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Abstract: Immunotherapy has shown significant improvement in the survival of patients with hepa-
tocellular carcinoma (HCC) compared to TKIs as first-line treatment. Unfortunately, approximately
30% of HCC exhibits intrinsic resistance to ICIs, making new therapeutic combinations urgently
needed. The dysregulation of the Notch signaling pathway observed in HCC can affect immune cell
response, reducing the efficacy of cancer immunotherapy. Here, we provide an overview of how
Notch signaling regulates immune responses and present the therapeutic rationale for combining
Notch signaling inhibition with ICIs to improve HCC treatment. Moreover, we propose using ex-
osomes as non-invasive tools to assess Notch signaling activation in hepatic cancer cells, enabling
accurate stratification of patients who can benefit from combined strategies.

Keywords: Notch; PD-1; PD-L1; hepatocellular carcinoma (HCC); immunotherapy; combination therapy

1. Introduction

Liver cancer is the sixth most frequently diagnosed malignancy and the third cause
of cancer-related deaths worldwide. It is a highly fatal tumor with a global mortality-to-
incidence ratio of 0.88 [1]. Hepatocellular carcinoma (HCC) represents the most common
primary liver cancer, accounting for 75–85% of cases, followed by intrahepatic cholangio-
carcinoma (10–15% of cases) [1].

In most patients, HCC develops in a context of chronic liver diseases, with hepatitis B
(HBV), hepatitis C (HCV), alcohol-related liver disease (ARLD), and metabolic-dysfunction-
associated steatotic liver disease (MASLD) being the primary risk factors. Dietary exposure
to aflatoxin B1 constitutes another key determinant in HCC occurrence [2].

Early- and intermediate-stage HCC can be treated by locoregional therapies, hepatic
resection, or liver transplantation. However, disease progression to advanced stages,
following repeated relapses (recurrence rate of 70% at 5 years), is frequently accompanied
by cases of late diagnosis due to the initially asymptomatic clinical course of HCC [3]. The
management of advanced unresectable HCC involves pharmacological systemic therapies
that rely on tyrosine kinase inhibitors, immune checkpoint inhibitors (ICIs), or anti-VEGF
drugs. The current standard of care for first-line treatment is an ICI-based combination
immunotherapy employing atezolizumab (anti-PD-L1 antibody) and bevacizumab (anti-
VEGF antibody) [4]. Recently, another ICI-based therapeutic combination, tremelimumab
(anti-CTLA-4 antibody) plus durvalumab (anti-PD-L1 antibody), has been approved as
first-line treatment for unresectable HCC [5].

Biomolecules 2024, 14, 1581. https://doi.org/10.3390/biom14121581 https://www.mdpi.com/journal/biomolecules

https://doi.org/10.3390/biom14121581
https://doi.org/10.3390/biom14121581
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomolecules
https://www.mdpi.com
https://orcid.org/0000-0002-3262-7268
https://orcid.org/0000-0001-7632-064X
https://orcid.org/0000-0001-8264-1845
https://orcid.org/0000-0002-5187-9559
https://orcid.org/0000-0003-1904-1577
https://doi.org/10.3390/biom14121581
https://www.mdpi.com/journal/biomolecules
https://www.mdpi.com/article/10.3390/biom14121581?type=check_update&version=1


Biomolecules 2024, 14, 1581 2 of 29

The available therapies show a response rate of approximately 20–40%, due to pri-
mary resistance, while some patients who initially respond eventually develop acquired
resistance [6]. Although ICI-based treatments have significantly improved the prognosis of
advanced HCC, their effectiveness is influenced by the tumor microenvironment’s (TME)
complexity and immunological heterogeneity [7]. The TME is indeed an intricate cluster of
different cell populations influencing the amount and functionality of neighboring cells.
Every cell population found in the TME, including stromal and immune cells, affects the
response to ICIs. In addition, tertiary lymphoid structures—comprising B cells, T cells, and
dendritic cells—have recently emerged as key factors associated with ICI responsiveness [8].
The interaction between cancer cells and the extracellular environment orchestrates tumor
development and can lead to treatment failure.

An accurate understanding of the crosstalk between HCC cancer cells and the TME is
crucial for identifying more effective therapeutic strategies. In this regard, we will focus
on the role of aberrant Notch signaling in liver cancer and its impact on the immune cells
composing the TME.

The Notch pathway is one of the major developmental signals that control essential
cellular processes, including proliferation, differentiation, and migration during embryo-
genesis. In addition, it preserves the integrity of adult tissues by regulating stem cell
populations within their niches. Due to its pivotal role, dysregulation of the Notch pathway
can contribute to the onset of different human diseases, including cancer [9]. The Notch
signaling pathway is known to be mainly affected by interactions with other stem-cell-
related pathways, such as Hedgehog, Wnt, and TGF-β. However, recent studies suggest
an emerging interplay between Notch signaling and the PD-1/PD-L1 axis. Here, we will
highlight the evidence of communication between Notch signaling and the PD-1/PD-L1
axis, and the inter-regulatory dynamics that modulate their signals. Gaining insights on
their interconnection could provide solid bases for incorporating Notch inhibitors into
combination therapies with ICIs, to overcome drug resistance and enhance the efficacy of
HCC treatments.

2. Notch Signaling Pathway Overview

The Notch pathway is an evolutionarily conserved juxtracrine signaling system com-
prising three major components: four type I transmembrane Notch receptors (Notch1, 2, 3,
and 4), five ligands (Jagged 1 and 2 and Delta-like 1, 3, and 4), which are also expressed as
membrane-bound proteins, and downstream effectors of Notch signaling [10].

Notch receptors are presented on the cell surface as non-covalently associated het-
erodimers originally synthesized as single precursors, then processed in the Golgi apparatus
by a Furin-like convertase into two segments (S1 cleavage), and subsequently transported
as mature receptors to the cell membrane [11]. The extracellular domain (ECD) of the Notch
receptor harbors 29 to 36 epidermal growth factor (EGF) repeats, three Lin12-Notch Repeats
(LNRs), and a heterodimerization domain (HD) located adjacent to the cell membrane. The
transmembrane polypeptide (TMF) encompasses a small extracellular portion, a membrane-
spanning region, and the Notch intracellular domain (NICD). The NICD contains several
functional regions, including a RAM domain, seven ankyrin repeats (ANKs) responsible
for interaction with nuclear transcription factors, two nuclear localization signals (NLSs), a
transcription activation domain (TAD) found in Notch1 and 2, but not in 3 and 4, and a
PEST motif, essential for NICD proteolytic degradation [11–13].

The structure of Notch ligands is similar to the structure of Notch receptors, featuring
many EGF-like repeats (6 and 8 in Dlls and 18 in Jagged ligands), an amino-terminal
DSL (Delta, Serrate, and Lag2) domain, which contains the Notch-binding site, and a
cysteine-rich domain (CR) in jagged ligands located near the transmembrane subunit [14]
(Figure 1a).
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Figure 1. Schematic representation of canonical Notch signaling pathway. (a) Schematic represen-
tation of the structure of Notch receptors and ligands. (b) Each Notch receptor is synthesized as a 
single precursor protein, cleaved into a heterodimer within the Golgi apparatus, and transported on 
the cell surface. Upon ligand binding on the neighboring cell, the receptor undergoes consecutive 
cleavages by TACE and γ-secretase, which release the Notch intracellular domain (NICD). NICD 
translocates into the nucleus, where it interacts with the transcription factor CSL, displaces co-re-
pressors (CoRs), and recruits co-activators (CoAs), such as MAML. This process results in the acti-
vation of downstream target genes belonging to the HERP, HES, and HEY families. Figure was cre-
ated with BioRender.com. 

