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Nasopharyngeal carcinoma (NPC) is the only malignancy etiologically linked to Epstein-Barr virus (EBV), with a high preva-
lence in specific geographic regions and ethnic populations. The host genetic predisposition, viral oncogenesis and environmental
factors interact in a complex manner, collectively contributing to disease pathogenesis and forming a multifactorial etiological
network. Accumulating evidence supports a triangle model, where these factors not only initiate and promote tumor progression,
but also maintain long-term biological vulnerability, rendering the tumor responsive to various therapeutic interventions. EBV-
encoded proteins, including Epstein-Barr nuclear antigen 1 (EBNA1), latent membrane protein 1 (LMP1) and latent membrane
protein 2A (LMP2A), promote malignant transformation by stimulating oncogenic signaling pathways, enhancing immune eva-
sion andmodifying the tumormicroenvironment. Host determinants, such as polymorphism of human leukocyte antigens (HLA),
extracellular vesicle-mediated communication, and apolipoprotein B mRNA editing catalytic polypeptide-like 3 (APOBEC3),
further modulate disease susceptibility. Environmental factors, including dietary toxins and chronic inflammatory stimulation,
exacerbate all these pathogenic processes. Viral, genetic and microenvironmental signals are integrated into sustained survival
and metastasis programs through persistent activation of key signaling pathways, notably nuclear factor kappa B (NF-κB) and
phosphatidylinositol 3-kinase/protein kinase B/mechanistic target of rapamycin (PI3K/AKT/mTOR). Also, metabolic reprogram-
ming, epigenetic modification, and immunological inhibition contribute to a dynamic vulnerability network that links disease
etiology to treatment options. Based on this model, recent studies have shifted toward a precision medicine paradigm that pri-
oritizes molecular stratification over traditional anatomical staging, grounded in the mechanistic interplay between therapeutic
sensitivity and oncogenic drivers, thereby enabling personalized treatment strategies.
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Introduction

Nasopharyngeal carcinoma (NPC) is an epithelial tu-
mor originating from the mucosal surface of the nasophar-
ynx [1]. Distinct from other head and neck cancers, NPC
exhibits geographic and ethnic distributions, along with
host susceptibility, suggesting that its pathogenesis in-
volves complex interactions among environmental factors,
host characteristics, and viral infection [2]. Although the
global incidence is low, NPC remains a major health con-
cern in endemic regions, such as Southern China, Southeast
Asia, North Africa and parts of the Arctic [3,4]. This un-
even distribution implies that the occurrence of NPC is not
induced by one particular carcinogenic factor but rather by
a combination of risk factors. The widely accepted triangle
model attributes this epidemiological pattern to a dynamic
interaction between latent Epstein-Barr virus (EBV) infec-
tion, hereditary genetic predisposition, and environmental
or lifestyle exposure to carcinogens [5,6]. In most cases of
non-keratinizing NPC, EBV is regarded as the primary bio-

logical agent. Moreover, EBV DNA circulating in the body
has been used as a major biomarker in monitoring therapy,
classification of prognosis, and screening [7,8]. However,
given the relatively low NPC incidence and the widespread
prevalence of EBV in the general population, EBV alone is
insufficient to initiate malignant transformation, highlight-
ing the critical roles of host and environmental cofactors.

Genetic susceptibility is another significant vertex in
the triangle model. Genome-wide association studies have
identified multiple loci associated with the risk of NPC,
especially in the human leukocyte antigen (HLA) region,
suggesting that host responses to EBV-associated oncogen-
esis are mediated by immune surveillance and antigen pre-
sentation [9]. Additional susceptibility genes related to
inflammation, cell-cycle regulation and DNA repair have
also been discovered [10,11]. Some individuals may be
more susceptible to chronic mucosal inflammation due to
some genetic variations, long-term viral latency and ge-
nomic damage caused by carcinogens. Environmental ex-
posures constitute the third part of the model. Epidemiolog-
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ical studies have linked Cantonese-style salted fish and pre-
served food consumption, tobacco smoking, occupational
dust exposure, formaldehyde, and air pollution to an in-
creased risk of NPC [12]. Multiple factors, such as expo-
sure to nitrosamines, oxidative stress, epithelial injury and
chronic inflammation, collectively create an environment
conducive to malignant transformation. Therefore, it is ad-
visable to consider NPC as a disease caused by long-term
biological interplay between innate susceptibility and ex-
ternal stressors. Despite significant advancements, contem-
porary review remains frequently hindered by a fragmented
writing paradigm. Most etiological evaluations treat envi-
ronmental, genetic, and viral factors as independent vari-
ables [13,14]. While informative, this descriptive approach
emphasizes association over mechanism, describing risk
factors without elucidating how these factors change tumor
biology in a clinically actionable manner.

Molecular reviews have predominantly centered on
canonical signaling pathways or the carcinogenic prop-
erties of EBV-encoded proteins, expanding our under-
standing of NPC-relevant routes, including nuclear fac-
tor kappa B (NF-κB), Janus kinase/signal transducer and
activator of transcription (JAK/STAT), phosphatidylinosi-
tol 3-kinase/protein kinase B (PI3K/AKT), and mitogen-
activated protein kinase (MAPK) [15,16]. Latent mem-
brane protein 1 (LMP1), latent membrane protein 2
(LMP2), and Epstein-Barr nuclear antigen 1 (EBNA1) are
recognized as potent regulators of immune evasion, prolif-
eration, and metastasis [17]. However, pathway-centered
analyses often characterize these events as separate in-
tracellular processes and fail to connect these molecular
modifications to the initial risk exposures responsible for
their emergence. A similar restriction applies to therapeu-
tic reviews, many of which concentrate on concurrent re-
porting of developments in immune checkpoint inhibitors,
anti-epidermal growth factor receptor (EGFR) treatment,
intensity-modulated radiation, platinum-based chemother-
apy, and new adoptive cell approaches [18,19,20]. Despite
their clinical significance, these reviews often overlook a
crucial translational question regarding the drivers of dif-
ferential treatment responsiveness and resistance. Without
integrating molecular dependencies and etiological drivers,
treatment selection may remain empirical rather than bio-
logically guided.

