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Abstract Esophageal cancer (EC) is one of the most common cancers with high morbidity and mor-

tality rates. EC includes two histological subtypes, namely esophageal squamous cell carcinoma (ESCC)

and esophageal adenocarcinoma (EAC). ESCC primarily occurs in East Asia, whereas EAC occurs in

Western countries. The currently available treatment strategies for EC include surgery, chemotherapy, ra-

diation therapy, molecular targeted therapy, and combinations thereof. However, the prognosis remains

poor, and the overall five-year survival rate is very low. Therefore, achieving the goal of effective treat-

ment remains challenging. In this review, we discuss the latest developments in chemotherapy and mo-

lecular targeted therapy for EC, and comprehensively analyze the application prospects and existing

problems of immunotherapy. Collectively, this review aims to provide a better understanding of the

currently available drugs through in-depth analysis, promote the development of new therapeutic agents,

and eventually improve the treatment outcomes of patients with EC.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Esophageal cancer (EC) is the eighth most common cancer and
the sixth most common cause of cancer-related mortality and the
five-year overall survival rate is relatively low. Based on patho-
logical characteristics, EC is typically categorized as esophageal
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squamous cell carcinoma (ESCC) and esophageal adenocarci-
noma (EAC)1,2. The characteristics and causes of EC may vary
based on region or ethnicity. For example, in China, ESCC is the
main EC subtype with a high incidence, but it is not significantly
related to smoking. In contrast, in South America, smoking and
drinking are the major risk factors for ESCC1,3,4. Compared to
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ESCC, EAC is relatively common in Western countries. Patients
with EAC exhibit similar features to those of liver cancer, lung
cancer, and pancreatic cancer; the five-year overall survival rate
for EAC is only 16%, and the median survival time is less than one
year5,6. EAC is usually associated with obesity and gastroesoph-
ageal reflux disease7. Additionally, Barrett’s esophagus is a
recognized risk factor and the first step in the progression of EAC.
Gastroesophageal reflux leads to the development of BE, which
can be tracked through histological and genetic changes8.

The progression of ESCC typically includes the following
stages: simple epithelial hyperplasia, dysplasia, pre-invasive can-
cer, invasive cancer, and metastatic cancer9. Recent studies on
ESCC treatment have shown that multiple molecular targets,
including cAMP-responsive element binding protein, gremlin1,
latent transforming growth factor b binding protein 1, ETS2, and
regulator of cullin-1, are essential for the occurrence and devel-
opment of ESCC; thus, these may be used as therapeutic
targets10e14. In addition, calcium signaling pathway plays an
important role in ESCC, and ORAI1-mediated calcium signaling
may be the most promising target for treating EC15,16. The use of
natural quinones and flavonoids isolated from medicinal plants
have demonstrated promising results in preclinical and clinical
studies on ESCC; however, extensive evaluation of their clinical
application is still in progress17e19.

The efficacy of radiotherapy on ESCC is not high owing to the
overexpression of tribbles pseudokinase 3 and its interaction with
TAZ (transcriptional coactivator with PDZ-binding motif), which
hinders b-transducin repeat-containing protein-mediated TAZ
ubiquitination and degradation20. Although chemotherapy and sur-
gical resection have contributed to significant progress in ESCC
treatment, ESCC remains prone to relapse, metastasis, and devel-
opment of resistance after treatment, resulting in a poor prognosis.
The development of chemotherapy resistance is a multifactorial
process. Many studies have demonstrated that apoptosis, autophagy
disorder, enhanced DNA repair, epithelialemesenchymal transition,
inactivation of drug metabolism enzymes, and changes in the
expression or activity of membrane transporters are closely related
to the development of drug resistance21.

MicroRNAs (miRNAs) also play a vital role in EC-associated
multidrug resistance (MDR), thereby affecting the efficacy of EC
treatment22. MiRNAs regulate gene expression at the post-
transcriptional level in various cellular processes, serving as
tumor suppressors or oncogenes. For example, miR-135a inhibits
the SMO/HH axis and plays an inhibitory role in EC cell migra-
tion and invasion. Similarly, the long non-coding RNA (lncRNA)
KLF3-AS1 inhibits ESCC cell migration and invasion by impair-
ing miR-185-5p-mediated downregulation of KLF323,24.

ESCC is characterized by a high mutation rate in TP53, which
plays a critical role in the DNA damage response and is regulated
by checkpoint kinase 1 (CHK1). Therefore, treatment strategies
based on CHK1 inhibitor combinations may be very promising25.
In recent years, various molecular targeted therapies for ESCC
have emerged, including the application of epidermal growth
factor receptor (EGFR) or fibroblast growth factor receptor
(FGFR) inhibitors. However, drug resistance persists26, suggesting
an urgent need for development of new treatment options.

For most patients with EC, the current treatment is chemo-
therapy, which causes a series of dose-limiting toxicities27. Targeted
therapies have achieved unprecedented development in the treat-
ment of various cancers; however, the National Comprehensive
Cancer Network of the United States has only recommended tras-
tuzumab (targeting human epidermal growth factor receptor 2,
HER2) and ramucirumab [a vascular endothelial growth factor
receptor-2 (VEGFR-2) inhibitor] for treatment of patients with
EC28. Immunotherapy, which includes the application of immune
checkpoint inhibitors (ICIs)/immunomodulators, therapeutic vac-
cines, monoclonal antibodies, and adoptive cellular immunotherapy,
is a new method in the treatment of EC29,30. Importantly, ICIs were
proven effective in treating melanoma and non-small cell lung
cancer, and have shown promising results in advanced ESCC
treatment31. Although there are many treatment options for EC,
effective treatment remains limited.

In this review, we summarize the latest advances in chemo-
therapy drugs, molecular targeted drugs, and immunotherapy
drugs, and provide new insights for the development of more
effective agents to treat patients with EC.