Canonical pathway activation occurs upon ligand–receptor binding between neigh-
boring cells and exerts a regulatory effect on both signal-sending and signal-receiving cells 
[15]. The N-terminal DSL domain of the ligand interacts with the EGF repeats of the Notch 
receptor’s extracellular domain, triggering a conformational change in the protein and ex-

Figure 1. Schematic representation of canonical Notch signaling pathway. (a) Schematic representa-
tion of the structure of Notch receptors and ligands. (b) Each Notch receptor is synthesized as a single
precursor protein, cleaved into a heterodimer within the Golgi apparatus, and transported on the cell
surface. Upon ligand binding on the neighboring cell, the receptor undergoes consecutive cleavages
by TACE and γ-secretase, which release the Notch intracellular domain (NICD). NICD translocates
into the nucleus, where it interacts with the transcription factor CSL, displaces co-repressors (CoRs),
and recruits co-activators (CoAs), such as MAML. This process results in the activation of downstream
target genes belonging to the HERP, HES, and HEY families. Figure was created with BioRender.com.

Canonical pathway activation occurs upon ligand–receptor binding between neigh-
boring cells and exerts a regulatory effect on both signal-sending and signal-receiving
cells [15]. The N-terminal DSL domain of the ligand interacts with the EGF repeats of the
Notch receptor’s extracellular domain, triggering a conformational change in the protein
and exposing a metalloprotease target site within the LNR region [12]. A first proteolytic
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cleavage is performed by the disintegrin and metalloprotease ADAM/TACE (S2 cleav-
age), releasing an extracellular fragment of the receptor still bound to the ligand, which
is internalized by the neighboring ligand-expressing cell. Simultaneously, the residual
Notch c-terminal fragment, called Notch extracellular truncation (NEXT), is endocytosed
into the signal-receiving cell. Studies suggest that ligand binding alone is insufficient
for pathway activation, which is instead the result of the pulling force exerted by the
signal-sending cells initiating complex endocytosis upon ligand engagement and inducing
the receptor’s conformational change [13]. The second sequential proteolytic cleavage
(S3 cleavage) occurs within the transmembrane domain of NEXT in the endosome and is
catalyzed by a presenilins multi-protein complex with y-secretase activity. This generates
the active NICD, which is released into the cytoplasm and translocates into the nucleus
to form a protein complex with the transcription factor CSL (also known as RBP-J/CBF1),
promoting the expression of Notch target genes. In the absence of NICD, CSL acts as a
transcriptional repressor by recruiting co-repressor proteins, such as SMRT/N-CoR and
histone deacetylases (HDACs). NICD-CSL interaction prompts the displacement of the co-
repressors and the simultaneous engagement of activating partners, with Mastermind-like
protein (MAML) serving as a core co-activator. The NICD-CSL-MAML ternary complex
recruits other transcriptional activators, like histone acetyltransferase (HATs), thus creating
an activator complex that fosters gene transcription [12,14] (Figure 1b).

Non-canonical signaling can be activated without ligand–receptor interaction, and
the Notch signal transduction may occur through NICD in a CSL-independent route, or
without NICD release but in the presence of CSL. In a third type of non-canonical Notch
pathway, neither NICD nor CSL is involved [16].

Major canonical targets of Notch signaling are members of the HES (hairy/enhancer
of split), HEY (HES-related repressor protein), and HERP gene families encoding for
helix–loop–helix transcriptional repressors. Conversely, regulation of other targets has
also been observed, including cell cycle proteins such as Cyclin D1, Cyclin A, and c-Myc,
members of the NF-κB family, p21, SNAI, ubiquitin ligase SKP2, PI3K/AKT, and insulin-
like growth factor 1 (IGF-1) and its receptor (IGF-1R). This regulation may be the result of
intense crosstalk with other signaling pathways [15,17,18]. The list of genes and proteins
directly or indirectly regulated by Notch can greatly vary and be context-specific, reflecting
the considerably diverse biological effects induced by Notch signaling. The variation in
the downstream signaling output is also generated by fine pathway regulation via post-
translational modifications [19]. Notch receptors are subjected to ubiquitinylation mediated
by E3 ubiquitin ligases, which regulates their recycling and degradation, thus influencing
their accessibility to ligands [13]. Likewise, the amount and localization of Notch ligands
on the cell surface are critical for signal activation and are regulated by a complex system
involving ubiquitinylation and epsin-mediated endocytosis [20]. The strength of Notch
signaling is also modulated through NICD proteasomal degradation following PEST motif
phosphorylation and protein ubiquitinylation [19].

The peculiarity of this cell–cell communication pathway is that the signal is directly
transduced from the membrane to the nucleus through an activated fragment of the receptor,
in the absence of second messengers for signal amplification. This mechanism provides
cells with a high signal sensitivity and allows precise tuning of signal strength [19,21].
Thus, hyper- or hypo-activation of Notch signaling can lead to phenotypes associated with
developmental defects and many pathological conditions [21].

3. Notch Signaling in Epithelial Cells

The high level of conservation of the Notch pathway in metazoans unveils its crucial
role in development. Notch signaling is active during embryonic and postnatal devel-
opment, controlling cell fate and tissue boundaries through the mechanisms of lateral
inhibition, lateral induction, and cell lineage decision [20]. In adult tissues, it is involved
in the renewal and differentiation of stem cells and progenitor cells, ensuring physiolog-



Biomolecules 2024, 14, 1581 5 of 29

ical tissue homeostasis. Upon organ injury or stress, the Notch pathway is activated to
orchestrate regeneration and damage repair [12,19].

Several studies have emphasized the crucial role of Notch signaling in the maintenance
of stem cells in the gastrointestinal tract. Notch1 and Notch2 have been recognized as
predominant regulators of intestinal stem cell homeostasis, as well as gastric stem cell pro-
liferation, differentiation, and apoptosis [22,23]. In addition, the Notch pathway is involved
in the differentiation of breast epithelial cells during mammary gland development [17].
Notch1 and DLL1 have been reported to control the self-renewal ability of mammary stem
cells, while Notch1, -2, and -3 are involved in the differentiation of bipotent progenitor cells
into the luminal cell lineage [15,24]. The pivotal role of Notch signaling in prostate devel-
opment is demonstrated by the dynamic changes of Notch1 expression during prostate
growth and differentiation. Shou et al. detected high levels of Notch1 mRNA expression in
early postnatal epithelial cells during rodent prostatic development, with downregulation
in the mature organ [25]. Another study by the same authors demonstrated that Notch
signaling is essential for the maintenance and re-growth of the adult prostate [26].

Given the critical roles played by Notch signaling in the renewal and maintenance of
multiple tissues and organs, dysregulation of the Notch pathway has increasingly been
associated with tumor onset and progression [27]. Aberrant expression of Notch receptors,
ligands, and targets has been observed in several epithelial forms of cancer, including but
not limited to gastric, lung, liver, pancreatic, head and neck, skin, breast, and prostate
carcinomas, with Notch acting as either an oncogene or tumor suppressor depending on
the cellular context and type of malignancy [28,29].

Aberrant Notch signaling can be caused by mutations in Notch genes. Approxi-
mately 5–10% of triple-negative breast cancer (TNBC) tumors feature activity-enhancing
mutations in the heterodimerization domain (DM) or in the PEST motif of Notch1 and
Notch2 receptors [30]. Likewise, a fraction (around 10%) of non-small-cell lung carcinomas
(NSCLCs) exhibit gain-of-function mutations in the Notch1 gene [31]. In small-cell lung
cancer (SCLC), the prevalence of loss-of-function mutations of Notch proteins is reported
to be about 25–28%, with Notch1 being the most frequently mutated, followed by Notch2,
Notch4, and Notch3 [32]. Activity-reducing mutations in Notch1, -2, and -3 are also found
in skin (cSCC), head and neck (HNSCC), esophagus (ESCC), and lung squamous cell
carcinomas [28].

Dysregulation of Notch signaling in the absence of genetic mutations in the path-
way is even more frequently observed; however, the causes of these alterations remain
poorly understood.

The Notch pathway can be activated by stress factors, such as hypoxia, a com-
mon feature of solid malignancies, and may contribute to hypoxia-induced epithelial-
to-mesenchymal transition (EMT), a key mechanism involved in cancer progression [28]. A
recent study has shown that hypoxia increases the expression of Delta-like 4 and Notch4 in
lung adenocarcinoma cells, promoting aberrant proliferation, migration, and inhibition of
cell apoptosis via the ERK/JNK/P38 MAPK pathway [33].