The foregoing observations necessitate a shift in con-
ceptual framework. We propose that risk factors of
NPC function not merely as upstream contributors to ill-
ness; more importantly, they imprint long-lasting molecular
marks on malignant and premalignant cells, including epi-
genetic reorganization, metabolic pathways, DNA damage
patterns, immune evasion phenotypes, viral-host synthetic
interactions, and pathway dependencies [21]. In essence,
host genetics, environmental carcinogens, as well as EBV
infection, not only trigger carcinogenesis but also generate
distinct molecular vulnerabilities that sustain tumor persis-

tence, with direct therapeutic implications. Redox-targeted
therapy can be applied when carcinogenic exposure leads to
oxidative stress dependency. EBV latency-associated anti-
apoptotic rewiringmay create susceptibility to viral-context
synthetic lethality, and impaired antigen presentation may
guide biomarker-driven optimization of immunotherapies.
Hence, the connection between the etiology and the treat-
ment lies in identifying risk factor-associatedmolecular fin-
gerprints and translating them into actionable targets. In
this Review, we define these persistent, etiologically ac-
quired molecular dependencies as molecular vulnerabili-
ties. Specifically, molecular vulnerabilities are molecular
alterations shaped by EBV infection, host genetic suscep-
tibility, and/or environmental exposure. These alterations
are indispensable for tumor maintenance and progression
but relatively dispensable in normal tissues, thus offering
a therapeutic window for targeted intervention. Depart-
ing from a conventional module-based narrative, we exam-
ine how external drivers of NPC generate innate molecular
vulnerabilities and explore their integration into precision
medicine frameworks, with the goal of providing a broader
roadmap for next-generation management of NPC in terms
of etiology, mechanism and therapeutic action.

The Etiological Triad: Host, Virus, and
Environment

The three oncogenic drivers of NPC—environmental
exposure, EBV infection and host susceptibility—do
not operate in isolation but converge to establish a
pro-tumorigenic microenvironment that promotes tumor
growth, immune evasion and epithelial transformation. Re-
cent genomic and translational studies have expanded this
classical framework, providing new insights into how onco-
genic factors generate targetable molecular vulnerabilities.

Host Genetic Susceptibility: From Genome-Wide
Association to Functional Interpretation

The genetic background of the host is one of the
most important determinants of NPC susceptibility, as ev-
idenced by familial clustering, ethnic disparities, and en-
demic population clustering [22]. Variations within the
HLA locus make a prominent impact on immune surveil-
lance and presentation of antigens [23], and are the most
consistently associated with NPC risk, a relationship par-
ticularly prominent in hematopoietic or infectious malig-
nancies. According to some early genome-wide associa-
tion studies (GWAS), there are several loci associated with
NPC on chromosome 6p21.3, which has crucial HLA genes
[24]. Subsequent evidence has further implicatedmajor his-
tocompatibility complex, class I, A (HLA-A) among South-
ern Chinese populations [25].

Recent integrative genomic and whole-exome se-
quencing studies have extended the concept of suscep-
tibility beyond immunological loci. Zeng et al. [26]
identified three germline variations linked to the risk of
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NPC: a common rs2276868 in ribosomal protein L14
(RPL14), a rare rs5361 in selectin E (SELE), and a common
rs1050462 in major histocompatibility complex, class I, B
(HLA-B). These results suggest that NPC predisposition in-
volves mechanisms beyond immune regulation. Notably,
RPL14 is implicated in protein arginine methyltransferase
5 (PRMT5)-driven DNA damage repair and reduced drug
sensitivity in hepatocellular cancer, raising the possibility
that inherited RPL14 variation may influence treatment re-
sistance and genome maintenance in NPC [27]. E-selectin,
an endothelial adhesion protein that interacts with CD44 to
enable shear-resistant attachment and motility of circulat-
ing tumor cells, is encoded by SELE [28]. SELE mutations
in NPC may affect leukocyte trafficking, inflammatory re-
cruitment, or metastatic spread within the nasopharyngeal
microenvironment. HLA-B polymorphisms further under-
score the significance of adaptive immune recognition in
influencing host responses to EBV latency.

Transcriptome-based methods have also acquired ex-
tra functional information. Liang et al. [29] performed
integrative transcriptome-wide association studies (TWAS)
with expression quantitative trait loci colocalization in 1577
cases of NPC and 6359 Southern Chinese controls, identi-
fying a causative susceptibility variant in vesicle-associated
membrane protein 8 (VAMP8). VAMP8 regulates endocy-
tosis, secretory trafficking, and fusion of vesicles, biologi-
cal processes that are closely associated with the recycling
of membrane receptors, antigen processing and cytokine
production. Functional studies on colorectal cancer have
confirmed that VAMP8 knockdown exerts pro-apoptotic,
pro-ferroptotic, anti-autophagic, and anti-proliferative ef-
fects, accompanied by blockade of the JAK/STAT3 path-
way [30]. Moreover, centromere protein N (CENPN)
in NPC enhances paclitaxel resistance by suppressing au-
tophagy through the cAMP response element-binding pro-
tein (CREB)-VAMP8 signaling pathway [31]. All these
findings indicate that inherited VAMP8 dysregulation may
contribute to NPC vulnerability, treatment, and cellular
stress adaptability. These germline variants create host-
derived vulnerabilities that may be exploitable therapeu-
tically: RPL14 variation could influence DNA repair ca-
pacity and drug sensitivity, while VAMP8 dysregulation
may affect vesicular trafficking and immune signaling path-
ways.