2. Chemotherapy drugs for EC

As the first-line treatment for EC, chemotherapy has the advan-
tages of inhibiting tumor growth and preventing distant metastasis.
The most widely available chemotherapy drugs for EC include
cisplatin (DDP), 5-fluorouracil (5-FU), and doxorubicin (Dox),
which are discussed below.

2.1. DDP and 5-FU

Clinically, DDP-based chemotherapy is the common first-line treat-
ment for EC, and the initial response is usually obtained in patients
with recurrence and metastasis after surgery. In particular, the com-
bination chemotherapy comprising DDP and 5-FU has been intro-
duced globally as an ESCC treatment plan32,33. Multiple combined
drug treatment regimens are shown in Table 134e43 and Table 2.

In ESCC cell lines, the efficacy of DDP is related to the
regulation of certain genes. DDP treatment enhances the expres-
sion of E2F1, which directly binds to the miR-26b promoter,
resulting in miR-26b upregulation. However, once the E2F1/miR-
26b pathway is disrupted, the sensitivity of ESCC cells to DDP
decreases44. In contrast, ESCC sensitivity to DDP is enhanced
through induction of Ca2þ-mediated apoptosis and inhibition of
the phosphatidylinositol 3-kinase (PI3K)/AKT pathway45,46. In
addition, inhibition of B lymphoma Mo-MLV insertion region 1
homolog and melanoma nuclear protein 18 can also increase the
sensitivity of EC cells to DDP by suppressing c-MYC47. The
emergence of resistance to DDP treatment may be attributed to the
influence of multidrug resistance (MDR)48.

5-FU is used as the first-line treatment for patients with ESCC.
However, as its dose increases, toxicity, drug resistance, and other
side effects also increase; therefore, single-drug chemotherapy
with 5-FU is no longer suitable for treating ESCC. In order to
improve the therapeutic efficacy of 5-FU and reduce its adverse
reactions, a variety of 5-FU-based drug combinations are currently
used (Table 1). In particular, as miRNAs have regulatory activities
in many cellular processes, including cell proliferation, differen-
tiation, apoptosis, and drug resistance. For example, miR-29c in-
teracts with the 30UTR of F-box only protein 31, inhibits its
expression, and activates the downstream P38 mitogen-activated
protein kinase (MAPK) pathway in ESCC, which can overcome
5-FU chemoresistance in vitro and in vivo49. Furthermore,
emerging evidence suggests that miRNAs are dysregulated in EC.
MiR-221 knockdown in 5-FU-resistant cells can reduce cell pro-
liferation, increase cell apoptosis, restore chemosensitivity, and
inactivate the WNT/b-catenin pathway through changes in dick-
kopf 2 expression50.



Table 1 Commonly used chemotherapy drugs and their combined treatment options.

Treatment regimen Cancer

type

Mechanism Status Ref.

Cisplatin-based combination therapy

AP water extract,

cisplatin, and 5-

fluorouracil (5-FU)

ESCC AP water extract reduces the side effects caused by

chemotherapy drugs and inhibits metastasis-related

factors such as MMP2, MMP9, TM4SF3, and

CXCR4.

In vitro and

animal studies

34

5-FU and cisplatin ESCC HER2-positive, not sensitive to 5-FU/cisplatin. In vitro and

animal studies

35

VE-822 and cisplatin ESCC In ESCC cells, especially those with ataxia-

telangiectasia mutation, VE-822 enhances the

sensitivity of tumor cells to cisplatin.

In vitro and

animal studies

36

Tiplaxtinin and

cisplatin

ESCC The combination of tiplaxtinin and cisplatin promotes

apoptosis, increases the accumulation of reactive

oxygen species, and reduces tumor growth.

In vitro and

animal studies

37

5-FU-based combination therapy

b-Carotene and 5-FU ESCC Combined use of b-carotene and 5-FU induces

apoptosis, down-regulates BCL-2 and PCNA, and up-

regulates BAX and caspase-3. Effectively reduces the

protein levels of CaV-1, p-AKT, p-NF-kB, p-mTOR,

and p-P70S6K in ECA109 cells.

In vitro and

animal studies

38

CA3 and 5-FU EAC CA3 inhibits the YAP/TEAD transcription process.

Combined treatment reduces YAP1, SOX9, and Ki67

expression in mouse models.

In vitro and

animal studies

39

BAY1143572 and 5-FU EAC Combination treatment reduces MCL-1 expression. In vitro and

animal studies

40

Hesperetin and 5-FU ESCC Combination treatment effectively induces cell

apoptosis, down-regulates BCL-2, and up-regulates

BAX, cleaved caspase-3, and cleaved caspase-9.

In vitro and

animal studies

41

Puerarin and 5-FU ESCC Combined use significantly inhibits cell proliferation

and induces apoptosis.

In vitro and

animal studies

42

ABT-263 and 5-FU ESCC Combination treatment synergistically promotes

apoptosis and inhibits the expression of stemness

genes.

In vitro and

animal studies

43
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Certain lncRNAs, containing at least 200 nucleotides, play
crucial roles in regulating the formation and progression of EC. For
example, silencing BDH2 or lncRNA TP73-AS1 increases the
sensitivity of EC cells to 5-FU and DDP51. Moreover, lncRNA
LINC00261 can increase the sensitivity of EC cells to 5-FU-based
chemotherapy by regulating the methylation of dihydropyrimidine
dehydrogenase52. The efficacy of 5-FU in EC is associated with the
expression of certain genes or proteins. For example, as the
expression level of eukaryotic translation initiation factor 4E (eIF4E)
in EC tissues is relatively high, its inhibition will affect the growth
and survival of EC cells, thereby enhancing the efficacy of 5-FU53.