Several other studies identify Notch as a crucial regulator of EMT and the seeding
of organ metastases [34,35]. Notably, Notch3 expression has been linked to EMT-induced
cancer cell plasticity and the emergence of lung metastases in breast cancer models [34].
Similarly, in prostate cancer, significantly increased expression of Jagged1 and Notch1 in
metastatic tumors, compared to primary lesions, supports the involvement of the Jagged1-
Notch1 axis in progression through the induction of the EMT phenotype [36]. Likewise, in
head and neck squamous carcinoma (HNSCC), upregulation of the Notch4-HEY1 pathway
is associated with EMT [37]. However, in esophageal squamous cell carcinoma, Notch3
negatively regulates EMT. Matsuura et al. demonstrated that receptor downregulation
results in the activation of EMT and the development of chemotherapy resistance in ESCC
cells [38].

Overall, these findings highlight the considerable divergent outcomes produced by the
Notch pathway in a time-, gene-, and cell-type-dependent manner [19]. Indeed, different
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Notch receptors could play opposite roles in tumorigenesis and act as oncogenes or tumor
suppressors, even in a stage-dependent manner [28,39] (Table 1). This pleiotropy might
result from epigenetic transcriptional modulation and Notch signaling crosstalk with other
key oncogenic pathways, both of which are context-dependent [21].

Table 1. Divergent roles of Notch signaling in cancer.

Notch Signaling Deregulations Cancer Type Putative or
Observed Effect References

Activity-enhancing mutations
of Notch1 and Notch2 TNBC Tumorigenesis [30]

Activity-enhancing mutations
of Notch1 NSCLC Tumorigenesis [31]

Activity-reducing mutations
of Notch1, -2, -3, and -4 SCLC Tumorigenesis [32]

Activity-reducing mutations
of Notch1, -2, -3

HNSCC, ESCC, cSCC, and
lung squamous cell carcinoma Tumorigenesis [28]

Dll4/Notch4 upregulation Lung adenocarcinoma EMT/tumor progression [33]

Notch3 upregulation ERα+ and TNBC EMT/tumor metastasis [34,35]

Notch1/Jagged1 upregulation Metastatic prostate cancer (PCa) PCa progression and
metastasis [36]

Notch4-HEY1 upregulation HNSCC EMT induction [37]

Notch3 downregulation ESCC EMT induction [38]

Notch2/Jagged1 upregulation Pancreatic cancer (PC) EMT, chemoresistance
phenotype [40]

Notch1 knockdown or inhibition/
Notch4 inhibition Breast cancer (BC) BCSC reduction [41]

Moreover, emerging evidence highlights a connection between the Notch pathway
and resistance to anticancer therapy. Notch signaling promotes resistance by enriching and
sustaining a small subset of cancer cells with enhanced stem-like features (CSCs), character-
ized by higher expression of multidrug resistance genes and anti-apoptotic proteins, and
fostering the transition towards the aggressive mesenchymal-like phenotypes [41,42]. For
instance, in pancreatic cancer, it has been demonstrated that gemcitabine-resistant cells
acquire the EMT phenotype and exhibit a high upregulation of Notch2 and Jagged1 [40].
Furthermore, Below and Osipo reported that inhibition of the Notch pathway can prevent or
reverse resistance by reducing the stem-like population of breast cancer cells (BCSCs) [41].

4. Notch Signaling in the Liver

As described for other tissues and organs, many studies have established that Notch
signaling plays a fundamental role in liver embryogenesis, determining the differentiation
of hepatoblasts into the biliary or hepatocyte lineage, and controlling the correct morpho-
genesis of the biliary tree. The involvement of Notch signaling in bile duct development,
especially of the Notch2 receptor and Jagged1 ligand, was demonstrated by Alagille Syn-
drome (ALGS). This disorder, characterized by a paucity of intrahepatic bile ducts as a
hallmark, is associated with mutations in Notch2 and Jagged1 [19]. Flynn et al. have also
suggested a crucial role for Notch3 in bile duct formation [43].

Additionally, the Notch pathway is activated in liver disease to coordinate repair
mechanisms aimed at restoring the architecture and function of the hepatic lobules and
biliary tree. Notch signaling, together with other morphogenic pathways such as Wnt/β-
catenin and Hedgehog, guides injury-induced liver repair by regulating various types of
hepatic cells. Particularly noteworthy is the Notch-mediated activation and expansion



Biomolecules 2024, 14, 1581 7 of 29

of adult hepatic progenitor cells (HPCs), which are called into action in response to liver
injury when the proliferative ability of hepatocytes and cholangiocytes is impaired [19,44].

Compelling evidence supports a pivotal role for the Notch pathway in physiological
angiogenesis, determining the differentiation of endothelial and vascular smooth muscle
cells, and regulating the sprouting process [45]. Its involvement in the vascularization
can be observed in the activity of two Notch ligands, Dll4 and Jagged1, which seem to
have opposite effects on angiogenesis. Notably, Jagged1 can bind and activate Notch1
to stimulate angiogenesis by enhancing VEGF activity, whereas the interaction between
Dll4 and Notch receptors restricts the sprouting of endothelial cells in growing blood
vessels [46].

Several research studies on the role of the Notch signaling pathway in liver cancer
hint at its involvement in hepatocellular carcinoma (HCC) proliferation, invasion, organ
metastasis, cancer cell stemness, and therapy resistance (Table 2).

Table 2. Roles of Notch signaling in hepatocellular carcinoma.

Notch Receptor Involved Role in HCC/Involved
Biological Process Putative or Observed Effect Reference

Notch1

Oncogene Notch1 inhibition induces growth
arrest in vitro and in vivo [47]

Oncogene Notch1 inhibition reduces
HCC-like tumors [39]

Tumor suppressor Overexpression of Notch1 arrests
cell growth in vitro and in vivo [48]

Oncogene/EMT Knockdown of Notch1 reduces
HCC metastasis [49]

Oncogene/EMT Notch1 regulates E-cadherin,
stimulating invasiveness

[50]
Oncogene/associated with HCC

recurrence
Notch1 accumulation in liver tissue is

associated with increased risk of
HCC recurrence

Notch2

Oncogene Notch2 constitutive activation
increases cell proliferation in vitro and in vivo [51]

Oncogene Notch2 inhibition prevents tumor formation and
decreases tumor burden [39]

Oncogene/stem-like
properties

Knockout of Notch2 reduces
cell growth and self-renewal [52]

Oncogene/stem-like
properties

Notch2-positive HCCs display
more immature cellular morphology [53]

Notch3

Oncogene Higher Notch3 levels correlate with more
aggressive tumor traits and shorter survival [54]

Oncogene/drug resistance Knockdown of Notch3 enhances
sensitivity to doxorubicin in vitro [55]

Oncogene/drug resistance Notch3 silencing increases the effect
of brivanib in vivo [56]

Oncogene/drug resistance Notch3 inhibition improves the efficacy
of sorafenib in vitro and in vivo [57]

Notch4

Oncogene/associated with HCC
recurrence

Notch4 accumulation in HCC tissue is
associated with high risk of recurrence [58]

Oncogene/EMT
Downregulation of Notch4 reduces cell

migration and invasion in vitro,
tumor growth in vivo

[59]