The host-bacteria interaction represents another
emerging frontier in NPC research. Using 16S ribosomal
RNA gene sequencing on 343 nasopharyngeal tissues
and 36 normal nasopharyngeal tissues, Tan et al. [32]
identified four risk-related bacterial genera, Bacteroides,
Alloprevotella, Parvimonas, and Dialister, as potential
prognostic biomarkers for NPC. Additional evidence
indicates that oral microbiota dysbiosis can regulate the
EBV latency-lysis conversion [33], facilitating viral entry
into nasopharyngeal epithelial cells and promoting malig-
nant transformation. It is worth noting that genetic and

microbiological factors are associated with the prognosis of
anti-programmed cell death protein 1 (PD-1) immunother-
apy in NPC [34]. Besides, changes in the microbiota may
lead to toxicities related to treatment such as oral mucositis,
implying an obvious relationship between the composition
of microorganisms and tolerance to treatment [35]. These
observations open avenues for microbiota-modulating
therapies aimed at reducing toxicity, improving quality
of life, and enhancing efficacy of therapy. Collectively,
these studies demonstrate that NPC susceptibility genes
are not merely statistical risk indicators, but functionally
involved in vesicular trafficking, immunological response,
virus-host interaction and homeostasis of epithelial tissue.
Importantly, these inherited pathways may constitute
biological vulnerabilities in established tumors, thereby
providing a functional bridge between genetic vulnerability
and precision therapeutic strategies.

EBV Infection and Its Oncogenic Strategies

EBV is the most well-known biological cause of non-
keratinizing NPC. Instead of engaging in productive lytic
replication, EBV often remains as a latent episome in tumor
cells [5]. Latency type II is pertinent to NPC and defined
by a limited viral expression program, comprising EBV-
encoded short RNAs, EBNA1, LMP1, LMP2A, LMP2B,
and several viral microRNAs (mRNAs) [36]. This latency
pattern confers several oncogenic advantages: EBNA1 re-
stricts immunological visibility while preserving the viral
episome during cell division; LMP2A can alter epithelial
survival pathways and imitate B-cell receptor signaling in
lymphoid environments; and viral non-coding RNAs alter
the immunological and transcriptional networks of the host.
Among these, LMP1 is the best-characterized EBV onco-
protein and functions as a constitutively active receptor-
like molecule that recruits signaling molecules associated
with tumor necrosis factor receptors and continuously acti-
vates NF-κB [37,38], thereby promoting proliferation, re-
sistance to apoptosis, angiogenesis, cytokine production,
epithelial-mesenchymal transition, and metastatic dissem-
ination. Additionally, LMP1 engages in extensive signal-
ing crosstalk with the PI3K/AKT, MAPK, and JAK/STAT
pathways [39,40].

Emerging evidence also underscores the genetic het-
erogeneity of EBV, with interpatient heterogeneity and ge-
ographical variations in incidence attributed to distinct virus
subtypes or sequence variants. Certain viral gene changes
modulate oncogenic potential through effects on epithelial
tropism, latency regulation, and immune evasion, a finding
that may partially explain why EBV infection is widespread
worldwide while NPC remains largely endemic. The EBV-
encoded latent proteins (EBNA1, LMP1, and LMP2A)
are not merely viral oncogenes; they create virus-specific
molecular dependencies that are selectively expressed in tu-
mor cells, providing a unique therapeutic window for direct
antiviral targeting and EBV-directed immunotherapies.
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Environmental Exposures: From Epidemiology to
Mechanism

Environmental factors remain important cofactors in
the development of NPC. Conventional preserved foods,
especially salt-cured fish and nitrosamine-rich products,
have been traditionally linked to increased incidence of
NPC [41], possibly through carcinogen-induced chronic
mucosal irritation and DNA damage. Tobacco smoking is
another well-validated risk factor; epidemiological data in-
dicate that current smokers have a substantially increased
risk, with odds ratios reaching 3.10 in some cohorts [42].
Smoking introduces reactive oxygen species, mutagenic
aldehydes and polycyclic aromatic hydrocarbons, which
collectively compromise local immunity, inflammatory sig-
naling, and genetic stability. Regional exposures can also
affect disease clustering. High ambient nickel exposure has
been proposed as one of the potential risk modifiers in var-
ious areas of Southeast Asia [43]. Nickel compounds also
induce oxidative stress, alter epigenetic regulation, and in-
terfere with DNA repair mechanisms, while formaldehyde
exposure, indoor air pollution and occupational dust ex-
ert similar adverse effects in susceptible populations [44].
Thus, environmental carcinogens not only initiate muta-
tions, but also generate long-lasting stress-adaptation sys-
tems, including oxidative stress dependency and chronic
inflammatory pathway addiction, that later support tumor
survival. These environment-derived vulnerabilities may
be therapeutically exploitable through redox-modulating
agents or anti-inflammatory interventions.

A Triangular Interaction Model of Vulnerability
Generation

A key unresolved question is why some risk factors
can serve as therapeutic targets whereas others, despite sim-
ilar epidemiological associations, cannot. The model we
propose is a conceptual and mechanistic framework rather
than a validated computational model or clinical decision
tool. The core principle of this model is that not all risk
factors generate targetable vulnerabilities—only those that
create persistent, tumor-specific molecular addictions do.
For example, oxidative injury due to long-term smoking
leads to addiction to the antioxidant machinery, or EBV-
induced hyperactivation of NF-κB results in dependence
on inflammatory survival pathways, both of which are po-
tentially targetable. Conversely, exposures that only cause
transient damage without establishing lasting molecular re-
programming are unlikely to yield actionable dependen-
cies. The triangular interaction among host genetics, EBV
and environment determines the type of specific depen-
dency profile that emerges in each tumor. This framework
explains the biological heterogeneity of NPC despite its
uniform anatomical diagnosis, and provides a rational ba-
sis for moving beyond traditional staging toward etiology-
based molecular stratification, where treatment decisions
are guided by molecular imprints left by causative expo-
sures.

To illustrate this framework visually, we present a
schematic diagram that delineates the causal trajectory from
etiological exposures to molecular vulnerabilities and ulti-
mately to therapeutic strategies (Fig. 1).

