
Liu et al. Molecular Cancer           (2024) 23:20  
https://doi.org/10.1186/s12943-023-01928-2

REVIEW

Nasopharyngeal carcinoma: current views 
on the tumor microenvironment’s impact 
on drug resistance and clinical outcomes
Huai Liu1†, Ling Tang1†, Yanxian Li1†, Wenji Xie1, Ling Zhang1, Hailin Tang2, Tengfei Xiao1, Hongmin Yang1, 
Wangning Gu1, Hui Wang1* and Pan Chen1* 

Abstract 

The incidence of nasopharyngeal carcinoma (NPC) exhibits significant variations across different ethnic groups 
and geographical regions, with Southeast Asia and North Africa being endemic areas. Of note, Epstein-Barr virus (EBV) 
infection is closely associated with almost all of the undifferentiated NPC cases. Over the past three decades, radiation 
therapy and chemotherapy have formed the cornerstone of NPC treatment. However, recent advancements in immu-
notherapy have introduced a range of promising approaches for managing NPC. In light of these developments, it 
has become evident that a deeper understanding of the tumor microenvironment (TME) is crucial. The TME serves 
a dual function, acting as a promoter of tumorigenesis while also orchestrating immunosuppression, thereby facilitat-
ing cancer progression and enabling immune evasion. Consequently, a comprehensive comprehension of the TME 
and its intricate involvement in the initiation, progression, and metastasis of NPC is imperative for the development 
of effective anticancer drugs. Moreover, given the complexity of TME and the inter-patient heterogeneity, personal-
ized treatment should be designed to maximize therapeutic efficacy and circumvent drug resistance. This review aims 
to provide an in-depth exploration of the TME within the context of EBV-induced NPC, with a particular emphasis 
on its pivotal role in regulating intercellular communication and shaping treatment responses. Additionally, the review 
offers a concise summary of drug resistance mechanisms and potential strategies for their reversal, specifically in rela-
tion to chemoradiation therapy, targeted therapy, and immunotherapy. Furthermore, recent advances in clinical trials 
pertaining to NPC are also discussed.
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Background
Nasopharyngeal carcinoma (NPC) is a form of head and 
neck cancer originating from the epithelium of the naso-
pharynx. According to data from the US National Cancer 
Institute, NPC is diagnosed in fewer than one individ-
ual per 100,000 worldwide annually. However, NPC is 
endemic to specific geographical regions, such as South-
east Asia, North Africa, and the Arctic [1], where high 
incidence has been reported. The prevalence is higher in 
males than in females in both high- and low-incidence 
areas, with a male-to female ratio of approximately 3:1. 
Currently, NPC is classified into keratinizing carcinoma/
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squamous cell carcinoma, non-keratinizing carcinoma, 
with differentiated and undifferentiated variants, and 
basaloid squamous cell carcinoma. The keratinizing sub-
type accounts for less than 20% of all cases in the United 
States while the nonkeratinizing subtype represents the 
endemic form of NPC and is found mostly in Asia.

The etiology of NPC is multifactorial and complex. 
Exposures to environmental carcinogens, and genetic 
predisposition as demonstrated by the geographic dis-
tribution and overwhelming incidence in the Chinese 
population [2]. Epstein-Barr virus (EBV) infection, which 
accounts for most of the cases in all subtypes of non-
keratinizing NPC [3]. It has also been speculated that 
co-infection with other viruses, such as human papil-
lomavirus (HPV) and human herpesvirus type 6 (HHV-
6), may also play a role in the development of NPC. In 
addition, causal factors, including tobacco, alcohol, and 
nitrosamine-containing food consumption, have a syner-
gistic effect with EBV infection on the risk of NPC devel-
opment [4].

Depending on the staging, NPC patients will receive 
single treatment or combination treatment of radiother-
apy, chemotherapy, targeted therapy, or immunotherapy. 
Surgical options are limited due to the deep tumor locali-
zation and complex anatomical structure of the tumor 
site, but still provide benefit to recurrent NPC [5]. Fac-
tors that contribute to NPC treatment response include 
the stage of the cancer, the therapeutic approaches, the 
treatment-related side effects, and the occurrence of drug 
resistance. Risk factors associated with NPC are listed 
in Table  1. In recent decades, tumor microenvironment 
(TME) is being recognized to play a significant role in 
promoting tumor progression, metastasis, and mediat-
ing drug resistance. The TME of NPC is a complicated 
network between tumor-associated cells and noncellu-
lar components, together shaping an environment that 
favors tumor development. In this review, we summarize 
the NPC therapeutic options, describe the role of TME 
in the development of NPC, and specifically discuss the 
drug resistance mechanisms as well as reversal strategies.

NPC therapeutic approaches
Radiotherapy
NPC has been treated with radiotherapy (RT) for over 
70  years because it is a radiosensitive tumor and the 
anatomic location limits surgery. NPC is highly sensi-
tive to ionizing radiation (IR), and therefore RT is the 
mainstay option and the backbone of treatment for 
all stages of NPC without distant metastases. IR can 
inhibit tumor progression by indirectly inducing DNA 
damage through direct ionization or by stimulating 
reactive oxygen species (ROS) production [18]. With 

the development of photon RT in the past few dec-
ades, the treatment strategies have progressed from 
conventional two-dimensional RT to three-dimen-
sional conformal RT (3D-CRT), as well as the recent 
breakthrough in intensity-modulated RT (IMRT). 
Currently, IMRT represents the most widely selected 
option that provides substantial locoregional con-
trol and overall survival rate (OS) and reduced toxici-
ties compared to 2D- or 3D-RT [19]. For patients with 
early-stage NPC, the standard treatment is RT mono-
therapy, and the prognosis is desirable. A Chinese clini-
cal study reported the treatment outcomes of patients 
with early-stage NPC after RT monotherapy [20]. The 
5-year OS rate for the whole sample size (n = 362) was 
85%. In addition, the  5-year local recurrence-free sur-
vival and 5-year regional recurrence-free survival rates 
had no significant difference between different T and N 
stages on prognosis. In contrast, patients with locally 
advanced NPC have worse therapeutic outcomes and 
are usually treated with combined chemoradiotherapy. 
Fang et  al. conducted a longitudinal study to investi-
gate the survival outcomes for NPC patients treated 
with 3D-CRT and IMRT [21]. Both therapies showed 
remarkable effect, with more than 93% 3-year OS, 
towards early stages NPC, but the OS rates reduced to 
70% in stage IV. Furthermore, RT alone demonstrated 
100% 3-year metastasis-free survival rate in stage I-IIa, 
but only achieved 60% response in stage IV. The major 
limitation of RT lies in the insufficient local control for 
advanced stages tumor, severe late adverse events, and 
the lack of adaptive re-planning during RT course [22].

Table 1 Risk factors associated with NPC

Abbreviations: OR odd ratio, CI confidence interval, SNP single nucleotide 
polymorphism

Risk factors OR (95% CI) References

EBV infection 8.69 (5.79–13.03) [6]

Malarial infection 2.2 (N/A) [7]

Smoking habit 1.34 (1.15–1.57) [8]

Salt-preserved food 1.36 (1.27–1.46) [9]

Plant-based diet 0.48 (0.38–0.59) [10]

Alcohol consumption 1.41 (1.27–1.57) [9]

Animal-based diet 2.26 (1.86–2.77) [10]

Exposure to wood dust 5.82 (2.50–13.6) [11]

Exposure to formaldehyde 6.79 (2.21–15.85) [12]

NPC family history 3.09 (1.97–4.86) [11]

CYP2E1 RsaI/PstI polymorphism 2.72 (1.73–4.25) [13]

GSTM1 polymorphism 1.53 (1.35–1.74) [14]

ALDH2 rs671 polymorphism 1.23 (1.03–1.48) [15]

p53 Arg72Pro SNP 1.28 (1.17–1.40) [16]

MMP-2 1306C > T SNP 2.22 (0.50–9.91) [17]



Page 3 of 25Liu et al. Molecular Cancer           (2024) 23:20  

Chemotherapy
Chemotherapy has been evaluated as part of the com-
bination with RT to reduce tumor load and eradicate 
micro-metastases. Common chemotherapeutic agents 
used in NPC treatment are platinum-based drugs, pacli-
taxel, gemcitabine, and 5-fluorouracil (5-FU). Multiple 
clinical trials have tested the effect of induction, con-
comitant, and adjuvant chemotherapy [23, 24]. These tri-
als were conducted with different drug combinations and 
dosing strategies. Nonetheless, the outcomes were dis-
couraging and sparked a contentious discussion regard-
ing the utilization of chemotherapy for both local control 
and distant metastases. Monotherapy of methotrexate, 
5-FU, cisplatin, and carboplatin achieved response rate of 
15% to 31% [19]. Neoadjuvant chemotherapies for NPC 
are cisplatin-based treatments plus gemcitabine, etopo-
side, or 5-FU, aiming to reduce tumor volume prior to 
radiotherapy and to eradicate microscopic metastasis 
[25]. The mainstream adjuvant chemotherapy regime 
for locally advanced NPC is the combination of cisplatin 
with 5-FU. Although neoadjuvant and adjuvant chemo-
therapy has reported encouraging response rates in treat-
ing locoregionally advanced NPC, so far none of the 
trials has been able to demonstrate an OS benefit [26]. A 
retrospective analysis by Song et al. described that neo-
adjuvant chemotherapy offered no additional benefit to 
treatment with RT alone. Instead, introducing chemo-
therapy may cause deleterious effect on stage II NPC 

by delaying RT treatment [27]. Such findings are sup-
ported by a meta-analysis that included 8 trials with 1753 
patients, but the study also suggested an OS benefit with 
concomitant chemotherapy [28]. Recently, Wang et  al. 
conducted a meta-analysis of 8 studies with 2605 patients 
bearing locally advanced NPC [29]. The result suggested 
that induction chemotherapy plus RT was as effective as 
induction chemotherapy plus concurrent chemoradio-
therapy. Moreover, the exclusion of concurrent chemo-
therapy reduced the incidence of treatment-related acute 
hematological toxicity. Therefore, the most promising 
regimen could be concurrent chemoradiotherapy for 
patients with locoregionally advanced diseases. Impor-
tantly, the outcome of chemotherapy can be affected by 
NPC stages, drug combinations, and time sequences.

Targeted therapy
NPC cells can utilize several signaling pathways to pro-
mote cell proliferation and inhibit apoptosis, as shown 
in Fig.  1. Therefore, targeting these signaling proteins 
can be an effective strategy in NPC. Hyperactivation of 
PI3K-AKT signaling cascade is one of the crucial mech-
anisms in NPC cell proliferation and survival. EBV-
encoded latent membrane protein 1 (LMP1) also relies 
on PI3K-AKT pathway to mediate fibroblast transforma-
tion [30]. Alteration of PI3K gene such as gene amplifi-
cation, mutations have been correlated with aggressive 
tumor behavior and poor survival in NPC patients [31]. 