Abnormal accumulation of Notch1, -2, -3, and -4 proteins has been detected in HCC
tissues compared with surrounding normal liver or chronic hepatitis tissues [52,58,60].
Notch1 signaling exhibits controversial roles in hepatoma carcinogenesis, playing either
oncogenic or tumor-suppressive functions. Ning et al. framed Notch1 activity as tumor-
promoting, since its downregulation by curcumin, a known Notch1 inhibitor, led to cell
growth arrest in vitro and significant suppression of HCC progression in vivo [47]. In
contrast, Qi et al. demonstrated that Notch1 overexpression can inhibit both in vitro
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and in vivo HCC cell growth, through cell cycle arrest and apoptosis, probably induced
by Notch1-mediated p53 upregulation and consequent Bcl-2 reduction [48]. In a later
study conducted on primary liver cancer mouse models, it was reported that Notch1
inhibition reduced HCC-like tumors but strongly increased CCA-like nodules, underlining
a possible highly context-dependent activity of Notch1 [39]. Aberrant expression of the
Notch1 receptor has also been linked with EMT and HCC invasiveness. Wang et al.
observed a significant association between high expression of Notch1 and metastatic
disease, combined with increased Snail1 expression and decreased E-cadherin levels. In line
with this, Notch1 knockdown in a mouse model reduced HCC metastasis [49]. Consistent
with the previous finding, Giovannini et al. corroborated Notch1 activity in the EMT
process through transcriptional and post-transcriptional regulation of the well-established
EMT hallmark, E-cadherin. However, while Wang et al. reported E-cadherin suppression
to favor tumor metastasis, in this study, Notch1 and E-cadherin expression levels were
shown to positively correlate in human HCC tissues and promote invasiveness, revealing
the complexity of the Notch1/Snail1/E-cadherin axis, as already highlighted by other
works [49,50,61]. Furthermore, Notch1 accumulation was associated with an increased risk
of HCC recurrence [50].

Several studies indicate that Notch2 signaling fosters tumor progression. Notably, Dill
et al. demonstrated that constitutive Notch2 activation in HCC mouse models induces
upregulation of pro-proliferative genes (cyclinD1 and cyclinA2), thereby increasing hepato-
cytes and biliary epithelial cell proliferation. In addition, they observed that constitutive
Notch2 signaling expedites DEN-induced HCC development [51]. Consistent findings
on the receptor were presented by Huntzicker et al., who showed that Notch2 inhibition
can prevent tumor formation and decrease tumor burden in established primary liver
cancers [39].

Beyond its essential role in cell proliferation, the involvement of Notch2 in carcinogen-
esis, progression, and drug resistance might be ascribable to its function in maintaining cell
stemness [52]. Mounting evidence suggests that the presence of cancer stem-like features
in the tumor is a key factor for HCC recurrence and therapy resistance [62].

A study by Wu et al. found that Notch2 knockout in hepatocellular carcinoma cell
lines, HepG2 and SMMC-7721, causes a significant reduction in growth and self-renewal,
and high expression of the receptor was observed in HCC cells positive for the hepatic
stem cell marker CD90 [52]. Similarly, Hayashi et al. reported that Notch2-positive HCCs
displayed more immature cellular morphology. Compared to Notch2-negative tumors,
they were on average in more advanced clinical stages, with a significantly higher rate of
positivity in metastatic HCCs [53].

The Notch3 receptor also appears to play an active role in HCC development. Inves-
tigation of Notch3 clinicopathological and prognostic significance in HCC revealed that
high expression levels of the receptor were associated with more aggressive tumor traits:
larger nodule size, multiple and later-stage tumors, and shorter overall survival [54]. A
contribution of Notch3 signaling to drug resistance was highlighted by results obtained
in Notch3-depleted HCC cells treated with doxorubicin. Notch signaling silencing com-
bined with drug treatment enhanced doxorubicin uptake and HCC cell apoptosis via a
p53-dependent mechanism [55]. The evidence that functional TP53 could be considered
as a putative biomarker for selecting cases that might benefit from Notch3 inhibition was
also confirmed by combining Notch3 inhibition with the tyrosine kinase inhibitor brivanib
in different human cancer cells [56]. A similar study with sorafenib demonstrated im-
proved efficacy of this multi-kinase inhibitor in HCC in vitro and in vivo following Notch3
inhibition, which promoted GSK3β phosphorylation and p21 downregulation [57].

Only a few studies have examined the role of Notch4 signaling in HCC. According to
a comparative analysis of clinicopathological correlations of Notch receptor expression in
HCC patients, abnormal accumulation of Notch4 can be an independent predictor of shorter
disease-specific survival after curative resection, raising speculation of Notch4 involvement
in tumor aggressiveness [58]. In line with these observations, another study by Cheng et al.
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identified a positive correlation between Notch4 expression and vasculogenic mimicry (VM)
in HCC tissues, a phenomenon associated with high tumor grade, invasion, and metastasis
in liver cancer [59,63]. They showed that downregulation of Notch4 hampered VM network
formation and hindered cell migration and invasion in vitro and tumor growth in vivo [59].
This finding supports the important role of Notch4 in HCC tumor invasion.

5. Pharmacological Blockade of Notch Signaling in Cancer

Because the Notch signaling pathway plays a key role in inducing tumor growth,
invasion, therapy resistance, and disease recurrence, it has increasingly been recognized
as a promising druggable target for cancer treatment. Moreover, a number of studies
have shown that downregulation of the Notch pathway increases the sensitivity of can-
cer cells to standard-of-care chemotherapeutic agents, thus making the pharmacological
blockade of Notch signaling a useful approach to improve treatment outcomes in cancer
patients [55–57,64,65].

In recent decades, multiple drugs have been designed to target various stages of the
Notch signaling cascade, progressing from preclinical studies to clinical trials for both
hematologic and solid malignancies.

γ-secretase inhibitors (GSIs) are a class of small molecules that target the γ-secretase
complex, mediating the S3 proteolytic cleavage and inhibiting the release of the active
Notch intracellular domain (NICD). Numerous preclinical studies have been conducted
with GSIs in various tumor types, including NSCLC, colorectal cancer, hepatocellular
carcinoma, prostate cancer, and breast cancer, showing impaired cell growth and tumor pro-
gression [12]. Given the encouraging results obtained in preclinical models, several GSIs, in-
cluding BMS-986115 [66], LY900009 [67], MK-0752, LY3039478 [68–70], PF-03084014 [71–73],
RO4929097 [74], and AL101 [75], have reached early-stage clinical trials [10,12]. However,
only MK-0752 and PF-03084014 entered phase III/IV clinical trials. Most agents exhibited
severe adverse events, with the major and dose-limiting side effect being gastrointestinal
toxicity, likely an on-target toxicity due to the high constitutive expression of Notch in
the GI tract and the important functions the pathway fulfills in the organ [76,77]. The
observed adverse events caused by GSIs can be attributed to their pan-inhibitor nature.
They non-selectively block the overall Notch signaling pathway by inhibiting γ-secretases,
which also have other substrates besides the Notch receptors [76].

Nevertheless, currently, the only Notch-targeted therapy approved by the FDA for clin-
ical use is nirogacestat (PF-03084014), a γ-secretase inhibitor that demonstrated significant
progression-free survival (PFS) benefit over placebo in desmoid tumors [78].

To ameliorate the side effects associated with GSIs, γ-secretase modulators (GSMs)
were also designed to modify the catalytic activity of specific γ-secretases without com-
pletely inhibiting their proteolytic function. MRK-560 is a selective inhibitor of PSEN1,
an important catalytic subunit of the enzymatic complex, which was tested in preclinical
studies on T-cell acute lymphoblastic leukemia (T-ALL) with activating Notch1 mutations.
The drug effectively decreased the processing of Notch1 mutant and induced cell cycle
arrest in vitro and in vivo, avoiding GI toxicity in animal models [79]. However, to date,
only a few preclinical studies evaluating GSMs as anticancer agents are available, and no
drugs have undergone clinical trials for human malignancies.

Another class of cleavage inhibitors was designed to block the metalloproteinases
ADAM10 and ADAM17, responsible for the S2 cleavage that initiates downstream Notch
signaling. A small-molecule ADAM inhibitor, INCB7839, was tested in early-phase clinical
trials for solid tumors and breast cancer. The trials with this agent as monotherapy reported
mild adverse events, but also restrictive toxicity, including deep vein thrombosis [80].
Another drug recently developed and classified as an ADAM inhibitor is a fully human
monoclonal antibody against ADAM10 (1H5), which was shown to arrest the prolifera-
tion of colon cancer cell lines and CRC in mouse models. In addition, the therapeutical
combination of 1H5 with irinotecan displayed significant tumor growth inhibition without
visible signs of toxicity [81].
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Alternative promising Notch inhibitor candidates are antibodies targeting Notch
receptors and ligands. The use of antibodies as a therapeutic approach provides the benefits
of a more target-specific treatment, reduced off-target effects compared to small-molecule
drugs, and longer-duration response [82].

