrial apoptosis of EBV-transformed B
cells through p53-mediated regulation of XAF1 and GADD45«. Int. J. Oncol. 2016, 49, 411-421. [CrossRef]

Tsang, C.M.; Cheung, Y.C,; Lui, VW.-Y,; Yip, Y.L.; Zhang, G.; Lin, VW.; Cheung, K.C.-P; Feng, Y.; Tsao, S.W. Berberine suppresses
tumorigenicity and growth of nasopharyngeal carcinoma cells by inhibiting STAT3 activation induced by tumor associated
fibroblasts. BMC Cancer 2013, 13, 619. [CrossRef]

Zhou, F;Hu, J.; Dai, N; Song, L.; Lin, T,; Liu, ].; Li, K,; Peng, Z.; He, Y.; Liao, D.-F. Berberine and ginsenoside Rg3 act synergistically
via the MAPK/ERK pathway in nasopharyngeal carcinoma cells. ]. Funct. Foods 2020, 66, 103802. [CrossRef]

Wong, K.-F,; Yuan, Y.; Luk, J. Tripterygium wilfordii bioactive compounds as anticancer and anti-inflammatory agents. Clin. Exp.
Pharmacol. Physiol. 2012, 39, 311-320. [CrossRef] [PubMed]

Zhou, H.; Guo, W,; Long, C.; Wang, H.; Wang, ]J.; Sun, X. Triptolide inhibits proliferation of Epstein—Barr virus-positive B
lymphocytes by down-regulating expression of a viral protein LMP1. Biochem. Biophys. Res. Commun. 2015, 456, 815-820.
[CrossRef]

Zhou, H.; Liu, Y.; Wang, C.; Liu, L.; Wang, H.; Zhang, Y.; Long, C.; Sun, X. Triptolide inhibits Epstein-Barr nuclear antigen 1
expression by increasing sensitivity of mitochondria apoptosis of nasopharyngeal carcinoma cells. J. Exp. Clin. Cancer Res. 2018,
37,192. [CrossRef] [PubMed]

Carter, B.Z.; Mak, D.H.; Schober, W.D.; McQueen, T.; Harris, D.; Estrov, Z.; Evans, R.L.; Andreeff, M. Triptolide induces
caspase-dependent cell death mediated via the mitochondrial pathway in leukemic cells. Blood 2006, 108, 630-637. [CrossRef]
[PubMed]

Yiu, C.-Y.; Chen, S.-Y,; Chang, L.-K_; Chiu, Y.-F; Lin, T.-P. Inhibitory Effects of Resveratrol on the Epstein-Barr Virus Lytic Cycle.
Molecules 2010, 15, 7115-7124. [CrossRef] [PubMed]

De Leo, A.; Arena, G.; Lacanna, E.; Oliviero, G.; Colavita, F.; Mattia, E. Resveratrol inhibits Epstein Barr Virus lytic cycle in
Burkitt’s lymphoma cells by affecting multiple molecular targets. Antivir. Res. 2012, 96, 196-202. [CrossRef]

Espinoza, J.L.; Takami, A.; Trung, L.Q.; Kato, S.; Nakao, S. Resveratrol Prevents EBV Transformation and Inhibits the Outgrowth
of EBV-Immortalized Human B Cells. PLoS ONE 2012, 7, €51306. [CrossRef]

Wu, C.-C,; Fang, C.-Y,; Cheng, Y.-].; Hsu, H.-Y.; Chou, S.-P.; Huang, S.-Y.; Tsai, C.-H.; Chen, J.-Y. Inhibition of Epstein-Barr virus
reactivation by the flavonoid apigenin. J. Biomed. Sci. 2017, 24, 1-13. [CrossRef]

Lin, Y,; Wang, Q.; Gu, Q.; Zhang, H.; Jiang, C.; Hu, J.; Wang, Y.; Yan, Y.; Xu, J. Semisynthesis of (—)-Rutamarin Derivatives and
Their Inhibitory Activity on Epstein-Barr Virus Lytic Replication. J. Nat. Prod. 2017, 80, 53-60. [CrossRef]