Fig. 1 Signaling pathways contributed to the progression of nasopharyngeal carcinoma. Initiation of the cell signaling begins with cytokines 
and growth factors stimulation. The PI3K pathway leads to apoptosis inhibition and tumor cell proliferation. Other signaling pathways including JNK, 
ERK, JAK, and RAS promote tumor cell proliferation



Page 4 of 25Liu et al. Molecular Cancer           (2024) 23:20 

A nonselective PI3K inhibitor LY294002 was reported 
to induce cell apoptosis by inhibiting the activation of 
PI3K-AKT signaling [32]. Mitogen-activated protein 
kinase (MAPK) signaling pathway regulates a wide range 
of cellular processes, such as cell proliferation, differ-
entiation, migration, and apoptosis [33]. It consists of 
three pathways including extracellular-signal-regulated 
kinase 1 and 2 (ERK1/2), c-Jun N-terminal kinase 1, 2, 
and 3 (JNK1/2/3), and p38 MAPK. MAPKs are activated 
upon ligand binding to receptors such as EGFR, FGFR, 
VEGFR, then transduced through RAS signaling and 
leads to phosphorylation of MAPK substrates, leading to 
regulation of target gene activity [34]. The activation of 
MAPK pathway has been shown to promote NPC tumor 
development [35, 36], angiogenesis [37], metastasis [38, 
39], and the formation of inflammatory TME [40]. As 
shown in Fig. 1, NF-κB is involved in multiple signaling 
pathways, representing a key multipotent transcription 
factor [41]. Studies have shown that EBV-encoded LMP1 
could activate NF-κB to promote tumor cell metabolic 
reprogramming and modulate the immunosuppressive 
TME [42]. While these signaling pathways are critical to 
NPC tumor progression, the clinical efficacy of therapeu-
tic inhibitors requires further evaluation.

Small molecule inhibitors targeting EGFR and VEGFR 
are considered as second line therapy for recurrent or 
metastatic (R/M) NPC patients. Evidence suggests that 
VEGFR-2 is highly expressed in NPC, which correlated 
with worse progression-free survival (PFS) [43]. The 
activation of VEGF signaling pathway promotes tumor 
growth, metastasis, and angiogenesis, therefore target-
ing VEGFR could provide benefit for NPC patients. 
Sorafenib, sunitinib, famitinib, and pazopanib are multi-
targeted tyrosine kinase inhibitors of VEGFR. The effi-
cacy of sorafenib was evaluated in R/M NPC patients as 
monotherapy or in combination with chemotherapy [44, 
45]. Sorafenib was shown to be clinically effective and 
fairly well tolerated in patients with R/M NPC. Notably, 
sorafenib combined with cisplatin and 5-FU achieved 
promising objective response rate of 77.8% and median 
OS of 11.8 months. Clinical trials on sunitinib, pazopanib, 
and famitinib also suggest that these VEGFR inhibitors 
have therapeutic advantages in heavily chemotherapy-
pretreated patients with R/M NPC. Recently, highly 
selective VEGFR-2 inhibitors anlotinib and apatinib have 
been investigated in R/M NPC. In a clinical trial with 33 
enrolled patients (NCT03130270) who experienced dis-
ease progression following chemotherapy, apatinib mon-
otherapy exhibited notable therapeutic effectiveness and 
a well-tolerated safety profile [46]. Anlotinib is undergo-
ing multiple clinical trials to evaluate its efficacy, either 
as a standalone treatment (NCT03906058) or in combi-
nation with chemoradiation (NCT05232552) for patients 

with NPC. The clinical trials of small molecule inhibitors 
are summarized in Table 2.

Clinical investigations have confirmed elevated expres-
sion of EGFR as well as EGFR gene amplification in non-
keratinizing NPC tumors, a correlation that has been 
linked to unfavorable treatment outcomes [21]. Activa-
tion of EGFR results in hyperactivity of the downstream 
signaling cascades such as RAS/ERK pathways, leading 
to uncontrolled cell proliferation [36]. These observa-
tions provided a rationale for the exploration of EGFR 
inhibitors in recurrent or metastatic (R/M) NPC. Multi-
ple clinical trials were undertaken to assess the effective-
ness of EGFR inhibitors, such as gefitinib and erlotinib, in 
patients with R/M NPC who had previously undergone 
chemotherapy [47–49]. Although both inhibitors showed 
favorable safety profile, they failed to demonstrate 
meaningful clinical and survival benefits for R/M NPC 
patients. Recently, another EGFR inhibitor icotinib was 
evaluated in combination with IMRT in patients with 

Table 2 Small molecule inhibitors under clinical investigation

Target Agent The National 
Clinical Trial 
number

Year of 
completion

EGFR, VEGFR, 
FGFR

Apatinib NCT02874651 Completed, 
2020–08

NCT04586088 2023–09

NCT04350190 Completed, 
2022–09

NCT03180476 Completed, 
2020–04

NCT05549466 2025–09

Anlotinib NCT03639467 2023–08

NCT05232552 2024–12

NCT03906058 Completed, 
2022–04

NCT05981157 2025–12

NCT05807880 2025–10

Surufatinib NCT04955886 2023–08

Sorafenib NCT02035527 Completed, 
2017–04

Donafenib NCT02698111 Terminated, 
2021–10

PI3K IPI-549 NCT03795610 2023–06

BKM120 NCT02113878 Completed, 
2022–01

NCT01816984 Completed, 
2020–09

PARP Fluzoparib NCT04978012 2025–12

Niraparib NCT05162872 2023–10

HDAC Nanatinostat NCT05166577 2025–10

mTOR RAPA-201 NCT05144698 2024–12

CDK4/6 Dalpiciclib NCT05724355 2024–10

EBNA1 VK-2019 NCT04925544 2026–02
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local NPC. While the combination was shown to be well 
tolerated, the efficacy needs further investigation [50].

In summary, the use of small molecule inhibitors in the 
context of recurrent or metastatic (R/M) NPC did not 
yield significant clinical benefits, this could be partially 
attributed to the absence of reliable biomarkers, a lack of 
robust clinical trials, and the short duration of follow up 
studies. Further studies are warranted to discover better 
therapeutic options and establish a definitive role for tar-
geted therapy in the management of R/M NPC.

Immunotherapy
The immune landscape of NPC is generally described as 
a highly immune inflammatory environment, with a close 
association with EBV infection, high PD-L1 level, and 
lymphocytic infiltration [51]. Multiple immunotherapies 
for NPC are currently under investigation, which include 
cancer vaccines, immune checkpoint inhibitors (ICIs), 
and adoptive cell therapy (ACT). To date, immunother-
apy for NPC has demonstrated significant benefits in 
multiple clinical trials, offering novel avenues to improve 
the therapeutic responses among patients with NPC. A 
summary of immunotherapy clinical trials is presented in 
Table 3.

Targeting EBV
Since EBV is present in virtually all poorly differentiated 
and undifferentiated non-keratinizing NPC tumor cells 
but rarely in normal cells, it represents a very specific 
diagnostic biomarker and an attractive therapeutic tar-
get. Numerous studies have demonstrated that EBV can 
induce genetic instability premalignant cells, promote 
tumor development through shaping an immunosup-
pressing TME, and facilitate tumor metastasis and inva-
sion by inducing EMT. Given the oncogenic role of EBV 
in NPC, multiple clinical trials are initiated to explore 
the therapeutic value of targeting EBV [52]. In order to 
target EBV, peptide vaccine and viral vaccine, have been 
investigated in the context of NPC treatment [53]. Pro-
phylactic EBV-vaccine aims to restrict primary infec-
tion and reduce the risk of EBV-associated diseases. 
To this end, vaccines targeting different EBV antigens 
have been developed and are under clinical investiga-
tion (NCT01094405, NCT01800071). The lytic antigen 
gp350 is an ideal candidate given its critical role in guid-
ing primary B-cell infection and neonatal infection [54]. 
Therefore, vaccines against EBV gp350 are expected to 
prevent primary infection. Notably, the NIH recently 
announced an early-stage clinical trial to evaluate the 
safety and immune response of an EBV gp350-Ferritin 
nanoparticle vaccine. Another type of vaccine targets the 
latent life cycle antigens such as the EBV nuclear antigens 
(EBNAs) and latent membrane proteins (LMPs). This 

approach may be adapted to eradicate latently-infected 
reservoirs. Clinical trials have been conducted to evalu-
ate the vaccines against two main EBV proteins, EBNA1 
and LMP2 [55, 56]. For instance, a phase I clinical trial 
(NCT01256853) tested a recombinant vaccinia virus 
encoding an EBNA1/LMP2 fusion protein to boost T 
cell immunity [57]. The data show that the vaccine can 
induce a dose dependent EBNA1/LMP2 response with a 
safe profile, supporting the initiation of a phase II trial.

Adopted cell therapy
In addition to cancer vaccines, directing attention 
towards EBV through Adoptive Cell Therapy (ACT) has 
emerged as a new option with potential for superior 
effectiveness and a favorable safety profile. The potential 
of ACT was first noted by Smith et  al., who suggested 
that it could potentially prevent tumor development and 
extend patient survival [58]. Targeting EBV-specific anti-
gens LMP1 and EBNA1 with cytotoxic T lymphocytes 
(CTLs) represents one of the most promising immuno-
therapies for NPC. LMP1 and EBNA1 are highly immu-
nogenic and successful targeting of EBV-specific antigens 
with CTLs may have long-lasting effects. Once activated, 
CTLs can continue to surveil the body for reappearance 
of EBV-infected cells, reducing the risk of recurrence. 
CTL-based therapies have fewer severe side effects com-
pared to traditional chemotherapy or radiation therapy.

