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INTRODUCTION
Recalcitrant tumors constitute a highly aggressive 
and challenging category of neoplasms, charac-
terized by their plasticity, which enables them to 
develop novel mechanisms and adopt phenotypes 
that confer resistance to conventional therapies. The 
overall 5-year survival rate for patients with recalci-
trant tumors is less than 20% (1-5). Although these 
tumors account for approximately 20-25% of annual 
cancer diagnoses globally, they are responsible for 
nearly half of all cancer-related deaths (6). Pancre-
atic ductal adenocarcinoma (PDAC), small cell lung 

cancer (SCLC), glioblastoma (GBM), hepatocellular 
carcinoma (HCC), cholangiocarcinoma (CCA), and 
esophageal cancers are classified as recalcitrant 
tumors and represent the most lethal tumor types. 
Despite originating in different organs and being 
driven by distinct genetic alterations, these neo-
plasms share several common characteristics: 1) a 
high risk associated with unhealthy lifestyles, such 
as smoking, alcohol consumption, and obesity; 2) 
nonspecific and silent symptoms; 3) a lack of mark-
ers and diagnostic techniques for early detection of 
the disease; and 4) an absence of specific molecu-
lar targets (Figure 1).
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LIFESTYLE AND RECALCITRANT 
CANCERS
Smoking and obesity are significant shared risk fac-
tors for various recalcitrant cancers because of their 
contribution to chronic inflammation, metabolic 
alteration, and DNA damage (7, 8). Obesity exacer-
bates cancer development and progression via sev-
eral mechanisms. The rapid expansion of adipose 
tissue is not supported by adequate vasculariza-
tion, leading to hypoxia, adipocyte death, and mac-
rophage recruitment.
These immune cells release proinflammatory cyto-
kines, establishing chronic inflammation, generat-
ing oxidative stress, and increasing the risk of DNA 
damage and oncogenic mutations (9, 10). Obesity-in-
duced insulin resistance and hyperinsulinemia result 
in elevated IGF-1 levels and activation of the pro-on-
cogenic PI3K/Akt/mTOR signaling pathway, promot-
ing the proliferation of transformed cells. Excess 
adipose tissue supports tumor growth by releasing 
fatty acids that serve as substrates for beta-oxida-
tion, increase reactive oxygen species production, 

and providing intermediate metabolites essential 
for proinflammatory factor synthesis while reduc-
ing precursors of anti-inflammatory factors. Addi-
tionally, obesity-induced metabolic changes lead to 
hormonal imbalances and altered adipokine synthe-
sis, characterized by the overproduction of leptin, 
which promotes cell division and tumor survival, and 
a deficiency of adiponectin, a hormone with antitu-
mor and anti-inflammatory properties, further exac-
erbating inflammation (11). Chronic inflammation, 
hormonal dysregulation, and lipid overload con-
tribute to the expansion and maintenance of can-
cer stem cells (CSCs) (12).
Tobacco primarily contributes to cancer develop-
ment by inducing loss-of-function mutations in tumor 
suppressor genes and gain-of-function mutations 
in oncogenes. These genes are crucial for regulat-
ing cell growth and maintaining genomic stability. 
These mutations compromise the mechanisms that 
regulate cellular proliferation, facilitating the initia-
tion and progression of malignancy. Chemical com-
pounds in tobacco smoke, such as polycyclic aro-
matic hydrocarbons and nitrosamines, form DNA 

Figure 1. Risk factors driving the onset and progression of recalcitrant tumors.
Schematic overview of the principal contributing factors.
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adducts that cause replication errors, increasing 
the likelihood of mutations in genes critical for cell 
cycle control and apoptosis (13).
Smoking and obesity are significant independent 
risk factors for PDAC (7, 8). Tobacco smoke pro-
motes PDAC onset by inducing KRAS mutations and 
HDAC4 expression, thereby enhancing tumor inva-
sion and metastasis (14). Visceral adipose tissue (VAT) 
and intrapancreatic fat deposition (IPFD) exceeding 
10% are associated with PDAC as both risk prognos-
tic factors, promoting cancer cell proliferation and 
immune evasion through chronic inflammation, 
cytokine release, extracellular vesicles (EVs), insu-
lin resistance, and hyperinsulinemia, which drive 
pancreatic cancer initiation and progression (15-17). 
Both smoking and obesity often accelerate carcino-
genesis, with the risk of pancreatic cancer in current 
smokers with a body mass index (BMI) ≥ 30 kg/m2 
being up to five-fold higher (18).
Smoking is the leading risk factor for SCLC, with 
95-98% of cases occurring in current or former smok-
ers, whereas never-smokers account for approxi-
mately 2% of cases (19, 20). In SCLC, tobacco carcin-
ogens cause inactivating mutations in TP53 and RB1 
(13, 21), whereas nicotine promotes progression and 
migration through activation of the CXCR4/CXCL12 
pathway (22).
Obesity (BMI ≥ 30 kg/m2) and high-fat diets are linked 
to aggressive GBM, reduced survival, and higher 
disease risk, especially in patients with abdomi-
nal obesity (23, 24). Excess adipose tissue supplies 
substrates for membrane synthesis and ATP pro-
duction via beta oxidation. Cholesterol-rich macro-
phages promote tumor growth and suppress local 
immunity (25). High-fat diets reduce brain hydro-
gen sulfide (H2S) production, fostering tumor growth 
and enriching cancer stem cells (26). Additionally, 
upregulation of the fat mass and obesity-associ-
ated (FTO) gene, a brain-expressed demethylase, 
supports GBM progression and therapeutic resis-
tance through metabolic reprogramming and m6A 
RNA/DNA demethylation (27).
Obese individuals have an 89% higher risk of HCC 
than those of normal weight. Adult weight gain leads 
to nonalcoholic steatohepatitis (NASH), character-
ized by remodeling of the liver microenvironment, 
which predisposes individuals to HCC. The accu-
mulation of lipids, chronic inflammation mediated 
by interleukin-6 (IL-6) and tumor necrosis factor-al-
pha (TNF-α), and insulin resistance collectively pro-
mote HCC development by exacerbating oxidative 
stress and DNA damage (28). Additionally, smok-

ing increases the risk of HCC by 21-86%, with obe-
sity further amplifying this effect (29).
Obesity doubles the risk of intrahepatic cholangio-
carcinoma (ICC) and increases the risk of extrahe-
patic cholangiocarcinoma (ECC) by 1.3-fold (30). Smok-
ing is a moderate risk factor, increasing the risk by 
40-100% depending on the biliary site. Tobacco car-
cinogens, after hepatic metabolism and biliary excre-
tion, damage bile duct epithelial cells, facilitate gall-
stone formation, and induce chronic inflammation 
of the biliary epithelium by modulating adipokine 
levels, specifically increasing leptin and decreasing 
adiponectin (31).
Obesity is the primary risk factor for esophageal 
adenocarcinoma and is linked to gastroesophageal 
reflux disease (GERD). Increased abdominal pres-
sure promotes GERD, leading to Barrett's esopha-
gus, a precancerous condition. Systemic inflamma-
tion and insulin dysregulation independently activate 
oncogenic pathways, contributing to carcinogenesis 
(32). Smoking increases the risk of squamous cell 
carcinoma and adenocarcinoma by inducing genetic 
mutations in the esophageal mucosa (33).
In contrast, physical activity (PA) lowers cancer risk 
in the general population and is incorporated into 
programs aimed at preventing second primary can-
cers. For patients undergoing tumor treatment, PA 
enhances the quality of life by reducing chemo-
therapy side effects, sarcopenia, and cancer recur-
rence, while improving fitness and providing emo-
tional and psychological benefits (34). The mecha-
nisms, optimal levels, and effective doses of PA in 
oncology remain unclear; however, exercise modu-
lates key GBM progression pathways, including the 
RTK/PI3K/Akt/mTOR signaling, angiogenesis, and 
metabolic reprogramming pathways. Additionally, 
PA promotes cytotoxic T cell and natural killer (NK) 
cell infiltration while reducing immunosuppressive 
cells such as Tregs and MDSCs (35).

THE SILENT SYMPTOMATOLOGY 
OF RECALCITRANT CANCER
Recalcitrant tumors are often asymptomatic or pres-
ent with nonspecific symptoms during their early 
stages, complicating early detection and diagnosis. 
These subtle and often vague signs are frequently 
misinterpreted as benign or transient conditions, 
leading to delays in patients seeking medical atten-
tion and, consequently, in diagnosis. The nonspecific 
nature of early symptoms results in many patients 
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remaining asymptomatic or experiencing mild dis-
comfort that does not immediately raise concern, 
thereby allowing the disease to progress unnoticed.
For instance, PDAC typically manifests with insidious 
symptoms that may develop intermittently over sev-
eral years before a formal diagnosis is made. This 
delayed presentation is partly attributed to the pan-
creas’s retroperitoneal anatomical location, which 
limits early symptom development, and the current 
lack of specific early biomarkers for PDAC, making 
screening and early detection particularly challeng-
ing (36). Similarly, SCLC is often called a “silent” dis-
ease because its early respiratory symptoms – such 
as coughing, wheezing, or chest discomfort – are 
nonspecific. These symptoms are easily attributed 
to common respiratory infections or chronic con-
ditions, which contribute to delayed diagnosis and 
treatment initiation (37). GBM also frequently man-
ifests with early-stage symptoms that are subtle 
and nonspecific, including mild headaches, fatigue, 
and cognitive alterations, which are often errone-
ously attributed to stress, general fatigue, or other 
benign neurological conditions. The brain’s excep-
tional capacity to adapt and compensate for slowly 
progressive tumor growth can obscure these initial 
indicators, thereby further impeding prompt diagno-
sis (38). In the case of HCC and CCA, the early stages 
are typically asymptomatic or present with vague sys-
temic symptoms such as fatigue, decreased appe-
tite, or weight loss (39, 40). In esophageal cancers, 
initial symptoms such as intermittent dysphagia, 
heartburn, hoarseness, cough, and weight loss may 
be easily mistaken for benign gastrointestinal dis-
orders, including GERD or esophageal irritation (41).
Overall, the common thread among these malig-
nancies is the predominance of silent or nonspe-
cific clinical presentations during their early stages 
of development. This shared characteristic under-
scores the critical need for heightened clinical vigi-
lance, improved screening strategies, and the devel-
opment of more sensitive and specific biomarkers 
to facilitate early detection and improve patient 
outcomes.

THE CHALLENGE OF EARLY 
DIAGNOSIS
Approximately one-third of patients with recalcitrant 
tumors are diagnosed incidentally during emer-
gency hospital admissions, often at an advanced 
stage due to the nonspecific nature of the symp-

toms. Early detection is especially difficult because 
of the lack of specific biomarkers and challenges in 
identifying precursor or premalignant lesions using 
routine clinical imaging.
High-grade pancreatic intraepithelial neoplasia 
(PanIN), an early precursor lesion, is mainly detected 
via histopathology, as conventional imaging and 
biomarkers such as CA19-9 lack specificity for early 
malignant changes (36). SCLC diagnosis relies on 
minimally invasive sampling, such as bronchos-
copy or fine-needle aspiration, often yielding small 
specimens that are extensively necrotic, which may 
lead to misdiagnosis and erroneous identification 
as treatable neoplasms. Unlike non-small cell lung 
cancer, no early detection biomarkers exist for SCLC, 
and computed tomography (CT) scans may miss 
small lesions or fail to distinguish them from other 
conditions (37). Early GBM detection is challenging 
because of tumor infiltration into normal brain tis-
sue and the limited permeability of contrast agents 
across the blood-brain barrier. Consequently, mag-
netic resonance imaging (MRI) cannot reliably differ-
entiate between low-grade and atypical GBM forms. 
Molecular heterogeneity within GBM tumors compli-
cates early detection, as no single biomarker reliably 
indicates initial-stage disease, hindering the identi-
fication of universal markers (38). Pre-HCC lesions 
under 10 mm are often undetectable by MRI or CT 
and may mimic regenerative nodules in cirrhotic 
livers. Biomarkers such as alpha-fetoprotein (AFP) 
show low sensitivity for detecting small HCC (40). Pre-
neoplastic biliary lesions, such as biliary intraepithe-
lial neoplasia (BilIN) and intraductal papillary neo-
plasms of the bile duct (IPNB), resemble inflamma-
tory changes and are difficult to detect because of 
their location. Brush cytology during endoscopic ret-
rograde cholangiopancreatography (ERCP) has low 
sensitivity (< 50%) because desmoplastic tumors 
yield limited amounts of tissue. Serum markers, 
such as CA19-9, lack specificity because their lev-
els increase with benign biliary inflammation (39). 
Early esophageal tumors may be missed by conven-
tional endoscopy, requiring advanced imaging such 
as Lugol's iodine chromoendoscopy for precancer-
ous lesion identification (41) (Table 1). The potential 
of liquid biopsy combined with multiomic technol-
ogies offers a promising approach for early detec-
tion of tumors that evade traditional screening. Liq-
uid biopsy analyzes tumor-derived components in 
bodily fluids, such as circulating tumor DNA (ctDNA), 
circulating tumor cells (CTCs), exosomes, and EVs. 
While widely used in advanced cancer management, 
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Table 1. Major diagnostic challenges and current biomarker approaches across recalcitrant tumors.

TUMOR TYPE MAIN DIAGNOSTIC 
CHALLENGES

LIMITATIONS 
OF CURRENT 
IMAGING OR 
SAMPLING

CURRENT 
BIOMARKERS 

OR DIAGNOSTIC 
ADJUNCTS

KEY UNRESOLVED 
NEEDS

Pancreatic ductal 
adenocarcinoma 

(PDAC)

Nonspecific and 
intermittent 
symptoms; 

retroperitoneal 
location; precursor 
PanIN lesions are 

predominantly 
microscopic.

Standard imaging 
does not reliably 

identify high-grade 
PanIN or very 

small early lesions.

CA19-9 has 
insufficient 

specificity to 
distinguish 

benign pancreatic 
disease from early 

malignancy and 
limited value for 
early detection.

Prospective validation 
in high-risk cohorts; 
discrimination from 

pancreatitis and other 
benign conditions; 
standardized pre-

analytical and 
analytical workflows.

Small-cell lung cancer 
(SCLC)

Bronchoscopic or fine-
needle specimens may 

be small or necrotic; 
histologic overlap 

with carcinoid tumors, 
basaloid squamous-

cell carcinoma, 
and lymphoma 
may complicate 

classification.

CT may miss small 
early-stage lesions 

and may not 
reliably distinguish 
malignancy from 

other thoracic 
conditions.

No established 
biomarker is 
available for 

population-level 
early detection.

Validation in limited-
stage disease; 

distinction from other 
lung neoplasms; 
reproducibility 

across cohorts and 
sequencing platforms.