Wu, X,; Liu, P; Zhang, H.; Li, Y,; Salmani, ].M.M.; Wang, F; Yang, K.; Fu, R.; Chen, Z.; Chen, B. Wogonin as a targeted therapeutic
agent for EBV (+) lymphoma cells involved in LMP1/NF-kB/miR-155/PU. 1 pathway. BMC Cancer 2017, 17, 1-11. [CrossRef]
[PubMed]

Chang, L.-K.; Wei, T.-T.; Chiu, Y.-F,; Tung, C.-P; Chuang, ].-Y,; Hung, S.-K,; Li, C.; Liu, S.-T. Inhibition of Epstein—-Barr virus lytic
cycle by (—)-epigallocatechin gallate. Biochem. Biophys. Res. Commun. 2003, 301, 1062-1068. [CrossRef] [PubMed]

Liu, S.; Li, H,; Chen, L.; Yang, L.; Li, L.; Tao, Y.; Li, W,; Li, Z,; Liu, H.; Tang, M. (-)-Epigallocatechin-3-gallate inhibition of
Epstein—Barr virus spontaneous lytic infection involves ERK1/2 and PI3-K/ Akt signaling in EBV-positive cells. Carcinogenesis
2013, 34, 627-637. [CrossRef] [PubMed]

Liu, S,; Li, H.; Tang, M; Cao, Y. (-)-Epigallocatechin-3-gallate inhibition of Epstein-Barr virus spontaneous lytic infection involves
downregulation of latent membrane protein 1. Exp. Ther. Med. 2018, 15, 1105-1112. [CrossRef] [PubMed]

Lin, J.-C.; Cherng, J.-M.; Hung, M.-S.; Baltina, L.A.; Baltina, L.; Kondratenko, R. Inhibitory effects of some derivatives of
glycyrrhizic acid against Epstein-Barr virus infection: Structure—activity relationships. Antivir. Res. 2008, 79, 6-11. [CrossRef]
Bentz, G.L.; Lowrey, A.J.; Horne, D.C.; Nguyen, V,; Satterfield, A.R.; Ross, T.D.; Harrod, A.E.; Uchakina, O.N.; McKallip, R.J. Using
glycyrrhizic acid to target sumoylation processes during Epstein-Barr virus latency. PLoS ONE 2019, 14, e0217578. [CrossRef]


http://doi.org/10.38212/2224-6614.2234
http://doi.org/10.3390/molecules19011258
http://doi.org/10.3390/molecules25174019
http://www.ncbi.nlm.nih.gov/pubmed/32899130
http://doi.org/10.1021/np500988m
http://www.ncbi.nlm.nih.gov/pubmed/25647077
http://doi.org/10.1039/C7RA08877A
http://doi.org/10.3892/or.2017.5489
http://doi.org/10.3892/ijo.2016.3502
http://doi.org/10.1186/1471-2407-13-619
http://doi.org/10.1016/j.jff.2020.103802
http://doi.org/10.1111/j.1440-1681.2011.05586.x
http://www.ncbi.nlm.nih.gov/pubmed/21834865
http://doi.org/10.1016/j.bbrc.2014.12.023
http://doi.org/10.1186/s13046-018-0865-5
http://www.ncbi.nlm.nih.gov/pubmed/30111354
http://doi.org/10.1182/blood-2005-09-3898
http://www.ncbi.nlm.nih.gov/pubmed/16556893
http://doi.org/10.3390/molecules15107115
http://www.ncbi.nlm.nih.gov/pubmed/20948499
http://doi.org/10.1016/j.antiviral.2012.09.003
http://doi.org/10.1371/journal.pone.0051306
http://doi.org/10.1186/s12929-016-0313-9
http://doi.org/10.1021/acs.jnatprod.6b00415
http://doi.org/10.1186/s12885-017-3145-4
http://www.ncbi.nlm.nih.gov/pubmed/28222771
http://doi.org/10.1016/S0006-291X(03)00067-6
http://www.ncbi.nlm.nih.gov/pubmed/12589821
http://doi.org/10.1093/carcin/bgs364
http://www.ncbi.nlm.nih.gov/pubmed/23180656
http://doi.org/10.3892/etm.2017.5495
http://www.ncbi.nlm.nih.gov/pubmed/29399111
http://doi.org/10.1016/j.antiviral.2008.01.160
http://doi.org/10.1371/journal.pone.0217578