2.2. Dox and other chemotherapy drugs

Dox is a widely used antitumor drug that produces reactive oxy-
gen species (ROS), causing DNA damage and destroying the
double-layer membrane structure54. To improve the efficacy of
Dox in EC treatment, various delivery systems have been devel-
oped. Jin et al.55 encapsulated polypyrrole and Dox in the core of
hollow TaOx nanoparticles and incorporated the near-infrared
fluorescent dye NIRDye800 in the shell. The obtained nano-
particles may have great potential for the treatment of EC; how-
ever, the tumor-targeting mechanism and long-term
biocompatibility need to be further explored in large animal
models. Zhang et al.56 developed a new type of hollow carbon
sphere with high drug-loading capacity, low cytotoxicity, and good
immunocompatibility. Owing to the prolonged circulation period
and enhanced permeability and retention, Dox was efficiently
delivered to the tumor site and showed a significant inhibitory
effect on tumor growth in esophageal xenograft cancer models.
Dai et al.57 reported that PCL-Plannick micelles markedly in-
crease the absorption and accumulation of Dox in EC cells. In
addition, a significant synergistic therapeutic effect was observed
when combined with miR-34a. Notably, Dox can also cause
adverse reactions during EC treatment. However, Tajaldini et al.54

found that the combination of natural product orange peel extract
and naringin decreased the side effects of Dox in EC stem cell-
derived xenograft mouse models.

Paclitaxel-based radiochemotherapy is another treatment for
advanced EC. The combination of heavy carbon ion beam irra-
diation and docetaxel posess a synergistic effect on EC, thereby
representing a promising treatment option for locally advanced
ESCC58. Docetaxel toxicity and the development of drug resis-
tance limit the extensive clinical application of this agent; resis-
tance is attributed to overexpression of the P-gp efflux pump and
resistance to apoptosis59. In paclitaxel-resistant EC109 cells
(EC109/Taxol cells), jesridonin (JD) has an anti-MDR effect,
through upregulating P53, cleaved-caspase-9, and cleaved-
caspase-3 and downregulating procaspase-3 and procaspase-9.
JD activates the mitochondrial-mediated intrinsic apoptosis
pathway, thereby inducing EC109/Taxol cell apoptosis and
effectively suppressing the growth of tumor xenografts with no



Table 2 Evaluation of representative clinical trials of cisplatin-based combination therapy.

Treatment regimen Cancer type Clinical

phase

Result Clinical

trials.gov

identifier

Cisplatinþradiation therapy

Pemetrexed, cisplatin, and radiation

therapy

Esophageal or

gastroesophageal

junction cancer

I Not provided NCT00701857

PPX with cisplatin, and radiation

therapy

EC II 12 of 37 patients (32%) had

complete pathological

remission

NCT00522795

Cisplatinþradiation therapyþsurgery

Cisplatin, irinotecan, celecoxib,

radiation therapy, and surgery

EC II Not provided NCT00137852

Irinotecan, cisplatin, radiation

therapy, plus surgery

EC II/III Not provided NCT00160875

Fluorouracil, cisplatin, cetuximab,

radiation therapy, plus surgery

EC I/II Not provided NCT00544362

Cisplatin, 5-FU, radiation therapy,

and surgery

EC III Not provided NCT00003118

Cisplatinþantibody

Epirubicin, cisplatin,

capecitabineþmatuzumab

EC, Gastric cancer II PFS was 4.8 months NCT00215644

Paclitaxel, cisplatin, cetuximab, and

radiation therapy

EC III Overall survival (24-month

rate reported) was 44.9%

NCT00655876

5-FU/cisplatin, radiation therapy plus

cetuximab

EC II 2-year survival rate was 71% NCT01787006

Cetuximab, cisplatin, and irinotecan EC, Gastric cancer II 1 of 16 patients (6%) had a

partial response

NCT00397904

Docetaxel, cisplatin, 5-FU,

bevacizumab, leucovorin

EC, Stomach cancer II 6-month PFS was 79% NCT00390416

Docetaxel, cisplatin, irinotecan, and

bevacizumab

EC, Stomach cancer II 10-month PFS was 40% NCT00394433

Cisplatinþother drugs

G17DT immunogen, cisplatin, 5-FU EC, Gastric cancer III Not provided NCT00020787

Paclitaxel and cisplatin ESCC II Not provided NCT02133612

Docetaxel, cisplatin, leucovorin, and

5-FU

Esophageal,

Gastroesophageal,

Gastric cancer

II 2-year survival rate was 9.5% NCT01715233

S1 combined with cisplatin ESCC II Not provided NCT01854749
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obvious toxicity59. Thus, combination therapy is likely to over-
come drug toxicity and resistance during ESCC treatment. For
example, a combination of lapatinib and paclitaxel can signifi-
cantly reduce the activation of phosphorylated EGFR and HER2
as well as the downstream molecules MAPK and AKT, thereby
suppressing cell growth, inhibiting migration and invasion, and
increasing cell apoptosis60. However, paclitaxel requires emulsi-
fication with a solvent to allow intravenous administration, which
may cause hypersensitivity reactions in patients. Nano-albumin-
bound paclitaxel (NAB-paclitaxel) is a water-soluble nano-
particle formulation that can partially neutralize the hydropho-
bicity of paclitaxel. During ESCC treatment, NAB-paclitaxel can
increase the expression of mitotic spindle-associated phosphory-
lation, reduce the expression of proliferation-related molecules,
and enhance cell apoptosis; thus, it exhibits stronger antitumor
activity compared with the current standard chemotherapy
drugs61.

Camptothecin is another promising antitumor drug. During the
treatment of ESCC, gimatecan, a new form of oral camptothecin,
inhibits the expression and bioactivity of topoisomerase I, induces
DNA damage and S-phase arrest and causes apoptosis62.
3. Molecular targeted therapy

Clinical trials of molecular targeted therapy for EC are mainly
based on targeting EGFR, HER2, and VEGF (Table 3). Fig. 1
shows a schematic diagram of molecular targeted therapy for
EC. The progress of EC molecular targeted therapy is discussed in
this section.