Glioblastoma (GBM)

Infiltrative growth, 
marked intratumoral 
heterogeneity, and 

radiologic overlap with 
abscess, tumefactive 

demyelination, or 
stroke impede early 

recognition.

MRI is the standard 
modality but 

may not reliably 
distinguish early 

or atypical lesions; 
the blood-brain 

barrier limits 
contrast-agent 
effectiveness.

No universal 
circulating 

biomarker is 
established for 
early detection.

A sufficiently sensitive 
noninvasive assay; 

differentiation from 
benign neurologic 
conditions; tumor-
specific validation 
of plasma versus 

cerebrospinal-fluid 
approaches.

Hepatocellular 
carcinoma (HCC)

Small dysplastic 
nodules in cirrhotic 
livers may resemble 

regenerative nodules 
and lack the vascular 
features of overt HCC.

MRI and CT 
frequently fail to 

detect nodules <10 
mm; 20-30% may 

remain undetected. 
Biopsy of small 

lesions in cirrhotic 
liver is technically 

difficult.

Alpha-fetoprotein 
(AFP) has low 
sensitivity for 

small or early HCC.

Discrimination of 
early HCC from 

cirrhosis, dysplasia, 
and inflammation; 
clinically validated 

thresholds; 
longitudinal 

surveillance studies.

Cholangiocarcinoma 
(CCA)

BilIN and intraductal 
papillary neoplasms 

may resemble 
inflammatory biliary 

changes; deep-seated 
and desmoplastic 

lesions yield limited 
cellular material.

ERCP brush 
cytology has low 

sensitivity (<50%); 
MRI/MRCP may not 
reliably distinguish 
early intrahepatic 
CCA from benign 

lesions or 
metastases.

CA19-9 has limited 
sensitivity for 

early disease and 
may be elevated 
in benign biliary 

inflammation; no 
reliable blood-

based screening 
test is established.

Reliable distinction 
between malignant 

and benign 
biliary strictures; 
validation in high-
risk populations; 

standardization by 
anatomical subtype.

Esophageal cancer

Early lesions may 
be asymptomatic 

and subtle, delaying 
clinical recognition.

Conventional 
endoscopy 

may miss early 
lesions; enhanced 

endoscopic 
techniques 

are required 
for improved 

visualization of 
precancerous 

changes.

Non valid 
circulating 
biomarker 
is currently 

established for 
early detection.

Separate validation 
for squamous-cell 

carcinoma and 
adenocarcinoma; 

discrimination 
from inflammatory 

or premalignant 
conditions; sensitivity 

in stage I disease.
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its early diagnostic application faces several biolog-
ical and technical challenges. Early tumors release 
biomarkers at low levels, making it difficult to distin-
guish cancer-specific signals from those of normal 
cell-free DNA. Integrating molecular data – including 
mutation analysis, DNA methylation, early-stage pro-
teins and enzymatic biomarkers, and lipid changes 

– may help overcome some of these limitations and 
detect molecular signals before tumors are visible 
on imaging (42, 43).

THERAPEUTIC FAILURE IN 
RECALCITRANT TUMORS
At the molecular level, these tumors exhibit alter-
ations in MYC or RAS oncogenes. RAS mutations are 
present in PDAC tumors in 90-95% of cases and in 
CCA in 7-25% of cases (44, 45). In contrast, RAS is 
overexpressed either directly through genetic alter-
ations or indirectly through the activation of other 
pathways, such as EGFR and MET, in HCC, GBM, and 
esophageal cancer (46). MYC is overexpressed in 
42% of PDAC cases, 50% of SCLC cases, 30-70% of 
HCC cases, 60-80% of GBM, and 20-25% of esoph-
ageal cancer cases (47-51). Oncogene activation is 
often associated with mutations in tumor suppres-
sor genes, including TP53 and CDKN2A. TP53 muta-
tions occur in 75-80% of PDAC cases, 90% of SCLC 
cases, 20-50% of HCC cases, 30-35% of GBM cases, 
10-50% of CCA cases, and 72-80% of esophageal can-
cer cases (52-57). Deletion or mutation of CDKN2a 
is observed in 60-95% of PDAC tumors, 60% of GBM 
cases, 6-30% of HCC cases, 15-30% of CCA cases, and 
12-25% of esophageal cancers (58-62). Hyperactiva-
tion of MYC and RAS, coupled with the inactivation 
of TP53 and CDKN2A, confers stemness character-
istics to cells and induces metabolic reprogram-
ming, epigenetic remodeling, and genetic instability 
(Figure 2). This cellular transformation influences 
the tumor microenvironment by promoting phe-
notypic reprogramming through cytokines, growth 
factors, and cell-cell interactions, thereby establish-
ing an immunosuppressive milieu that facilitates 
immune evasion.

THE CHALLENGE OF 
UNDRUGGABLE PROTEINS
MYC inhibitors face significant clinical challenges due 
to the absence of a conventional binding site, ren-

dering them “undruggable” by standard small-mol-
ecule drugs. Unlike other enzymes, MYC does not 
possess a deep “pocket” that accommodates drug 
binding. Additionally, high-molecular-weight drugs 
have difficulty accessing the nucleus. Although 
numerous candidates have demonstrated promis-
ing in vitro binding affinities, they have failed clin-
ically because of off-target effects and poor selec-
tivity. Given that MYC regulates essential processes 
in healthy cells, such as proliferation and metabo-
lism, its complete inhibition results in severe side 
effects (63).
The failure of RAS inhibitors in clinical trials is 
attributed to the complex biology of the protein, 
including the absence of binding pockets, high 
GTP/GDP affinity, and tumor adaptation through 
alternative pathways. While early farnesyltrans-
ferase inhibitors were unsuccessful due to iso-
form resistance, contemporary KRAS G12C inhibi-
tors face challenges with resistance mechanisms, 
such as mutations, bypass pathway activation, and 
tumor rewiring, necessitating combination thera-
pies for durable responses. Because RAS signal-
ing is required for proliferation and survival in nor-
mal cells, complete inhibition can damage healthy 
tissues. Efforts to target downstream RAS signals 
have often failed due to side effects in normal tis-
sues and feedback mechanisms that require intol-
erable doses (64). Pharmaceutical research has 
advanced with the development of next-genera-
tion anti-RAS agents, such as daraxonrasib, which 
significantly improves outcomes in patients with 
pancreatic cancer. In the phase 3 RASolute 302 
trial, daraxonrasib approximately doubled median 
overall survival rate (65). Daraxonrasib inhibits 
RAS in its active, GTP-bound state, overcoming 
the limitations of earlier inhibitors that targeted 
the inactive [RAS(OFF)] form. Daraxonrasib func-
tions as a pan-RAS inhibitor, effectively targeting 
a broad spectrum of activating mutations beyond 
the KRAS G12C specificity of previous drugs. More-
over, it forms a complex with cyclophilin A, which 
binds RAS with high affinity, resulting in sustained 
protein inactivation (65).
Owing to the challenges in directly targeting RAS 
and MYC, research has shifted toward developing 
molecules that modulate the downstream pathways 
affected by these oncogenes and tumor suppres-
sors (TP53, CDKN2A), including cell cycle regulation, 
genomic stability, DNA damage response, epigen-
etic remodeling, metabolism, immune modulation, 
and extracellular matrix composition.
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LIMITATIONS OF CONVENTIONAL 
THERAPIES IN RECALCITRANT 
TUMORS

CDK inhibitors
The ineffectiveness of Cyclin-Dependent Kinase (CDK) 
inhibitors, particularly CDK4/6 inhibitors such as 
palbociclib, ribociclib, and abemaciclib, in the treat-
ment of resistant tumors poses a substantial chal-
lenge in the field of oncology. The limited efficacy 
of CDK inhibitors is largely attributable to mecha-
nisms of intrinsic and acquired resistance.

Clinical trials of CDK4/6 inhibitors, such as palbo-
ciclib, in resistant PDAC have yielded limited suc-
cess as stand-alone therapies. This limitation is 
attributed to the rapid emergence of adaptive resis-
tance mechanisms. PDAC cells bypass CDK4/6 inhi-
bition by elevating cyclin D1 and E levels and acti-
vating alternative pathways, notably the PI3K/mTOR 
and MEK pathways. Clinical trials have revealed that 
although palbociclib inhibits tumor proliferation, 
it simultaneously enhances metastasis and inva-
sion by inducing epithelial-to-mesenchymal tran-
sition (EMT). Furthermore, trials with nonspecific 
CDK inhibitors, including CDK9 inhibitors, flavopiri-

Figure 2. Molecular and microenvironmental alteration in recalcitrant tumors and their potential therapeutic targeting.
(A) Mutations in oncogenes and tumor suppressor genes are prevalent in recalcitrant tumors. (B) CDK inhibitors restrict cell-cycle progression 
in recalcitrant tumors. (C) Recalcitrant tumors enhance DDR expression to prevent replication fork stalling and promote tumor cell proliferation. 
(D) Recalcitrant tumors evade immune recognition by recruiting immunosuppressive cells, which, in collaboration with cancer cells, induce 
exhaustion in effector CD8 T cells through the expression of immune checkpoint proteins. Inhibiting the DDR pathway with inhibitors targeting 
WEE1, ATM, and ATR can enhance the efficacy of immune checkpoint inhibitors by stalling replication fork and activating the cGAS-STING-
mediated interferon pathway through the release of cytosolic DNA. (E) Cancer cells remodel the tumor microenvironment and foster an 
immunosuppressive, tumor-supportive environment by employing the following strategies: a) nutrient deprivation leading to exhaustion 
of effector T cells and natural killer cells; b) increasing glycolytic metabolism and lactate production, which induces immunosuppressive 
M2 TAM polarization and Treg differentiation and proliferation; c) CD39 convert ATP/ADP to AMP, whereas CD37 convert AMP to adenosine, 
promoting Treg expansion and T cell exhaustion; d) reprogramming cancer-associated fibroblasts (CAFs) to release amino acids (alanine 
and aspartate) to support tumor growth in a hypoxic environment, provide lipid-derived energy substrates, and promote Treg and TAM 
expansion. (F) Recalcitrant tumors reprogram CAFs to synthesize and release more extracellular matrix and lysyl oxidase (LOX), which 
crosslinks collagen and elastin, creating a stiff barrier that impedes lymphocyte infiltration into the tumor.
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dol, and dinaciclib, have shown unacceptable tox-
icity and poor efficacy (66).
In SCLC, CDK inhibitors have yielded mixed results, 
with earlier generations proving ineffective in 
addressing relapsed or resistant cases. Initial “pan-
CDK” inhibitors, such as flavopiridol and roscovitine, 
failed in clinical trials due to toxicity and insuffi-
cient specificity. Although trilaciclib has demon-
strated efficacy in mitigating chemotherapy-induced 
myelosuppression, its effectiveness as an antican-
cer agent is constrained because its function is to 
protect healthy bone marrow rather than to tar-
get resistant tumors. Recent CDK9 inhibitors, such 
as KB-0742, have shown preclinical potential by 
targeting transcriptional mechanisms, offering an 
approach to overcome resistance beyond cell cycle 
regulation (67).
The use of CDK inhibitors in GBM treatment poses 
a significant therapeutic challenge. Although alter-
ations in the CDK4/6-Rb axis occur in 80% of cases, 
outcomes remain suboptimal because of limited BBB 
penetration and drug resistance. Current efforts are 
focused on molecules with superior pharmacokinetic 
profiles and combination therapies to overcome 
resistance. Zotiraciclib (TG02), an oral multi-CDK 
inhibitor targeting CDK9 and reducing the expres-
sion or levels of c-MYC and MCL-1, is being assessed 
in phase Ib trials (NCT03224104) alongside temozolo-
mide or radiotherapy, following limited efficacy as 
a monotherapy in recurrent GBM (PFS-6 of 6.7%). 
Abemaciclib, known for its superior BBB permea-
bility, is being evaluated in clinical trials for patients 
exhibiting alterations in the Rb pathway. AU3-14, a 
novel CDK4/6 inhibitor with high brain penetration, 
delays resistance to temozolomide (TMZ) in preclin-
ical models. AT7519, a selective inhibitor of CDK1, 2, 
4, 6, and 9, induces apoptosis, pyroptosis, and cell 
cycle arrest in human GBM cells, as demonstrated 
in preclinical studies (68-70).
Clinical trials assessing the efficacy of CDK inhibitors 
as standalone treatments for advanced HCC have 
encountered notable obstacles. Despite promising 
results in preclinical studies, clinical trials of palboci-
clib have faced challenges owing to the emergence 
of compensatory pathways and resistance mecha-
nisms. Notably, trials NCT04162301 and NCT02255461 
were either discontinued or demonstrated lim-
ited efficacy when CDK4/6 inhibitors were used as 
monotherapies, as their cytostatic action was insuf-
ficient to combat aggressive tumors. Resistance 
arises from the activation of alternative pathways, 
such as PI3K/mTOR and MAPK, enabling tumors to 

bypass CDK4/6 inhibitor-induced cell cycle arrest 
(71) (Table 2).
In cases of recalcitrant CCA, the efficacy of sin-
gle-agent CDK4/6 inhibitors, such as palbociclib, 
is limited in both clinical and preclinical settings. 
These inhibitors have been observed to upregu-
late cIAP1/2 (Cellular Inhibitor of Apoptosis Proteins) 
through NF-κB signaling pathways, thereby protect-
ing tumor cells against apoptosis. Although these 
inhibitors induce temporary G0/G1 cell cycle arrest, 
tumors frequently circumvent this blockade, result-
ing in disease progression and the development of 
treatment resistance (72, 73) (Table 2).
Clinical trials investigating the use of CDK4/6 inhibi-
tors as monotherapy for refractory esophageal can-
cer have demonstrated suboptimal outcomes. A sig-
nificant number of upper gastrointestinal carcino-
mas exhibit intrinsic resistance attributed to cyclin E 
overexpression, which facilitates cell cycle progres-
sion despite CDK4/6 inhibition. Due to the limited 
clinical efficacy observed, plans to extend phase II 
trials for agents such as ribociclib in this context 
were discontinued (74) (Table 2).