Int. J. Mol. Sci. 2023, 24,1716 22 0f 23

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Long, C.; Xu, Q.-B.; Ding, L.; Yang, L.; Ji, W.; Gao, F; Ji, Y. Triptolide inhibits human telomerase reverse transcriptase by
downregulating translation factors SP1 and c-Myc in Epstein-Barr virus-positive B lymphocytes. Oncol. Lett. 2021, 21, 1.
[CrossRef]

Tsai, Y.-C.; Hohmann, J.; El-Shazly, M.; Chang, L.-K.; Dank¢, B.; Kuisz, N.; Hsieh, C.-T.; Hunyadi, A.; Chang, F.-R. Bioactive
constituents of Lindernia crustacea and its anti-EBV effect via Rta expression inhibition in the viral lytic cycle. J. Ethnopharmacol.
2020, 250, 112493. [CrossRef]

Wu, C.-C,; Chen, M.-S.; Cheng, Y.-].; Ko, Y.-C.; Lin, S.-F,; Chiu, I.-M.; Chen, J.-Y. Emodin Inhibits EBV Reactivation and Represses
NPC Tumorigenesis. Cancers 2019, 11, 1795. [CrossRef]

Hu, L.; Zhang, Y.; Zhu, H; Liu, J.; Li, H.; Li, X.-N.; Sun, W.; Zeng, ].; Xue, Y.; Zhang, Y. Filicinic Acid Based Meroterpenoids with
Anti-Epstein—Barr Virus Activities from Hypericum japonicum. Org. Lett. 2016, 18, 2272-2275. [CrossRef]

Wu, R;; Le, Z.; Wang, Z.; Tian, S.; Xue, Y.; Chen, Y.; Hu, L.; Zhang, Y. Hyperjaponol H, A New Bioactive Filicinic Acid-Based
Meroterpenoid from Hypericum japonicum Thunb. ex Murray . Molecules 2018, 23, 683. [CrossRef]

Luo, X,; Hong, L.; Cheng, C.; Li, N.; Zhao, X,; Shi, F; Liu, J.; Fan, J.; Zhou, J.; Bode, A.M.; et al. DNMT1 mediates metabolic
reprogramming induced by Epstein—Barr virus latent membrane protein 1 and reversed by grifolin in nasopharyngeal carcinoma.
Cell Death Dis. 2018, 9, 6. [CrossRef] [PubMed]

Lee, M.; Son, M.; Ryu, E.; Shin, Y.S.; Kim, ].G.; Kang, B.W.; Sung, G.-H.; Cho, H.; Kang, H. Quercetin-induced apoptosis prevents
EBV infection. Oncotarget 2015, 6, 12603-12624. [CrossRef] [PubMed]

Wang, Q.; Zhu, N.; Hu, J.; Wang, Y.; Xu, ].; Gu, Q.; Lieberman, PM.; Yuan, Y. The mTOR inhibitor manassantin B reveals a crucial
role of mMTORC?2 signaling in Epstein-Barr virus reactivation. J. Biol. Chem. 2020, 295, 7431-7441. [CrossRef]

Tung, C.-P; Chang, F-R.; Wu, Y.-C.; Chuang, D.-W.; Hunyadi, A.; Liu, S.-T. Inhibition of the Epstein-Barr virus lytic cycle by
protoapigenone. J. Gen. Virol. 2011, 92 Pt 8, 1760-1768. [CrossRef]