Diverse humanized Notch-specific antibodies against the receptors Notch1, Notch2,
and Notch3 and the ligands Dll3 and Dll4 have been developed over the years. These
macromolecules either block the receptor–ligand binding by targeting the EGF repeats
or make the LNR region of the receptor inaccessible to the metalloproteases for the S2
cleavage [82]. The monoclonal antibodies Brontictuzumab (anti-Notch1), Tarextumab
(anti-Notch2/3), PF-06650808 (ADC anti-Notch3), Rovalpituzumab tesirine (ADC anti-
Dll3), SC-002 (ADC anti-Dll3), MEDI0639 (anti-Dll4), and Demcizumab (anti-Dll4) were all
assessed in phase I/II clinical trials for solid tumors, either as monotherapies or, in some
cases, as combinatorial treatments [10,80]. The majority of the studies resulted in a partial
response, with drug-induced moderate antitumor activity or no improved in OS, PFS, or
ORR. The side effects in most studies were manageable, and the antibody-based therapies
were well tolerated by patients, except for a few cases of severe adverse events.

Monoclonal antibodies targeting the Notch pathway have yielded promising results
in preclinical investigation as antitumor treatments; however, their translation into the
clinic has faced some obstacles. The difficulty of the macromolecules in penetrating solid
tumors, due to multiple kinetic barriers such as tumor vascular permeability and antibody
internalization and clearance, often results in uneven distribution of the macromolecule
within tumor tissue, which might affect therapeutic efficacy, leaving a fraction of cells untar-
geted [83,84]. Additionally, the antibody–drug conjugates (ADCs) can exhibit inadequate
payload release, leading to off-target toxicity and low therapy potency [85].

Another noteworthy group of Notch-targeted drugs is the Notch transcription complex
inhibitors—small molecules that target the NICD-CSL-MAML ternary complex, hindering
its transcriptional function. A Notch transcription-blocking drug is CB-103, which showed
positive preclinical results in endocrine-resistant BC and TNBC by inhibiting the formation
of breast spheroids when combined with fulvestrant or paclitaxel [86]. The molecule has
progressed to phase I/II clinical trials (NCT03422679) for advanced or metastatic solid
tumors and hematological malignancies, which resulted in a manageable safety profile,
although limited clinical antitumor activity as a monotherapy was observed [87] (Table 3).

Table 3. Drugs targeting the Notch signaling pathway tested in preclinical and clinical settings.

Drug Class Observed Effects in Preclinical Studies Development Phase References

BMS-986115

γ-secretase
inhibitors

Antitumor activity in xenograft models.
GI toxicity, lymphoid depletion, and

incomplete maturation of ovarian follicle
Phase I [66]

LY900009
Inhibition of angiogenesis and tumor

regression in Notch-dependent
animal tumor models

Phase I [67]

MK-0752 Reduction in BCSCs in breast
tumorgraft models

Phase I, II,
IV [88]

LY3039478

Significant delayed tumor growth in several PDX
models representing glioblastoma, iCCA,

CCRCC, colon, gastric, lung, breast, and ovarian
cancer. Inhibition of vessel

formation in an in vitro angiogenesis model

Phase I, II [68–70]

PF-03084014

Robust antitumor efficacy in Notch-driven
models of T-ALL, CRC, breast, ovarian, and
pancreatic cancer. Synergistic effects with

docetaxel in TNBC models and with
glucocorticoids in T-ALL xenograft mice

FDA approved
for desmoid tumor

treatment
[71–73]
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Table 3. Cont.

Drug Class Observed Effects in Preclinical Studies Development Phase References

RO4929097

γ-secretase
inhibitors

Production of a less transformed, slower-growing
phenotype in cell lines of colon, breast,

melanoma, and pancreatic cancer.
Antitumor effects on NSCLC xenograft models

and absence of Notch-related toxicities

Phase I, II [74]

AL101

Antineoplastic activity in xenograft models of
T-ALL, colon, ovarian, pancreatic carcinoma,

NSCLC, TNBC, HER2+ breast cancer,
glioblastoma and neuroblastoma. No correlated

toxicity was assessed in T-ALL1 and
MDA-MB-468 xenografts

Phase I, II [75]

MRK-560 γ-secretase
modulator

Induction of cell cycle arrest in T-ALL cell lines
and decrease in tumor burden in T-ALL

patient-derived xenografts

Preclinical
studies [79]

INCB7839

ADAM inhibitors

Synergistic growth inhibition with lapatinib in
breast cancer cells and in HER2+ breast cancer

xenografts
Phase I, II [89]

1H5

Inhibition of proliferation in colon cancer cell
lines in vitro and enhanced effect on CRC

xenografts in combination with the
chemotherapeutic irinotecan without toxicity

Phase II [81]

Brontictuzumab mAb targeting
Notch1

Decrease in proliferation, migration, and
invasion of adenoid cystic carcinoma (ACC) cells
and tumor burden in ACC xenografts. Inhibition

of tumor growth and reduction in cancer stem
cell frequency in a

chemo-refractory BC xenograft model

Phase I [90,91]

Tarextumab mAb targeting Notch2/3
Antitumor efficacy in pancreatic, breast,

ovarian, and small-cell lung cancer
xenograft models

Phase I, II [92]

PF-06650808 ADC targeting
Notch3

Complete and durable tumor regression in TNBC
cell line xenografts; tumor growth

inhibition in LUSC PDX, NSCLC, and ovarian
CLX models; significant antineoplastic effect in
ovarian carboplatin-resistant tumors. Lack of

general payload toxicity

Phase I [93,94]

Rovalpituzumab
tesirine

ADC targeting
Dll3

Induction of durable tumor regression in SCLC
and LCNEC PDX tumors. Reversible trilineage

myelosuppression and mild kidney degeneration
were observed in toxicology models

Phase I, II, III [95]

MEDI0639

mAb targeting
Dll4

A mouse DLL4 cross-reactive variant of
MEDI0639 inhibits tumor growth and

functional vessel formation in a number of
human cancer xenograft models

Phase I [96]

Demcizumab

Antitumor activity and decrease in cancer stem
cell frequency in patient-derived xenograft

models. Additionally, antiangiogenic effect and
synergistic activity when combined with

nab-paclitaxel in pancreatic cancer PDX models

Phase I, II [97,98]

CB-103
Notch transcription

complex
inhibitor

Inhibition of mammosphere formation in
combination with fulvestrant in ER+ cells and

paclitaxel in TNBC cells. Significant tumor
growth delay with paclitaxel in GSI-resistant

TNBC models

Phase I, II [86]

With regard to liver malignancy, the research on the pharmacological blockade of
Notch signaling has been limited to γ-secretase inhibitors and ADAM inhibitors in the
preclinical setting [65,99,100]. To date, NCT03422679 is the first clinical study to include the
investigation of a drug targeting the Notch signaling pathway in HCC [101].

Finally, a first-in-human study (NCT02722954) tested the combination of a Notch
inhibitor, Demcizumab, with an ICI drug, pembrolizumab, in advanced or metastatic solid
tumors. Although the results of this trial did not reveal significant antitumor activity
from the treatment, further preclinical and early clinical studies are needed to overcome
the challenges of mAbs and ADC in the clinics. Additionally, deeper investigation into
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Notch-inhibitor-based combinatorial therapies is warranted, given the multitude of stud-
ies highlighting the potentialities of Notch inhibitors as combinatorial drugs to reverse
chemoresistance and inhibit tumor progression.

Since the pharmacological blockade of Notch signaling may be effective in eradicating
mainly the sub-population of cancer cells with stemness properties, targeting the Notch
pathway alone appears unsatisfactory for the eradication of bulk cancer cells [28]. The
combination of Notch-targeted drugs with immune checkpoint inhibitors, antiangiogenic
agents, or chemotherapy holds the promise of enhancing synergistic therapeutic effects.
Continued research in this area is essential for unlocking the full potential of Notch-targeted
therapies in cancer treatment.