Other immune cells include dendritic cells (DC) which 
are potent antigen-presenting cells that play a central role 
in initiating and regulating anti-viral immune responses. 
Through genetic engineering DCs can present tumor 
antigens to naïve  CD8+ T cells and turn them into tumor 
specific CTLs [59]. Currently, there are several clinical 
trials investigating the possibility of ACT against NPC 
and reported results demonstrated clinical benefits. A 
recent study by Li et  al. reported that ACT is well tol-
erated following chemoradiotherapy in advanced NPC 
patients. More importantly, 19 of 20 patients exhibited 
an objective antitumor response, and 18 patients dis-
played disease-free survival more than 12  months after 
ACT, suggesting a sustained antitumor activity achieved 
by stimulating anti-EBV immune responses [60]. These 
observations align with results obtained from other clini-
cal trials, including studies involving the combination of 
ACT with chemotherapy [35] and treatment in patients 
who did not respond to conventional therapies [36]. Fur-
thermore, a systematic review conducted by Farooqi et al. 
reached a similar conclusion. In their analysis of 7 phase 
I/II clinical trials, they found minimal grade ≥ 3 adverse 
events, with the majority of such events being associated 
with chemotherapy [37]. Therefore, the combination of 
adoptive immunotherapy with traditional therapeutic 
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Table 3 Immunotherapy clinical trials within the last 10 years

Target Treatment The National Clinical Trial number Year of completion

Immune cells T cell NCT03044743 2022–03

NCT04509726 2023–08

NCT05592626 2026–10

Nature killer cell NCT03007836 Completed, 2019–06

Dendritic cell NCT04476641 2022–12

Anti-PD1 Toripalimab NCT03925090 2023–10

NCT04446663 2024–12

NCT04447326 2026–06

NCT04517214 2026–12

NCT05147844 2024–03

NCT05229315 2023–12

NCT05385926 2024–04

NCT05484375 2029–09

NCT05813626 2027–10

NCT04890522 2028–12

NCT03581786 2022–10

NCT04453813 2027–07

NCT04778956 2033–03

NCT05340491 2027–12

NCT05955105 2026–07

NCT03930498 2025–12

Nivolumab NCT02339558 Completed, 2018–06

NCT03267498 2024–04

NCT03097939 2024–12

NCT04875611 2025–12

NCT05904080 2028–06

NCT04910347 2025–12

NCT06019130 2028–01

NCT04458909 Terminated, 2023–08

NCT06029270 2029–04

Pembrolizumab NCT03734809 2024–12

NCT03813394 2024–03

NCT03082534 2024–05

NCT03809624 2025–12

NCT04825990 2028–03

NCT02611960 Completed, 2022–09

NCT03674567 2023–12

NCT02538510 Completed, 2023–09

Sintilimab NCT04872582 2024–10

NCT04917770 2024–06

NCT03700476 2025–01

NCT03619824 2024–03

NCT05201859 2026–02

NCT05417139 2025–07

Camrelizumab NCT04221516 2024–02

NCT04782765 2025–03

NCT05011227 2025–08

NCT05097209 2026–04
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approaches may achieve substantial treatment response 
while preserving a good safety profile.

Immune checkpoint inhibitors
ICIs represent a major class of immunotherapy across 
many cancers. Accumulating data has suggested the 
great potential of ICIs in the treatment of NPC. Most 
of the research are focusing on the development of pro-
grammed death-1/programmed death ligand-1 (PD-1/
PD-L1) and cytotoxic T lymphocyte-associated protein 
4 (CTLA-4) inhibitors. Tumor cells have the capacity 
to engage CTLA-4, thereby suppressing the initiation 
of T-cell responses and evading immune surveillance. 
Preclinical investigations have demonstrated that the 
inhibition of CTLA-4 can restore T-cell functions and 

facilitate the elimination of tumors. Ipilimumab and 
tremelimumab have been approved for adjuvant therapy 
of melanoma [61]. Ipilimumab is currently under phase 
2 clinical trials for metastatic, recurrent, or last-staged 
NPC.CTLA-4 inhibitors are also under clinical investiga-
tion in other cancers, including lung cancer, prostate can-
cer, and NPC [62]. Cadonilimab is a bispecific antibody 
targeting both PD-1 and CTLA-4. The early phase clini-
cal studies showed that cadonilimab achieved promising 
antitumor efficacy with a favorable safety profile, leading 
to its approval for recurrent or metastatic cervical cancer 
in China. It is now in multiple phase 2/3 clinical trials to 
investigate the antitumor efficacy in NPC [63]. PD-1 is an 
immune checkpoint found on T lymphocytes, whereas 
PD-L1 is present on both tumor cells and immune cells. 

Table 3 (continued)

Target Treatment The National Clinical Trial number Year of completion

NCT05128201 2026–05

NCT03427827 2026–02

NCT03707509 2022–12

NCT04453826 2028–09

NCT04944914 2026–06

NCT05524168 2025–09

Penpulimab NCT03866967 2023–12

NCT04220307 Completed, 2022–08

NCT04974398 2026–09

Tislelizumab NCT04833257 2026–11

NCT04870905 2026–05

NCT05448885 2025–12

NCT05211232 2027–03

NCT03924986 2024–06

Tirelizumab NCT05092217 2024–10

Peramprizumab NCT05193617 2027–01

Triprilimab NCT04421469 2023–06

PD-1/CTLA-4 Cadonilimab NCT05790200 2025–09

NCT05587374 2027–01

PD-L1 Envafolimab NCT05397769 2026–12

Durvalumab NCT04447612 2024–12

KL-A167 NCT05294172 2025–05

VEGF Bevacizumab NCT05341193 2025–12

NCT05898256NCT03074513 2026–07

NCT05063552 2024–06

2027–12

EGFR Nimotuzumab NCT03708822 2026–12

NCT04223024 2026–12

NCT04456322 2025–06

TIM-3 TQB2618 NCT05563480 2024–05

HGF Ficlatuzumab NCT03422536 Completed, 2022–04

TGF-β receptor Bintrafusp Alfa NCT04396886 2022–12
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Zhang and colleagues conducted an analysis of biopsies 
from 139 patients to assess the relationship between the 
expression levels of PD-1 and PD-L1 and treatment out-
comes. Strikingly, PD-L1 which was identified in 95% of 
the patients was associated with an unfavorable prog-
nosis. Co-expression of PD-1 and PD-L1 was associated 
with the poorest prognosis of disease-free survival. This 
finding agrees with studies in other cancers [64, 65]. 
Given that PD-1 and PD-L1 play critical roles in tumor 
survival and immune escape, treatment of NPC with ICIs 
has become a high interest research field. Many PD-1/
PD-L1 inhibitors have advanced from preclinical studies 
to clinical trials for the treatment of recurrence/meta-
static (R/M) NPC, including nivolumab, pembrolizumab, 
camrelizumab, toripalimab, tislelizumab [51]. The prom-
ising data have granted several approvals of PD-1 inhibi-
tors for R/M NPC in combination with chemotherapy. 
A multinational study of nivolumab monotherapy in 44 
patients demonstrated an overall response rate of 20.5%. 
In addition, the 1-year OS was 59% and 1-year PFS was 
19.3%, suggesting that it has promising clinical activity in 
heavily pretreated R/M NPC. The study also showed that 
patients with PD-L1 positive tumors had higher response 
rate compared to those with PD-L1 negative tumors. In 
a phase 3 clinical study, toripalimab in combination with 
gemcitabine-cisplatin chemotherapy exhibited a signifi-
cant improvement in median PFS (11.7 vs 8.0  months), 

and a 40% reduction in risk of death compared to placebo 
arm. The addition of toripalimab to chemotherapy had a 
similar incidence of grade ≥ 3 adverse events, with a more 
frequent immune-related adverse events (39.7%vs 18.9%) 
[66]. Notably, toripalimab is the first anti-PD-1 antibody 
that got approved for R/M NPC in China, representing a 
breakthrough of immunotherapy in NPC treatment [66]. 
Tislelizumab was approved by the China National Medi-
cal Products Administration for R/M NPC in 2022, based 
on the significant efficacy in phase 3 RATIONALE-309 
trial.

Components of the NPC tumor microenvironment
The concept of TME was first presented by Stephen 
Paget, known as the seed and soil hypothesis [67]. Paget 
described that the spread of tumor cells is caused by the 
interaction and cooperation of cancer cells (the “seed”) 
and the microenvironment of specific organs (the “soil”). 
Over the last several decades, extensive studies have 
refined our understanding of TME and its role in promot-
ing tumor progression, metastasis, and its involvement 
in drug resistance. The TME of NPC represents a highly 
complex niche consisting of tumor-associated cells and 
non-cellular components (Fig.  2). Cellular components 
include tumor endothelial cells (TECs), cancer-associated 
fibroblasts (CAFs), and tumor-infiltrating immune cells. 
These components can differentially influence tumor 

Fig. 2 Interaction of NPC cells with the tumor microenvironment. EBV-encoded proteins promote tumor development by interacting 
with tumor-associated cells while limiting the immune infiltration of T cells and NK cells. Immune cells including nature killer (NK) cells, cytotoxic 
 CD8+ T cells, M1 macrophage can inhibit NPC tumor growth. In contrast, regulatory T cells (Treg), M2 macrophage, and B cells can promote tumor 
cell proliferation by inhibiting the activity of  CD8+ T cells and promote metastasis. Tumor endothelial cells (TEC) and cancer-associated fibroblasts 
(CAF) can promote tumor proliferation and metastasis by activating survival signaling pathways and producing pro-tumorigenic cytokines. 
Extracellular matrix acts as a cytokine reservoir at both primary tumor site and metastasis site to support tumor growth
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initiation, progression, invasion, and metastasis. Further-
more, EBV infection largely contributes to the immuno-
suppressive TME observed in NPC. The next sections 
summarize the significant components of TME and the 
crosstalk between different cell populations.

EBV infection in NPC
NPC is unique among head and neck cancers due to the 
strong causative association with EBV. EBV is known 
to exhibit type II latency program in NPC, where the 
infected cells express a specific set of viral genes includ-
ing LMP1, LMP2A/B, EBNA1, EBERs and BamHI-A 
rightward transcripts (BARTs). Specifically, the expres-
sion of LMP1 in cells exerts a broad spectrum of effects, 
such as increasing the levels of anti-apoptotic proteins, 
triggering cytokine production, and activating signaling 
pathways (NF-κB, PI3K, ERK-MAPK) in a ligand-inde-
pendent manner [68, 69]. EBNA1 is the viral encoded 
DNA binding protein essential for the stable mainte-
nance of EBV as an episome during latent infection. 
EBNA1 is expressed in all EBV-positive tumors and has 
been found to enhance cell survival [70]. It has been 
shown that EBV-positive NPC exhibits a higher immu-
nosuppressive TME compared to EBV-negative NPC 
[71]. Recently, a comprehensive whole-genome profiling 
analysis of 70 NPC samples reveals multiple cell-virus 
interactions which are involved in NPC tumorigenesis 
[72]. In EBV-positive NPC, LMP1 or host somatic altera-
tions underpin constitutive NF-κB activation. This find-
ing, in agreement with other sequencing analysis [73] and 
CRISPR-based screening [74], conclude that NF-κB sign-
aling pathway plays a central role in NPC development. 
Activated NF-kB results in an increased production 
of IL-6, IL-8, and leukemia inhibitory factor (LIF) that 
facilitate the recruitment of immune cells to establish a 
chronic and non-specific inflammation niche [75]. Inter-
estingly, such inflammation is mainly characterized by 
the prevalence of macrophages and granulocytes rather 
than DCs, resulting in a reduced tumor antigen presen-
tation environment and a decreased activation of T lym-
phocytes and NK cells allowing immune escape of EBV 
infected cells.