Chang, F-R.; Hsieh, Y.-C.; Chang, Y.-F,; Lee, K.-H.; Wu, Y.-C.; Chang, L.-K. Inhibition of the Epstein—Barr virus lytic cycle by
moronic acid. Antivir. Res. 2010, 85, 490-495. [CrossRef]

Cui, H,; Xu, B.,; Wu, T; Xu, J.; Yuan, Y.; Gu, Q. Potential Antiviral Lignans from the Roots of Saururus chinensis with Activity
against Epstein—Barr Virus Lytic Replication. J. Nat. Prod. 2014, 77, 100-110. [CrossRef] [PubMed]

Guo, Q; Sun, X.; Zhang, Z.; Zhang, L.; Yao, G.; Li, F; Yang, X.; Song, L.; Jiang, G. The effect of Astragalus polysaccharide on the
Epstein-Barr virus lytic cycle. . Acta Virol. 2014, 58, 76-83. [CrossRef]

Kok, Y.-Y,; Chu, W.-L.; Phang, S.-M.; Mohamed, S.M.; Naidu, R.; Lai, P-J.; Ling, S.-N.; Mak, ].-W,; Lim, PK.-C.; Balraj, P; et al.
Inhibitory activities of microalgal extracts against Epstein-Barr virus DNA release from lymphoblastoid cells. J. Zhejiang Univ. Sci.
B 2011, 12, 335-345. [CrossRef]

Cho, H.-J.; Jeong, S.-G,; Park, J.-E.; Han, ].-A.; Kang, H.-R.; Lee, D.; Song, M.]. Antiviral activity of angelicin against gammaher-
pesviruses. Antivir. Res. 2013, 100, 75-83. [CrossRef]

Kapadia, G.J.; Rao, G.S,; Sridhar, R.; Ichiishi, E.; Takasaki, M.; Suzuki, N.; Konoshima, T.; Iida, A.; Tokuda, H. Chemoprevention
of skin cancer: Effect of Lawsonia inermis L.(Henna) leaf powder and its pigment artifact, lawsone in the Epstein-Barr virus early
antigen activation assay and in two-stage mouse skin carcinogenesis models. Anticancer Agents Med. Chem. 2013, 13, 1500-1507.
[CrossRef]

Wu, C.-C.; Fang, C.-Y;; Hsu, H.-Y.; Chen, Y.-].; Chou, S.-P,; Huang, S.-Y.; Cheng, Y.-].; Lin, S.-F,; Chang, Y.; Tsai, C.-H.; et al. Luteolin
inhibits Epstein-Barr virus lytic reactivation by repressing the promoter activities of immediate-early genes. Antivir. Res. 2016,
132,99-110. [CrossRef]

Wang, D.; Tan, G.T.; Van Hung, N.; Cuong, N.M.; Pezzuto, ] M.; Fong, H.H.; Soejarto, D.D.; Zhang, H. Litsea Species as Potential
Antiviral Plant Sources. Am. J. Chin. Med. 2016, 44, 275-290. [CrossRef]

Ryu, E.; Son, M.; Lee, M,; Lee, K.; Cho, ].Y,; Cho, S.; Lee, SK.; Lee, YM.; Cho, H.; Sung, G.-H.; et al. Cordycepin is a novel chemical
suppressor of Epstein-Barr virus replication. Oncoscience 2014, 1, 866-881. [CrossRef]

Cao, Y,; Xie, L.; Shi, F; Tang, M.; Li, Y,; Hu, J.; Zhao, L.; Zhao, L.; Yu, X.; Luo, X. Targeting the signaling in Epstein-Barr
virus-associated diseases: Mechanism, regulation, and clinical study. Signal Transduct. Target Ther. 2021, 6, 1-33. [CrossRef]
[PubMed]

De Leo, A.; Arena, G.; Stecca, C.; Raciti, M.; Mattia, E. Resveratrol Inhibits Proliferation and Survival of Epstein Barr Virus-Infected
Burkitt’s Lymphoma Cells Depending on Viral Latency Program. Mol. Cancer Res. 2011, 9, 1346-1355. [CrossRef] [PubMed]
Ramayanti, O.; Brinkkemper, M.; Verkuijlen, S.A.; Ritmaleni, L.; Go, M.L.; Middeldorp, ]. M. Curcuminoids as EBV Lytic Activators
for Adjuvant Treatment in EBV-Positive Carcinomas. Cancers 2018, 10, 89. [CrossRef] [PubMed]