6. Notch Signaling in the Tumor Microenvironment

Cancer characteristics and behavior rely on the bidirectional interaction between cancer
cells and the tumor microenvironment, forming a dynamic and complex network. The
crosstalk between cancer cells and their environment involves various signaling pathways,
including the Notch pathway. Indeed, through paracrine and juxtracrine signals, Notch
regulates many features of the TME, including immune infiltrate functions [102].

Notch signaling recruits and induces macrophage polarization into the M2 type
through the secretion of IL-4 and IL-6, leading to breast cancer development [103]. In
line with this, Notch-deficient macrophages are less effective in reducing the proliferation
of B16 or LLC1 syngeneic grafts compared to wild-type macrophages [104]. Consistent
with the previous finding, patients with mutations in the Notch pathway exhibited an
inflammatory TME characterized by greater infiltration of activated immune cells, in-
cluding M1 macrophages, CD8+ T cells, neutrophils, and NK cells, as well as enhanced
immunogenicity [105,106]. Following recruitment, Notch-activated macrophages suppress
the proliferation of tumor-infiltrating T cells and their tumor-killing activity by enhancing
CD14 and CD93 secretion [107]. Notch1 inhibits the intratumoral infiltration of natural
killer (NK) cells and CD8+ cytotoxic T lymphocytes while increasing Tregs and MDSCs
through TGF-β1 upregulation, leading to melanoma proliferation [108]. Notch1 signaling
also facilitates chronic lymphocytic leukemia (CLL) escape from immune surveillance by
blocking antigen presentation and inhibiting T-cell activation [109]. High Notch3 expres-
sion correlates with decreased infiltration of activated CD8+ T cells and the emergence of
immunosuppressive cells (e.g., Tregs and M2 macrophages).

Other evidence suggests a tumor-suppressive role of Notch signaling within TME [109].
For instance, in gastric cancer, the upregulation of Notch receptors has been associated
with greater infiltration of CD4+ T cells, DCs, neutrophils, and macrophages [110]. In
glioma, Notch signaling has been reported to favor the recruitment of antitumor cytotoxic
T lymphocytes and to promote the conversion of TAMs into the M1 antitumorigenic
phenotype. Notably, Parmigiani et al. have demonstrated that the suppression of the Notch
pathway enables the tumor to evade immune surveillance [111] (Table 4).

The dual role of the Notch signaling pathway in cancer is associated with its ca-
pacity to regulate both tumor cells and immune cells in the tumor microenvironment,
influencing their complex interactions. However, the conditions and the factors that affect
the outcome of Notch signaling—either tumor-promoting or tumor-suppressive—remain
poorly understood.

Based on these studies, Notch inhibition has a strong impact on the activation of
immune cells in the microenvironment. Further research is necessary to determine whether
these effects are an indirect consequence of tumor growth inhibition. Hence, experiments
using in vitro co-culture systems with immune and cancer cells may be of interest in
this regard.

The tumor microenvironment plays a pivotal role in the etiopathogenesis of HCC and
in tumor aggressiveness, including EMT, invasion, and metastatization [112].
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Activated TAMs increase angiogenesis and hepatocarcinogenesis. Moreover, TAM
density is associated with advanced tumor stage, disease recurrence, and poor overall
survival in HCC patients [113].

Table 4. Some of the crucial roles played by Notch signaling in the tumor microenvironment.

Cell Population Function References

Macrophages

Notch signaling regulates the polarization of
macrophages into M1 and M2 types.

Notch-activated macrophages negatively
affect the antitumor activity of TILs

[103,107,111]

T cells

Notch signaling inhibits T-cell proliferation
and activation by upregulation of PD-1

expression in CD4+ and CD8+ T cells. The
Notch pathway also influences T-cell

intratumoral infiltration

[108,109]

NK cells Notch activation reduces intratumoral
infiltration of NK cells [108,109]

Tregs Notch signaling regulates Treg frequency
and activity within the TME [109]

MDSCs
Notch signaling induces the expansion of
MDSCs and promotes their recruitment

within the TME
[108,109]

Specifically, the HCC microenvironment displays features reminiscent of fetal de-
velopment, including fetal-like tumor-associated macrophages. Human fetal liver and
HCC share a transcriptional program involved in maintaining an immunosuppressive
oncofetal ecosystem, as well as spatial transcriptomics. In vitro functional assays have
demonstrated the involvement of VEGF and Notch signaling in maintaining this oncofetal
ecosystem [114]. This concept of a VEGF/Notch-mediated immunosuppressive oncofetal
ecosystem opens the possibility of a new combination target with immunotherapy.

7. The PD-1/PD-L1 Pathway

Programmed cell death protein 1 (PD-1, also referred to as CD279) is a type I trans-
membrane protein and a member of the CD28/CTLA-4 extended family, encoded by
the PDCD1 gene. It consists of 288 amino acids arranged into an extracellular IgV-like
domain flanked by a signal sequence and a stalk region, a transmembrane domain, and
an intracellular cytoplasmatic tail that harbors two tyrosine-based signaling motifs: the
immunoreceptor tyrosine-based inhibitory motif (ITIM) and the immunoreceptor tyrosine-
based switch motif (ITSM). Both ITIM and ITSM are essential for transducing the PD-1
inhibitory signal [115].

Programmed cell death-ligand 1 (PD-L1, also known as CD274) and ligand 2 (PD-
L2, CD273) are the main ligands of PD-1. They are both type I transmembrane proteins
and products of the CD274 and PDCD1LG2 genes, respectively [115]. These ligands
exhibit a similar structural organization, with an Ig-V and Ig-C-like extracellular domain,
a membrane-permeating domain, and a short cytoplasmatic tail that features three non-
classical signaling motifs: the RMLDVEKC, DTSSK, and QFEET sequences, which are
involved in PD-L1 stability regulation and signal transduction [116–118].

The PD-1/PD-L1 axis has evolved as an immune checkpoint pathway to control the
magnitude and duration of immune responses, minimizing tissue damage and promoting
self-tolerance to prevent autoimmune reactions [119]. Notably, ligand binding to PD-1
on immune cells induces inhibitory responses. In T lymphocytes, the PD-1/PD-L1 axis
delivers an intracellular inhibitory signal that can dampen T-cell effector functions and
decrease proliferation and survival [120].
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The interaction of PD-1, expressed by activated T lymphocytes, with its ligands, PD-
L1 and PD-L2, on APCs induces a conformational change in PD-1 and subsequently the
phosphorylation of the two tyrosine-based signaling motifs in the cytoplasmatic region,
carried out by Src family kinases [118]. This event triggers the recruitment of SHP-2 tyrosine
phosphatase, which can attenuate T-cell activation by dephosphorylating key signaling
elements. Studies have found that the primary target of PD-1-engaged SHP-2 phosphatase
is the costimulatory receptor CD28, rather than the TCR, suggesting that PD-1 halts T-cell
activation primarily by hindering CD28 signaling [121].

Several other immune cell populations express PD-1, including activated B cells,
natural killer (NK) cells, macrophages, monocytes, dendritic cells (DCs), and myeloid
precursor cells. In addition, PD-1 can be detected in cancer cells [124].

The expression of PD-1 ligands extends widely to non-lymphoid tissues [119]. PD-L1
is expressed in diverse cell types, both from the hematopoietic lineage, including T cells, B
cells, DCs, macrophages, and mast cells, and from the non-hematopoietic lineage, such as
some epithelial and endothelial cells. Conversely, PD-L2 distribution is more restricted and
only detectable in APCs and mast cells. Both ligands are expressed by various tumor cells
and tumor stroma, with PD-L1 being the predominant one [118,120].