In contrast, the TME of EBV-negative NPC remains 
inconclusive. Single cell RNA-seq by Zhao et al. reported 
that EBV-negative tumors have higher degree of intra-
tumoral heterogeneity and increased expression of 
keratin genes compared to EBV-positive tumors [76]. 
Moreover, EBV-negative NPC displayed higher infiltra-
tion of B cells than T cells, with higher M2 macrophages 
and fewer regulatory T cells (Tregs) [77]. Comprehensive 
analysis is still needed to delineate the pathogenesis of 
EBV-independent NPC.

Cellular components
Tumor endothelial cells
TECs are characterized by their genetic instability, 
which contributes to the heterogeneity that promotes 
therapeutic resistance, tumor progression and metasta-
sis. They are also known to regulate cytokine secretion 
and angiogenesis [78]. Tumor cells require oxygen and 
nutrients to survive and growth, therefore angiogenesis 
plays a critical role in tumor progression. TECs process 
increased capacities of proliferation, migration, and tube-
formation in response to growth factors (e.g., VEGF and 
FGF2) and cytokines (e.g., CXCL1 and CXCL8), which 
may be attributed to the increased expression of growth 
factor and cytokine receptors such as TEK and VEGFR 
[79]. In EBV-positive NPC, LMP1 was shown to induce 
the expression of Cyclooxygenase-2 (COX-2) via NF-κB 
pathway. Murono et al. reported that LMP1 can increase 
the production of VEGF by acting together with COX-2, 
thereby contributing to angiogenesis in NPC [80]. EBV 
can also infect endothelial cells using monocytes as a 
shuttle [81]. The infected endothelial cells display upreg-
ulation of EBV lytic genes, promoting inflammation and 
vascular injury. Cheng et al. found that TECs co-cultured 
with cancer cells show constitutive activation of PI3K/
AKT signaling pathway, resulted in cell survival and 
tube formation, creating a microenvironment that favors 
tumor growth [82]. Inhibition of PI3K and COX-2 sign-
aling pathways can reverse the increased tube formation 
and induce apoptosis of endothelial cells. More impor-
tantly, TECs are irregular monolayers with impaired bar-
rier functions compared to the normal endothelial cells, 
which could lead to vascular leakiness and provide a 
route for metastasis [83]. With angiogenesis, tumor cells 
can intravasate from primary site into blood circulation 
and extravasate into distant organs. Even though millions 
of tumor cells could be released into the circulation, only 
a few of them can successfully form distant metastatic 
nodes. The reason is that inadequate or inappropriate 
cell–matrix interaction when tumor cells detach from 
ECM in primary tumor cause them to enter cell-cycle 
arrest and rapid apoptosis, known as anoikis. Yadav et al. 
demonstrated that TEC could promote tumor metastasis 
by chaperoning tumor cells to distal sites [84]. The acti-
vated TECs can upregulate the expression of adhesion 
molecules and bind to tumor cells, thereby protecting the 
circulating tumor cells from anoikis and facilitating their 
movement to distant sites.

Cancer‑associated fibroblasts
Among the various cell types present in the TME, Can-
cer-Associated Fibroblasts (CAFs) have been identified 
as significant mediators of cancer cell migration and 
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invasion in numerous solid tumors. The primary origins 
of CAFs are the local normal fibroblasts. Kojima et  al. 
found that tumor cells can produce TGF-β and SDF-1 
to initiate and maintain the transformation of normal 
fibroblasts to CAFs. In addition, Kalluri et  al. described 
that the endothelial cells may undergo endothelial-mes-
enchymal transition and convert to fibroblast-like cells, 
which accounts for a large proportion of CAFs [85]. 
Importantly, EBV-encoded LMP1 has been demonstrated 
to promote the transition of normal fibroblast to CAFs. 
Wu et al. reported that extracellular vesicles (EVs) pack-
aged LMP1 can regulate CAF transition via activation of 
the NF-κB RelA/p65 signaling pathway [86]. Co-culture 
of EVs-activated CAFs enhances the proliferation, migra-
tion, and radiation resistance of NPC cell line HK1. A 
study by Davis et  al. revealed another mechanism in 
which LMP1 transforms fibroblasts [87]. They showed 
that conditioned medium from MDCK-LMP1 cells 
increases cell motility and invasion in both epithelial and 
fibroblasts by stimulating TGF-β and ERK-MAPK signal-
ing pathways. However, since these pathways have exten-
sive crosstalk with other pathways and regulatory factors, 
the precise mechanism is unclear and requires further 
investigation. Functionally, CAFs are documented to 
enhance angiogenesis in tumors due to their large pro-
duction of VEGFA within the TME [88]. Furthermore, it 
has been documented that CAFs maintain the capacity 
to stimulate angiogenesis independently of tumor cells, 
as they respond to PDGF-C. [89]. In addition, CAFs can 
promote tumor angiogenesis by recruiting endothelial 
progenitor cells via CXCL12/CXCR4 signaling pathway 
[90]. In NPC, CAFs are found to facilitate tumor migra-
tion and invasion, leading to worse prognosis. In sup-
port of this notion CAFs promote survival and confer RT 
resistance in NPC cells by secreting IL-8, which activates 
NF-kB signaling pathway and reduces DNA damage [91].

Tumor‑infiltrating immune cells
TILs are immune cells triggered by the host’s immune 
response to fight against the tumor, including lympho-
cytes, DCs, macrophages, and mast cells. However, 
cancer cells possess a wide array of mechanisms to cir-
cumvent the immune response through an intricate and 
ever-changing interactions with TILs, promoting tumor 
progression, metastasis, and resistance to various drugs 
[92]. Therefore, TILs serve the host immune defense but 
can be hijacked by cancer cells to provide local support 
for the tumor.

T lymphocytes The most significant mediators of adap-
tive immune response are the T lymphocytes which can 
recognize and eliminate cancer cells. The cytotoxic  CD8+ 
T cells, along with  CD4+ T helper type 1 (Th1) cells are 

the final effector cells for tumor elimination [93]. On the 
contrary, the  CD4+ T cell subsets Th2 and Th17 are usu-
ally associated with pro-tumorigenic activity. However, 
the role of Th17 in the tumor immunity remained con-
troversial and has been associated with both favorable 
and unfavorable outcomes [94]. In EBV-positive tumors, 
the elevated presence of  CD8+ T cells is indicative of a 
greater proportion of effector T cells that express cyto-
toxic molecules. Nevertheless, EBV possesses the capa-
bility to encode proteins and small non-coding RNAs 
to suppress the expression of Human Leukocyte Anti-
gen class I (HLA I) antigens, thus disrupting the antigen 
presentation process. This evasion strategy enables EBV-
infected cells to avoid recognition by  CD8+ T cells [95]. 
Moreover, the CD8-mediated immune response can be 
suppressed by Foxp3/CD25 positive regulatory T cells 
(Tregs). Gondhowiardjo and colleagues conducted an 
analysis of biopsy samples from 23 patients with NPC 
and found a positive association between larger primary 
NPC tumors and higher CD8 marker expression [71]. 
However, despite an abundant  CD8+ T cells in the naso-
pharynx it is believed that these cells are dysfunctional. 
Notably, a significant correlation between Foxp3 expres-
sion and tumor volume was found. Tregs, which share 
many molecular signaling pathways with conventional T 
cells and play a crucial role in preventing autoimmunity, 
were found to impede anti-tumor immunity. In another 
study, analyses of T cell subsets at various stages of NPC 
revealed that Tregs were notably upregulated in NPC 
patients who were previously untreated, in partial remis-
sion, and in the relapse groups [96]. Since the majority of 
NPC immune cells express PD-L1, it is believed that the 
expression of PD-L1 on Treg could inhibit tumor immu-
nity and promote immune escape of cancer cells [97]. 
The increased level of Tregs not only interferes antitumor 
immune response but may also represent a major obsta-
cle to immunotherapy treatments [98]. In fact, aggrega-
tion of Tregs in the TME may predict poor prognosis in 
some tumors [99]. Progress in our understanding of Treg 
functions provides a basis for considering Treg deple-
tion and the regulation of Treg function as strategies to 
bolster the immune response. Nevertheless, neutralizing 
Tregs to amplify anti-tumor immune responses comes at 
the potential cost of triggering autoimmunity. Therefore, 
the major challenge is to specifically deplete tumor infil-
trating Tregs without affecting effector T cells.

B lymphocytes Tumor-infiltrating B cells represent a 
large heterogeneous group of cells with diverse func-
tions in the TME. Activated B cells can differentiate into 
plasma cells and produce antibodies to label pathogens 
or infected cells for the host immune defense. While 
accumulating data has strongly indicated a critical role 
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for B cells in antitumor immunity, the function of B cells 
in this process remains inconclusive. Wouters and col-
leagues conducted a comprehensive review of sixty-nine 
clinical studies encompassing 19 cancer types. Their find-
ings suggested a prognostic impact of tumor-infiltrating 
B cells in various cancers, including breast cancer, colo-
rectal cancer, esophageal cancer, melanoma, among oth-
ers [76]. However, a separate genomic analysis indicated 
that elevated expression of B cell metagenes was associ-
ated with poorer survival outcomes in patients with clear 
cell renal tumors [100]. Recent studies suggest that B cells 
may serve as effective promoters of metastasis through 
IL-1β/HIF-2α/Notch1 signaling pathway which stimu-
late cancer cell migration and invasion [101]. Single-cell 
analysis in NPC revealed that high abundance of intratu-
moral B cells is associated with better prognosis in NPC 
patients. On the contrary, the abundance of  IgD−CD27− 
double-negative B cells was significantly correlated to 
worsen prognosis of NPC patients [102]. Double-nega-
tive B cells are a small subset of B-cell population, which 
has been shown to involve in various diseases, includ-
ing malaria, chronic inflammatory disorders, non-small 
cell lung cancer and NPC [103]. Since EBV infection is 
strongly associated with NPC, the virus may also cross-
talk with B cells to suppress immune activity. Along these 
lines, EBV LMP1 can block B cell differentiation and 
EBV-infected cells express miR-21 [104, 105] which can 
increase the expression of immunosuppressive cytokine 
IL-10, suppressing cytotoxic  CD8+ T cell activities. These 
observations suggest that B cells likely play an important 
role in regulating the outcome of radio-chemotherapy 
and immunotherapy in NPC.