3.1. Drugs targeting EGFR

EGFR (also known as ERBB1), a member of the ERBB receptor
tyrosine kinase family, is a transmembrane protein receptor that
contains an extracellular ligand binding domain, a trans-
membrane domain, and an intracellular kinase domain63. Once
activation of EGFR by its ligand (EGF), the extracellular domain
dimerizes. Then, the intracellular domain dimerizes and subse-
quently promotes the activity of the intracellular kinase domain
through self-phosphorylation, which in turn activates down-
stream molecules, thereby regulating cell proliferation, differ-
entiation, and invasion. EGFR is overexpressed in most
esophageal cancers and the overexpression of EGFR is more



Table 3 Evaluation of representative clinical trials of molecular targeted therapy for esophageal cancer.

Treatment regimen Cancer type Clinical phase Result Clinical

trials.gov

identifier

EGFR-targeted

Icotinib Adenocarcinoma of the

gastroesophageal junction, EC

II Completed NCT01855854

SCT200 ESCC I/II Recruiting NCT03817567

Cetuximab EC II Completed NCT00096031

Cetuximab, ECF, IC, FOLFOX EC II Completed NCT00381706

Cetuximab, paclitaxel, carboplatin EC, GC II Completed NCT00439608

Cetuximab plus radiation Locally advanced thoracic

middle-lower segment ESCC

II Recruiting NCT02123381

HER2-targeted

Pertuzumab, trastuzumab EC I/II Completed NCT02120911

Pembrolizumab, trastuzumab, and

chemotherapy

EC, GC II Recruiting NCT02954536

mFOLFOX6þtrastuzumabþavelumab GC and EAC II Recruiting NCT03783936

VEGF-targeted

Bevacizumab EC I Recruiting NCT02072720

Bevacizumab-IRDye800CW, Molecular

fluorescence endoscopy platform

EC I Recruiting NCT03558724

Regorafenib, paclitaxel Esophagogastric carcinoma I/II Completed NCT02406170

SHR-1210, apatinib plus radiation ESCC Not applicable Recruiting NCT03671265

Figure 1 Schematic diagram of molecular targeted therapy for esophageal cancer. Frequent genetic alterations in key signaling pathways in

esophageal cancer, involving insulin-like growth factor 1 receptor (IGF1R), receptor tyrosine-protein kinase ERBB-2 (HER2), epidermal growth

factor receptor (EGFR), and tyrosine-protein kinase receptor UFO (AXL). Drugs, such as linsitinib, cetuximab, and R428, or other agents can

specifically inhibit the components of the IGF1R-, EGFR-, and AXL-associated pathways. Regulation of these signaling pathways affects the

proliferation, survival, migration, invasion, and differentiation of tumor cells, thereby inhibiting tumor growth.

Treatment of esophageal cancer 3383



Table 4 Cetuximab-based drug combination for esophageal cancer treatment.

Treatment regimen Cancer type Mechanism Status Ref.

Pingyangmycin and cetuximab ESCC Combined use, down-regulation of EGFR In vitro and

animal studies

69

Cisplatin and cetuximab ESCC Inhibition of EGFR signaling pathway In vitro and

animal studies

70

Cetuximab-IRDye700DX and

trastuzumab-IRDye700DX

EAC TKI-induced up-regulation of growth

receptor. The combined targeting of

EGFR and HER2 enhances the activity of

NIR-tPDT

In vitro study 71

Cetuximab and trastuzumab ESCC Inhibition of AKT phosphorylation In vitro and

animal studies

72

Cetuximab and NVP-BGJ398 ESCC The synergistic antitumor effect is due to the

inhibition of AKT phosphorylation

In vitro and

animal studies

73
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common in ESCC than in EAC64,65. Drugs targeting EGFR can
be divided into two categories: 1) monoclonal antibodies, such
as cetuximab and nimotuzumab, which specifically target the
extracellular domain to block ligand binding and activation; and
2) small molecule tyrosine kinase inhibitors (TKIs), such as
gefitinib and afatinib, which act on the intracellular domain.

3.1.1. Anti-EGFR monoclonal antibodies
3.1.1.1. Cetuximab. Cetuximab, which has high affinity for
EGFR, competitively blocks ligand binding, inhibits tyrosine
kinases and blocks intracellular signal transduction, thereby
suppressing cell proliferation and angiogenesis, promoting cell
apoptosis and enhancing antibody-dependent cytotoxicity66,67. In
ESCC with EGFR amplification or overexpression, cetuximab
exhibits remarkable therapeutic effects68. Accordingly, in order
to improve the therapeutic efficacy of cetuximab, various drug
combinations based on cetuximab are currently used (Table
469e73).

In mesenchymal-like ESCC cells, EGFR signal transduction
cannot be blocked, resulting in resistance to EGFR inhibitors.
However, in epithelial ESCC cells, EGFR inhibitors promote
differentiation, in which cetuximab exerts an antitumor effect74.
Thus, although EGFR inhibitors have advantages in ESCC treat-
ment, further exploration of their mechanism of action is critical.