Replication stress response (RSR) inhibitors
Replication stress (RS), resulting from the stalling or 
collapse of replication forks, is a hallmark of thera-
py-resistant cancers, including SCLC and pancreatic 
cancer. These tumors rely on the replication stress 
response (RSR), mediated by the ATR-CHK1 axis, to 
mitigate RS, prevent mitotic entry, and promote sur-
vival. Oncogene-driven RS, caused by MYC amplifica-
tion or loss of TP53 and RB1, exacerbates replication 
stress, increasing the risk of fork collapse into lethal 
double-strand breaks (DSBs). Therapeutic inhibition 
of RSR components ATR, CHK1, and WEE1 induces 
replication catastrophe, which is a promising strat-
egy for selectively targeting these malignancies (75).
RSR inhibitors targeting ATR, WEE1, and CHK1 have 
emerged as promising therapeutic agents for PDAC, 
a cancer characterized by replication stress, KRAS 
mutations, and genomic instability (76-79). However, 
clinical trials have faced setbacks due to acquired 
drug resistance. Early trials combining CHK1 or ATR 
inhibitors with chemotherapy frequently resulted 
in dose-limiting toxicity (80-82). Consequently, the 
research focus is shifting toward combining these 
inhibitors with ICIs, as RSR defects can induce cyto-
solic DNA accumulation, thereby activating immune 
responses via the cGAS-STING pathway (83). Ongo-
ing studies, including trial NCT06015659, are eval-
uating the WEE1 inhibitor azenosertib in combina-
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tion with gemcitabine, alongside the identification 
of biomarkers that predict therapeutic response 
(84) (Table 2).
ATR inhibitors, such as berzosertib, show poten-
tial in treating SCLC because of the cancer's depen-
dence on DNA repair mechanisms for rapid cell 
proliferation. Nevertheless, clinical trials address-
ing the recalcitrant nature of SCLC face significant 
challenges, including limited therapeutic responses, 
toxicity, and the development of resistance. Notably, 
clinical trials targeting RSR in SCLC have faced set-
backs, as exemplified by the termination of a Phase 
II trial for berzosertib (M6620/VX-970) (85, 86). Fur-
thermore, the ineffectiveness of prexasertib in treat-
ing SCLC was corroborated by the Phase II study 
NCT02735980 (87). Despite preclinical evidence 
suggesting that SCLC is an optimal target for these 
interventions, the clinical outcomes have been dis-
appointing (Table 2).

GBM resistance to standard therapies is driven by 
glioma stem cells (GSCs) experiencing replication 
stress from transcription-replication collisions in long 
neural genes, which activate the ATR-CHK1 pathway, 
stabilizing replication forks and preventing genomic 
instability, enabling tumor survival against chemo-
therapy and radiotherapy (88). Targeting the RSR 
pathway is a promising approach to overcome drug 
resistance, with ATR inhibitors (AZD6738, M6620) 
being evaluated to sensitize GBM to radiotherapy 
and PARP inhibitors (89, 90). A Phase I trial is assess-
ing the CHK1/CHK2 inhibitor triapine with radiother-
apy in recurrent GBM (NCT06860594). Additionally, 
the antisense oligonucleotide TUG1-DDS, which 
targets the long noncoding RNA (lncRNA) Taurine 
Upregulated Gene 1 (TUG1), induces R-loop accumu-
lation and DNA damage, suppressing tumor growth 
preclinically and supporting future clinical develop-
ment (91) (Table 2).

Table 2. Selected clinical trials and therapeutic strategies in recalcitrant tumors.

TUMOR 
TYPE

THERAPEUTIC 
STRATEGY

AGENT(S) / 
REGIMEN

TRIAL 
IDENTIFIER PHASE MAIN MESSAGE (REVISED)

PDAC CDK inhibition Palbociclib Not specified Not 
specified

CDK4/6 inhibition showed 
limited clinical activity as 
monotherapy, consistent 

with rapid adaptive bypass 
signaling and lack of 

durable disease control in 
PDAC.

PDAC RSR inhibition Azenosertib + 
gemcitabine NCT06015659 Phase II

This trial reflects a 
biomarker-oriented 
strategy to exploit 

replication stress in second-
line advanced PDAC, but 
efficacy remains under 

investigation.

PDAC ICI + DDR/RSR 
targeting

PARP inhibitor 
+ PD-1/PD-L1 

blockade

NCT04548752; 
NCT04493060; 
NCT03330405

Not 
consistently 

specified

These studies test 
whether DDR-targeted 
therapy can increase 

tumor immunogenicity 
and sensitize selected 

PDAC subsets, particularly 
BRCA-mutated or platinum-

sensitive disease, to 
immunotherapy.

PDAC TME/adenosine 
axis

Quemliclustat + 
etrumadenant 
+ SBRT-based 
neoadjuvant 

therapy

NCT06048484 
(AIRPanc) Phase II

This study evaluates 
whether adenosine-
pathway blockade 
plus radiotherapy 

and immunotherapy 
can remodel the 

immunosuppressive PDAC 
microenvironment in 

surgically eligible disease.

(Continued on next page)
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TUMOR 
TYPE

THERAPEUTIC 
STRATEGY

AGENT(S) / 
REGIMEN

TRIAL 
IDENTIFIER PHASE MAIN MESSAGE (REVISED)

PDAC TME/CXCL12 
axis

NOX-A12 
(olaptesed pegol) + 

pembrolizumab
NCT03168139 Phase I/II

This trial investigates 
stromal chemokine 

blockade as a strategy 
to improve immune-cell 
trafficking and overcome 
CAF-mediated immune 

exclusion.

PDAC Autophagy 
inhibition

Hydroxychloroquine 
+ gemcitabine/nab-

paclitaxel
NCT01978184 Phase II

This randomized trial tested 
autophagy inhibition as a 
metabolic vulnerability in 
resectable PDAC; clinical 
benefit appears modest 

and insufficient to establish 
HCQ as an effective 
standard strategy.

SCLC CDK/DDR 
interface Trilaciclib

Not an 
antitumor 

efficacy trial in 
this context

Approved 
supportive-

care use

Trilaciclib should not 
be framed as an active 
antitumor strategy; its 
clinical value in SCLC is 

myelopreservation during 
chemotherapy rather than 

direct tumor control.

SCLC RSR inhibition Prexasertib 
(LY2606368) NCT02735980 Phase II

Prexasertib monotherapy 
showed limited efficacy 
in extensive-stage SCLC 
despite strong biological 

rationale, underscoring the 
gap between replication-
stress dependency and 

clinical benefit.

SCLC DDR inhibition Berzosertib + 
topotecan

DDRiver SCLC 
250 Phase II

The combination 
represents an attempt 

to potentiate topotecan 
through ATR inhibition in 
platinum-resistant SCLC, 

but available evidence 
remains preliminary and 

does not yet support 
practice change.

SCLC ICI + PARP 
inhibition

Olaparib + 
durvalumab MEDIOLA Phase I/II

The regimen was tolerable 
but did not achieve the 

desired level of antitumor 
activity, highlighting the 

need for biomarker-guided 
combination strategies in 

relapsed SCLC.

SCLC
CHK1 

inhibition + 
immunotherapy

Prexasertib + anti-
PD-L1 NCT03495323

Early-phase/
clinical 

exploration

This program is hypothesis-
generating and should be 
described as translation 

of strong preclinical 
synergy into early clinical 
testing, not as evidence of 

established efficacy.

GBM Multi-CDK 
inhibition Zotiraciclib (TG02) NCT03224104

Phase Ib / 
early clinical 

program

Zotiraciclib-based regimens 
illustrate continued 

interest in transcriptional 
CDK targeting in GBM, 
but clinical activity to 

date remains limited and 
investigational.

(Continued from previous page)

(Continued on next page)
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TUMOR 
TYPE

THERAPEUTIC 
STRATEGY

AGENT(S) / 
REGIMEN

TRIAL 
IDENTIFIER PHASE MAIN MESSAGE (REVISED)

GBM RSR inhibition Triapine + 
radiotherapy NCT06860594 Phase I

This first-in-human 
combination explores 

whether checkpoint kinase 
inhibition can radiosensitize 

recurrent glioblastoma 
while remaining tolerable in 

the CNS setting.

GBM PARP inhibition
Talazoparib + 

chemotherapy  
(TAC-GReD)

NCT04740190 Early-phase 
trial

This trial targets DDR-
deficient recurrent high-

grade glioma, testing 
whether PARP inhibition 
can exploit molecularly 

defined DNA-repair 
vulnerability.

GBM ICI Nivolumab-based 
programs Not specified Phase III

Large randomized trials 
of checkpoint blockade in 

GBM failed to demonstrate 
meaningful survival 

improvement, reinforcing 
the immune-cold biology of 
this disease and the need 
for rational combinations.

HCC CDK4/6 
inhibition Palbociclib NCT04162301; 

NCT02255461 Early-phase

Clinical development 
of CDK4/6 inhibition 
in advanced HCC has 
been constrained by 
limited efficacy and 

pathway compensation, 
indicating that cytostatic 

monotherapy is unlikely to 
be sufficient.

HCC RSR inhibition
WEE1/CHK1 

pathway-targeted 
regimens

NCT04158336 Ongoing 
clinical trial

This trial exemplifies the 
strategy of leveraging 

high replication stress in 
HCC, but outcome data 
remain immature and 

should be presented as 
investigational.

CCA/BTC RSR inhibition
ATR/CHK1/WEE1/

PARP-targeted 
programs

NCT04298021; 
NCT03878095; 
NCT02576444

Early-phase 
trials

These studies collectively 
reflect an exploratory 

DDR-targeting approach in 
biliary tract malignancies, 
especially in genomically 

selected or treatment-
refractory settings.

CCA/BTC PARP inhibition Olaparib NCT04042831 Phase II

The manuscript should 
correct the registry number 
to NCT04042831; this phase 
II study evaluates olaparib 
in metastatic biliary tract 
cancer with DNA-repair 

alterations.

CCA/BTC ICI + 
chemotherapy

Durvalumab + 
gemcitabine/

cisplatin
Not specified Phase III

TOPAZ-1 established 
chemo-immunotherapy 
as a clinically meaningful 

standard in advanced 
biliary tract cancer, 

although absolute survival 
gains remain modest 

and resistance remains 
common.

(Continued from previous page)
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Tumors exhibiting a “High Replication Stress” profile, 
such as HCC, are associated with poorer survival out-
comes but demonstrate increased sensitivity to ther-
apies targeting the ATR-CHK1-WEE1 pathway (92-94). 
Agents such as ceralasertib (AZD6738) and elimus-
ertib (BAY1895344) are currently being evaluated in 
early phase clinical trials for advanced solid tumors, 
including those resistant to standard treatments (95, 
96). Preclinical studies have shown that ATR inhi-
bition in high-risk HCC suppresses tumor progres-
sion and modulates antitumor immune response 
(92). Inhibitors of WEE1 and CHK1 induce mitotic 
catastrophe in cancer cells, further supporting their 
therapeutic potential. Ongoing trials (NCT04158336) 
are investigating these agents as monotherapies or 

in combination with chemotherapy and immune 
checkpoint inhibitors to exploit high replication 
stress (97, 98). Additionally, research is progress-
ing toward integrating RSR inhibitors with radio-
therapy or immunotherapy to reverse the immu-
nosuppressive tumor microenvironment charac-
teristics of resistant HCC.
In CCA, ongoing clinical trials are investigating inhib-
itors of RSR proteins, including ATR, CHK1, WEE1, 
and PARP as potential strategies (NCT04298021, 
NCT03878095, NCT02576444) (99). Of particular inter-
est, the PARP inhibitor olaparib is currently under 
evaluation in Phase II clinical trials (NCT04042831) 
for metastatic biliary tract cancer characterized by 
mutations in DNA repair genes (Table 2).

TUMOR 
TYPE

THERAPEUTIC 
STRATEGY

AGENT(S) / 
REGIMEN

TRIAL 
IDENTIFIER PHASE MAIN MESSAGE (REVISED)

CCA/BTC ICI-based 
combination

Nivolumab + 
gemcitabine/
cisplatin or 

nivolumab + 
ipilimumab

Not specified Randomized 
Phase II

BilT-01 supports continued 
evaluation of immune-
based combinations in 

untreated advanced biliary 
cancer, but its results 

should be interpreted as 
signal-seeking rather than 

definitive practice-changing 
evidence.

Esophageal 
cancer

CDK4/6 
inhibition Palbociclib

Phase II trial 
in advanced 

esophageal or 
gastric cancer

Phase II

Palbociclib monotherapy 
showed limited efficacy 

in upper gastrointestinal 
cancers, consistent with 
intrinsic cell-cycle bypass 

mechanisms such as cyclin 
E upregulation.

Esophageal 
cancer ICI Nivolumab vs 

chemotherapy ATTRACTION-3 Phase III

ATTRACTION-3 
demonstrated an overall 

survival advantage 
for nivolumab over 

chemotherapy in previously 
treated advanced 

esophageal squamous 
cell carcinoma, validating 

immune checkpoint 
blockade in a subset of 

patients.

Esophageal 
cancer ICI Pembrolizumab vs 

chemotherapy KEYNOTE-181 Phase III

KEYNOTE-181 showed 
that benefit from 
pembrolizumab is 

concentrated in biomarker-
enriched populations, 

supporting patient selection 
rather than indiscriminate 

monotherapy use.

PDAC: pancreatic ductal adenocarcinoma; SCLC: small-cell lung cancer; GBM: glioblastoma; HCC: hepatocellular carcinoma; CCA/BTC: 
cholangiocarcinoma/biliary tract cancer; RSR: replication stress response; DDR: DNA damage response; ICI: immune checkpoint inhibitor; 
TME: tumor microenvironment.

(Continued from previous page)
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Gastroesophageal adenocarcinomas with high chro-
mosomal instability and TP53 mutations in 72-90% 
of cases are particularly sensitive to CHK1 inhibitors 
(100). Clinical trials have indicated that the combina-
tion of these inhibitors with chemotherapy enhances 
therapeutic efficacy. The ATR inhibitor VX-970 (ber-
zosertib) sensitizes esophageal cancer cells to che-
motherapy and radiotherapy in preclinical models 
(101). Other ATR inhibitors, including ceralasertib and 
elimusertib (BAY 1895344), are under clinical evalu-
ation for advanced solid tumors with DNA damage 
response defects (102, 103) (Table 2).