Natural killer cells Natural killer (NK) cells are innate 
cytotoxic lymphoid cells that can actively prevent 
tumor growth via immunosurveillance. NK cells can 
be divided into two populations based on expression 
levels of CD56 and CD16. About 90% of NK cells are 
 CD56dimCD16 + with high cytotoxic potential and 10% 
are  CD56brightCD16− with poor cytotoxic potential. In 
cancer patients, NK cells can recognize and eliminate 
tumor cells by releasing cytolytic molecules perforin 
and granzymes, as well as modulate the adaptive anti-
tumor immune response by producing chemokines and 
cytokines such as IFN-γ, TNF-α, IL-8, IL-10, and CCL2 
[106]. Previous studies showed that the NK cell kill-
ing effect predominately relies on TNF-induced apop-
tosis [107]. In addition, concomitant treatment with 
IFN-β and PD-1/PD-L1 checkpoint blockage could fur-
ther increases the killing effect on NPC cells. Recently, 
Glasner et  al. reported a mechanism by which NK cells 
exert their antitumor effect. Investigations revealed 
that human NK cell receptor NKp46 can induce IFN-γ 

production from intratumoral NK cells, upregulating the 
expression of fibronectin 1 in the tumors and preventing 
metastases formation [108]. Compelling evidence reveal 
that the TME can negatively modulate NK cell function-
ality by producing immunosuppressive factors (i.e., TGF-
β, PGE2, IDO) and decrease the antitumor effect of NK 
cells [109, 110]. Particularly, the NK cell functions are 
impaired when the EBV-infected cells enter the latency 
phase [111]. During latency phase, EBV produces viral 
proteins to evade NK killing, such as LMP1, LMP2A/B. 
For example, LMP1 is shown to cause resistance to NK-
mediated cell death by upregulating anti-apoptotic pro-
teins Bcl2, surviving, and pro-survival receptor 4-1BB 
[112, 113]. EBV also stimulates production of cellular 
proteins such as anti-apoptosis Bcl2, and immunosup-
pressant IL-10.

Macrophages Tumor-associated macrophages (TAMs) 
are the largest immune cell population within the tumor 
stroma, with dual supportive and suppressive role in can-
cer. Early findings showed that macrophages activated 
by cytokines are capable to eradicate cancer cells [114]. 
However, TAMs can rapidly loose the cytotoxic activity 
and instead begin stimulating tumor growth and metas-
tasis [115]. To date, it is established that TAMs can polar-
ize into different phenotype in response to cytokines 
and the microenvironment [116]. The maturation to M1 
macrophage phenotypes is driven by IFN-γ, TNF-α and 
microbial products, shaping the cells with antitumor 
activity. On the contrary, M2 macrophages derived from 
exposure to IL-4 or IL-13. These macrophages, with the 
expression of surface marker CD162 and CD206, can 
stimulate angiogenesis, suppress immunity, and promote 
tumor growth and metastasis [117]. Wang et al. showed 
that NPC cell-derived FGF2 can increase pericytes pro-
liferation and the expression of CXCL14, which leads to 
the recruitment and polarization of TAMs and TAM-
associated metastasis [118]. More importantly, TAMs 
can regulate the behavior of cancer cells and the TME. 
Cancer cells recruit TAMs by secreting colony-stim-
ulating factor-1, and in return, TAMs facilitate cancer 
cell growth by producing EGF [119]. TAMs contribute 
to cancer metastasis by disassembling the extracellular 
matrix of the TME, allowing cancer cells to disseminate 
from the primary tumor site. Moreover, at distant sites, 
Tumor-Associated Macrophages (TAMs) have the capa-
bility to establish a protective environment for meta-
static cancer cells, facilitating their accumulation through 
the secretion of interleukin-1 (IL-1) [117]. Interestingly, 
macrophages in NPC have been shown to exhibit distinc-
tive M1-M2 coupled pattern, indicating an intermediate 
phenotype between tumor suppressive and tumor pro-
motive subtypes [120]. Such paradoxical activity may be 
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associated with chronic EBV infection, which induces 
long-lasting inflammatory responses in the TME.

Extracellular matrix
TME also includes a non-cellular component known 
as the extracellular matrix (ECM). All the tumor cells, 
non-cancerous cells and immune cells are interacting 
within the ECM. ECM is a complex network composed 
of fibrous proteins, matrix proteins, and proteoglycans 
that provides structural support and facilitates tumor 
progression, intravasation, and metastasis [121]. It serves 
as a reservoir for various nearby cell-secreted cytokines, 
hormones, and pro-angiogenic growth factors, playing 
a significant role in angiogenesis and vascular stabiliza-
tion [122]. Another key feature of ECM is the ability to 
help tumor cells escape immune surveillance. It is well-
documented that ECM can modulate the activity of lym-
phocytes, such as migration, recognition/activation, and 
differentiation [123]. ECM deposition and increased 
stiffness can reduce lymphocyte replacement, limit T 
cell infiltration, and therefore providing a more favora-
ble environment for tumor cell growth [124]. Because 
of the rapid tumor expansion and poor vascularization, 
the ECM is recognized as a hypoxic environment. In 
response to these conditions, tumor cells undergo a met-
abolic transition from oxidative phosphorylation to gly-
colysis. Recent findings suggest that the tumor-imposed 
glycolysis metabolism can restrict T cell functions, 
dampening the mTOR activity, glycolytic capacity, and 
IFN-γ production, causing T cell hypo-responsiveness 
during cancer [125].

Noncellular components
Cytokines and chemokines
The secretion of proinflammatory and immunosuppres-
sive cytokines and chemokines can have a significant 
impact on immune cell activity and modulate the TME 
for tumor cell proliferation, immune escape, and apop-
tosis resistance. A multiplexed immuno-based profiling 
of cytokine markers in NPC [126] revealed elevated lev-
els of IL-6, IL-8, TNF-α, VEGF, CXCL-10, and MIP-3α 
in NPC compared to healthy individuals. Moreover, the 
elevated cytokine levels were correlated with EBV DNA 
and demonstrated worse prognoses for OS. Several stud-
ies have shown that IL-6 and its receptor are broadly 
expressed among NPC cell lines [127]. IL-6 can promote 
NPC cell migration and invasion, which may be mediated 
by the regulation of MMP-2 and MMP-9. Moreover, the 
use of anti-human IL-6R antibody significantly inhibited 
NPC cell growth and invasion, suggesting blockade of 
IL6/IL6R is a potential therapeutic target to treat NPC 
metastasis. Several studies have found that IL-8 promoter 

T-251 T/A genetic variation is significantly associated to 
NPC risk [128–130]. Compared to TT genotype, AA and 
AT genotypes were highly associated with susceptibil-
ity and aggressiveness of NPC, suggesting an important 
role of IL-8 in NPC progression. Along these lines, IL-8 
can stimulate angiogenesis increasing blood supply to the 
tumor, promoting its growth and survival. The inflam-
matory cytokine TNF-α is recognized for its dual role 
in cancer, which depends on factors such as its concen-
tration, duration of exposure, and the presence of other 
chemokines or cytokines within the TME. Short-term, 
localized administration of TNF-α has been demon-
strated to exhibit anti-tumor effects, whereas prolonged 
expression of TNF-α can lead to a pro-tumorigenic state 
[131]. A multivariate analysis by Yu et  al. revealed that 
elevated expression of TNF-α in primary NPC tissues 
was associated with increased risk of distant metasta-
sis, particularly bone metastasis [132]. NPC cell lines 
CNE-2 and HK-1, as well as NPC biopsies, express IL-18 
and CXCL-10 [133]. IL-18 can induce IFN-γ production 
from T cells and NK cells, which can lead to the activa-
tion of macrophages and other immune cells to secrete 
chemokines to initiate immune cell recruitment. Addi-
tional studies suggest that the elevated IL-18 level in 
TME can induce PD-1 expression on NK cells, a marker 
of functional exhaustion [134]. Therefore, despite the 
higher percentages for infiltrated NK cells, the functional 
exhaustion mitigates their cytotoxic effect and leads to 
poor prognosis.

Metabolites
Generally, cancer cells display competitive advantage 
over other cells for nutrients. It has been shown that 
EBV-encoded LMP1 can modulate NPC energy metabo-
lism via the FGFR1 signaling pathway, characterized by 
increased glucose and glutamine consumption, LDHA 
activity, lactate production, and secretion of HIF-1α 
[69, 135]. LMP1 acts by upregulating the expression of 
FGFR1 in NPC cells through multiple downstream tar-
gets and signaling pathways. Consequently, the con-
stitutive FGFR1 activation facilitates LMP1-mediated 
NPC cell transformation, migration, and invasion. These 
studies suggest that LMP1 promotes aerobic glycolysis 
through the regulation of metabolic enzymes and related 
genes. Since TILs also rely on glucose, it is believed that 
insufficient glucose uptake could contribute to the for-
mation of immunosuppressive TME [136, 137]. Reinfeld 
and colleagues found that among myeloid cells, T cells, 
and tumor cells, myeloid cells exhibited the most sig-
nificant capacity for capturing intratumoral glucose, fol-
lowed by T cells, and tumor cells [113]. Notably, tumor 
cells displayed the highest glutamine uptake. Tumor cells 
take up glutamine and convert it to glutamate through 
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mitochondrial oxidative phosphorylation to produce 
energy and support their growth and metastasis. Com-
petition for glutamine uptake also exists between tumor 
cells and immune cells in the TME.  Studies have dem-
onstrated that competitive consumption of glutamine by 
tumor cells could lead to suppressed antitumor immune 
response in many cancers [138, 139]. Inhibiting glu-
tamine uptake in tumor cells could potentially enhance 
glucose uptake, indicating that glutamine may serve as 
the limiting factor in the TME [140].

Lactate is one of the tumor cell metabolites that can 
serve as a prognostic parameter for metastasis and over-
all survival of patients. Clinical study showed that high 
lactate level in the TME inhibits lactate export in T cells, 
which hinders their metabolism and function [140]. In 
addition, lactate could interfere with the function of DCs 
and TAMs, as well as inhibit monocyte migration and 
cytokine (TNF, IL-6) release [141]. Colegio et al. showed 
that tumor-derived lactic acid can act through HIF-1α to 
induce the expression of VEGF and the M2-like polariza-
tion of TAMs [142]. In addition, lactate promotes tumor 
cell proliferation by upregulating the expression of argin-
ase 1 in TAMs. Arginase can promote tumor cell prolifer-
ation by depleting arginine from the microenvironment, 
inducing arginine autotrophy in certain tumor cells, sup-
pressing the immune response, and contributing to an 
immunosuppressive tumor microenvironment.

Another important metabolite of NPC cells is 
indoleamine 2,3-dioxygenase (IDO), a cancer-associated 
enzyme that catabolizes intracellular tryptophan to pro-
duce kynurenine [143]. The process of tryptophan deg-
radation and kynurenine production together contribute 
to immunosuppressive effect, leading to immune escape 
of tumors. It is well-established that T cells are highly 
sensitive to tryptophan depletion, which causes a mid-
G1 arrest [144]. Kynurenine in the TME can act on the 
ligand-activated transcription factor aryl hydrocarbon 
receptor to drive the differentiation of Tregs, tolero-
genic myeloid cells and PD-1 upregulation in  CD8+ T 
cells [145]. Moreover, selective inhibition of the recep-
tor could impede the progression of IDO-overexpression 
tumors, making it a new target for immunotherapy.