3.1.1.2. Other anti-EGFR antibodies. Nimotuzumab is a hu-
manized anti-EGFR monoclonal antibody that binds to the extra-
cellular domain of EGFR and inhibits EGF binding75.
Nimotuzumab can increase the radiosensitivity of ESCC cells and
enhance the radiation response of KYSE30 cells in vitro, poten-
tially through upregulation of insulin-like growth factor binding
protein 3 through an EGFR-dependent pathway76. Sym004 is a 1:1
mixture of two chimeric IgG1 anti-EGFR monoclonal antibodies,
mAb 992 and mAb 102477. ESCC cell line carrying EGFR
amplification is more sensitive to Sym004, and its growth inhibi-
tory effect is greater than that of cetuximab or panitumumab78. To
improve the efficacy of EGFR-targeted antibodies in EC, a new
antibody (denoted as PAN) was prepared. The PAN variable
domain was fused to pseudomonas exotoxin A (PE38), forming
the immunotoxin Ptoxin (PT). PT can inhibit the phosphorylation
of EGFR and extracellular signal-regulated kinase (ERK1/2),
induce ROS accumulation by inhibiting the nuclear factor erythroid
2-related factor 2/kelch-like ECH-associated protein 1 regulator
(NRF2/KEAP1) antioxidant pathway, and induce the regression of
KYSE-450 tumor transplantation in nude mice79.

With the rapid development of biotechnology, antibody-based
drug delivery systems, such as antibodyedrug conjugate
composed of antibody, linker, and small-molecule cytotoxic agent,
are also used to treat EC. In this case, the specifically targeted
antibody is connected to the cytotoxic drug through a linker. Hu
et al.80 prepared an EGFR-targeted antibody drug conjugate
(LR004-VC-MMAE), which exerted highly potent antitumor ef-
ficacy in an EC xenograft model.

3.1.2. Small molecule TKIs
Small molecule TKIs competitively bind to TKI phosphorylation
sites in the intracellular domain of EGFR, blocking its interaction
with ATP and inhibiting tyrosine phosphorylation and downstream
signal transduction. Gefitinib is a selective and reversible EGFR-
TKI that can block ATP binding to the activation site of EGFR-TK
and prevent the transmission of downstream signals from the re-
ceptor, thereby exerting anti-apoptotic effects. However, EGFR
mutations may change the sensitivity of ESCC cells to gefitinib.
Knockdown of lncRNA prostate androgen-regulated transcript 1
(PART1) can effectively increase gefitinib-induced cell death,
whereas elevated PART1 promotes the expression of BCL-2 in
ESCC cells by competitively binding miR-129, thereby stimu-
lating the development of gefitinib resistance81. However, inhib-
iting galectin-3 can enhance the sensitivity of TE-8 cells to
gefitinib82. Significantly, Xu et al.83 reported that gefitinib caused
adverse reactions, including diarrhea and vomiting.

Unlike other TKIs (such as gefitinib), afatinib (BIBW2992) is
an irreversible inhibitor of the ERBB family and possesses anti-
tumor activity. It can effectively inhibit cell proliferation by
arresting G0/G1 phase and inducing ESCC cell apoptosis84,85. In
particular, ESCC cells harboring EGFR or HER4 mutations are
more suitable for targeted therapy with afatinib86.

Lincitinib is a selective and orally bioavailable insulin-like
growth factor 1 receptor inhibitor. In ESCC cells, lincitinib can
inhibit downstream AKT/mammalian target of rapamycin
(mTOR) and ERK signal transduction, while activating the
phosphorylation of nuclear factor (NF)-kB P65. In addition,
combined treatment with NF-kB transcriptional activity inhibitor
JSH-23 can overcome ESCC resistance87. CI-1033 is a pan-erbB
TKI that irreversibly inhibits the signal transduction of EGFR
family members88. In ESCC cells co-expressing EGFR and HER2,
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CI-1033 can effectively inhibit cell growth and phosphorylation of
MAPK and AKT89. Lapatinib is a reversible TKI targeting EGFR
and HER2 tyrosine kinases that can effectively inhibit receptor
phosphorylation and the activation of downstream signaling
pathways (such as ERK1/2 and AKT)90. The combination of
lapatinib and 5-FU for ESCC treatment can significantly reduce
the phosphorylation of EGFR and HER2, thereby generating a
synergistic antitumor effect91. Foretinib is a small-molecule ki-
nase inhibitor that prevents hepatocyte growth factor (HGF)-
induced c-MET phosphorylation. The combination of lapatinib
and foretinib can be used as a treatment option for HER2-positive
and MET-overexpressing EAC92.
3.2. Drugs targeting HER2

HER-2/neu is involved in multiple cellular processes, such as cell
proliferation, apoptosis, migration, and angiogenesis. Studies have
shown that HER-2/neu is overexpressed in EAC93. Trastuzumab is
a recombinant humanized monoclonal antibody that targets the
extracellular domain of HER2, and is currently one of the standard
treatments for advanced EC94,95. An in vivo study showed that after
three weeks of trastuzumab treatment, tumor weight, volume,
microvessel density, and the number of lung and lymphatic me-
tastases decreased96. In another in situ model of metastatic EC,
HER2-targeted therapy markedly suppressed primary tumor growth
and reduced lymph node metastasis97. However, trastuzumab use
resulted in drug resistance in the HER-2 IHC2þ/PIK3CA mutation
model of EC98. In EAC, t-DARPP (DARPP-32 and its cancer-
specific truncated variant) mediated the trastuzumab resistance99.
In addition, the transforming growth factor (TGF)-b signaling
pathway was activated in EAC cells that developed resistance to
trastuzumab and pertuzumab. Therefore, the antitumor effect of
trastuzumab and pertuzumab may be improved by using drugs that
block the TGF-b signaling pathway100.
3.3. Drugs targeting VEGF

VEGF plays an important role in inducing the proliferation of
vascular endothelial cells and the formation of new blood vessels.
During tumorigenesis, new blood vessels are formed to provide
oxygen and nutrients to the proliferating tumor cells and to pro-
mote cell migration. Targeting key molecules involved in angio-
genesis has great potential in the treatment of locally advanced
ESCC101. For instance, as the upregulation of VEGF-C is related to
the development of EC, VEGF-C targeting has attracted the
attention of many researchers102,103. VEGF-A also plays a key role
in the development of EC; miR-126 and the VEGF-A 30-UTR
naturally complement each other, resulting in downregulation of
VEGF-A in EC cells and eventually inhibiting the growth of EC104.