Molecular Vulnerabilities Created by
Oncogenic Drivers

Environmental exposure, EBV infection, and host ge-
netics are the three oncogenic variables. Beyond initiat-
ing carcinogenesis, they collectively establish long-lasting
molecular dependencies in tumor cells, addictions that offer
therapeutic potential.

EBV-Encoded Proteins: Vulnerability and
Therapeutic Targeting

EBV latent proteins are specific therapeutic targets, as
they are essential to the oncogenic maintenance of NPC.
These viral proteins are primarily absent in normal tissues
and preferentially produced in tumor cells, providing a fa-
vorable therapeutic window, in contrast to many host onco-
genic drivers [45]. Among them, the viral nuclear antigen
EBNA1 plays a central role in EBV episomal maintenance
and replication, which ensures replication and faithful seg-
regation of episomal viral DNA throughout host cell divi-
sion. This enables persistent viral latency [46], while si-
multaneously limiting its own antigen processing and pre-
sentation to partially evade immune detection.

EBNA1 has become one of the most appealing di-
rect antiviral targets due to its constant expression in al-
most all EBV-positive NPC [47]. In the first-in-human clin-
ical study of the small-molecule EBNA1 inhibitor VK-2019
in patients with EBV-positive NPC, Colevas et al. [48]
demonstrated that VK-2019 altered immune cell biomark-
ers and reduced EBV genome copy number and viral gene
expression in tumor samples, based on integrated pharma-
cokinetic and pharmacodynamic investigations. These re-
sults demonstrate that pharmacologic disruption of EBNA1
may influence the tumor immunological milieu and vi-
ral persistence. Targeted protein degradation strategies
have been further investigated in recent translational re-
search. Rather than inhibiting disease-relevant proteins,
proteolysis-targeting chimeras (PROTACs) recruit endoge-
nous ubiquitin ligases to induce target protein degradation.
In humanized mouse models, Liu et al. [49] found that
combining anti-PD-1 treatment with the EBNA1-targeting
PROTAC degrader EP-1215 restored interferon (IFN) sig-
naling, improved T-cell infiltration, and decreased EBNA1-
positive tumors. These findings imply that EBNA1 degra-
dationmay enhance immunotherapy sensitivity, reverse im-
munological suppression, and disrupt viral maintenance.

Other EBV latent membrane proteins are also action-
able targets. LMP1, a constitutively active receptor-like
protein that activates carcinogenic signaling through the
CD40 pathway, has been explored as an immunotherapeu-
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Fig. 1. Etiology-driven molecular vulnerabilities and therapeutic strategies in nasopharyngeal carcinoma. EBV, Epstein-Barr
virus; NF-κB, notably nuclear factor kappa B; PI3K/AKT/mTOR, phosphatidylinositol 3-kinase/protein kinase B/mechanistic target of ra-
pamycin; APOBEC3, apolipoprotein B mRNA editing catalytic polypeptide-like 3; m6A, N6-methyladenosine; m5C, 5-methylcytosine;
PD-L1, programmed death-ligand 1; EBNA1, epstein-Barr nuclear antigen 1; LMP, latent membrane protein; CTL, cytotoxic T lympho-
cyte; PD-1, anti-programmed cell death protein 1; LAG-3, lymphocyte activation gene-3; HDAC, histone deacetylase. Figure created
using Microsoft PowerPoint (version 2024; Microsoft Corporation, Redmond, WA, USA).

tic vaccine due to its high immunogenicity. Cytotoxic T
cells (CTLs) are CD8 effector T cells that recognize anti-
genic peptides presented by major histocompatibility com-
plex class I molecules and are directly involved in the de-
struction of cancerous or infected cells through the release
of granzymes and perforin [50]. This rationale is directly
translatable to EBV-C. Pan et al. [51] developed a recom-
binant adeno-associated virus tumor vaccine encoding the
epitopes of CTLs, the latent membrane proteins of the EBV,
and the fusion heat shock protein gene. This chimeric struc-
ture elicits potent cytotoxic lymphocyte activity in vitro and
mediates tumor elimination in animals of syngeneic species
[51]. In addition, Lin et al. [52] demonstrated that the EBV-

LMP1 vaccine inhibited tumor progression and metastases
in vivo by inducing activated T cells (activated CTLs) and
LMP1-specific T cells. LMP2A, which mimics the B-cell
receptor signaling and promotes epithelial cell survival, has
also emerged as a candidate immunotherapeutic target. Sun
et al. [53] reported that the virus Ankara (MVA)-LMP2A
vaccine generated high levels of LMP2A-specific CTLs
that prevented the occurrence of NPC and exhibited a cy-
totoxic effect towards target cells. These findings provide
a strong biological rationale for the development of CTL-
based preventive and therapeutic vaccines.

Importantly, latent viral antigens maintain immuno-
genicity despite EBV-mediated immune evasion, allowing
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dual immune-targetingmodalities, such as vaccination plat-
forms, to boost endogenous antiviral immunity and adop-
tive T-cell transfer; nevertheless, their clinical translation
remains challenging. In an international randomized phase
III study for recurrent or metastatic NPC, gemcitabine,
carboplatin, and EBV-specific autologous CTLs demon-
strated a favorable safety profile but failed to improve
overall survival compared with chemotherapy alone [54].
Several interconnected mechanisms account for this phe-
nomenon: the highly immunosuppressive NPC microen-
vironment, characterized by dense infiltration of regula-
tory T cells andM2-polarized macrophages, EBV-mediated
antigen presentation defects, and T-cell exhaustion, all of
which limit the efficacy of adoptively transferred CTLs
[47,55,56]. Of note, this does not invalidate EBV antigen-
targeting strategies; rather, it suggests that single-modality
immunotherapy is insufficient and that combination with
TME-modulating agents, such as immune checkpoint in-
hibitors, may be essential to overcome these barriers. Con-
current efforts in vaccine optimization are also underway.
A modified MVA-EL recombinant vector with tailored se-
quences fromChinese EBV strains effectively re-stimulates
CD4-positive memory T-cell responses in vitro and selec-
tively reactivates LMP2-specific CD8-positive memory T-
cell responses, supporting its potential as a therapeutic NPC
vaccine [57]. These results show that EBV-encoded pro-
teins play two essential roles: they serve as key factors
in the development of NPC while constituting a distinct
class of tumor-specific therapeutic targets. Future success
requires integrating direct viral targeting, immunological
activation, and reversal of microenvironmental repression
into cohesive therapeutic approaches.