In the context of cancer, the PD-1/PD-L1 axis is exploited to dampen the antitumor
immune response. Neoplastic cells frequently hijack host surveillance by overexpressing
PD-L1, taking advantage of peripheral immune tolerance, leading, in case of chronic
stimulation, to the physiologic limitation of the immune response to prevent autoimmune
phenomena by developing constitutive PD-1high dysfunctional T lymphocytes, which are
unable to restrain tumor progression [122].

The aberrant overexpression of PD-L1 in the tumor microenvironment (TME) can
be caused by an alteration of the complex regulatory network that controls PD-L1 levels.
CD274 undergoes epigenetic and transcriptional regulation. Promoter DNA methylation
and histone modifications have been shown to modulate PD-L1 expression [117]. Inter-
leukins and several inflammatory cytokines, including IFN-α, IFN-β, IFN-γ, and TNF-α,
induce CD274 transcription, with IFN-γ considered one of the most potent soluble drivers
of PD-L1 expression [118,125]. The activation of cell-intrinsic oncogenic signaling can
also increase PD-L1 expression. Multiple oncogenic transcription factors, such as MYC,
STAT3, IRF1, and NF-kB, have been reported to directly modulate CD274 transcription [125].
Hypoxia, as a stressor factor, affects PD-L1 expression by prompting HIF-1a and HIF-1b pro-
duction, which subsequently upregulates gene transcription [118]. In addition, PD-L1 levels
are influenced by microRNA-based control of PD-L1 messenger and post-translational
modulation [125].

Likewise, the expression of the receptor PD-1 is subject to intricate regulation at both
the genetic and epigenetic levels, through DNA methylation and histone modification, in
response to transient or persistent antigen stimulation [126]. Transcription factors such
as NFATc, FOXO1, IRF9, and AP-1 can induce PD-1 expression by binding the PDCD1
gene promoter [127]. Furthermore, Mathieu et al. demonstrated that Notch signaling regu-
lates PD-1 expression by direct binding of the NICD-CSL complex to the promoter [128].
Conversely, T-bet and Blimp-1 have been identified as inhibitory factors of CD279 tran-
scription [116].

The PD-1 receptor is transiently expressed on all T cells upon antigen-mediated activation
through the TCR. Following antigen clearance, PD-1 levels on responding T cells decrease.
However, persistent antigen exposure and/or inflammation, such as in chronic infections and
cancer, elicits a constitutive high and sustained PD-1 expression, which can progressively lead
to “exhausted” T lymphocytes with impaired effector functions [120,122,123] (Figure 2).
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patibility Complex (MHC). A cascade of events follows, triggering the proliferation of effector T 
cells. Upon antigen-mediated activation (red arrows), the PD-1 receptor is transiently expressed on 
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Figure 2. PD-1/PD-L1 signaling pathway. (a) PD-1 and PD-L1 structures consist of an extracellular
domain, a transmembrane domain, and an intracytoplasmic region (signal motifs). (b) Antigens
presented by Antigen-Presenting Cells (APCs) are recognized by the T-cell receptor (TCR; first
signal). The second signal is delivered when CD80 and CD86 on the APCs engage CD28 on the T
cells (red arrows indicate the activation signals, black and dotted arrows represent the suppression
of the activation process). (c) The first signal for T-cell activation is provided by the binding of
the T-cell receptor (TCR) with the antigen (Ag) presented by the APC in the context of the Major
Histocompatibility Complex (MHC). A cascade of events follows, triggering the proliferation of
effector T cells. Upon antigen-mediated activation (red arrows), the PD-1 receptor is transiently
expressed on T cells and interacts with Programmed death-ligand 1 (PD-L1) overexpressed on
the surface of APCs or cancer cells, suppressing the immune response (black arrows). Following
antigen clearance, the PD-1 levels on responding T cells decrease. Persistent antigen exposure and/or
inflammation, such as in chronic infections and cancer, elicits a constitutive high and sustained
PD-1 expression, which can progressively lead to “exhausted” T lymphocytes with impaired effector
functions. Figure created with BioRender.com.
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8. PD-1/PD-L1 Signaling in Epithelial Cells

The PD-1/PD-L1 pathway is a crucial regulator of immune activation and plays a key
role in mediating peripheral tolerance. While the cytotoxic T-lymphocyte-associated anti-
gen 4 (CTLA-4) is known to act as an immune checkpoint in the initial stage of naïve T-cell
activation, primarily in lymph nodes, the PD-1 pathway intervenes at later stages of the im-
mune response, in previously activated T lymphocytes, in the peripheral tissues where PD-1
ligands are typically expressed [129]. It is well established that the PD-1/PD-L1 axis is used
by cancer cells as an immune escape mechanism. By increasing the expression of immune
checkpoints and reducing the levels of immune costimulatory molecules, neoplastic cells
shield tumors from T-cell-mediated killing, mainly inhibiting the cytotoxic T-lymphocyte
effector functions [117,130]. In several tumor types, such as liver, breast, ovarian, gastric,
colorectal, lung, and pancreatic cancer, elevated expression of PD-L1 has been reported,
and it is generally correlated with an unfavorable prognosis [131,132]. However, a number
of studies have shown that PD-L1 expression could also hold positive prognostic value in
some carcinomas, thus highlighting the controversial role of PD-1 ligands as predictive and
prognostic biomarkers for clinical outcomes. For instance, in NSCLC and colorectal cancer,
conflicting findings have emerged, identifying both positive and negative prognostic roles
for tumor-associated PD-L1 [131]. Similarly, in the liver, Gao et al. reported that HCC
patients with higher expression of PD-L1 had significantly poorer disease-free survival
(DFS) and overall survival (OS) after curative HCC surgery [133]. This study was confirmed
by Jung et al., who demonstrated a strong correlation between upregulated PD-L1 and
simultaneous overexpression of both PD-1 ligands, as well as worse prognosis [134]. In
contrast, research by Xie et al. pointed to PD-L1 upregulation as a favorable prognostic
factor for HCC, as ligand expression was strongly associated with superior DFS and OS
outcomes [135].

This controversial evidence could result from the complex regulatory mechanisms of
PD-L1 in cancer cells, which are dependent on the context-specific underlying transcrip-
tional and signaling network.

In some tumors, PD-L1 upregulation is a mechanism of adaptive response to anti-
tumor immunity. The expression of the ligand is induced by inflammatory cytokines,
especially INF-gamma, released by intratumoral immune cells. In this setting, PD-L1 is not
constitutively and uniformly expressed, but it predominantly characterizes tumor regions
with high lymphocyte infiltration [136].

In other cases, aberrant activation of oncogenic signaling could lead to constitutive
PD-1 ligand expression on neoplastic cells, independently of inflammatory signals from
the tumor microenvironment, a mechanism of innate immune resistance [136]. PD-1/PD-
L1 signaling crosstalks with multiple oncogenic pathways, including PI3K/AKT/mTOR,
MAPK, JAK/STAT, WNT, NF-kB, Notch, and the Hedgehog (Hh) pathway, which promote
the expression of the immune checkpoint axis [127,128]. Activating alterations in these
pathways can promote tumor immune evasion by upregulating PD-L1 expression. PI3K
mutations or PTEN loss in NSCLC, squamous cell lung carcinoma, breast, prostate, and
colorectal cancers results in constitutive AKT/mTOR activation, which consequently aug-
ments PD-L1 production. Similarly, mutations of RAS, BRAF, and EGFR that elicit PD-L1
expression via MAPK pathway activation have been identified in some tumors [117].

Moreover, PD-L1 genetic copy number gain or chromosomal amplification can be
responsible for PD-1 ligand overexpression, an event observed in cancers such as TNBC
and squamous cell carcinoma of the vulva and cervix [116].

Antibody-mediated blockade of the PD-1/PD-L1 axis is a successful ICI immunother-
apy used in many advanced solid tumors as a first- or second-line treatment, either in
monotherapy or in combination [137]. These immunomodulating agents stimulate the
immune system to reactivate the antitumor response, primarily by re-invigorating ex-
hausted T cells and prompting tumor T-cell killing [115]. ICI therapy has demonstrated
great efficacy, especially in non-small-cell lung cancer (NSCLC) [138], melanoma [139],
and hepatocellular carcinoma (HCC) [140], with a longer duration of response and an
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improved toxicity profile compared to traditional or alternative treatments. Nevertheless, a
large percentage of patients show no clinical response to the immune treatment or even
hyperprogressive disease, events indicative of primary (intrinsic) resistance and secondary
(acquired) resistance [115].