Many drugs are currently used to inhibit pro-angiogenic fac-
tors. For example, the monoclonal antibody bevacizumab binds to
VEGF-A to prevent its interaction with VEGF receptors. Intra-
tumoral injection of MAP4-siRNA and bevacizumab significantly
inhibits the growth of ESCC cell-derived tumors in nude
mice105,106. In addition, all-trans retinoic acid is used to inhibit the
proliferation and migration of EC cells, which may be related to
its inhibition of tumor angiogenesis involving VEGF107. During
ESCC treatment, signal transducer and activator of transcription 3
(STAT-3) inhibitor (static) downregulates the expression of VEGF
and can also be used as an adjuvant for radiation therapy108.
3.4. Drugs targeting other molecules

During tumor development, the overexpression of tyrosine kinase
receptor AXL plays a role in epithelialemesenchymal transi-
tion109. AXL is also overexpressed in EAC, where it upregulates
c-MYC by activating the AKT/b-catenin signaling pathway and
further promotes epirubicin resistance. Suppression of c-MYC
expression restores epirubicin sensitivity in AXL-dependent drug-
resistant cells. Furthermore, the combination of AXL inhibitor
R428 and epirubicin synergistically inhibited cell proliferation
and tumor growth110. Mesenchymaleepithelial transition factor
(c-MET) is a transmembrane receptor tyrosine kinase that can be
activated by HGF and participates in the process of tumorigenesis,
including cell growth, apoptosis, and angiogenesis111. In ESCC cell
lines and tissues, several molecules related to the HGF/MET
signaling pathway, such as MET, cyclin D1, and CDK4, are
abnormally expressed112. AXL/c-MET selective inhibitors, R428
and carbotinib, inhibited the growth of ESCC cells and corre-
sponding xenograft tumors113. Both mTOR, a member of the PI3K
protein kinase family, and the serine/threonine protein kinase polo-
like kinase 1 (PLK1), a member of the polo-like kinase family, are
potential therapeutic targets. In ESCC cells, siRNA or PLK1 in-
hibitors can decrease mTOR activity. In particular, the combination
of rapamycin and the PLK1 inhibitor BI 2536 shows stronger
antitumor effects through synergistic blockade of the mTOR
complex (mTORC1/mTORC2) cascade and activating S6 and
4E-BP1114. Another study demonstrated that targeting mTORC2
alone exhibited a strong inhibitory effect on EC cell growth115. In
addition, metformin (a drug commonly used to treat type 2 dia-
betes) was also found to inhibit the PI3K/AKT/mTOR/PKM2
signaling pathway. In the ECA109 xenograft model, metformin
significantly inhibited tumor growth. Therefore, the application of
classic drugs that are used to treat specific diseases in EC treatment
may be a new strategy116. CD147 is also highly expressed in EC
tissues117. In vitro and in vivo studies have shown that the anti-
CD147 antibody, matuzumab, can inhibit EC progression by acti-
vating effector cells and blocking the function of CD147118.
4. Immunotherapy

Generally, antigen-presenting cells, particularly dendritic cells,
can recognize and phagocytize antigen-induced inflammation on
the surface of tumor cells and present the resulting antigens to T or
B lymphocytes to produce an adaptive response. However, tumor
cells have developed a variety of strategies to escape immune
attack119. Currently, the main immunotherapy options for EC are
ICIs and tumor vaccines.

4.1. ICIs

In recent years, cancer immunotherapy has developed rapidly.
Accordingly, it has been actively explored for EC treatment. As
shown in Fig. 2, in particular, ICI-based therapy is a hot spot of
current cancer research, mainly involving cytotoxic T
lymphocyte-associated antigen 4 (CTLA-4), programmed death
receptor 1 (PD-1), and programmed death ligand 1 (PD-L1)120,121.
The ongoing clinical trials of PD-1/PD-L1 inhibitors for the
treatment of EC are shown in Table 5. In the tumor microenvi-
ronment, PD-L1 expressed by tumor cells binds to PD-1 expressed
by tumor-infiltrating T lymphocytes, allowing tumor cells to
escape immune attack and induce T-cell apoptosis122e124. PD-1/
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PD-L1 inhibitor monotherapy for EC exhibited good antitumor
activity and safety. Commonly used drugs include pem-
brolizumab, nivolumab, toripalimab, and camrelizumab122. Once
the interaction between PD-1 and PD-L1 is blocked, the immune
killing ability of T cells can be restored125. In addition, the dual
blockade of PD-1/PD-L1 and TGF-b signaling pathways can
synergistically restore the function of antigen-specific CD8þ T
cells and enhance antitumor activity in vitro and in vivo126. In
ESCC, the expression of PD-L1 is related to zinc finger E-box
binding homeobox 1 (ZEB1) and epithelialemesenchymal tran-
sition. The synergy of immune escape and
epithelialemesenchymal transition promotes the malignant
development of tumors. Therefore, the ZEB1/PD-L1 signaling
pathway is a promising therapeutic target for the treatment of
ESCC127. Considering that a small molecule inhibitor of c-MYC,
10058-F4, can effectively regulate the expression of PD-L1, the
expression level of c-MYC is closely related to that of PD-L1 in
ESCC cell lines. Therefore, the combination of c-MYC inhibitors
and PD-L-based immunotherapy may be a novel strategy for
treating ESCC128.