Immune checkpoint inhibitors
Many recalcitrant tumors exhibit an immunolog-
ically “cold” phenotype with low T-cell infiltration 
and abundant immunosuppressive cells, facilitating 
immune evasion and resistance to immunotherapy. 
Evaluating immune checkpoints remains crucial for 
developing combination therapies to convert cold 
tumors into “hot” tumors.
PDAC is characterized by a dense stroma, known as a 
desmoplastic reaction, which prevents immune cells 
from accessing the cancer cells. The tumor microen-
vironment (TME) contains immunosuppressive cells, 
including myeloid-derived suppressor cells (MDSCs), 
tumor-associated macrophages (TAMs), and regu-
latory T cells (Tregs), which inhibit cytotoxic T cell 
infiltration. Dense stroma causes poor vasculariza-
tion, creating a hypoxic and acidic environment that 
kills or exhausts effector T cells (104). PDACs have 
a low-to-intermediate mutational burden, resulting 
in fewer neoantigens and limited immune recogni-
tion (105). Consequently, ICIs show minimal efficacy 
in resistant PDAC and are FDA-approved only for 
patients with microsatellite instability-high (MSI-H) 
or deficient mismatch repair (dMMR) (~0.5-1%) (106). 
Meta-analyses have indicated that combining ICIs 
with chemotherapy provides modest benefits over 
chemotherapy alone (107). Clinical trials are evalu-
ating ICI and RSR inhibitor combinations in resis-
tant PDAC, focusing on PARP and PD-1/PD-L1 inhib-
itors in BRCA-mutated or platinum-sensitive cases 
(NCT04548752, NCT04493060, and NCT03330405). 
The Phase II POLAR study assessed ATR inhibitors 
to counteract PARP inhibitor resistance linked to 
ATR/CHK1 pathway hyperactivation (108) (Table 2).
Despite a high tumor mutational burden from 
smoking-induced DNA damage, SCLC exhibits an 
immune-cold microenvironment with low immune 
infiltration, enabling immune evasion (109). None-
theless, ICIs have improved treatment efficacy, with 

the Phase III IMpower133 (Atezolizumab) and CAS-
PIAN (Durvalumab) trials demonstrating the effi-
cacy of ICI-chemotherapy combinations in exten-
sive-stage SCLC (110). The MEDIOLA trial of olaparib 
plus durvalumab in relapsed SCLC showed tolera-
bility but failed to meet primary efficacy endpoints, 
underscoring the need for biomarker-based patient 
selection (111). Prexasertib (Chk1 inhibitor) combined 
with anti-PD-L1 induced significant tumor regression 
in SCLC mouse models, achieving complete regres-
sion in up to 60% of cases, prompting early phase 
clinical evaluation (NCT03495323) (112) (Table 2).
GBM is an immunologically cold tumor character-
ized by low T cell infiltration and an immunosuppres-
sive microenvironment driven by M2-type TAMs and 
Tregs. Its low mutational burden contributes to poor 
ICI monotherapy outcomes, as shown in the Check-
Mate 143, 498, and 548 trials (113-116). Additionally, 
the blood-brain barrier restricts the delivery of ther-
apeutic antibodies, further limiting the engagement 
of the immune system. Current approaches focus on 
combination therapies, neoadjuvant use, and novel 
checkpoint targets. RSR defects are emerging bio-
markers for predicting responses. Preclinical stud-
ies are assessing whether ATR inhibitors can pre-
vent radiation-induced CD8+ T-cell depletion and 
target glioma stem cells with high replication stress 
(117, 118). Clinical trials are evaluating PARP inhibitors, 
such as talazoparib, combined with chemotherapy 
in high-grade gliomas (NCT04740190) (119) (Table 2).
Recalcitrant HCC is an immunologically cold tumor 
characterized by poor T cell infiltration, high immu-
nosuppression, and limited responses to ICIs despite 
arising in a chronically inflamed liver. Tumors exploit 
liver immune tolerance by accumulating M2-type 
TAMs, Tregs, and CAFs, which hinder immune cell 
infiltration (120). Many HCCs have few neoantigens, 
rendering them “invisible” to immune recognition 
(121). ICIs have changed HCC treatment, particu-
larly in advanced cases that fail conventional ther-
apies. Although atezolizumab plus bevacizumab is 
the first-line treatment for advanced HCC, ongoing 
trials are exploring combination and neoadjuvant 
therapies to overcome drug resistance (122). Clinical 
trials are evaluating RSR inhibitors in patients with 
advanced HCC. Patients with HBV-associated HCC 
show increased sensitivity to DNA damage, mak-
ing DNA damage repair (DDR) inhibitors suitable 
for immunotherapy in this subpopulation (123). RSR 
inhibitors, including ATR inhibitors ceralasertib and 
berzosertib, combined with anti-PD-1/PD-L1, show 
promise in enhancing T cell activation in preclinical 
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models (102). Prexasertib and adavosertib (WEE1 
inhibitor) have been evaluated in refractory solid 
tumors, showing potential benefits in Phase I trials 
(124, 125) in HCC with genomic signatures of chro-
mosomal instability (CIN).
CCA is an immunologically cold tumor character-
ized by poor T cell infiltration, an immunosuppres-
sive microenvironment, desmoplasia, and low anti-
genicity, leading to resistance to standard immuno-
therapy (126). In relapsed or advanced CCA, immune 
checkpoint inhibitors (durvalumab, nivolumab, and 
pembrolizumab) modestly improve overall survival 
compared to gemcitabine/cisplatin chemotherapy 
(1-2 months) (127-130). Combining ICIs with RSR 
inhibitors, including PARP inhibitors (olaparib) and 
ATR inhibitors (camonsertib), is under clinical inves-
tigation to enhance efficacy by targeting DNA repair 
mechanisms, increasing tumor mutational burden, 
and stimulating antitumor immune pathways (NCI-
2020-05323, BIL-PPP) (131). While ICI monotherapy 
shows limited response rates (5-20%), combina-
tion strategies may improve outcomes in resistant 
CCA (Table 2).
Esophageal cancers are immunologically cold, char-
acterized by an immunosuppressive microenvi-
ronment with Tregs and MDSCs and loss of MHC-I 
expression, enabling immune evasion (132). ICIs have 
improved treatment outcomes, with monotherapy 
and combination regimens (ATTRACTION-3, KEY-
NOTE-181) extending survival, although response 
rates remain 10-20% (133, 134). The combination 
of ICIs with RSR inhibitors is being investigated 
to enhance tumor immunogenicity and improve 
durable responses in resistant esophageal cancer 
(Table 2).

Remodeling of TME metabolism
Remodeling TME metabolism is essential for over-
coming resistance in refractory tumors by revers-
ing immunosuppression and inhibiting adaptive sur-
vival mechanisms under hypoxic and nutrient-de-
prived conditions. Tumor cells preferentially con-
sume glucose, glutamine, and amino acids, thereby 
limiting the nutrients required for immune-cell acti-
vation and effector function. Lactic acid accumula-
tion acidifies the TME, impairing the cytotoxic func-
tions of NK cells and T lymphocytes. Extracellular 
ATP released during cellular stress is enzymatically 
converted to immunosuppressive adenosine via 
the action of CD39 and CD73. Under hypoxic con-
ditions, refractory tumors depend on enhanced 
lipid biosynthesis and cholesterol accumulation to 

evade immune surveillance and sustain their pro-
liferation (135).
PDAC cells induce adjacent CAFs to undergo gly-
colysis, producing metabolites such as lactate and 
alanine that support tumor growth. This metabolic 
reprogramming generates a highly acidic and hypoxic 
TME that promotes aggressive tumor phenotypes. 
Fibroblast Activation Protein (FAP)-expressing CAFs 
secrete CXCL12, thereby inhibiting T cell infiltration, 
while inflammatory CAFs (iCAFs) release proinflam-
matory factors that facilitate immune evasion and 
tumor progression (136-138). Several clinical tri-
als have investigated therapies targeting the TME. 
Study NCT06048484 evaluates stereotactic body 
radiation therapy (SBRT) combined with quemli-
clustat, a CD73 inhibitor, and etrumadenant, an 
A2A/B receptor antagonist, aiming to block the ade-
nosine pathway exploited by tumors for immune 
suppression (139). A Phase I/II trial (NCT03168139) 
assessed pembrolizumab in combination with NOX-
A12, a CXCL12 inhibitor, targeting chemokine secre-
tion from FAP-positive CAFs to impede tumor pro-
gression (140). Another trial focused on inhibiting the 
CSF1R/FAK pathway to reprogram MDSCs and TAMs, 
thereby enhancing T cell-mediated tumor eradica-
tion (141). PDAC also depends on macropinocytosis 
and autophagy for survival under nutrient depriva-
tion, making these pathways potential therapeutic 
targets (142). Although hydroxychloroquine (HCQ) 
is the only autophagy inhibitor clinically tested in 
PDAC (NCT01978184), tolerated doses may para-
doxically enhance macropinocytosis, thereby limit-
ing its efficacy (143) (Table 2). Novel macropinocy-
tosis inhibitors, including ivermectin, tyrphostin A9, 
and pyrimethamine, are currently under preclinical 
investigation in combination with autophagy block-
ers (144). Additional preclinical studies are explor-
ing nutrient restriction strategies, such as vitamin 
B6 depletion, to inhibit PDAC growth (145). Despite 
promising preclinical results, translation to human 
trials remains challenging because of stromal het-
erogeneity.
SCLC features a hypoxic environment that drives 
its drug resistance. Hypoxia induces glycolysis, with 
CAFs activating FGF/FGFR signaling to enhance gly-
colysis and lactate production in non-neuroendo-
crine SCLC cells. Targeting monocarboxylate trans-
porters (MCTs) reduce TME acidification and immune 
suppression. FGFR inhibitors are being investigated 
to block FGF-mediated metabolic and phenotypic 
tumor progression (146). SCLC cells have reduced 
levels of n-3 fatty acids in their phospholipids com-
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pared to healthy tissues, contributing to a pro-in-
flammatory TME that promotes tumor progres-
sion. CAF-driven lipid metabolism reprogramming 
creates a fat-rich, immunosuppressive niche that 
supports tumor survival under hypoxia (147). Anti-
gen-presenting CAFs (apCAF) sequester CD8+ T cells 
or induce their differentiation into Tregs, impairing 
cytotoxic responses (148). Inhibition of phospholi-
pase D1 (PLD1), which generates pro-tumor phos-
phatidic acid, reduces lung metastasis and sensi-
tizes chemotherapy-resistant tumors in preclini-
cal models (149).
The GBM TME is an adaptive ecosystem in which CAFs 
drive therapeutic resistance by producing metab-
olites, such as lactate and pyruvate, that promote 
tumor growth. CAFs and GBM-associated mesen-
chymal stem cells (GA-MSCs) enhance GSC stem-
ness and supply amino acids, such as glutamine 
and aspartate, which are vital for tumor biosynthe-
sis under hypoxia (150). Glutaminase inhibitors (e.g., 
CB-839) show limited efficacy because of poor blood-
brain barrier penetration (151, 152). Monocarboxyl-
ate transporter 4 (MCT4) inhibitors offer a promis-
ing strategy for blocking lactate export from CAFs 
and disrupting tumor-stroma metabolic crosstalk 
(153). Emerging therapies aim to reprogram CAFs 
from pro-tumorigenic to tumor-suppressive phe-
notypes, rather than eliminating them, to minimize 
potential harm to healthy tissues (154).
HCC and CCA exhibit an immunosuppressive TME 
driven by nutrient competition, lactate accumulation, 
and hypoxia. CAFs promote metabolic crosstalk that 
supports tumor progression and immune evasion 
by inducing the Warburg effect and producing lac-
tate and metabolites that enhance chemoresistance 
and suppress immunity (155). Metabolic reprogram-
ming of CAFs generates a hypoxic, hypoglycemic, and 
acidic TME that impairs CD8+ T cell functions. CAFs 
increase fatty acid synthase (FASN) expression and 
secrete lipids to fuel HCC cells while supplying glu-
tamine for proliferation and glutathione synthesis 
to reduce oxidative stress (156). Preclinical targeting 
of CAF metabolism reduces tumor burden, normal-
izes vasculature, and enhances CD8+ T cell infiltra-
tion by inhibiting CAF cytokines, fatty acid synthe-
sis, and CD36-mediated lipid uptake (156).
Esophageal cancer cells exhibit high glucose uptake, 
depleting energy sources for effector T cells and 
producing lactate, which acidifies the TME, induc-
ing T cell exhaustion and M2 macrophage polariza-
tion. CAFs enhance lipogenesis and secrete lipids, 
such as lysophosphatidylcholine, supporting tumor 

metabolism via PI3K/AKT pathway activation. The 
metabolic exchange of aspartate and glutamate 
between tumor cells and CAFs sustains prolifer-
ation and redox balance under nutrient scarcity 
(157, 158). Targeting CAF metabolism with phos-
phodiesterase 5 (PDE5) inhibitors, such as silde-
nafil, restricts fibroblast transdifferentiation, sen-
sitizing tumors to chemotherapy (159). Inhibitors 
of FASN and lipid transporter CD36 are also under 
investigation to disrupt CAF-mediated metabolic 
support (160, 161).
Physical activity is a viable strategy for modulating 
the TME in patients with cancer. Tumors resistant 
to ICIs are often characterized by low infiltration of 
antitumor immune cells and an immunosuppres-
sive TME. Exercise enhances immune cell circula-
tion and improves immunosurveillance. Recent 
studies have indicated that physical activity facili-
tates the mobilization and redistribution of immune 
cells into the TME, thereby augmenting antitumor 
immune responses and potentially improving the 
efficacy of ICIs (162).

Softening of the extracellular matrix
Extracellular matrix (ECM) remodeling is a critical 
factor in the progression of recalcitrant tumors, 
particularly solid malignancies such as PDAC and 
GBM. The dense ECM serves as a physical barrier, 
impeding drug delivery and immune cell infiltration 
while simultaneously promoting tumor survival and 
metastasis (163). Current clinical trials are focused 
on “normalizing” the ECM to overcome chemoresis-
tance and enhance immunotherapy efficacy. One 
approach involves the degradation of barrier compo-
nents using enzymes such as pegvorhyaluronidase 
alfa (PEGPH20) to degrade hyaluronic acid or colla-
gen, thereby reducing tumor interstitial pressure 
and facilitating drug delivery (164). Another strategy 
targets the inhibition of remodeling processes, with 
drugs such as pamrevlumab, an antibody targeting 
connective tissue growth factor (CTGF) was evalu-
ated in Phase III trials for unresectable pancreatic 
cancer. The available clinical data did not demon-
strate the expected benefits, suggesting that the pro-
jected therapeutic benefits were not fully achieved 
(165). Additionally, the modulation of matrix stiff-
ness is being investigated through the inhibition of 
lysyl oxidase (LOX) to prevent collagen cross-link-
ing, thus reducing the stiffness that supports tumor 
stem cell survival and metastasis (166). Despite his-
torically disappointing outcomes, new generations 
of integrin inhibitors are being developed to block 
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the interaction between the extracellular matrix and 
surface receptors, thereby disrupting tumor survival 
signaling (167, 168).