Exosomes
Exosomes, a subset of EVs that originate from either the 
endosome or the cell’s plasma membrane, play a pivotal 
role in facilitating cell-to-cell communication. They are 
considered one of the foremost mechanisms for establish-
ing the diverse characteristics of the TME [146]. To date, 
accumulated evidence has suggested that exosomes play 
a significant role in NPC progression, metastasis, and 
resistance to therapies. In fact, NPC-derived exosomes 
and CNE2-derived exosomes are enriched in PFKFB3, 

which facilitates endothelial cell proliferation, migra-
tion, and angiogenesis through the activation of the ERK 
and the AKT pathways [147]. In addition, highly meta-
static NPC cells could transfer EGFR-rich EV to poorly 
metastatic NPC cells to enhance their tumor metastasis 
potential [148]. Mechanistically, the EGFR-rich EV could 
induce EGFR upregulation and ROS downregulation via 
the PI3K/AKT signaling pathway. NPC cells infected 
with EBV can stimulate tumor progression by using the 
exosome system for the transfer of signaling molecules, 
viral proteins, and microRNAs. EBV LMP1 oncoprotein, 
was reported to be secreted from EBV-positive NPC 
cells via exosomes to modulate the TME through intra-
cellular trafficking [149]. Studies showed that LMP1 can 
promote EV formation by upregulating the levels of syn-
decan-2 and synaptotagmin-like-4 through activation of 
the NF-κB signaling pathway [150]. This is further sup-
ported by investigations revealing that syndecan-2 can 
interact with syntenin to promote the formation of EVs, 
while synaptotagmin-like-4 can regulate the release of 
EVs. NF-κB activation is required to initiate the produc-
tion of LMP1-packaged exosome, which contribute to 
the epithelial-mesenchymal transition (EMT) potential 
of EBV-negative recipient NPC cells [151]. Furthermore, 
inhibition of NF-κB significantly repressed exosome 
LMP1 secretion and limited NPC lung metastasis in 
nude mice. Other EBV-related exosomes include LMP2A 
[152], BART1 [153], HMGA2 [154]. These exosomes are 
found to promote tumor metastasis and modulate immu-
nosuppressive TME.

Recently, additional evidence confirmed that TME-
derived exosomes are involved in NPC development. Shi 
et al. found that mesenchymal stem cells (MSCs) secrete 
FGF19-rich exosomes [155]. Co-incubation study sug-
gested that NPC cells can pick up the exosomes, leading 
to enhanced cell proliferation, migration, and tumorigen-
esis. Mechanistically, FGF19-rich exosomes can activate 
the FGF19-FGFR4-dependent ERK signaling cascade 
and modulate EMT process. Another study reported that 
MSCs could be used as a therapeutic tool in NPC. MSCs 
transfected with miR-34c, a tumor suppressor miRNA, 
could produce exosomes that attenuate NPC prolifera-
tion, migration, invasion and EMT process [156]. Nota-
bly, miR-34c-overexpressing exosomes significantly 
sensitized NPC cells to RT.

Drug resistance mechanisms in NPC
Chemotherapy
Despite the controversy over the efficacy of adjuvant 
chemotherapy in patients with NPC, the use of plati-
num-based multidrug chemotherapy remains the stand-
ard treatment for recurrent NPC. In addition, IMRT is 
another current standard of care for NPC, and has shown 
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promising results for PFS and OS in early-stage patients. 
However, the development of chemoradiation drug 
resistance is a major obstacle for recurrent NPC patients 
[157]. Besides tumor cell-related drug mechanisms, 
changes in the TME are important factors contributing 
to chemoradiation resistance in NPC (Fig. 3).

EBV‑related mechanisms
NPC is a cancer whose pathogenesis is highly correlated 
with EBV, therefore EBV protein and miRNA are thought 
to be one of the mechanisms of chemoresistance in NPC 
patients [158]. LMP1, a transmembrane protein of the 
EBV virus, is found to be expressed in 70% of NPC. It 
can induce chemoresistance by sequestering Pim-1 in the 
cytoplasm or activating the PI3K/AKT signaling pathway 
[159, 160]. Yang et  al. reported that LMP1 can upregu-
late the expression of miRNA-21 via the PI3K/AKT/
FOXO3a signaling pathway. In turn, high level of miR-21 
could lead to cisplatin resistance through the inhibition 
of pro-apoptotic factors PDCD4 and FasL [161]. Mean-
while, studies also show that LMP1 can inhibit the DNA 
damage response through DNA-PK/AMPK signaling, 

and LMP1 positively regulates the expression of the can-
cer stem cell (CSC) marker CD44 and several stemness-
associated genes (Nanog, Oct4, Bmi-1, and SOX2), which 
induces the development of CSCs and contributes to RT 
resistance in NPC [162, 163].

Among the EBV virally-encoded miRNAs, some are 
associated with chemotherapeutic drug resistance, such 
as miR-BART22, miR-BART7-3p, and miRBART5; while 
others are associated with RT resistance, miR-BART4, 
miR-BART7, and miR-BART8-3p [164–166]. Stud-
ies have revealed that miR-BART22 promotes MYH9 
expression through the PI3K/AKT/c-Jun pathway, lead-
ing to EMT and cisplatin resistance in vitro and in vivo 
[167]. Others have reported that miR-BART7-3p inhibits 
PTEN, activates the PI3K/AKT/GSK-3β signaling path-
way, and promotes the expression and nuclear aggrega-
tion of β-catenin, which in turns facilitates EMT [168]. 
Similarly, another study demonstrated that miRBART7-
3p targets SMAD7 and triggers the TGF-β pathway, 
inducing cancer stem-like cells and chemoresistance to 
fluorouracil, cisplatin, and paclitaxel [169]. By downregu-
lating p53 and simultaneously up-regulating apoptosis 

Fig. 3 Drug resistance mechanisms of chemotherapy and immunotherapy. Nasopharyngeal carcinoma cells could develop various drug resistance 
mechanism against anticancer therapy. A Chemotherapeutic agents exert the anticancer effect through DNA damage and induce cell apoptosis. 
Upregulation of proteins and miRNAs can inhibit apoptosis and directly confer cell drug resistance phenotype. B Tumor cells can develop drug 
resistance towards immunotherapy through the interaction with tumor microenvironment. Immune effector cells are able to identify and kill tumor 
cells through immune infiltration into the tumor site. Granzyme B and D can inhibit the immune infiltration process. Annexin A2 can stimulate 
Dendritic cells to produce IL-10, which has inhibitory effect on cytotoxic  CD8+ T cells. Pro-inflammatory cytokines IL-6 and IFN-γ can decrease CD4/
CD8 T cell ratio. Cancer-associated fibroblasts (CAF), tumor-associated macrophages (TAM), and myeloid derived suppressor cells (MDSC) can inhibit 
the activity of immune effector cells. Tumor cells can activate alternative pathways to circumvent PD-1/PD-L1 blockade
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regulator, miR-BART5 expression reduces the sensitivity 
of NPC cells to pro-apoptotic drugs such as doxorubicin 
and etoposide [170].

Abnormal DNA damage repair
Cisplatin is one of the standard treatments for patients 
with advanced NPC. Cisplatin has the capability to 
engage with the DNA within tumor cells, creating both 
intra-strand and inter-strand links. This interference dis-
rupts DNA replication and transcription processes, ulti-
mately leading to the destruction of tumor cells [171]. 
Consequently, abnormal DNA damage repair function 
is one of the main mechanisms of cisplatin resistance. 
FOX family is a group of evolutionarily conserved pro-
teins that can bind to DNA to regulate transcription 
[172]. The transcription factor FoxM1 is a critical prolif-
eration-associated transcription factor that is widely spa-
tiotemporally expressed during the cell cycle [173], and 
FOXM1, FOXC2 and FOXQ1 have been reported to be 
overexpressed and involved in the occurrence of EMT 
and chemoresistance in NPC [174, 175]. Studies have 
shown that downregulation of FoxM1 inhibited MRN-
ATM-mediated DNA repair and subsequently increased 
the sensitivity of NPC cells to cisplatin. Another study 
revealed that MRN-ATM-mediated DNA repair was 
inhibited by the downregulation of FOXM1, which sub-
sequently increased the sensitivity of NPC cells to cis-
platin [176]. In addition, a specific non-coding RNA, 
the circular RNA CircCRIM1, was found to be overex-
pressed in NPC cells to suppress the inhibitory effect of 
miR-422a on FOXQ1, thereby inducing chemoresistance 
towards docetaxel [177]. It has been reported that circR-
NAs are abundant and stably expressed in exosomes and 
play critical roles in mediating chemotherapy resistance 
in various cancers [178, 179]. Therefore, further study 
is warranty to study the role of other circRNAs in NPC 
drug resistance.

ATP‑binding cassette transporter
The ATP-binding cassette (ABC) transporter is a super-
family of transmembrane proteins, which are widely 
expressed in cell membranes [180]. Its involvement in 
anti-cancer drug efflux is a common cause of chemore-
sistance [181]. Currently, ABCB1/P-gp and ABCC1/
MRP1, ABCC5, and ABCG2/BCRP have been found to 
be overexpressed in NPC drug-resistant cells [174, 182]. 
ABC transporters have the capacity to expel a broad 
spectrum of anticancer drugs from within cells, giving 
rise to a multidrug resistance phenotype in cancer cells 
[183]. For instance, ABCB1 and ABCG2 are key resist-
ance factor to chemotherapeutic drugs paclitaxel and 
docetaxel, as well as EGFR inhibitors gefitinib and erlo-
tinib. Notably, there is a strong association between 

cancer stem cells and the emergence of chemoresist-
ance [184, 185], and in fact both ABCG2 and ABCB1 
are expressed in cancer stem cells. The isolated cancer-
stem like side population cells from NPC demonstrated 
increased expression of ABCG2 and the anti-apoptotic 
factor Bmi-1. These factors play a role in enhancing mul-
tidrug resistance and elevating the survival rate of tumor 
cells [186]. Therefore, the evidence provides a reference 
for the use of chemotherapy in NPC.

Inhibition of NPC cell apoptosis
Another common chemo-resistance mechanism is the 
inhibition of apoptosis in NPC cells [187, 188]. Eukary-
otic translation initiation factor 4E (eIF4E) has long 
been recognized as a quantitative restriction initiator 
of mRNA translation. Genome-wide analysis by Truitt 
et al. showed that elF4E dosage plays a critical role in the 
translational program induced by oncogenic transforma-
tion [189]. Compared to parental cells, high expression of 
eIF4E was found in cisplatin-resistant NPC cells, which 
promoted the translation of c-Myc, cell cycle protein 
D1, and VEGF to circumvent drug-induced apoptosis. 
In addition, in  vitro and in  vivo studies have confirmed 
that TBL1XR1, an essential transcriptional cofactor, can 
promote anti-apoptosis activity by activating the NF-κB 
pathway. Hence, its high expression can trigger NPC cells 
to become resistant to cisplatin-induced apoptosis [190].