EBV-Induced Host Collateral Damage as
Therapeutic Vulnerabilities

Beyond viral proteins, EBV infection causes signif-
icant changes in the stability of the host DNA. Among
the most notable examples is the activation of the
apolipoprotein B mRNA editing catalytic polypeptide-like
3 (APOBEC3) family of cytidine deaminases [58], which
serve as components of the innate antiviral defense. Tu-
mor suppressors and oncogenes in NPC typically have
APOBEC-associated mutations, which produce a muta-
genic milieu that promotes intratumoral heterogeneity and
tumor progression. Crucially, prolonged APOBEC ac-
tivity induces dependence on specific DNA repair path-
ways, such as homologous recombination and base exci-
sion repair, rather than being a passive bystander event
[59]. APOBEC-mediated cytidine deamination primarily
generates U:G mismatches, necessitating efficient base ex-
cision repair (BER) for genomic integrity. Oxidative stress
may further compromise BER capacity, thereby amplify-
ing APOBEC-driven mutagenesis and promoting the ac-
cumulation of DNA damage. Moreover, persistent oxida-
tive stress contributes to remodeling of the tumor immune

microenvironment by sustaining chronic inflammatory sig-
naling and immunosuppressive cell polarization, highlight-
ing the functional interplay among genomic instability, re-
dox imbalance, and antitumor immunity [60,61]. This de-
pendency presents a theoretical opportunity for synthetic
lethality. Inhibition of PARP plays a role in ovarian can-
cer models with high APOBEC3B expression [62], though
its relevance to NPC remains unknown. While genomic
profiling has revealed APOBEC-associated mutational sig-
natures in NPC [63,64], direct evidence linking APOBEC
burden to PARP inhibitor sensitivity in NPC is currently
lacking. Therefore, APOBEC-driven mutagenesis should
be viewed as a mechanistic hypothesis, warranting dedi-
cated investigation using NPC-specific models.

Signaling Network Reprogramming and Druggable
Nodes

The extensive signaling network rewiring that char-
acterizes NPC is orchestrated by EBV latent proteins, per-
sistent inflammation, and reciprocal crosstalk within the
tumor microenvironment. This not only promotes tumor
progression but also creates stable pro-survival pathways
that are promising therapeutic targets. Activation of the
NF-κB pathway is one of the most consistent molecular
aberrations in NPC. As well-known upstream activators of
NF-κB signaling, EBV-encoded proteins, especially LMP1,
cause the persistent transcription of genes related to an-
giogenesis, proliferation, inflammation, and resistance to
apoptosis [65]. NF-κB signaling modifies tumor stroma
in addition to tumor cells. According to recent research,
tumor vascular endothelial cells enhance immune escape
in NPC by activating the NF-κB pathway and upregulat-
ing programmed death-ligand 1 (PD-L1) [66]. These find-
ings reveal that NF-κB signaling plays a role in both ex-
trinsic immunosuppressive remodeling and intrinsic tumor
survival. Loss of endogenous negative regulators, com-
prising NF-kappa-B inhibitor alpha (NFKBIA), cylindro-
matosis (CYLD), and tumor necrosis factor alpha-induced
protein 3 (TNFAIP3), promotes aberrant NF-κB activation
[63,67]. Anti-apoptotic and pro-inflammatory gene tran-
scription is maintained, prolonging pathway activity when
these regulatory factors are silenced, mutated, or repressed.
As a result, NPC cells become dependent on NF-κB sig-
naling for tumor maintenance while gaining a selective sur-
vival advantage. This pathway addiction provides a strong
rationale for NF-κB-directed therapeutic intervention.

The PI3K/AKT/mechanistic target of rapamycin
(mTOR) axis is another significant carcinogenic change
in NPC, with aberrant activation accelerating cell cy-
cle progression, protein synthesis, and metabolic repro-
gramming, ultimately contributing to therapy resistance.
PI3K/AKT/mTOR signaling in NPC is controlled by both
microenvironmental crosstalk and tumor-intrinsic path-
ways. For instance, interactions between complement
C1q-positive macrophages and tumor cells promote car-
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cinogenesis by inducing DNA hypermethylation via the
PI3K/AKT pathway [68], thereby linking signal transmis-
sion, immunological infiltration, and epigenetic modifi-
cation within a single carcinogenic mechanism. Addi-
tional regulators of this pathway have also been iden-
tified. For instance, knockdown of transferrin receptor
1 (TFRC) inhibits NPC progression by downregulating
PI3K/AKT/mTOR signaling [69]. These results imply that
both canonical kinase inhibitors and upstream modulators
may have therapeutic benefit and reinforce the crucial role
of this pathway in sustaining malignant phenotypes. The
PI3K/AKT/mTOR pathway thus represents a host-derived
vulnerability that supports tumor growth and therapy resis-
tance; its inhibition by mTOR or PI3K inhibitors offers a
potential therapeutic approach, although clinical efficacy
may depend on pathway activation status and combination
strategies.

Oncogenic signaling networks are stabilized by epige-
netic reprogramming. Numerous epigenetic aberrations are
present in NPC cells, including pronounced DNA methy-
lation changes, disrupted histone modifications, and al-
tered N6-methyladenosine (m6A) RNA methylation [70].
These epigenetic modifications modulate gene expression
programs associated with immune evasion, epithelial plas-
ticity and stress response, and critically, the reversibility
of epigenetic regulators renders them attractive therapeutic
targets.