CONCLUSIONS
Recalcitrant tumors represent a major challenge 
in oncology because of their resistance to conven-
tional therapies, necessitating a comprehensive 
multidisciplinary approach to improve patient out-
comes. Preventive strategies remain essential, with 
lifestyle modifications – such as abstaining from 
alcohol and tobacco, maintaining a balanced diet, 
and engaging in regular physical activity – serving 
as foundational measures to reduce cancer risk. 
Early detection is equally critical, and advancements 
in liquid biopsy combined with multiomic analy-
ses offer promising avenues for identifying novel 
biomarkers that enable diagnosis at stages when 
therapeutic interventions are more effective. This 
potential for early intervention could significantly 
improve clinical outcomes by facilitating person-
alized treatment strategies tailored to the tumor’s 
molecular profile.
Looking ahead, the future of oncology is centered on 
innovative therapeutic modalities targeting the TME 
and its pro-tumorigenic functions. Emerging phar-
macological strategies, including proteolysis-target-
ing chimera (PROTAC) platforms, chimeric antigen 
receptor T cells (CAR T cells) engineered to recog-
nize tumor-specific antigens, and immune modula-
tion therapies, are anticipated to transform cancer 
treatment. These interventions aim to inhibit tumor 
progression and reprogram the TME to enhance 
antitumor immunity, thereby improving the effi-
cacy of current therapies and patient survival out-
comes. Until these advancements become widely 
accessible, maintaining a healthy lifestyle remains 
an accessible and effective strategy for cancer-risk 
reductions and overall health promotion.

COMPLIANCE WITH ETHICAL 
STANDARDS

Funding
None.

Conflicts of interest
The authors declare no competing interests.

Availability of data and materials
No datasets were generated during the current study.

Authors’ contributions
All authors contributed equally to the conceptual-
ization and writing (original draft and review & edit-
ing) of the manuscript.

Ethical approval

Human studies and subjects
N/A.

Animal studies
N/A.

Publication ethics

Plagiarism
The article provides a comprehensive review of the 
latest studies in the field, with accurate citations. This 
manuscript does not contain plagiarism.

Data falsification and fabrication
The manuscript is original and was prepared by 
the authors.

REFERENCES
1.	 Banales JM, Rodrigues PM, Affò S, Andersen 

JB, Aspichueta P, Boulter L, et al. Cholangio-
carcinoma 2026: status quo, unmet needs 
and priorities. Nat Rev Gastroenterol Hepa-
tol. 2026;23(1):65-96. doi:10.1038/s41575-025-
01153-w.

2.	 Chen S, Shi Y, Lu Z, Wang M, Cong L, Yang 
B, et al. Esophageal Carcinosarcoma: Anal-
ysis of Clinical Features and Prognosis of 
24 Cases and a Literature Review. Can-
cer Control. 2021;28:10732748211004886. 
doi:10.1177/10732748211004886.

3.	 Kim SY, Park HS, Chiang AC. Small Cell Lung 
Cancer: A Review. JAMA. 2025;333(21):1906. 
doi:10.1001/jama.2025.0560.

4.	 Miller KD, Siegel RL, Lin CC, Mariotto AB, Kramer 
JL, Rowland JH, et al. Cancer treatment and sur-
vivorship statistics, 2016. CA A Cancer J Clinicians. 
2016;66(4):271-89. doi:10.3322/caac.21349.

5.	 Tan AC, Ashley DM, López GY, Malinzak M, Fried-
man HS, Khasraw M. Management of glioblas-
toma: State of the art and future directions. 



Vol. 6(3), 136-160, 2026

152

CA A Cancer J Clinicians. 2020;70(4):299-312. 
doi:10.3322/caac.21613.

6.	 Siegel RL, Kratzer TB, Giaquinto AN, Sung H, Jemal 
A. Cancer statistics, 2025. CA A Cancer J Clini-
cians. 2025;75(1):10-45. doi:10.3322/caac.21871.

7.	 Hermann PC, Sancho P, Cañamero M, Martinelli 
P, Madriles F, Michl P, et al. Nicotine Promotes 
Initiation and Progression of KRAS-Induced Pan-
creatic Cancer via Gata6-Dependent Dediffer-
entiation of Acinar Cells in Mice. Gastroenter-
ology. 2014;147(5):1119-1133.e4. doi:10.1053/j.gas-
tro.2014.08.002.

8.	 Klein AP. Pancreatic cancer epidemiology: 
understanding the role of lifestyle and inher-
ited risk factors. Nat Rev Gastroenterol Hepa-
tol. 2021;18(7):493-502. doi:10.1038/s41575-021-
00457-x.

9.	 Rakib A, Mamun MAA, Mandal M, Sinha P, Singh 
UP. Obesity-cancer axis crosstalk: Molecular 
insights and therapeutic approaches. Acta 
Pharm Sin B. 2025;15(6):2930-44. doi:10.1016/j.
apsb.2025.04.029.

10.	 Turner L, Wanasinghe AI, Brunori P, Santosa S. 
Is Adipose Tissue Inflammation the Culprit of 
Obesity-Associated Comorbidities? Obesity Rev. 
2025;26(11):e13956. doi:10.1111/obr.13956.

11.	 Shen S, Brown KA, Green AK, Iyengar NM. Obesity 
and Cancer: A Translational Science Review. JAMA. 
2026;335(15):1341. doi:10.1001/jama.2026.1114.

12.	 Khaledian B, Thibes L, Shimono Y. Adipocyte 
regulation of cancer stem cells. Cancer Sci. 
2023;114(11):4134-44. doi:10.1111/cas.15940.

13.	 Adler N, Bahcheli AT, Cheng KCL, Al-Zahrani KN, 
Slobodyanyuk M, Pellegrina D, et al. Mutational 
processes of tobacco smoking and APOBEC activ-
ity generate protein-truncating mutations in 
cancer genomes. Sci Adv. 2023;9(44):eadh3083. 
doi:10.1126/sciadv.adh3083.

14.	 Yang J, Chheda C, Lim A, Hauptschein D, 
Zayou L, Tang J, et al. HDAC4 Mediates Smok-
ing-Induced Pancreatic Cancer Metasta-
sis. Pancreas. 2022;51(2):190-5. doi:10.1097/
MPA.0000000000001998.

15.	 Zhang AMY, Xia YH, Lin JSH, Chu KH, Wang WCK, 
Ruiter TJJ, et al. Hyperinsulinemia acts via aci-
nar insulin receptors to initiate pancreatic can-
cer by increasing digestive enzyme production 
and inflammation. Cell Metab. 2023;35(12):2119-
2135.e5. doi:10.1016/j.cmet.2023.10.003.

16.	 Xue C, Zhao S, Zhou Y, Chen Z, Liu J, Deng S, et 
al. Extracellular vesicles from obese visceral adi-
pose promote pancreatic cancer development 

and resistance to immune checkpoint blockade 
therapy. Cell Metab. 2025;37(12):2381-2401.e9. 
doi:10.1016/j.cmet.2025.10.015.

17.	 Yamazaki H, Streicher SA, Wu L, Fukuhara S, 
Wagner R, Heni M, et al. Evidence for a causal 
link between intra-pancreatic fat deposition and 
pancreatic cancer: A prospective cohort and 
Mendelian randomization study. Cell Rep Med. 
2024;5(2):101391. doi:10.1016/j.xcrm.2023.101391.

18.	 Larsson SC, Permert J, Håkansson N, Näslund 
I, Bergkvist L, Wolk A. Overall obesity, abdomi-
nal adiposity, diabetes and cigarette smoking in 
relation to the risk of pancreatic cancer in two 
Swedish population-based cohorts. Br J Cancer. 
2005;93(11):1310-5. doi:10.1038/sj.bjc.6602868.

19.	 Torres-Durán M, Curiel-García MT, Ruano-Ravina 
A, Provencio M, Parente-Lamelas I, Hernán-
dez-Hernández J, et al. Small-cell lung cancer in 
never-smokers. ESMO Open. 2021;6(2):100059. 
doi:10.1016/j.esmoop.2021.100059.

20.	Tseng JS, Chiang CJ, Chen KC, Zheng ZR, Yang 
TY, Lee WC, et al. Association of Smoking With 
Patient Characteristics and Outcomes in Small 
Cell Lung Carcinoma, 2011-2018. JAMA Netw 
Open. 2022;5(3):e224830. doi:10.1001/jamanet-
workopen.2022.4830.

21.	 Pfeifer GP, Denissenko MF, Olivier M, Tretya-
kova N, Hecht SS, Hainaut P. Tobacco smoke 
carcinogens, DNA damage and p53 mutations 
in smoking-associated cancers. Oncogene. 
2002;21(48):7435-51. doi:10.1038/sj.onc.1205803.

22.	 Martínez-García E, Irigoyen M, González-Moreno 
Ó, Corrales L, Teijeira Á, Salvo E, et al. Repeti-
tive Nicotine Exposure Leads to a More Malig-
nant and Metastasis-Prone Phenotype of SCLC: 
A Molecular Insight into the Importance of Quit-
ting Smoking during Treatment. Toxicol Sci. 
2010;116(2):467-76. doi:10.1093/toxsci/kfq138.

23.	 Weller J, Schäfer N, Schaub C, Potthoff AL, Stein-
bach JP, Schlegel U, et al. Prognostic impact of 
obesity in newly-diagnosed glioblastoma: a sec-
ondary analysis of CeTeG/NOA-09 and GLARIUS. 
J Neurooncol. 2022;159(1):95-101. doi:10.1007/
s11060-022-04046-z.

24.	 Kim YK, Song J. Metabolic imbalance and brain 
tumors: The interlinking metabolic pathways 
and therapeutic actions of antidiabetic drugs. 
Pharmacol Res. 2025;215:107719. doi:10.1016/j.
phrs.2025.107719.

25.	 Kloosterman DJ, Erbani J, Boon M, Farber M, 
Handgraaf SM, Ando-Kuri M, et al. Macro-
phage-mediated myelin recycling fuels brain 



Vol. 6(3), 136-160, 2026

153

cancer malignancy. Cell. 2024;187(19):5336-5356.
e30. doi:10.1016/j.cell.2024.07.030.

26.	 Silver DJ, Roversi GA, Bithi N, Wang SZ, Troike KM, 
Neumann CKA, et al. Severe consequences of a 
high-lipid diet include hydrogen sulfide dysfunc-
tion and enhanced aggression in glioblastoma. 
J Clin Invest. 2021;131(17):e138276. doi:10.1172/
JCI138276.

27.	 Huff S, Tiwari SK, Gonzalez GM, Wang Y, Rana 
TM. m6 A-RNA Demethylase FTO Inhibitors 
Impair Self-Renewal in Glioblastoma Stem Cells. 
ACS Chem Biol. 2021;16(2):324-33. doi:10.1021/
acschembio.0c00841.

28.	 Llovet JM, Willoughby CE, Singal AG, Greten TF, 
Heikenwälder M, El-Serag HB, et al. Nonalcoholic 
steatohepatitis-related hepatocellular carcinoma: 
pathogenesis and treatment. Nat Rev Gastroen-
terol Hepatol. 2023;20(8):487-503. doi:10.1038/
s41575-023-00754-7.

29.	 Petrick JL, Campbell PT, Koshiol J, Thistle JE, And-
reotti G, Beane-Freeman LE, et al. Tobacco, alco-
hol use and risk of hepatocellular carcinoma and 
intrahepatic cholangiocarcinoma: The Liver Can-
cer Pooling Project. Br J Cancer. 2018;118(7):1005-
12. doi:10.1038/s41416-018-0007-z.

30.	Yugawa K, Itoh S, Iseda N, Kurihara T, Kitamura 
Y, Toshima T, et al. Obesity is a risk factor for 
intrahepatic cholangiocarcinoma progression 
associated with alterations of metabolic activ-
ity and immune status. Sci Rep. 2021;11(1):5845. 
doi:10.1038/s41598-021-85186-6.

31.	 McGee EE, Jackson SS, Petrick JL, Van Dyke AL, 
Adami HO, Albanes D, et al. Smoking, Alcohol, 
and Biliary Tract Cancer Risk: A Pooling Project 
of 26 Prospective Studies. JNCI. 2019;111(12):1263-
78. doi:10.1093/jnci/djz103.

32.	 Schlottmann F, Dreifuss NH, Patti MG. Obesity 
and esophageal cancer: GERD, Barrett´s esopha-
gus, and molecular carcinogenic pathways. Expert 
Rev Gastroenterol Hepatol. 2020;14(6):425-33. 
doi:10.1080/17474124.2020.1764348.

33.	 Huang Y, You L, Xie W, Ning L, Lang J. Smok-
ing and risk of cholangiocarcinoma: a sys-
tematic review and meta-analysis. Oncotar-
get. 2017;8(59):100570-81. doi:10.18632/onco-
target.20141.

34.	Albini A, La Vecchia C, Magnoni F, Garrone O, 
Morelli D, Janssens JPh, et al. Physical activ-
ity and exercise health benefits: cancer pre-
vention, interception, and survival. Eur J 
Cancer Prev. 2025;34(1):24-39. doi:10.1097/
CEJ.0000000000000898.

35.	 Xie L, Wang F. Physical activity and glioblas-
toma: a paradigm shift in neuro-oncology ther-
apy. Front Oncol. 2025;15:1638060. doi:10.3389/
fonc.2025.1638060.

36.	 Stoffel EM, Brand RE, Goggins M. Pancreatic Can-
cer: Changing Epidemiology and New Approaches 
to Risk Assessment, Early Detection, and Pre-
vention. Gastroenterology. 2023;164(5):752-65. 
doi:10.1053/j.gastro.2023.02.012.

37.	 Rudin CM, Brambilla E, Faivre-Finn C, Sage J. 
Small-cell lung cancer. Nat Rev Dis Primers. 
2021;7(1):3. doi:10.1038/s41572-020-00235-0.

38.	 Weller M, Van Den Bent M, Preusser M, Le Rhun 
E, Tonn JC, Minniti G, et al. EANO guidelines on 
the diagnosis and treatment of diffuse gliomas 
of adulthood. Nat Rev Clin Oncol. 2021;18(3):170-
86. doi:10.1038/s41571-020-00447-z.

39.	 Banales JM, Cardinale V, Carpino G, Marzioni 
M, Andersen JB, Invernizzi P, et al. Cholangio-
carcinoma: current knowledge and future per-
spectives consensus statement from the Euro-
pean Network for the Study of Cholangiocarci-
noma (ENS-CCA). Nat Rev Gastroenterol Hepatol. 
2016;13(5):261-80. doi:10.1038/nrgastro.2016.51.

40.	 Singal AG, Kanwal F, Llovet JM. Global trends in 
hepatocellular carcinoma epidemiology: implica-
tions for screening, prevention and therapy. Nat 
Rev Clin Oncol. 2023;20(12):864-84. doi:10.1038/
s41571-023-00825-3.

41.	 Schweigert M, Dubecz A, Stein HJ. Oesophageal 
cancer - an overview. Nat Rev Gastroenterol 
Hepatol. 2013;10(4):230-44. doi:10.1038/nrgas-
tro.2012.236.