CSCs and EMT
CSCs are cells within a tumor that can self-renew and 
form heterogeneous cell populations that lead to het-
erogeneous branching of cancer cells in the tumor. It 
can be characterized using different cancer stem cell 
markers [191]. BEX3, a receptor-associated protein for 
the CSC marker CD271, is overexpressed in cisplatin-
resistant NPC cells and is associated with drug resist-
ance through the activation of the MAPK pathway [192]. 
In the cisplatin-resistant NPC xenograft, treatment with 
nontoxic level of cisplatin led to significantly increase 
in BEX3 level. In addition, BEX3 can induce the expres-
sion of OCT-4, another cancer stem cell marker, which 
contributes to chemoresistance through activation of the 
AKT pathway and the STAT3 pathway [193]. In addition, 
CSCs can also induce drug resistance by scavenging ROS 
from oxidative stress, activating anti-apoptotic pathways, 
and protecting the microenvironmental niche [194]. The 
phenotype of CSCs may be closely related to EMT, which 
renders epithelial cells mesenchymal properties charac-
terized by the loss of epithelial markers (e.g., E-cadherin, 
α-cadherin) and the gain of mesenchymal markers (e.g., 
Vimentin, fibronectin, N-cadherin). EMT process not 
only enhances tumor cell migration and invasion, but 
also induces drug resistance to chemotherapy.
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Recently, the TGF-β pathway has been implicated in 
chemoresistance through EMT or maintenance of tumor-
induced cell heterogeneity [195]. In  vitro study shown 
that shRNA-mediated downregulation of TGF-β induces 
phosphorylation of PTEN and AKT, thereby increas-
ing cisplatin resistance. In contrast, overexpression of 
TGF-β sensitized NPC cells to cisplatin. In fact, out of 
the four identified miRNAs associated with an increased 
risk of advanced nasopharyngeal cancer, MiR-449b has 
the capacity to modify the TGF-β pathway, leading to the 
development of cisplatin resistance in NPC [196].

Exosomes
Exosomes are EVs that carry information including pro-
teins, mRNAs, miRNAs, and function as intercellular 
communication [197]. Co-incubation of doxorubicin-
resistant human microvascular endothelial cells-derived 
exosomes with NPC cells can induce the proliferation, 
migration, EMT, and the development of chemotherapy 
resistance in NPC cells [198]. Moreover, the exosomes 
induced the expression level of ABC transporters ABCB1 
and ABCC1 that are capable of causing multidrug resist-
ance. In addition, other studies have demonstrated that 
LMP1-positive exosomes extracted from EBV-infected 
NPC cells can promote chemoradiation resistance [86]. 
The specific regulatory pathways related to drug resist-
ance remain to be elucidated and warrant future studies.

Immunotherapy
Immune checkpoint inhibitors (ICI)
Despite the encouraging efficacy of anti-PD-1/PD-L1 
therapy, many patients failed to response or developed 
acquired resistance towards ICIs [199, 200]. Poten-
tial drug resistance mechanisms toward ICIs can result 
from impaired T-cell proliferation and functions. In fact, 
genetic alteration in granzyme, gasdermin, and IFN were 
enriched in refractory NPC tumors [201]. Specifically, 
the granzymes GZMD and GZMB are known to induce 
apoptosis of cytotoxic T cells and NK cells. Cancer cells 
resistance to ICIs treatment may occur through the dys-
functional pyroptosis pathway and weakened cytotoxic 
lymphocyte function. Using an NPC-PDX mouse model 
to test the combination of anti-PD-1 antibody nivolumab 
and anti-CTLA-4 antibody ipilimumab [202]. Inter-
estingly, human proinflammatory cytokines including 
IFN-γ and IL-6 were significantly upregulated in plasma, 
accompanied by a decrease in CD4/CD8 ratio. Moreo-
ver, the isolated TILs were responsive to stimulation but 
remain insufficient to induce antitumor effect in  vivo. 
Drug resistance was observed in this NPC-PDX model, 
which could be mediated by other inhibitory checkpoints 
such as LAG3 and TIM3 as well as immunosuppressive 
molecules in the TME [202].

Others have reported activation of alternative immune 
checkpoints as drug resistance mechanisms to PD-1/
PD-L1 blockade. The alternative pathways include 
LAG3, TIM3, TIGIT/CD155, and VISTA [203]. In addi-
tion, adenosine receptor signaling can suppress various 
immune cells to create an immunosuppressive niche. 
Chen et  al. reported that tumor cells could develop 
drug resistance against PD-1/PD-L1 blocking antibod-
ies by upregulating CD38, which is induced by all-trans 
retinoic acid and IFN-β in the TME [204]. CD38 sup-
presses  CD8+ T-cell function via adenosine receptor 
signaling and therefore represents a major mechanism 
of acquired immunotherapy resistance. Long non-coding 
RNAs (lncRNAs) with immune-related functions in the 
TME have been observed to influence both immune cell 
infiltration and the response of cancer cells to anti-PD-1 
immunotherapy [183]. In a comprehensive analysis of the 
whole genome expression, Tang and colleagues discov-
ered a notable correlation between the lncRNA AFAP1-
AS1 and the expression of PD-1 in patients with NPC 
[205]. Co-expression of AFAP1-AS1 and PD-1 in TILs 
predicted the poorest prognosis and distant metastasis at 
relapse.

The resistance to ICIs could also be attributed to the 
establishment of immunosuppressive tumor microen-
vironment resulting from immune modulatory effects 
of CAFs, TAMs, and myeloid-derived suppressor cells 
(MDSCs) [206]. Angiogenesis factor can directly pro-
mote immune suppression by suppressing the function 
of APCs and immune effector cells, or by enhancing the 
effect of Tregs, MDSCs, and TAMs [207]. Those immu-
nosuppressive cells can reciprocatively drive angiogenesis 
to create a viscous cycle of impaired immune activation. 
Interestingly, expression of annexin A2 on NPC cells can 
lead to immunosuppressive responses by interacting with 
DCs [208]. Annexin A2 acts as a ligand for DC-SIGN 
DCs and therefore activates DCs to release extremely 
high levels of IL-10. The release of IL-10 into TME causes 
immunosuppressive responses including  CD8+ T cell 
dysfunction, Treg expansion, and inhibition of proinflam-
matory IL-12 [59].

Adopted cell therapy
The understanding of ACT resistance mechanism 
remains limited, and more research is needed given 
the important impact TME has on antitumor immu-
nity. Along these lines, increased frequency of MDSCs 
can affect the outcome of EBV-specific T cell therapy 
in NPC [209]. Indeed, MDSCs can expand in response 
to cytokine stimulation under pathological conditions 
and cause antigen specific or non-specific suppres-
sion of T-cell response [210]. In addition, the limited 
ACT effectiveness can be caused by a failure of tumor 
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specific CTLs to expand or to survive in vivo. Tumor cells 
expressing Fas can utilize the Fas/FasL pathway to induce 
T cell apoptosis and escape immune defenses [211]. Dotti 
et al. reported that EBV-CTLs are highly sensitive to Fas/
FasL-mediated apoptosis and that knockdown of Fas sig-
nificantly improve the efficacy of EBV-CTLs in NPC and 
Hodgkin lymphoma [212].

Strategies to overcome drug resistance in NPC
The mechanisms of drug resistance in NPC are deter-
mined by several factors, and the strategies to overcome 
drug resistance have been extensively investigated. In this 
section, we discuss the different approaches that have 
been used to reverse drug resistance by targeting the can-
cer cells or TME.

Chemotherapy
NPC cells may develop chemotherapy resistance by 
deregulation of gene expression and alteration of signal-
ing pathways [213]. Given the heterogeneity nature of the 
tumor, combination treatments are highly preferred to 
circumvent the development of new resistance mutations 
or drug resistant subclones. CRISPR/Cas9 screen identi-
fied that HMGB1 could promote DNA repair efficiency, 
resulting in resistance to cisplatin [214]. Other research-
ers also reported that HMGB1 is upregulated by EBV 
and promote NPC cell proliferation [215]. Inhibition of 
HMGB1 by glycyrrhizin, a saponin found in licorice root, 
could effectively impair DNA binding of HMGB1 and 
enhance therapeutic efficacy by 2–3 folds in vitro [214].

Recently, the utilization of miRNA-based therapy has 
emerged as a promising strategy to overcome chemo-
therapy resistance, enhancing treatment responses and 
ultimately improving cure rates [216]. The function of 
miRNAs is largely influenced by the expression of their 
main targets. miRNAs can serve dual role, as oncogenes 
or as tumor suppressors, depending on the cell types. In 
the context of NPC, miRNAs expression is deregulated 
during chemotherapy, and some miRNAs were shown to 
enhance the sensitivity of NPC cells to treatment. Zhang 
and colleagues uncovered that decreased expression of 
miR-29c served as a predictive marker for therapeu-
tic resistance in a cohort of 159 NPC patients. Restora-
tion of miR-29c significantly enhanced the sensitivity of 
NPC cells to cisplatin, by downregulating the expression 
of antiapoptotic factors Mcl-1 and Bcl-2 [217]. Interest-
ingly, a tumor suppressor miR-3188 could induce its own 
expression by interacting with FOXO1 to form a mTOR/
PI3K/AKT/c-JUN negative feedback loop, thereby 
increasing the sensitivity of NPC cells to 5-FU.

A major cause of chemoresistance is the expression of 
MDR-associated ABC transporters, including ABCB1, 
ABCG2, and ABCC1 [218]. The combination of ABC 

transporter inhibitors with chemotherapeutic drugs have 
been shown to effectively overcome the MDR activity in 
preclinical models [219]. However, even with the devel-
opment of third generation ABCB1 inhibitor, the clini-
cal attempts to directly block ABCB1 activity were still 
unsuccessful. Recently, many small molecule inhibitors 
have been reported to antagonize the function of ABC 
transporters and demonstrated antitumor efficacy. With 
an established PK/PD and safety profile, these inhibitors 
could be promising candidates to overcome MDR medi-
ated by ABC transporters. For example, FLT3 inhibitor 
midostaurin can increase the accumulation of daunoru-
bicin in peripheral blood mononuclear cells of primary 
 CD34+ AML patients and those not achieving CR [220]. 
Moreover, the ABCB1 inhibition was observed independ-
ent of FLT3 mutation, suggesting therapeutic value of 
midostaurin for drug-resistant patients. In addition, MET 
inhibitor tepotinib can effectively inhibit the activity of 
ABCB1 and ABCG2 simultaneously through its inter-
action with the drug-binding pocket of the transport-
ers [183, 221]. Evidence suggests that a cooperative and 
potentially compensatory role for ABCB1 and ABCG2 in 
some cancers, using drugs that can target multiple trans-
porters may provide additional benefits compared to sin-
gle inhibition [222].