CTLA-4 (CD152) is another immune checkpoint molecule that
is homologous to the T-cell costimulatory protein CD28; both
molecules bind to B7-1 (CD80) and B7-2 (CD86)129. The
expression level of CTLA-4 is significantly upregulated in EC130,
and studies have been conducted to test the efficacy of treatments
with CTLA-4 inhibitor alone or in combination with chemo-
therapy drugs131. However, drug resistance remains a major
Figure 2 Schematic diagram of immunotherapy for esophageal cancer.

and B cells are all involved in immunotherapy against esophageal cancer.

endogenous factors, participate in the immune responses mediated by CD

between macrophages and tumor cells. Drugs, such as antibodies, that spec

T cells or NK cells are modified to generate chimeric antigen receptor (CAR

tumor cells. After recruitment or activation, immune cells can play mult

inhibiting tumor growth.
challenge for effective treatment. Since anti-CD47 therapy can
enhance antitumor inflammation and T-cell recruitment in a den-
dritic cell-dependent manner, the combination of CD47-, PD-1-,
and CLTA-4-targeted agents exhibits powerful therapeutic ef-
fects132. It should be noted that the use of ICIs may cause some
adverse reactions, such as a decrease in the number of lympho-
cytes and systemic rash133. Collectively, these findings indicate
that the development of ICI drugs may provide new avenues for
EC treatment.

4.2. Tumor vaccines

Tumor vaccines utilize tumor cells or tumor antigens to induce
specific cellular immunity and humoral immune responses, which
can enhance the host’s anticancer responses and thereby inhibiting
tumor growth, metastasis and recurrence. For example, certain
epitope peptides derived from tumor-associated antigens
expressed in EC can be used to develop vaccines to extend patient
survival period. Upregulated genes in lung cancer 10 (URLC10) is
an antitumor antigen that is highly expressed in ESCC. URLC10-
177 can be used to induce a specific immune response to treat
ESCC. Vaccination with a therapeutic URLC10-177 peptide
vaccine is expected to prolong survival period in patients with
advanced EC134. The use of a vaccine composed of three peptides,
namely TTK protein kinase (TTK), lymphocyte antigen 6 com-
plex locus K (LY6K), and IGF-II mRNA binding protein 3, the
median survival period of ESCC patients was 6.6 months. The
Dendritic cells (DCs), macrophages, natural killer (NK) cells, T cells,

DCs are antigen-presenting cells that upon activation by exogenous or

4þ T or CD8þ T cells. The SIRPaeCD47 interaction is very critical

ifically disrupt this interaction can suppress the growth of tumor cells.

) T cells or engineered NK cells, respectively, that can specifically kill

ifunctional roles in inducing tumor-cell apoptosis and death, thereby



Table 5 Evaluation of representative clinical trials of PD-1/PD-L1 inhibitors.

Treatment regimen Cancer type Clinical phase Status Clinical

trials.gov

identifier

Teripalimab EC II Recruiting NCT04177875

SHR-1210, apatinib plus radiation EC Not applicable Recruiting NCT03671265

SHR-1210, radiation Esophageal neoplasms,

esophageal diseases,

ESCC

II Completed NCT03187314

SHR-1210, placebo, paclitaxel, cisplatin EC III Recruiting NCT03691090

Toripalimab and chemoradiotherapy EC II Recruiting NCT04005170

Sintilimab plus chemoradiation before

surgery

ESCC I Recruiting NCT03940001

Sintilimab in combination with liposome

paclitaxel, cisplatin and S-1

ESCC I/II Recruiting NCT03946969

Camrelizumab, paclitaxel, cisplatin ESCC II Recruiting NCT04225364

Pembrolizumabþchemoradiation ESCC II Recruiting NCT04435197

HLX10, placebo ESCC III Recruiting NCT03958890

Atezolizumab and chemoradiation EC II Completed NCT03087864

Durvalumab and chemoradiation before

surgery

Gastroesophageal

junction

adenocarcinoma, EAC

II Recruiting NCT02962063

Durvalumab, tremelimumab EAC II Recruiting NCT04159974

SHR-1316 and chemotherapy ESCC II Recruiting NCT03732508

Camrelizumab EC II Recruiting NCT04286958
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vaccine produced positive clinical responses in 10 patients,
exhibiting its safety and good immunogenicity. A multicenter,
nonrandomized phase II clinical trial of the vaccine showed that
the progression-free survival (PFS) is significantly better, and
another randomized phase II clinical study is underway135,136. In
addition, when combined with CpG-7909, the specific peptides
LY6K-177 and TTK-567, derived from squamous cell carcinoma,
successfully triggered antigen-specific CD8þ T cell responses in
patients with advanced ESCC, enhanced innate immunity,
increased interferon-a and related chemokines, and activated
natural killer cells137.

After subcutaneously transplanting EC9706 cells into human-
ized mice, administration of human umbilical vein endothelial cell
vaccine for five consecutive weeks suppressed tumor growth by
inhibiting angiogenesis, reducing angiogenesis-related antigen
expression, and increasing angiogenesis-related antibody
levels138. Dendritic cells, as the main antigen-presenting cells, can
present heat-shock proteins (HSPs) to improve antigen loading
efficiency and activate cytotoxic lymphocyte reaction. Dendritic
cell vaccination can induce specific immune responses and Th1
cytokine secretion. The survival period of patients with EC who
were treated with a combination of HSP-loaded dendritic cell
vaccine and radiotherapy was better than that of patients who
received radiotherapy alone139. Thus, treatment with dendritic
cell-based vaccine is an effective method. For example, a vaccine
loaded with chimeric epitopes of highly immunogenic antigen can
induce cytotoxicity and may be a potential therapeutic option for
patients with ESCC140. Cholesterol amylopectin (CHP) is a new
type of antigen delivery system for vaccines. New York esopha-
geal squamous cell carcinoma 1 (NY-ESO-1) antigen is specif-
ically expressed in tumor tissue and is a promising molecular
target for cancer treatment. A clinical trial has confirmed the
safety and immunogenicity of the CHP-NY-ESO-1 vaccine, which
induces an effective immune response at a dose of 200 mg141.
Patients with ESCC usually experience local recurrence
following chemotherapy and radiotherapy. In a study where a
peptide vaccine composed of five peptides was used for immu-
notherapy, all patients showed at least one peptide-specific cyto-
toxic T-lymphocyte reaction during the vaccination process. After
the eighth vaccination, six patients exhibited a complete response,
and four of them continued to receive the vaccine, experiencing
2.0, 2.9, 4.5, and 4.6 years of long-term sustained complete
response142. Cancer peptide vaccines (CPVs) can enhance the
immune response of the host to tumor-specific antigens. In addi-
tion, the impact of CPVs on the tumor microenvironment has been
the focus of cancer research in recent years. For example,
administration of CPV S-588410 (comprising five human leuko-
cyte antigens overexpressed in EC) induced tumor-infiltrating
lymphocytes and PD-L1 expression in the tumor microenviron-
ment. S-588410 may also stimulate cytotoxic T cell responses
against tumor cells expressing the corresponding antigen143.