42.	 De Falco A, Grisolia P, Giuffrida R, Iannarone 
C, Graziano C, Scrima M, et al. Knowledge-in-
formed multimodal cfDNA analysis improves 
sensitivity and generalization in cancer detec-
tion. Cancer Biol. 2025:2025.10.20.683167. doi: 
10.1101/2025.10.20.683167.

43.	 Martinelli C, Ercoli A, Vizzielli G, Burk SR, Cuomo 
M, Satasiya V, et al. Liquid biopsy in gynecological 
cancers: a translational framework from molec-
ular insights to precision oncology and clinical 
practice. J Exp Clin Cancer Res. 2025;44(1):140. 
doi:10.1186/s13046-025-03371-1.

44.	Testa U, Pelosi E, Castelli G. Cholangiocarcinoma: 
Molecular Abnormalities and Cells of Origin. Tech-
nol Cancer Res Treat. 2023;22:15330338221128689. 
doi:10.1177/15330338221128689.

45.	 Varghese AM, Perry MA, Chou JF, Nandakumar S, 
Muldoon D, Erakky A, et al. Clinicogenomic land-
scape of pancreatic adenocarcinoma identifies 



Vol. 6(3), 136-160, 2026

154

KRAS mutant dosage as prognostic of overall 
survival. Nat Med. 2025;31(2):466-77. doi:10.1038/
s41591-024-03362-3.

46.	 Fang X, Cai Y, Zhao Z, Yang S, Li Z, Peng X, et al. 
Mechanisms of HRAS regulation of liver hepa-
tocellular carcinoma for prognosis prediction. 
BMC Cancer. 2025;25(1):797. doi:10.1186/s12885-
025-14131-x.

47.	 Dhanasekaran R, Hansen AS, Park J, Lemaitre L, 
Lai I, Adeniji N, et al. MYC Overexpression Drives 
Immune Evasion in Hepatocellular Carcinoma 
That Is Reversible through Restoration of Proin-
flammatory Macrophages. Cancer Research. 
2023;83(4):626-40. doi:10.1158/0008-5472.CAN-
22-0232.

48.	 Ireland AS, Micinski AM, Kastner DW, Guo B, 
Wait SJ, Spainhower KB, et al. MYC Drives Tem-
poral Evolution of Small Cell Lung Cancer Sub-
types by Reprogramming Neuroendocrine Fate. 
Cancer Cell. 2020;38(1):60-78.e12. doi:10.1016/j.
ccell.2020.05.001.

49.	 Lian Y, Niu X, Cai H, Yang X, Ma H, Ma S, et 
al. Clinicopathological significance of c-MYC 
in esophageal squamous cell carcinoma. 
Tumour Biol. 2017;39(7):101042831771580. 
doi:10.1177/1010428317715804.

50.	Sodir NM, Kortlever RM, Barthet VJA, Campos 
T, Pellegrinet L, Kupczak S, et al. MYC Instructs 
and Maintains Pancreatic Adenocarcinoma 
Phenotype. Cancer Discov. 2020;10(4):588-607. 
doi:10.1158/2159-8290.CD-19-0435.

51.	 Tateishi K, Iafrate AJ, Ho Q, Curry WT, Batchelor 
TT, Flaherty KT, et al. Myc-Driven Glycolysis Is a 
Therapeutic Target in Glioblastoma. Clin Can-
cer Res. 2016;22(17):4452-65. doi:10.1158/1078-
0432.CCR-15-2274.

52.	Batheja N, Suriawinata A, Saxena R, Ionescu 
G, Schwartz M, Thung SN. Expression of 
p53 and PCNA in Cholangiocarcinoma and 
Primary Sclerosing Cholangitis. Modern 
Pathol. 2000;13(12):1265-8. doi:10.1038/mod-
pathol.3880231.

53.	 Chen T, Ashwood LM, Kondrashova O, Strasser 
A, Kelly G, Sutherland KD. Breathing new insights 
into the role of mutant p53 in lung cancer. Onco-
gene. 2025;44(3):115-29. doi:10.1038/s41388-024-
03219-6.

54.	 Cho SY, Park C, Na D, Han JY, Lee J, Park OK, et 
al. High prevalence of TP53 mutations is asso-
ciated with poor survival and an EMT signa-
ture in gliosarcoma patients. Exp Mol Med. 
2017;49(4):e317-e317. doi:10.1038/emm.2017.9.

55.	 Maddalena M, Mallel G, Nataraj NB, Shre-
berk-Shaked M, Hassin O, Mukherjee S, et al. 
TP53 missense mutations in PDAC are associ-
ated with enhanced fibrosis and an immuno-
suppressive microenvironment. Proc Natl Acad 
Sci USA. 2021;118(23):e2025631118. doi:10.1073/
pnas.2025631118.

56.	 Murai K, Dentro S, Ong SH, Sood R, Fernan-
dez-Antoran D, Herms A, et al. p53 mutation in 
normal esophagus promotes multiple stages 
of carcinogenesis but is constrained by clonal 
competition. Nat Commun. 2022;13(1):6206. 
doi:10.1038/s41467-022-33945-y.

57.	Villanueva A, Hoshida Y. Depicting the role 
of TP53 in hepatocellular carcinoma progres-
sion. J Hepatol. 2011;55(3):724-5. doi:10.1016/j.
jhep.2011.03.018.

58.	 Farshidfar F, Zheng S, Gingras MC, New-
ton Y, Shih J, Robertson AG, et al. Integrative 
Genomic Analysis of Cholangiocarcinoma Iden-
tifies Distinct IDH-Mutant Molecular Profiles. 
Cell Rep. 2017;19(13):2878-80. doi:10.1016/j.cel-
rep.2017.06.008.

59.	Ganguli P, Basanta CC, Acha-Sagredo A, Misetic 
H, Armero M, Mendez A, et al. Context-depen-
dent effects of CDKN2A and other 9p21 gene 
losses during the evolution of esophageal can-
cer. Nat Cancer. 2025;6(1):158-74. doi:10.1038/
s43018-024-00876-0.

60.	He S, Zhang Y, Xu J, Liang X. Systematic anal-
ysis identifies CDKN2A as a prognostic bio-
marker for hepatocellular carcinoma. Discov 
Onc. 2025;16(1):1657. doi:10.1007/s12672-025-
03496-x.

61.	 McWilliams RR, Wieben ED, Rabe KG, Pedersen 
KS, Wu Y, Sicotte H, et al. Prevalence of CDKN2A 
mutations in pancreatic cancer patients: impli-
cations for genetic counseling. Eur J Hum Genet. 
2011;19(4):472-8. doi:10.1038/ejhg.2010.198.

62.	Zhuang D, Han T, Guo D, Kong R, Chen S, Dong 
Y, et al. Prevalence and characteristics analysis 
of CDKN2A/B deletion in glioma. JCO. 2023;41(16_
suppl):e14026-e14026. doi:10.1200/JCO.2023.41.16_
suppl.e14026.

63.	Duffy MJ, Tang M, Crown J. MYC as a Target for 
Cancer Treatment: from Undruggable to Drugga-
ble? Targ Oncol. 2025;20(5):791-801. doi:10.1007/
s11523-025-01169-x.

64.	 Parikh K, Banna G, Liu SV, Friedlaender A, Desai A, 
Subbiah V, et al. Drugging KRAS: current perspec-
tives and state-of-art review. J Hematol Oncol. 
2022;15(1):152. doi:10.1186/s13045-022-01375-4.



Vol. 6(3), 136-160, 2026

155

65.	Wolpin BM, Park W, Garrido-Laguna I, Spira 
A, Starodub A, Sommerhalder D, et al. Darax-
onrasib in Previously Treated Advanced 
RAS -Mutated Pancreatic Cancer. N Engl J 
Med. 2026;394(18):1790-802. doi:10.1056/NEJ-
Moa2505783.

66.	Knudsen ES, Kumarasamy V, Ruiz A, Sivinski 
J, Chung S, Grant A, et al. Cell cycle plasticity 
driven by MTOR signaling: integral resistance to 
CDK4/6 inhibition in patient-derived models of 
pancreatic cancer. Oncogene. 2019;38(18):3355-
70. doi:10.1038/s41388-018-0650-0.

67.	Zhang M, Zhang L, Hei R, Li X, Cai H, Wu X, et 
al. CDK inhibitors in cancer therapy, an over-
view of recent development. Am J Cancer Res. 
2021;11(5):1913-35.

68.	 Juric V, Murphy B. Cyclin-dependent kinase inhib-
itors in brain cancer: current state and future 
directions. Cancer Drug Resist. 2020;3(1):48-62. 
doi:10.20517/cdr.2019.105.

69.	 Le Rhun E, Gorlia T, Furtner J, Felsberg J, Jon-
gen J, Maurage CA, et al. Zotiraciclib (TG02) for 
newly diagnosed glioblastoma in the elderly 
or for recurrent glioblastoma: The EORTC 1608 
STEAM trial. JCO. 2023;41(16_suppl):2054-2054. 
doi:10.1200/JCO.2023.41.16_suppl.2054.

70.	 Zhao W, Zhang L, Zhang Y, Jiang Z, Lu H, Xie Y, 
et al. The CDK inhibitor AT7519 inhibits human 
glioblastoma cell growth by inducing apoptosis, 
pyroptosis and cell cycle arrest. Cell Death Dis. 
2023;14(1):11. doi:10.1038/s41419-022-05528-8.

71.	 Zeverijn LJ, Looze EJ, Thavaneswaran S, Van Berge 
Henegouwen JM, Simes RJ, Hoes LR, et al. Lim-
ited clinical activity of palbociclib and ribociclib 
monotherapy in advanced cancers with cyclin 
D‐CDK4 /6 pathway alterations in the Dutch 
DRUP and Australian MoST trials. Int J Cancer. 
2023;153(7):1413-22. doi:10.1002/ijc.34649.

72.	 Suppramote O, Prasopporn S, Aroonpruksakul 
S, Ponvilawan B, Makjaroen J, Suntiparpluacha 
M, et al. The Acquired Vulnerability Caused by 
CDK4/6 Inhibition Promotes Drug Synergism 
Between Oxaliplatin and Palbociclib in Chol-
angiocarcinoma. Front Oncol. 2022;12:877194. 
doi:10.3389/fonc.2022.877194.

73.	 Taebprakhon C, Sorin S, Khawkhiaw K, Phoomak 
C, Seubwai W, Wongkham S, et al. Pro-Tumori-
genic Roles of Cyclin Dependent Kinase 2 and its 
Associated Cyclins in Cholangiocarcinoma Pro-
gression under High Glucose Condition. Arch 
Med Res. 2026;57(3):103383. doi:10.1016/j.arc-
med.2026.103383.

74.	 Karasic TB, O’Hara MH, Teitelbaum UR, Dam-
janov N, Giantonio BJ, d’Entremont TS, et al. 
Phase II Trial of Palbociclib in Patients with 
Advanced Esophageal or Gastric Cancer. Oncol-
ogist. 2020;25(12):e1864-8. doi:10.1634/theoncol-
ogist.2020-0681.

75.	 da Costa AABA, Chowdhury D, Shapiro GI, D’An-
drea AD, Konstantinopoulos PA. Targeting rep-
lication stress in cancer therapy. Nat Rev Drug 
Discov. 2023;22(1):38-58. doi:10.1038/s41573-
022-00558-5.

76.	 Engelke CG, Parsels LA, Qian Y, Zhang Q, Karnak 
D, Robertson JR, et al. Sensitization of Pancreatic 
Cancer to Chemoradiation by the Chk1 Inhibi-
tor MK8776. Clin Cancer Res. 2013;19(16):4412-
21. doi:10.1158/1078-0432.CCR-12-3748.

77.	 Fu Y, Kang X, Li W, Wang Z, Luo W, Yang B, et al. 
The low-dose CHK1 inhibitor prexasertib trig-
gers VDAC1 dephosphorylation to activate mtD-
NA-STING signaling and synergize immunother-
apy. Cell Rep. 2025;44(5):115605. doi:10.1016/j.
celrep.2025.115605.

78.	 Lal S, Zarei M, Chand SN, Dylgjeri E, Mambel-
li-Lisboa NC, Pishvaian MJ, et al. WEE1 inhibition 
in pancreatic cancer cells is dependent on DNA 
repair status in a context dependent manner. 
Sci Rep. 2016;6(1):33323. doi:10.1038/srep33323.

79.	 Morimoto Y, Takada K, Nakano A, Takeuchi O, 
Watanabe K, Hirohara M, et al. Combination 
of S-1 and the oral ATR inhibitor ceralasertib is 
effective against pancreatic cancer cells. Can-
cer Chemother Pharmacol. 2024;94(6):763-74. 
doi:10.1007/s00280-024-04716-x.

80.	Huffman BM, Feng H, Parmar K, Wang J, Kap-
ner KS, Kochupurakkal B, et al. A Phase I Expan-
sion Cohort Study Evaluating the Safety and 
Efficacy of the CHK1 Inhibitor LY2880070 with 
Low-dose Gemcitabine in Patients with Met-
astatic Pancreatic Adenocarcinoma. Clin Can-
cer Res. 2023;29(24):5047-56. doi:10.1158/1078-
0432.CCR-23-2005.

81.	 Italiano A, Infante JR, Shapiro GI, Moore KN, 
LoRusso PM, Hamilton E, et al. Phase I study 
of the checkpoint kinase 1 inhibitor GDC-0575 
in combination with gemcitabine in patients 
with refractory solid tumors. Annals Oncol. 
2018;29(5):1304-11. doi:10.1093/annonc/mdy076.

82.	Thomas A, Redon CE, Sciuto L, Padiernos E, Ji J, 
Lee MJ, et al. Phase I Study of ATR Inhibitor M6620 
in Combination With Topotecan in Patients With 
Advanced Solid Tumors. JCO. 2018;36(16):1594-
602. doi:10.1200/JCO.2017.76.6915.



Vol. 6(3), 136-160, 2026

156

83.	Lee S gyeong, Kim J, Jeong E, Myung K. DNA 
damage response inhibitors in cancer therapy: 
Mechanisms, clinical development, and combi-
nation strategies. DNA Repair. 2025;153:103887. 
doi:10.1016/j.dnarep.2025.103887.

84.	Huffman B, Horick NK, Bird A, Gibson C, Brais LK, 
Graham C, et al. Targeting replication stress in 
pancreatic cancer: A phase II trial investigating 
azenosertib in combination with gemcitabine 
in second-line advanced pancreatic cancer. JCO. 
2024;42(16_suppl):TPS4211-TPS4211. doi:10.1200/
JCO.2024.42.16_suppl.TPS4211.