Metabolic-Epigenetic-Immune Crosstalk Networks
The EBV-associated NPC is characterized by the re-

programming of immune signaling, metabolism and epige-
netic regulation in a coordinated manner. These processes
do not operate independently but rather through dynamic
interactions that collectively support tumor growth, cell
survival, and immune evasion. Central to this metabolic
rewiring is the Warburg effect, characterized by a shift to-
ward aerobic glycolysis [71], which enhances ATP syn-
thesis, biosynthesis, and hypoxia resistance, all conducive
to aggressive tumor growth. This metabolic reprogram-
ming is directly induced by some EBV-encoded prod-
ucts. Latent LMP1 activates the FGFR1 pathway in ep-
ithelial cells of the nasopharynx [72], promoting aero-
bic glycolysis and malignant transformation. In addi-
tion, EBV-miR-BART1-5p stimulates glycolysis and an-
giogenesis in NPC simultaneously via phosphatase and
tensin homolog (PTEN)-independent activation of adeno-
sine monophosphate-activated protein kinase/mechanistic
target of rapamycin/hypoxia-inducible factor 1 (AMPK/m-
TOR/HIF1) [73]. These findings indicate that the virus may
utilize either coding or non-coding proteins to alter the host
metabolism. A strong connection exists between lipid pro-
duction and the metabolic reprogramming induced by EBV.
Sterol regulatory element-binding protein 1 (SREBP1)-
mediated lipogenesis is activated by LMP1 [74], which
boosts NPC cell proliferation and tumor growth. Glycolytic

reprogramming and lipid accumulation facilitate membrane
biogenesis, signaling mediator production, and energy stor-
age. All these observations imply that the EBV coordinates
an overall anabolic activity instead of having separate ef-
fects on metabolism.

The tumor immune microenvironment is further
shaped by metabolic rewiring. Elevated glycolytic flux
leads to lactate accumulation, extracellular acidification
and competition for nutrients, including glucose and amino
acids, all of which induce T-cell exhaustion, suppress cy-
tokine secretion and impair the function of CTLs. As a
result, the tumor microenvironment becomes immunolog-
ically “cold” or functionally inactive, which reduces im-
munotherapy response and limits the effectiveness of im-
mune surveillance.

Another crucial aspect of this network is epigenetic
regulation. EBV encodes several regulatory RNAs that
modify host gene expression programs. In NPC, BamHI-
A rightward transcripts (BART) long non-coding RNAs
(lncRNAs) have been implicated in aberrant host gene reg-
ulation [75], facilitating tumor immune evasion and pro-
moting tumor progression through post-transcriptional and
epigenetic modulators. Emerging evidence has also un-
derscored the involvement of RNA epigenetics in EBV-
associated NPC. EBV facilitates immune evasion by sup-
pressing Toll-like receptor 9 (TLR9) through altered m6A
modification [76]. Additionally, EBV promotes NPC
metastasis by introducing 5-methylcytosine (m5C) to in-
tercellular adhesion molecule 1 (ICAM1) RNA through
NOP2/Sun RNA methyltransferase 2 (NSUN2) and Y-box
binding protein 3 (YBX3) [77]. These results show that
EBV may regulate innate immunity, cell adhesion, and
metastatic spread via RNA methylation machinery. Addi-
tionally, host-derived adipokines such as adiponectin and
resistin have also been implicated in NPC progression
through modulation of AMPK, NF-κB, and MAPK signal-
ing pathways [78,79].

More generally, chromatin and transcriptional regula-
tion are linked to nutritional availability through metabolic-
epigenetic interplay. Important epigenetic processes
are controlled by cellular metabolites incorporating α-
ketoglutarate, S-adenosylmethionine, and acetyl-coenzyme
A [80], which directly affect DNAmethylation, demethyla-
tion, and histone acetylation. Thus, EBV-driven metabolic
alterations may indirectly reshape the epigenetic landscape,
resulting in persistent transcriptional programs that promote
immunological tolerance and survival. This integrated net-
work explains how EBV infection, host signaling, and en-
vironmental stress converge to sustain tumor persistence.
Therefore, NPC is not driven by isolated molecular de-
fects, but by a coordinated system of immune suppres-
sion, metabolic rewiring, viral dependence, and epigenetic
plasticity, offering multiple therapeutic entry sites, such
as immunological microenvironment reprogramming, lipid
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metabolism targeting, glycolysis suppression, and epige-
netic treatment.

Several metabolism- and epigenetic-targeted agents
have been clinically investigated in NPC. mTOR inhibitors
have been evaluated but yielded modest responses [81].
HDAC inhibitors exhibit synergistic effects with PD-1
blockade in preclinical NPC models [82]. IDO inhibitors
have been explored in combination with ICIs, though
their role in NPC requires further validation. From an
etiology-driven perspective, EBV-inducedmetabolic repro-
gramming (glycolysis via LMP1-FGFR1 [72]; lipogenesis
via LMP1-SREBP1 [74]) represents virus-specific vulner-
abilities, whereas mTOR and HDAC inhibitors target host
pathways with broader applicability. Distinguishing these
categories reinforces the etiological framework and pro-
vides a rational basis for combination strategies.

Harnessing Molecular Vulnerabilities: From
Targeted Therapy to Immunotherapy

Therapeutic development has evolved in parallel with
the elucidation of etiological and genetic vulnerabilities in
NPC, shifting from empirical therapy selection to host ge-
netic instability, virus-driven dependencies, and immune
evasion mechanisms.

Targeting Host Genomic Vulnerabilities
Host-derived molecular vulnerabilities present more

therapeutic entry sites. One of the most relevant activities is
mutagenesis of APOBEC3 enzymes, which induces DNA
damage, genomic instability, and replication stress, thereby
enhancing dependency on DNA repair mechanisms. Al-
though this concept has not yet been clinically validated in
NPC, emerging evidence from other tumors demonstrates
that APOBEC3B-high tumors have elevated levels of repli-
cation stress and may be preferentially sensitive to PARP
inhibitors [62]. The EGFR pathway represents another
host-targeted strategy. Monoclonal antibodies such as ce-
tuximab have been employed to determine inhibition of
EGFR, as EGFR is overexpressed in NPC [83]. Never-
theless, primary and acquired resistance, due to compen-
satory signaling activation and route redundancy, limits
long-term efficacy, and clinical outcomes remain low and
often short-lived. Recent advances in antibody-drug conju-
gates (ADCs) have revitalized this medicinal route. Phase
III studies of dual-targeting ADCs produce promising re-
sults, including EGFR×HER3-directed agents [84]. These
bispecific strategies are designed tomitigate antigen hetero-
geneity and improve tumor selectivity.