Hunyadi, A.; Martins, A.; Danko, B.; Chang, F-R.; Wu, Y.C. Protoflavones: A class of unusual flavonoids as promising novel
anticancer agents. Phytochem. Rev. 2014, 13, 69-77. [CrossRef]

Végvolgyi, M.; Girst, G.; Kasz, N.; Otvos, S.B.; Filop, F; Hohmann, J.; Servais, ].-Y.; Seguin-Devaux, C.; Chang, F-R.; Chen, M.S.;
et al. Less Cytotoxic Protoflavones as Antiviral Agents: Protoapigenone 1’-O-isopropyl ether Shows Improved Selectivity Against
the Epstein—Barr Virus Lytic Cycle. Int. J. Mol. Sci. 2019, 20, 6269. [CrossRef]


http://doi.org/10.3892/ol.2021.12541
http://doi.org/10.1016/j.jep.2019.112493
http://doi.org/10.3390/cancers11111795
http://doi.org/10.1021/acs.orglett.6b00906
http://doi.org/10.3390/molecules23030683
http://doi.org/10.1038/s41419-018-0662-2
http://www.ncbi.nlm.nih.gov/pubmed/29795311
http://doi.org/10.18632/oncotarget.3687
http://www.ncbi.nlm.nih.gov/pubmed/26059439
http://doi.org/10.1074/jbc.RA120.012645
http://doi.org/10.1099/vir.0.031609-0
http://doi.org/10.1016/j.antiviral.2009.12.002
http://doi.org/10.1021/np400757k
http://www.ncbi.nlm.nih.gov/pubmed/24359277
http://doi.org/10.4149/av_2014_01_76
http://doi.org/10.1631/jzus.B1000336
http://doi.org/10.1016/j.antiviral.2013.07.009
http://doi.org/10.2174/18715206113139990096
http://doi.org/10.1016/j.antiviral.2016.05.007
http://doi.org/10.1142/s0192415x16500166
http://doi.org/10.18632/oncoscience.110
http://doi.org/10.1038/s41392-020-00376-4
http://www.ncbi.nlm.nih.gov/pubmed/33436584
http://doi.org/10.1158/1541-7786.MCR-11-0145
http://www.ncbi.nlm.nih.gov/pubmed/21856773
http://doi.org/10.3390/cancers10040089
http://www.ncbi.nlm.nih.gov/pubmed/29565326
http://doi.org/10.1007/s11101-013-9288-2
http://doi.org/10.3390/ijms20246269

Int. J. Mol. Sci. 2023, 24,1716 23 of 23

130. Stirpe, E; Olsnes, S.; Pihl, A. Gelonin, a new inhibitor of protein synthesis, nontoxic to intact cells. Isolation, characterization, and
preparation of cytotoxic complexes with concanavalin A. J. Biol. Chem. 1980, 255, 6947-6953. [CrossRef]

131. Shen, C.-L.; Huang, W.-H.; Hsu, H.-].; Yang, J.-H.; Peng, C.-W. GAP31 from an ancient medicinal plant exhibits anti-viral activity
through targeting to Epstein-Barr virus nuclear antigen 1. Antivir. Res. 2019, 164, 123-130. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/S0021-9258(18)43667-8
http://doi.org/10.1016/j.antiviral.2019.02.015

	Introduction 
	Epstein–Barr Virus 
	Gut Microbiota 
	Probiotics and EBV 
	Short-Chain Fatty Acids (SCFAs) 
	Inosine 
	Bacteriocins 

	Natural Products as Antiviral Agents against EBV 
	Antiviral Agents from Food Sources 
	Structural Modifications of Natural Products for Enhanced Activity 

	Conclusions and Future Direction 
	References