85.	Navarro A, Thomas A, Cheng Y, Chen Y, Reguart N, 
Yoshida T, et al. A phase II, multicenter, open-la-
bel, single-arm study of berzosertib plus topo-
tecan in patients with relapsed platinum-re-
sistant small-cell lung cancer (DDRiver SCLC 
250). ESMO Open. 2026;11(1):105918. doi:10.1016/j.
esmoop.2025.105918.

86.	Schultz CW, Zhang Y, Elmeskini R, Zimmermann A, 
Fu H, Murai Y, et al. ATR inhibition augments the 
efficacy of lurbinectedin in small-cell lung cancer. 
EMBO Mol Med. 2023;15(8):e17313. doi:10.15252/
emmm.202217313.

87.	Byers LA, Navarro A, Schaefer E, Johnson M, 
Özgüroğlu M, Han JY, et al. A Phase II Trial 
of Prexasertib (LY2606368) in Patients With 
Extensive-Stage Small-Cell Lung Cancer. Clin 
Lung Cancer. 2021;22(6):531-40. doi:10.1016/j.
cllc.2021.04.005.

88.	Carruthers RD, Ahmed SU, Ramachandran S, 
Strathdee K, Kurian KM, Hedley A, et al. Repli-
cation Stress Drives Constitutive Activation of 
the DNA Damage Response and Radioresis-
tance in Glioblastoma Stem-like Cells. Cancer 
Res. 2018;78(17):5060-71. doi:10.1158/0008-5472.
CAN-18-0569.

89.	Dillon MT, Barker HE, Pedersen M, Hafsi H, Bhide 
SA, Newbold KL, et al. Radiosensitization by 
the ATR Inhibitor AZD6738 through Genera-
tion of Acentric Micronuclei. Mol Cancer Ther. 
2017;16(1):25-34. doi:10.1158/1535-7163.MCT-16-
0239.

90.	 Gorainow N, Sander F, Picard D, Frölich MC, Eul 
K, Etemadi Afshar S, et al. Berzosertib enhances 
the sensitivity of pediatric diffuse midline gli-
oma H3K27-altered cells to radiotherapy. Cell 
Death Dis. 2026;17(1):331. doi: 10.1038/s41419-
026-08567-7.

91.	 Deguchi S, Ohka F, Shiba Y, Yamaguchi J, Sato A, 
Shinjo K, et al. Investigator-initiated phase I trial 
of an oligonucleotide therapeutic targeting long 

noncoding RNA TUG 1 for recurrent glioblas-
toma. BMC Cancer. 2025;25(1):251. doi:10.1186/
s12885-025-13623-0.

92.	 Sheng H, Huang Y, Xiao Y, Zhu Z, Shen M, Zhou 
P, et al. ATR inhibitor AZD6738 enhances the 
antitumor activity of radiotherapy and immune 
checkpoint inhibitors by potentiating the tumor 
immune microenvironment in hepatocellular car-
cinoma. J Immunother Cancer. 2020;8(1):e000340. 
doi:10.1136/jitc-2019-000340.

93.	 Guo Y, Wang J, Benedict B, Yang C, Van Gemert F, 
Ma X, et al. Targeting CDC7 potentiates ATR-CHK1 
signaling inhibition through induction of DNA 
replication stress in liver cancer. Genome Med. 
2021;13(1):166. doi:10.1186/s13073-021-00981-0.

94.	 Meng X, Gao JZ, Gomendoza SMT, Li JW, Yang S. 
Recent Advances of WEE1 Inhibitors and Statins 
in Cancers With p53 Mutations. Front Med. 
2021;8:737951. doi:10.3389/fmed.2021.737951.

95.	 Kim R, Kwon M, An M, Kim ST, Smith SA, 
Loembé AB, et al. Phase II study of ceralasertib 
(AZD6738) in combination with durvalumab 
in patients with advanced/metastatic mela-
noma who have failed prior anti-PD-1 therapy. 
Annals Oncol. 2022;33(2):193-203. doi:10.1016/j.
annonc.2021.10.009.

96.	 Kim ST, Smith SA, Mortimer P, Loembé AB, Cho 
H, Kim KM, et al. Phase I Study of Ceralasertib 
(AZD6738), a Novel DNA Damage Repair Agent, 
in Combination with Weekly Paclitaxel in Refrac-
tory Cancer. Clin Cancer Res. 2021;27(17):4700-
9. doi:10.1158/1078-0432.CCR-21-0251.

97.	 Kong A, Mehanna H. WEE1 Inhibitor: Clinical 
Development. Curr Oncol Rep. 2021;23(9):107. 
doi:10.1007/s11912-021-01098-8.

98.	 Ma J, Liu W, Li J, Kim D, Kim S, Levy A, et al. Azeno-
sertib Is a Potent and Selective WEE1 Kinase 
Inhibitor with Broad Antitumor Activity Across 
a Range of Solid Tumors. Mol Cancer Ther. 
2025;24(8):1171-85. doi:10.1158/1535-7163.MCT-
24-1194.

99.	 Ngoi NYL, Pham MM, Tan DSP, Yap TA. Target-
ing the replication stress response through syn-
thetic lethal strategies in cancer medicine. Trends 
in Cancer. 2021;7(10):930-57. doi:10.1016/j.tre-
can.2021.06.002.

100.	Sahgal P, Patil DT, Sztupinszki ZM, Tisza V, Spi-
sak S, Huffman B, et al. Replicative stress in gas-
troesophageal adenocarcinoma is associated 
with chromosomal instability and sensitivity to 
DNA damage response inhibitors. Cancer Biol; 
2023. doi:10.1101/2023.03.27.534412.



Vol. 6(3), 136-160, 2026

157

101.	 Leszczynska KB, Dobrynin G, Leslie RE, Ient J, 
Boumelha AJ, Senra JM, et al. Preclinical test-
ing of an Atr inhibitor demonstrates improved 
response to standard therapies for esopha-
geal cancer. Radiother Oncol. 2016;121(2):232-
8. doi:10.1016/j.radonc.2016.10.023.

102.	Hardaker EL, Sanseviero E, Karmokar A, Taylor 
D, Milo M, Michaloglou C, et al. The ATR inhibi-
tor ceralasertib potentiates cancer checkpoint 
immunotherapy by regulating the tumor micro-
environment. Nat Commun. 2024;15(1):1700. 
doi:10.1038/s41467-024-45996-4.

103.	Kuboki Y, Matsubara N, Nakajima H, Fujisawa 
T, Koyama T, Sato J, et al. Ceralasertib, an ATR 
kinase inhibitor, as monotherapy in Japanese 
patients with advanced solid malignancies: 
Results from a phase 1 study. Invest New Drugs. 
2025;43(6):1235-46. doi:10.1007/s10637-025-
01592-x .

104.	 Ju Y, Xu D, Liao M miao, Sun Y, Bao W dai, Yao 
F, et al. Barriers and opportunities in pancre-
atic cancer immunotherapy. NPJ Precis Onc. 
2024;8(1):199. doi:10.1038/s41698-024-00681-z.

105.	Singh G, Kutcher D, Lally R, Rai V. Targeting 
Neoantigens in Pancreatic Ductal Adenocarci-
noma. Cancers. 2024;16(11):2101. doi:10.3390/
cancers16112101.

106.	Quintanilha JCF, Storandt MH, Graf RP, Li G, 
Keller R, Lin DI, et al. Tumor Mutational Bur-
den in Real-World Patients With Pancreatic Can-
cer: Genomic Alterations and Predictive Value 
for Immune Checkpoint Inhibitor Effectiveness. 
JCO Precision Oncology. 2023;(7):e2300092. 
doi:10.1200/PO.23.00092.

107.	Sohrabi H, Ghavam SM, Azadnajafabad S, Rezaei 
N. Efficacy and Safety of Combination Therapy 
With Immune Checkpoint Inhibitors and Chemo-
therapy With Gemcitabine and Nab-Paclitaxel in 
Pancreatic Cancer: A Systematic Review. Cancer 
Med. 2026;15(2):e71637. doi:10.1002/cam4.71637.

108.	Park W, O’Connor C, Chou J, Hilmi M, Tarcan Z, 
Schwartz C, et al. Pembrolizumab and Olapa-
rib (POLAR) Maintenance Therapy in Metastatic 
Pancreatic Cancer With or Without Homologous 
Repair Deficiency: A Biomarker Selected Phase 
II Trial. Res Sq [Preprint]. 2025:rs.3.rs-7334701. 
doi: 10.21203/rs.3.rs-7334701/v1.

109.	Mahadevan NR, Knelson EH, Wolff JO, Vajdi A, 
Saigí M, Campisi M, et al. Intrinsic Immunogenic-
ity of Small Cell Lung Carcinoma Revealed by Its 
Cellular Plasticity. Cancer Discov. 2021;11(8):1952-
69. doi:10.1158/2159-8290.CD-20-0913.

110.	 Horn L, Mansfield AS, Szczęsna A, Havel L, 
Krzakowski M, Hochmair MJ, et al. First-Line 
Atezolizumab plus Chemotherapy in Exten-
sive-Stage Small-Cell Lung Cancer. N Engl J 
Med. 2018;379(23):2220-9. doi:10.1056/NEJ-
Moa1809064.

111.	 Krebs MG, Delord JP, Jeffry Evans TR, De Jonge 
M, Kim SW, Meurer M, et al. Olaparib and 
durvalumab in patients with relapsed small 
cell lung cancer (MEDIOLA): An open-label, 
multicenter, phase 1/2, basket study. Lung 
Cancer. 2023;180:107216. doi:10.1016/j.lung-
can.2023.107216.

112.	 Sen T, Rodriguez BL, Chen L, Corte CMD, Mori-
kawa N, Fujimoto J, et al. Targeting DNA Dam-
age Response Promotes Antitumor Immu-
nity through STING-Mediated T-cell Activa-
tion in Small Cell Lung Cancer. Cancer Discov. 
2019;9(5):646-61. doi:10.1158/2159-8290.CD-18-
1020.

113.	 Reardon DA, Brandes AA, Omuro A, Mulholland 
P, Lim M, Wick A, et al. Effect of Nivolumab vs 
Bevacizumab in Patients With Recurrent Glio-
blastoma: The CheckMate 143 Phase 3 Random-
ized Clinical Trial. JAMA Oncol. 2020;6(7):1003. 
doi:10.1001/jamaoncol.2020.1024.

114.	 Lim M, Weller M, Idbaih A, Steinbach J, Fin-
occhiaro G, Raval RR, et al. Phase III trial of 
chemoradiotherapy with temozolomide plus 
nivolumab or placebo for newly diagnosed glio-
blastoma with methylated MGMT promoter. 
Neuro Oncol. 2022;24(11):1935-49. doi:10.1093/
neuonc/noac116.

115.	 Omuro A, Brandes AA, Carpentier AF, Idbaih A, 
Reardon DA, Cloughesy T, et al. Radiotherapy 
combined with nivolumab or temozolomide for 
newly diagnosed glioblastoma with unmethyl-
ated MGMT promoter: An international random-
ized phase III trial. Neuro Oncol. 2023;25(1):123-
34. doi:10.1093/neuonc/noac099.

116.	 Tomaszewski W, Sanchez-Perez L, Gajewski 
TF, Sampson JH. Brain Tumor Microenviron-
ment and Host State: Implications for Immu-
notherapy. Clin Cancer Res. 2019;25(14):4202-
10. doi:10.1158/1078-0432.CCR-18-1627.

117.	 Lozinski M, Bowden NA, Graves MC, Fay M, 
Day BW, Stringer BW, et al. ATR inhibition 
using gartisertib enhances cell death and syn-
ergises with temozolomide and radiation in 
patient-derived glioblastoma cell lines. Onco-
target. 2024;15(1):1-18. doi:10.18632/oncotar-
get.28551.



Vol. 6(3), 136-160, 2026

158

118.	 Vendetti FP, Karukonda P, Clump DA, Teo T, 
Lalonde R, Nugent K, et al. ATR kinase inhib-
itor AZD6738 potentiates CD8+ T cell-depen-
dent antitumor activity following radiation. J Clin 
Invest. 2018;128(9):3926-40. doi:10.1172/JCI96519.

119.	 Lecoultre M, Woo PYM, Leung G, Chow SWJ, 
Ho J, Hong JH, et al. The TAC-GReD trial: The 
combination of talazoparib and carboplatin in 
DNA damage repair deficient recurrent high-
grade glioma. JCO. 2024;42(16_suppl):2047-
2047. doi:10.1200/JCO.2024.42.16_suppl.2047.

120.	Seyhan D, Allaire M, Fu Y, Conti F, Wang XW, Gao 
B, et al. Immune microenvironment in hepato-
cellular carcinoma: from pathogenesis to immu-
notherapy. Cell Mol Immunol. 2025;22(10):1132-
58. doi:10.1038/s41423-025-01308-4.

121.	 Wong M, Kim JT, Cox B, Larson BK, Kim S, Waters 
KM, et al. Evaluation of tumor mutational bur-
den in small early hepatocellular carcinoma and 
progressed hepatocellular carcinoma. Hepat 
Oncol. 2021;8(4):HEP39. doi:10.2217/hep-2020-
0034 .

122.	Zanuso V, Pirozzi A, Balsano R, Pressiani T, 
Rimassa L. Safety and Efficacy of Atezolizumab 
and Bevacizumab Combination as a First Line 
Treatment of Advanced Hepatocellular Carci-
noma. J Hepatocell Carcinoma. 2023;10:1689-
708. doi:10.2147/JHC.S347932.

123.	Ma J, Tang D, Cui G, Zhang X, Wang X, Li Y, et 
al. The molecular characteristics of DNA dam-
age and repair related to P53 mutation for 
predicting the recurrence and immunother-
apy response in hepatocellular carcinoma. Sci 
Rep. 2025;15(1):14939. doi:10.1038/s41598-025-
99853-5.

124.	Bauer TM, Moore KN, Rader JS, Simpkins F, Mita 
AC, Beck JT, et al. A Phase Ib Study Assessing 
the Safety, Tolerability, and Efficacy of the First-
in-Class Wee1 Inhibitor Adavosertib (AZD1775) 
as Monotherapy in Patients with Advanced 
Solid Tumors. Targ Oncol. 2023;18(4):517-30. 
doi:10.1007/s11523-023-00965-7.

125.	Fu S, Yao S, Yuan Y, Previs RA, Elias AD, Carva-
jal RD, et al. Multicenter Phase II Trial of the 
WEE1 Inhibitor Adavosertib in Refractory Solid 
Tumors Harboring CCNE1 Amplification. JCO. 
2023;41(9):1725-34. doi:10.1200/JCO.22.00830.

126.	Zhang G, Li J, Li G, Zhang J, Yang Z, Yang L, et al. 
Strategies for treating the cold tumors of chol-
angiocarcinoma: core concepts and future direc-
tions. Clin Exp Med. 2024;24(1):193. doi:10.1007/
s10238-024-01460-7.