Immune Checkpoint Inhibitors: Clinical Progress
and Biological Basis

Immune checkpoint blockade has emerged as a piv-
otal therapeutic strategy inNPC. EBV-associatedmalignan-
cies frequently exhibit upregulation of the PD-1/PD-L1 axis

via a multitude of mechanisms, including viral latent gene
expression, inflammatory signaling, and epigenetic regu-
lation. PD-L1 transcriptional induction is predominantly
driven by LMP1-mediated activation of NF-κB signaling
[66]. Large-scale studies have solidified the clinical evi-
dence for ICIs. The JUPITER-02 study demonstrated sig-
nificant survival benefits with PD-1 inhibition in recurrent
or metastatic NPC, which made PD-1 inhibition the back-
bone of standard therapy, establishing PD-1 blockade as
the standard-of-care backbone, with durable responses and
a manageable safety profile [85]. Emerging strategies in-
clude dual blockade of PD-1 and lymphocyte activation
gene-3 (LAG-3). Phase Ib/II trials combining toripalimab
with LBL-007 have shown manageable safety and promis-
ing antitumor activity in advanced solid tumors, particu-
larly in cold tumors [86]. A major unresolved question
is why EBV-positive NPC is more sensitive to ICIs. One
hypothesis posits that the production of viral antigens am-
plifies interferon signaling and basal immune recognition;
alternatively, EBV may directly induce PD-L1 expression
via the interferon regulatory factor and NF-κB pathways.
These mechanisms are not mutually exclusive. Interest-
ingly, these models may predict patterns of immune infiltra-
tion, cytokine profiles, and treatment-responsive biomark-
ers.

Immunotherapy-Based Combination Strategies
Immunotherapy is used in conjunction with conven-

tional and cutting-edge therapies to enhance treatment
effectiveness. A notable advance is the combination
of immunotherapy with reduced-intensity chemotherapy.
The Sun Yat-sen University group’s clinical research has
shown that combining modified cisplatin-based chemother-
apy with PD-1 inhibition can increase response rates while
preserving tolerability [87]. Combinations based on ra-
diotherapy are also undergoing refinement. By improv-
ing antigen presentation and driving immune cell infiltra-
tion, low-dose radiation treatment has been suggested to
alter the tumor microenvironment [88], thereby convert-
ing cold tumors into hot tumors and increasing tumor sus-
ceptibility to immune checkpoint blockade. EBV-targeted
mRNA vaccine systems are also in the early phases of de-
velopment, with therapeutic vaccines encoding EBV latent
antigens designed to elicit robust T-cell responses against
tumor-specific viral epitopes [89]. Studies in animal mod-
els have revealed feasibility [90,91], although long-term ef-
ficacy and durability remain to be established. These com-
bination strategies recognize that the therapeutic vulnerabil-
ities in NPC are multifaceted: radiotherapy enhances anti-
gen presentation, chemotherapy reduces immunosuppres-
sive burden, andmRNA vaccines boost EBV-specific T-cell
immunity.
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Resistance Mechanisms and Strategies to Overcome
Them

Resistance is still a significant clinical problem de-
spite advancements in treatment. Primary resistance to im-
mune checkpoint inhibitors is frequently associated with
infiltration by immunosuppressive myeloid cells, a non-
inflammatory tumor microenvironment, and impaired anti-
gen presentation. Acquired resistance may arise from loss
of tumor antigen expression, activation of alternative im-
mune checkpoints, or T-cell exhaustion. EBV also actively
contributes to immune evasion [56]. By reducing the pro-
cessing and presentation of antigens, EBNA1 demonstrates
a “molecular stealth” approach, thereby diminishing CTL
recognition and promoting immune tolerance. Viral mR-
NAs reinforce an immunosuppressive niche by further sup-
pressing immunological signaling pathways. Resistance to
targeted therapies, particularly EGFR inhibition, is driven
by compensatory activation of parallel signaling pathways,
such as PI3K/AKT and MAPK cascades [92,93,94], in ad-
dition to receptor heterogeneity and epigenetic reprogram-
ming. Collectively, these resistance mechanisms reflect the
remarkable adaptability of NPC. Multi-layered approaches
that concurrently target viral dependencies, host vulnera-
bilities, and mechanisms of immune escape are likely re-
quired to achieve effective therapy. This adaptive resis-
tance landscape highlights that themolecular vulnerabilities
of NPC are not static; successful precision therapy must an-
ticipate and counteract acquired dependencies through ra-
tional combination and sequential strategies targeting both
EBV-driven and host-adaptive pathways.

An Integrated Roadmap: From Etiology to
Precision Medicine

The growing recognition of NPC as an etiologically
drivenmalignancy has catalyzed a conceptual shift from de-
scriptive risk categorization to mechanism-based precision
oncology. An integrative treatment roadmap may be devel-
oped by connecting persistent molecular dependencies to
extrinsic carcinogenic influences.