4.3. Other immunotherapy strategies

A multicenter, phase II, proof-of-concept study was conducted to
evaluate the efficacy and safety of atezolizumab in patients with
locally advanced ESCC after receiving chemotherapy. The com-
bination of atezolizumab and chemotherapy synergistically
increased the complete response rate144. After chemotherapy, the
expression level of PD-L1 was significantly induced in ESCC cell
lines, along with simultaneous activation of EGFR and ERK.
After treatment, EGFR inhibitor (erlotinib) and MAPK/MEK in-
hibitor (AZD6244) were used to prevent chemotherapy-induced
upregulation of PD-L1. Therefore, the combination of chemo-
therapy and anti-PD-L1 immunotherapy may be a promising
strategy for ESCC treatment. However, other studies reported that
patients with advanced ESCC who received anti-PD-1 antibody
(camrelizumab) treatment followed by irinotecan-based
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chemotherapy, had a median PFS of 3.18 months and a median
overall survival of only 6.23 months. These results indicated that
there is no significant difference in response between patients
treated with the combination therapy and those not treated with
antibodies145.

In recent years, cell-based adoptive immunotherapy has
attracted widespread attention, especially chimeric antigen re-
ceptor (CAR) T-cell therapy. For example, a second-generation
EphA2.CAR was constructed and transduced into T cells to pro-
duce EphA2.CAR-T cells, which exhibited a dose-dependent
cytotoxicity superior to that of normal T cells. In addition,
compared with normal T cells, the expression levels of tumor
necrosis factor-a and interferon-g in EphA2.CAR-T cells were
significantly increased146. NY-ESO-1, an immunogenic cancer-
testis antigen, induces a strong immune response in patients
with cancer and can be used as a target for immunotherapy147.
Overall, these findings demonstrate that immunotherapy is an
effective and encouraging treatment strategy for patients with EC.
5. Conclusions and future perspectives

EC is a highly heterogeneous tumor; its origin, molecular char-
acteristics, and unique tumor microenvironment affect clinical
treatment results. At present, chemotherapy is the standard treat-
ment for advanced and metastatic EC, but adverse reactions and
drug resistance often occur. Therefore, there is an urgent need to
further optimize the treatment regimen.

Cancer stem cells (CSCs) play an important role in tumori-
genesis, drug resistance, recurrence, and metastasis, and are
considered to be a challenge for effective treatment. Therefore,
CSC-targeted therapy may be a promising strategy to improve
clinical outcomes. Moreover, the combination of CSC-targeted
therapy and immunotherapy to treat patients with EC is expected
to show major advantages. Among molecular targeted therapies,
use of antibodies against EGFR or VEGF ligands and oral TKIs
have generated encouraging results; however, only HER2-and
VEGFR-targeted therapies are currently approved for the treat-
ment of metastatic EC. The latest advances in next-generation
sequencing technology provide a comprehensive prediction of
genetic changes in EC, which may lead to therapeutic break-
throughs. In addition, further research should focus on evaluating
the combinations of multi-target drugs and new cytotoxic agents
for better therapeutic effects.

Although ICIs show potential in the treatment of different
types of cancer, individual patient responses greatly vary. Even
among patients who meet the treatment criteria, only a small
percentage of cases benefit from PD-1/PD-L1-based therapy.
Therefore, the discovery of more precise biomarkers to select
patients who may benefit from a long-lasting response to immu-
notherapy is crucial. However, biomarkers used for targeted
therapy and prognostic evaluation of EC are limited. Future
research should also focus on optimizing diagnostic analysis
techniques and identifying predictive biomarkers to ensure that
patients with EC benefit from immunotherapy. The continued
development of miRNAs as biomarkers or therapeutic targets
represents a new field of EC therapy. Analyzing the expression
profile of miRNAs involved in EC development helps us better
understand the disease pathogenesis. PD-L1 and PD-L2 partici-
pate in PD-1 receptor-mediated processes and induce PD-1-related
signal transduction and T-cell failure. As PD-L2 exhibits a higher
affinity than PD-L1, the development of PD-L2-based ICIs has
become increasingly important.

According to the immune landscape in the tumor microenvi-
ronment, peptide vaccines, adoptive T cell therapy and ICIs can be
used for EC treatment. Combining different ICIs or immuno-
therapy drugs with certain conventional treatment methods may
maximize the therapeutic benefits. Notably, radiotherapy and
chemotherapy may accelerate DNA mutation and the formation of
new antigen molecules. Therefore, when combining immuno-
therapy with these conventional treatments, it is necessary to
further determine the dose/intensity and duration of chemotherapy
or radiation therapy.

Moreover, health promotion strategies (such as nutrition
awareness and early medical counselling) also need to be
considered to improve the treatment outcome of EC patients.
Considering the continuous innovation of biomedical materials
and treatment technologies, more effective drugs for the treatment
of EC may soon be available to improve therapeutic outcomes.
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