Development of the EMT phenotype is one of the 
major mechanisms that allow tumor cells to become 
resistant to platinum-based drug [223]. Since cisplatin 
is the first-line option for NPC chemotherapy, exploiting 
treatment to prevent or reverse EMT is of great impor-
tance. As aforementioned, signaling pathways including 
Wnt, NF-κB, Notch, and TGF-β are involved in plati-
num-induced EMT process. Therefore, blocking these 
signaling pathways could affect the development of EMT 
in NPC cells. A recent study by Zhou et al. demonstrated 
that SATB1 could regulate chemoradiation resistance in 
NPC [224]. Knockdown of SATB1 decreases the chemo-
therapy resistance of NPC cells to cisplatin, suggesting a 
potential therapeutic target for aggressive and resistant 
NPC tumor. Targeting EIF4R/Snail axis can significantly 
increase the mRNA level of E-cadherin and sensitize 
NPC cells to cisplatin in invasion [225] while the Hippo 
pathway contributes to cisplatin-induced EMT and con-
fers drug resistance phenotype to NPC cells [226]. Deple-
tion of TAZ, a key mediator in the Hippo pathway, has 
been shown to reverse EMT phenotypes to MET charac-
teristics and sensitize drug resistant NPC cells to cispl-
atin treatment. Another study showed that quercetin can 
inhibit YAP to recover Hippo pathway, thereby inhibit-
ing tumor progression and increase the chemosensitivity 
of drug resistant NPC cells to cisplatin [227]. Studies on 
other cancer types suggest that using inhibitors of PI3K, 
AKT, and HDAC can inhibit the formation of EMT and 
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therefore overcome cisplatin resistance [228–230]. This 
evidence provides the rationale for further testing using 
combination of targeted inhibitor with cisplatin to over-
come drug resistance in NPC.

Targeted therapy
Several inhibitors targeting VEGFR have been used for 
anti-angiogenesis therapy for NPC patients. While the 
combination of VEGFRi with standard chemotherapy have 
shown promising results in both preclinical models and 
clinical trials, the development of drug resistance is a major 
challenge that restricts survival benefits [231, 232]. One 
strategy to overcome drug resistance is adding photody-
namic therapy into anti-angiogenesis therapy. Consistent 
with this notion, combination of photosensitizer hypericin 
and angiogenesis inhibitor celebrex enhanced treatment 
efficacy [233]. Hypericin, on one hand, causes destruc-
tion of tumor cells by producing reactive oxygen species, 
while Celebrex, on the other hand, blocks hypoxia-induced 
VEGF upregulation. Given that anti-VEGF therapy could 
lead to activation of alternative angiogenic signaling path-
ways such as FGF, PDGF, and IL-1, these pathways may 
serve as potential targets for reversing drug resistance. In 
agreement, genetic knockdown of FGF-2 in NPC tumor 
cells could enhance the sensitivity of tumor cells to anti-
angiogenic drugs [234]. Recent studies reported that 
miR-16 can suppress NPC carcinogenesis and progres-
sion by targeting FGF2 to inactivate MAPK and PI3K/
AKT pathways [235]. Lenvatinib, a dual VEGFR2/FGFR1 
inhibitor, demonstrated more profound efficacy com-
pared to bevacizumab-like agent. Moreover, inhibition of 
IL-1, CXCR1/2, and TGF-β signaling pathways mitigated 
the acquired resistance to anti-VEGF treatment in murine 
model [236]. Further investigation is required to confirm 
the viability of these strategies in clinical settings.

Immunotherapy
NPC tumors could develop resistance to PD-1/PD-L1 
inhibitors through multiple mechanisms, including T 
cell dysfunction, low tumor immunogenicity, and ncRNA 
modulation [237, 238]. In order to overcome PD-1/
PD-L1 resistance, one needs to identify new targets as 
alternatives for immunotherapy. Chen et  al. reported a 
significant increase of Galectin-9 in NPC tumor cells in 
recurrent NPC patients. In addition, they identified a pos-
itive correlation between high Galectin-9 expression and 
high TIM3/ Foxp3, and low CD8 expression on lympho-
cytes. Low CD8 expression is considered an independent 
risk factor for PFS and OS [239]. Correspondingly, Yang 
and colleagues elucidated the mechanism behind Galec-
tin-9-mediated adaptive immune resistance within the 
TME. They found that IFN-β and IFN-γ elevate Galec-
tin-9 expression, subsequently impeding the antitumor 

response by promoting apoptosis in T cells. Inhibiting 
Galectin-9 selectively restored the immune function of 
infiltrating T lymphocytes by disrupting the interaction 
between PD-1 and TIM3 [240]. Given that Galectin-9 is 
specifically expressed by NPC cells, Galectin-9/TIM3/
Foxp3 interaction may serve as a potential target for 
overcoming PD-1/PD-L1 drug resistance. Cytokines and 
chemokines, such as TGF-β and LMP1, within the TME 
have been reported as potential targets to enhance thera-
peutic efficacy and overcome immunotherapy resistance 
[241, 242]. Ma et al. revealed that TGF-β1 could activate 
c-Jun/STT3A signaling pathway to promote N-glycosyla-
tion of PD-L1, thus allowing immune evasion and ham-
pering the efficacy of PD-1/PD-L1 inhibition in NPC cells. 
Under this context, a clinical trial is ongoing to investi-
gate the efficacy of TGF-β resistant CTL (NCT02065362). 
Dominant negative receptor is introduced into NPC-
specific T cells to make them resistant to TGF-β and then 
determine the safety as well as the immune function of 
engineered CTLs. Thus, targeting TGF-β1 pathway rep-
resents a promising approach to enhance immune check-
point blockade and overcome drug resistance [243].

Identifying biomarkers holds significance in patient 
selection and forecasting the response to PD-1/PD-L1 
therapy. Findings from the study by Herbst and col-
leagues indicate that both the quantity of T cells and 
the presence of PD-1/PD-L1 positive T cell subsets can 
serve as predictive factors for therapeutic effectiveness 
[244]. Hence, the effect of PD-1 inhibition is significant 
when the tumor immunosuppressive TME is mediated by 
PD-1 signaling. In addition, the PD-L1 expression could 
change in response to immune state and therapeutic 
treatment [245]. It is necessary to monitor these param-
eters during the course of treatment to circumvent drug 
resistance and disease recurrent.

Recently, PD-1/PD-L1 inhibitors in combination with 
other anticancer drugs have shown promising efficacy 
and manageable safety profile in patients with various 
cancers [246–248]. In a preclinical study, silibinin was 
found to downregulate PD-L1 expression by modulating 
HIF-1α/LDH-A mediated cell metabolism in NPC cells 
offering a rationale for using silibinin to overcome PD-L1 
mediated NPC drug resistance [249]. A clinical trial was 
conducted to evaluate the combination treatment of an 
anti-CTLA-4 mAB IBI-310 and an investigational PD-1 
inhibitor sintilimab in patients with anti-PD1/PD-L1 
resistance R/M NPC (NCT04945421). The trial was com-
pleted in early 2023 and the results will be available soon. 
The combination of VEGFR inhibitor axitinib with ave-
lumab is still under clinical investigation in R/M NPC to 
determine the efficacy and safety (NCT04562441).

Besides PD-1/PD-L1 inhibitors, ACT represents another 
promising cell-based immunotherapy. Recent studies show 
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that increase in the population of MDSCs and secretion of 
immunosuppressive cytokines could contribute to ACT 
resistance. A phase II clinical trial suggested that com-
bining chemotherapy (gemcitabine and carboplatin) with 
EBV-specific CTL achieved significant improvement in 
overall response rate and median OS for advanced stage 
NPC [209, 250]. With long-term follow up study, the 
combination demonstrated promising clinical activity in 
a relatively large cohort. The proposed mechanism is that 
chemotherapy limited the expansion of MDSCs, allow-
ing the CTLs to traffic to site of action and carry out the 
cytotoxic function. Of note, another clinical trial employed 
EBV-specific CTL without chemotherapy resulted in a low 
response rate for R/M NPC [251]. Therefore, evaluation 
of different chemotherapeutic agents in combination with 
ACT may represent a new approach to increase treatment 
response and overcome drug resistance.

Conclusions and future perspectives
Despite the tremendous effort in drug development, we 
are still facing huge difficulty in combating NPC. Due to 
the anatomic site and lack of specific symptoms, NPC 
patients usually progress to an advanced stage at the time 
of diagnosis. Recent breakthroughs in single-cell sequenc-
ing and multi-omics technologies have revealed the NPC 
microenvironment as a tumor-promoting and immuno-
suppressive niche. Most of the NPC cases are associated 
with oncogenic EBV infection. It is well-established that 
EBV is involved in the whole process of NPC initiation, 
development, metastasis, and invasion. It also shapes the 
TME towards an immunosuppressive environment, facili-
tating tumor growth and causing drug resistance. The 
TME consists of cellular and acellular components that 
contribute together to facilitate NPC tumorigenesis and 
drug resistance under therapeutic intervention. The iden-
tification of cytokines, immunosuppressive cell subpopu-
lations and signaling pathways has allowed researchers to 
develop new therapeutic strategies to address the prob-
lem of TME. However, most of the targets are only evalu-
ated in preclinical studies or early-phase clinical trials. 
The preclinical models are not representative and cannot 
mimic the complex interactions within the TME and thus 
more advanced in vitro 3D culture systems are needed to 
test the therapeutic agent. In clinical settings, due to the 
inter-patient heterogeneity, the treatment outcomes may 
be highly variable among patients. There is no doubt that 
personalized strategies should be designed to achieve 
the maximum therapeutic effect with a favorable toxicity 
profile, which yields better outcomes for NPC patients. 
Moreover, drug resistance poses a substantial hurdle in 
anticancer treatment. A growing body of evidence suggests 
that TME plays a pivotal role in influencing drug responses 
and resistance to therapy. Hence, there is an unmet 

medical need to develop new approaches to circumvent or 
overcome drug resistance caused by TME. Combination 
therapies need to be optimized to tackle the progressive 
acquisition of drug resistance. Particularly, based on the 
patient’s profile, targeting the TME with novel immuno-
therapy to hinder tumorigenesis and restore immune sur-
veillance could be a promising approach. In-depth clinical 
studies should be considered to evaluate these options and 
identify predictive biomarkers for personalized treatment.
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