An Evidence-Based Decision Framework for
Etiology-Driven Therapy

As an organized framework for making decisions, we
suggest an etiology-driven therapy approach (Fig. 2). The
main idea is that downstream therapeutic vulnerabilities,
intermediate molecular subtypes, and upstream risk expo-
sure profiles should all be taken into consideration for ther-
apeutic selection. This approach follows a decision-tree-
like process: it first establishes the spectrum of risk factors,
which includes genetic susceptibility, environmental expo-
sure, and EBV infection status; it then converts these base-
line inputs into molecular subtypes that are defined by im-
mune infiltration status, metabolic phenotypes, viral depen-
dency patterns, and epigenetic profiles; and it subsequently

connects these stratified subtypes to immune-based or tar-
geted therapeutic approaches. For instance, combining im-
mune checkpoint inhibition and microenvironment remod-
eling may be more beneficial for EBV-high tumors with
immune-excluded microenvironments. Tumors exhibiting
strong genomic instability profiles may be more appropri-
ate for DNA damage response-targeted techniques. Despite
its simplicity, this framework offers a logical model for in-
corporating diverse clinical and biochemical data into indi-
vidualized treatment decisions.

Progress in Personalized Therapy Based on
Molecular Subtyping

The personalized treatment of NPC is determined by
its molecular classification. Metabolic classifiers are an
example of such a strategy [95]: tumor metabolism can
be stratified into distinct subtypes, most notably oxidative
phosphorylation or glycolysis [96], which may differen-
tially influence immunotherapy response. The tumor mi-
croenvironment (TME) categorization offers another im-
portant dimension. NPC immunological phenotypes have
been identified as TypeD (immune-desert tumors) and Type
A (immune-inflamed tumors) [97]. Retrospective analy-
ses suggest that Type A cancers respond better to immune
checkpoint drugs than Type D, because they tend to infil-
trate more T-cells. For Type D malignancies, which present
stromal barriers and immune exclusion, non-coding RNA-
based diagnostic methods may be applicable; additionally,
combination therapies with enhanced antigen presentation
or recruitment of immune cells hold great therapeutic po-
tential [98,99]. LncRNAs, miRNAs and circular RNAs
(circRNAs) regulate EBV–host interactions, immune eva-
sion, and metabolic adaptation. Non-coding RNA signa-
tures may serve both as indicators of therapeutic vulnera-
bility and as diagnostic markers. Collectively, these molec-
ular subtyping strategies remain exploratory at present, and
prospective validation is required to establish their utility
in guiding treatment decisions. A summary of molecular
subtypes, their biomarkers, recommended therapies, quan-
titative evidence, evidence levels, and supporting clinical
trials is provided in Supplementary Table 1.

The Continuum of Prevention, Screening, and
Treatment

A comprehensive approach to NPC management
should integrate prevention, early detection, and treatment
across a temporal continuum.

Primary prevention refers to reducing exposure and
preventing infection. A major translational priority is the
development of vaccines to prevent EBV infection. Pro-
phylactic and therapeutic vaccination systems targeting
EBV latent antigens are under active investigation; how-
ever, no licensed EBV vaccine is available, and evidence of
strong T-cell immunity to EBV is preliminary [89,100]. In
terms of public health, such strategies hold potential to sig-
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Fig. 2. Schematic framework of the etiology-driven therapeutic strategy. Figure created using Microsoft PowerPoint (version 2024;
Microsoft Corporation, Redmond, WA, USA).

nificantly reduce NPC incidence in endemic regions. Envi-
ronmental prevention also remains critical. Epidemiolog-
ical studies have consistently shown that salted fish, pre-
served food, and tobacco exposure are associated with in-
creased NPC risk [101]. Reducing these exposures may
help prevent the acquisition of molecular dependencies, al-
though stable viral and epigenetic changes may not reverse
once malignant transformation has occurred.

Secondary prevention refers to early detection and
screening. Circulating EBV DNA has been established
as a major biomarker for NPC screening and monitor-
ing. Emerging non-coding RNA-based methods (lncRNAs,
miRNAs, circRNAs) also hold promise as biomarkers for
early detection [98,99].

Tertiary prevention refers to treatment and resistance
management. For patients with established NPC, treat-
ment should be guided by molecular subtyping and thera-
peutic vulnerabilities. The distinction between reversible
metabolic/inflammatory pathways and irreversible genet-
ic/epigenetic alterations has important implications for
treatment timing and combination strategies.

Challenges and Future Directions

Effective molecular subtyping of NPC necessitates a
combination of genomic, transcriptomic, epigenomic, pro-
teomic and microbiome data, a challenge for which ma-
chine learning and artificial intelligence can offer an ef-
fective solution through pattern recognition and predictive
modeling. Although multi-omics data integration remains a
substantial hurdle [102], these innovative approaches may
reveal dependencies that are undetectable by single-layer
studies. A further major impediment is the paucity of re-

liable NPC-specific experimental models. The complexity
of EBV latency, immune microenvironmental interactions,
and genetic heterogeneity of host cells are often poorly rep-
resented in current cell lines and xenografts, thereby limit-
ing translational relevance and constraining functional val-
idation of emerging targets. Therefore, the development
of more physiologically accurate models, including patient-
derived organoids and humanized mice, is an urgent prior-
ity. Overall, NPC exemplifies an etiology-driven cancer in
which internal molecular factors are closely linked to exter-
nal causal factors. Further progress will require integrating
clinical oncology, molecular biology, and epidemiology to
translate mechanistic discoveries into practical, individual-
ized treatment strategies.

Conclusion

The triangular model of NPC comprises environmen-
tal exposure, host susceptibility and EBV infection, ex-
plaining the epidemiological features of NPC and reveal-
ing vulnerabilities for systemic treatment. Each compo-
nent confers distinct biological vulnerabilities amenable
to therapeutic targeting. These represent core oncogenic
and immune-evasive events mediated by EBV proteins
(EBNA1, LMP1, and LMP2A). Host-driven processes such
as APOBEC3 mutagenesis lead to genomic instability and
potential DNA repair needs. Meanwhile, viral stress re-
sponse and cellular stress response are incorporated into
the survival mechanisms of the organism through signal-
ing pathways, such as NF-κB. All these elements converge
into an interdependent, cascading intervention framework
that integrates molecular dependencies with etiological fac-
tors. This approach facilitates the transition from conven-
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tional TNM staging to etiology-based molecular stratifica-
tion, whereby treatment selection depends not on the mor-
phological classification but on the biological effects of risk
exposures.
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