127.	Oh DY, He AR, Qin S, Chen LT, Okusaka T, Kim 
JW, et al. Durvalumab plus chemotherapy in 
advanced biliary tract cancer: 3-year overall sur-
vival update from the phase III TOPAZ-1 study. 
J Hepatol. 2025;83(5):1092-101. doi:10.1016/j.
jhep.2025.05.003.

128.	Sahai V, Griffith KA, Beg MS, Shaib WL, Mahal-
ingam D, Zhen DB, et al. A randomized phase 
2 trial of nivolumab, gemcitabine, and cispla-
tin or nivolumab and ipilimumab in previ-
ously untreated advanced biliary cancer: BilT-
01. Cancer. 2022;128(19):3523-30. doi:10.1002/
cncr.34394.

129.	Siwek M, Chmiel P, Grabowska H, Grąt M, Kraj L. 
Second-Line Treatment in cholangiocarcinoma - 
Current State of the Art and Future Perspectives. 
Curr Treat Options in Oncol. 2025;26(12):1061-
77. doi:10.1007/s11864-025-01365-x.

130.	Wang BC, Kuang BH, Lin GH, Fu C. Durvalumab 
and pembrolizumab in advanced biliary tract 
cancer: a reconstructed patient-level mimic 
head-to-head comparative analysis. Front 
Immunol. 2024;15:1497415. doi:10.3389/
fimmu.2024.1497415.

131.	 Yap TA, Fontana E, Lee EK, Spigel DR, Højgaard 
M, Lheureux S, et al. Camonsertib in DNA dam-
age response-deficient advanced solid tumors: 
phase 1 trial results. Nat Med. 2023;29(6):1400-
11. doi:10.1038/s41591-023-02399-0.

132.	Lin EW, Karakasheva TA, Hicks PD, Bass AJ, Rustgi 
AK. The tumor microenvironment in esopha-
geal cancer. Oncogene. 2016;35(41):5337-49. 
doi:10.1038/onc.2016.34.

133.	Kato K, Cho BC, Takahashi M, Okada M, Lin CY, 
Chin K, et al. Nivolumab versus chemotherapy 
in patients with advanced oesophageal squa-
mous cell carcinoma refractory or intolerant to 
previous chemotherapy (ATTRACTION-3): a mul-
ticentre, randomised, open-label, phase 3 trial. 
Lancet Oncol. 2019;20(11):1506-17. doi:10.1016/
S1470-2045(19)30626-6.

134.	Kojima T, Shah MA, Muro K, Francois E, Ade-
nis A, Hsu CH, et al. Randomized Phase III KEY-
NOTE-181 Study of Pembrolizumab Versus Che-
motherapy in Advanced Esophageal Cancer. JCO. 
2020;38(35):4138-48. doi:10.1200/JCO.20.01888.

135.	Li S, Zhang Y, Tong H, Sun H, Liao H, Li Q, et al. 
Metabolic regulation of immunity in the tumor 
microenvironment. Cell Rep. 2025;44(11):116463. 
doi:10.1016/j.celrep.2025.116463.

136.	Li X, Zhou J, Wang X, Li C, Ma Z, Wan Q, et al. 
Pancreatic cancer and fibrosis: Targeting met-



Vol. 6(3), 136-160, 2026

159

abolic reprogramming and crosstalk of can-
cer-associated fibroblasts in the tumor micro-
environment. Front Immunol. 2023;14:1152312. 
doi:10.3389/fimmu.2023.1152312.

137.	Papavassiliou KA, Papavassiliou AG. Hun-
gry for fat: Metabolic crosstalk with lipid-rich 
CAFs fuels pancreatic cancer. Cell Metabolism. 
2024;36(6):1172-4. doi:10.1016/j.cmet.2024.05.007.

138.	Shan T, Chen S, Chen X, Lin WR, Li W, Ma J, et 
al. Cancer-associated fibroblasts enhance pan-
creatic cancer cell invasion by remodeling the 
metabolic conversion mechanism. Oncol Rep. 
2017;37(4):1971-9. doi:10.3892/or.2017.5479.

139.	Manji GA, Labadie BW, Jamison JK, Wu L, Wang S, 
Pellicciotta I, et al. AIRPanc: A phase 2, open-la-
bel, multicenter, randomized study evaluating 
neoadjuvant therapy targeting the adenosine 
immunosuppressive pathway in combination 
with immune checkpoint blockade and radi-
ation therapy in patients with advanced pan-
creatic ductal adenocarcinoma who are candi-
dates for surgical resection. JCO. 2024;42(3_sup-
pl):TPS714-TPS714. doi:10.1200/JCO.2024.42.3_
suppl.TPS714.

140.	Suarez-Carmona M, Williams A, Schreiber J, 
Hohmann N, Pruefer U, Krauss J, et al. Com-
bined inhibition of CXCL12 and PD-1 in MSS col-
orectal and pancreatic cancer: modulation of the 
microenvironment and clinical effects. J Immu-
nother Cancer. 2021;9(10):e002505. doi:10.1136/
jitc-2021-002505.

141.	 Saung MT, Zheng L. Adding combination 
immunotherapy consisting of cancer vaccine, 
anti-PD-1 and anti-CSF1R antibodies to gemcit-
abine improves anti-tumor efficacy in murine 
model of pancreatic ductal adenocarcinoma. 
Ann Pancreat Cancer. 2019;2:21-21. doi:10.21037/
apc.2019.11.01.

142.	Su H, Yang F, Fu R, Li X, French R, Mose E, et 
al. Cancer cells escape autophagy inhibition 
via NRF2-induced macropinocytosis. Can-
cer Cell. 2021;39(5):678-693.e11. doi:10.1016/j.
ccell.2021.02.016.

143.	Zeh HJ, Bahary N, Boone BA, Singhi AD, Mill-
er-Ocuin JL, Normolle DP, et al. A Randomized 
Phase II Preoperative Study of Autophagy Inhi-
bition with High-Dose Hydroxychloroquine and 
Gemcitabine/Nab-Paclitaxel in Pancreatic Can-
cer Patients. Clin Cancer Res. 2020;26(13):3126-
34. doi:10.1158/1078-0432.CCR-19-4042.

144.	Brambillasca S, Cera MR, Andronache A, Dey SK, 
Fagá G, Fancelli D, et al. Novel selective inhib-

itors of macropinocytosis-dependent growth 
in pancreatic ductal carcinoma. Biomed Phar-
macother. 2024;177:116991. doi:10.1016/j.bio-
pha.2024.116991.

145.	He C, Mehla K. Abstract C050: Vitamin B6 restric-
tion impairs pancreatic cancer progression. Can-
cer Res. 2024;84(17_Supplement_2):C050-C050. 
doi:10.1158/1538-7445.PANCREATIC24-C050.

146.	Lu Y, Li H, Zhao P, Wang X, Shao W, Liu Y, et 
al. Crosstalk between cancer-associated fibro-
blasts and non-neuroendocrine tumor cells 
in small cell lung cancer involves in glycoly-
sis and antigen-presenting features. Mol Med. 
2024;30(1):274. doi:10.1186/s10020-024-01051-y.

147.	Paunovic M, Stojanovic A, Pokimica B, Martacic 
JD, Cvetkovic Z, Ivanovic N, et al. Metabolic 
Reprogramming of Phospholipid Fatty Acids 
as a Signature of Lung Cancer Type. Cancers. 
2024;16(19):3320. doi:10.3390/cancers16193320.

148.	Mathieson L, Koppensteiner L, Dorward DA, 
O’Connor RA, Akram AR. Cancer-associated 
fibroblasts expressing fibroblast activation pro-
tein and podoplanin in non-small cell lung can-
cer predict poor clinical outcome. Br J Cancer. 
2024;130(11):1758-69. doi:10.1038/s41416-024-
02671-1.

149.	Tang L, Ge Y, Li Y, Chen X, Liu K, Dong Z, et al. 
Phospholipase D: emerging therapeutic targets 
in signaling, metabolism, and immune-oncology. 
Cell Commun Signal. 2025;24(1):42. doi:10.1186/
s12964-025-02596-z.

150.	Galbo PM, Madsen AT, Liu Y, Peng M, Wei Y, Ciesi-
elski MJ, et al. Functional Contribution and Clini-
cal Implication of Cancer-Associated Fibroblasts 
in Glioblastoma. Clin Cancer Res. 2024;30(4):865-
76. doi:10.1158/1078-0432.CCR-23-0493.

151.	 Gross MI, Demo SD, Dennison JB, Chen L, Cher-
nov-Rogan T, Goyal B, et al. Antitumor Activ-
ity of the Glutaminase Inhibitor CB-839 in Tri-
ple-Negative Breast Cancer. Mol Cancer Ther. 
2014;13(4):890-901. doi:10.1158/1535-7163.MCT-
13-0870.

152.	Koch K, Hartmann R, Tsiampali J, Uhlmann C, 
Nickel AC, He X, et al. A comparative pharma-
co-metabolomic study of glutaminase inhibi-
tors in glioma stem-like cells confirms biologi-
cal effectiveness but reveals differences in tar-
get-specificity. Cell Death Discov. 2020;6(1):20. 
doi:10.1038/s41420-020-0258-3.

153.	Behera MM, Purkait S, Ghosh A, Sable MN, Sahu 
RN, Chhabra G. The Monocarboxylate Transport-
ers MCT1 and MCT4 Are Highly Expressed in Glio-



Vol. 6(3), 136-160, 2026

160

blastoma and Crucially Implicated in the Patho-
biology. Neuropathology. 2025;45(4):e70006. 
doi:10.1111/neup.70006.

154.	Yamazaki M, Ishimoto T. Targeting Cancer- Asso-
ciated Fibroblasts: Eliminate or Reprogram? Can-
cer Sci. 2025;116(3):613-21. doi:10.1111/cas.16443.

155.	 Jia W, Liang S, Cheng B, Ling C. The Role of 
Cancer-Associated Fibroblasts in Hepatocel-
lular Carcinoma and the Value of Traditional 
Chinese Medicine Treatment. Front Oncol. 
2021;11:763519. doi:10.3389/fonc.2021.763519.

156.	Shi X, Zhu W, Zhang J, Fan C, Zhang J. Cancer-as-
sociated fibroblasts in hepatocellular carci-
noma: origins, heterogeneity, and therapeutic 
implications. Front Immunol. 2025;16:1620075. 
doi:10.3389/fimmu.2025.1620075.

157.	Wang Z, Sun X, Li Z, Yu H, Li W, Xu Y. Metabolic 
reprogramming in esophageal squamous cell 
carcinoma. Front Pharmacol. 2024;15:1423629. 
doi:10.3389/fphar.2024.1423629.

158.	Zhang C, Cheng W, Yang T, Fang H, Zhang R. Lac-
tate secreted by esophageal cancer cells induces 
M2 macrophage polarization via the AKT / ERK 
pathway. Thorac Cancer. 2023;14(22):2139-48. 
doi:10.1111/1759-7714.14998.

159.	Sharpe BP, Hayden A, Manousopoulou A, Cowie 
A, Walker RC, Harrington J, et al. Phosphodies-
terase type 5 inhibitors enhance chemotherapy 
in preclinical models of esophageal adenocarci-
noma by targeting cancer-associated fibroblasts. 
Cell Rep Med. 2022;3(6):100541. doi:10.1016/j.
xcrm.2022.100541.

160.	Wang H, Liu F, Wu X, Zhu G, Tang Z, Qu W, et al. 
Cancer-associated fibroblasts contributed to 
hepatocellular carcinoma recurrence and metas-
tasis via CD36-mediated fatty-acid metabolic 
reprogramming. Exp Cell Res. 2024;435(2):113947. 
doi:10.1016/j.yexcr.2024.113947.

161.	 Zhou Y, Niu C, Li Y, Gao B, Zheng J, Guo X, et 
al. Fatty acid synthase expression and esoph-
ageal cancer. Mol Biol Rep. 2012;39(10):9733-9. 
doi:10.1007/s11033-012-1838-y.

162.	Brummer C, Pukrop T, Wiskemann J, Bruss 
C, Ugele I, Renner K. Can Exercise Enhance 

the Efficacy of Checkpoint Inhibition by Mod-
ulating Anti-Tumor Immunity? Cancers (Basel). 
2023;15(18):4668. doi:10.3390/cancers15184668.

163.	Mancini A, Gentile MT, Pentimalli F, Cortellino S, 
Grieco M, Giordano A. Multiple aspects of matrix 
stiffness in cancer progression. Front Oncol. 
2024;14:1406644. doi:10.3389/fonc.2024.1406644.

164.	Van Cutsem E, Tempero MA, Sigal D, Oh DY, 
Fazio N, Macarulla T, et al. Randomized Phase III 
Trial of Pegvorhyaluronidase Alfa With Nab-Pa-
clitaxel Plus Gemcitabine for Patients With Hyal-
uronan-High Metastatic Pancreatic Adenocar-
cinoma. JCO. 2020;38(27):3185-94. doi:10.1200/
JCO.20.00590.

165.	Picozzi VJ, Varghese AM, Oberstein PE, Hidalgo 
M, Wolpin BM, Lim KH, et al. Pamrevlumab 
plus nab-paclitaxel/gemcitabine (Pam + GA) 
as first- and second-line therapy in metastatic 
pancreatic cancer (mPDAC): Results from Pre-
cision Promise (PrP) Bayesian platform trial. 
JCO. 2025;43(4_suppl):673-673. doi:10.1200/
JCO.2025.43.4_suppl.673.

166.	Chitty JL, Yam M, Perryman L, Parker AL, Skhi-
nas JN, Setargew YFI, et al. A first-in-class pan-ly-
syl oxidase inhibitor impairs stromal remod-
eling and enhances gemcitabine response 
and survival in pancreatic cancer. Nat Can-
cer. 2023;4(9):1326-44. doi:10.1038/s43018-023-
00614-y.

167.	 Jung DY, Go A, Chun Y, Lee BS, Kweon S, Han 
H, et al. Abstract A127: A novel Integrin beta-6-
targeted antibody-drug conjugate featuring a 
topoisomerase I inhibitor, PBX-004 with potent 
antitumor activity in multiple preclinical solid 
tumor models. Mol Cancer Ther. 2025;24(10_
Supplement):A127-A127. doi:10.1158/1535-7163.
TARG-25-A127.

168.	Reck M, Lu S, O’Byrne KJ, Barrios C, Pavlov D, 
Tay F, et al. Frontline sigvotatug vedotin plus 
pembrolizumab vs pembrolizumab for non-
small cell lung cancer with PD-L1 tumor propor-
tion score ≥50%: phase III study design. Future 
Oncol. 2025;21(30):3891-901. doi:10.1080/14796
694.2025.2596228.