Besides the conventional extrinsic role of the PD-1/PD-L1 axis in inhibiting the im-
mune system—exploited by neoplastic cells, contributing to acquired resistance—recent
studies have revealed a tumor-intrinsic role of PD-1 and PD-L1 that might further affect
therapy response [117]. PD-1 expression has been detected in different cancer cell types,
including ovarian, breast, pancreatic, renal, lung, hepatic carcinoma, and colorectal cancer
cells, with differential tumor-specific roles [117,141]. In liver cancer cells, intrinsic-PD-1
has been reported to promote tumorigenesis through the mTOR pathway. Blockade and
knockdown of PD-1 inhibited tumor growth in vitro and in mouse xenograft models [142].
In TNBC, Wu et al. demonstrated that PD-1 in neoplastic cells enhanced tumor growth
and metastasis, both in vitro and in vivo [143]. Conversely, in NSCLC, intrinsic PD-1 ex-
hibited an antitumor role by downregulating signaling pathways such as PI3K/AKT and
MAPK/ERK1/2, and its silencing or antibody blockade resulted in accelerated proliferation
via PI3K and MAPK pathway activation in both NSCLC and colon cancer cells [144,145].

Similarly, the emerging intrinsic role of PD-L1 signaling in tumor cells has been found
to be protumorigenic in various types of neoplasia [146–149] while tumor-suppressing
in cholangiocarcinoma [117]. The mechanism of PD-L1 upregulation in tumor cells in
response to interferons not only hampers T-cell effector functions but also forms an anti-
apoptotic shield. This shield increases resistance to IFN-mediated apoptotic stimuli through
reverse signaling that inhibits STAT3. Furthermore, intrinsic PD-L1 activates the cancer cell
inflammasome pathway, which triggers the recruitment of myeloid-derived suppressor cells
(MDSCs) and boosts the establishment of an immunosuppressive tumor microenvironment
(TME) [115].

Accumulating evidence has highlighted the involvement of PD-L1 in several other
pro-carcinogenic mechanisms, including cancer stemness, tumor invasion, metastasis, and
therapy resistance [117]. For instance, Li et al. reported that, in human gastric cancer
cell lines, PD-L1 knockdown inhibited cell proliferation, migration, and invasion while
increasing sensitivity to CIK therapy and reducing tumor growth and the EMT phenotype
in mouse models [149]. Interestingly, the immune checkpoint genes CD274, CTLA4, CD276,
and CD200 are upregulated by Notch3 in gastric cancer, leading to impaired immune
responses [150].

In MDA-MB-231 breast cancer cells, Liu et al. demonstrated that PD-L1 upregulates the
expression of multidrug resistance 1/P-glycoprotein (MDR1/P-gp) through the activation
of PI3K/AKT and MAPK/ERK pathways [148], thereby inducing chemotherapy resistance.
Similarly, Chen et al. showed that PD-L1 promotes EMT in MDA-MB-231 cells via the
p38-MAPK/Snail pathway and PD-L1 deficiency attenuates the lung metastasis of TNBC
in vivo [151] (Table 5).

Finally, more recent findings indicate that PD-L1 can regulate the expression of
multiple immune response genes by directly binding to DNA, following an acetylation-
dependent translocation from the plasma membrane to the nucleus [152].

To date, there are limited studies examining the effect of immunotherapeutic antibodies
on intrinsic pathways of PD-1 and PD-L1 in cancer cells. Existing research suggests that
ICIs may be able to modulate the intrinsic roles of PD-L1 and its receptor. However, further
investigation is necessary to fully understand how immunotherapy impacts the PD-1/PD-
L1 intracellular tumoral axis and whether the co-expression of PD-1 and PD-L1 in cancer
cells contributes to drug resistance [117].
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Table 5. Intrinsic roles of PD-1 and PD-L1 in cancer.

PD-1/PD-L1 Role/Involved
Biological Process Cancer Type Putative or

Observed Effect References

PD-1

Oncogene HCC PD-1 blockade or knockdown inhibits
tumor growth in vitro and in vivo [142]

Oncogene TNBC Knockdown of PD-1 reduces tumor growth and
metastasis in vitro and in vivo [143]

Tumor suppressor NSCLC PD-1 blockade or silencing results in
accelerated proliferation, in vitro and in vivo [144,145]

Tumor suppressor Colon cancer PD-1 blockade promotes cell proliferation [144]

PD-L1

Oncogene/EMT Lung cancer

PD-L1 knockdown reduces cell growth in vitro
and in vivo, in human NSCLC models,

whereas overexpression of PD-L1 promotes cell
proliferation, migration, and invasion

[147]

Oncogene/
EMT/drug resistance Gastric cancer

PD-L1 knockdown decreases cell proliferation,
migration, and invasion in vitro and in vivo. It

also increases sensitivity to CIK
therapy in vitro

[149]

Oncogene/
EMT/drug resistance Breast cancer

PD-L1 knockdown halts the expression of
multidrug resistance 1/P-glycoprotein. In

TNBC tumor models, PD-L1 depletion
attenuates migration and lung metastasis

[148,151]

Tumor suppressor Cholangiocarcinoma Knockdown of PD-L1 favors cell cycle arrest
and tumor CSC-like phenotypes [117]

9. PD-1/PD-L1 Signaling in Immune Cells

Based on the physiological function of the PD-1/PD-L1 pathway in tuning the im-
mune response to maintain immune homeostasis and prevent autoimmunity, PD-1 and its
ligands mediate immune suppression in both the adaptive and innate immune systems by
regulating the activation and function of different immune cell types. PD-1 expression on
naïve T cells is induced upon antigen encounter, TCR stimulation, and CD28 co-stimulation
signaling. Initially, PD-1 expression reflects T-cell activation, with PDCD1 transcription
levels indicating the strength of TCR signaling and the avidity of specific T cells. However,
when ligands expressed by tumor cells or immune infiltrating cells in the TME bind to
PD-1, an intracellular inhibitory signal is transduced that halts the activation process and
impairs T-cell effector functions [122]. In the event of chronic antigenic exposure, persistent
PD-1 signaling can prompt a distinct pattern of cellular differentiation, characterized by the
increased co-expression of inhibitory receptors, such as TIM-3, LAG-3 or TIGIT, reduced
cytokine production, and altered glycolysis and mitochondrial metabolism. These changes
lead to T-cell dysfunction and exhaustion [153].

Similarly, T lymphocytes upregulate PD-L1 expression in response to antigen stim-
ulation and inflammatory signals. Diskin et al. unveiled PD-L1 back-signaling in T cells:
upon ligation, PD-L1 induces intracellular suppressing signaling similar to that of PD-1.
Additionally, PD-L1+ T cells have been found to inhibit neighboring effector T cells through
canonical PD-1/PD-L1 interactions and promote STAT6-dependent M2-macrophage differ-
entiation [154].

The PD-1/PD-L1 axis is also involved in the developmental fate of CD8+ central mem-
ory T cells. PD-1 signaling negatively regulates the differentiation of CD8+ central memory
T cells into CD8+ effector memory T cells, thus influencing immunological memory [155].

In B cells, the PD-1/PD-L1 pathway similarly inhibits the BCR-mediated activation
by recruiting SHP-2 tyrosine phosphatase, which dephosphorylates downstream BCR
signaling molecules, resulting in altered CA2+ cellular concentration and long-term growth
arrest. Moreover, PD-1 activation impairs antibody secretion in response to type 2 antigen
stimulation [156].

Natural killer (NK) cells, important effector lymphocytes of the innate immune system
that participate in antitumor responses by directly killing tumor cells or recruiting T
cells, are also negatively regulated by PD-1. This receptor serves as a checkpoint for NK
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activation. It is highly expressed on activated NK cells with a more responsive phenotype
but, upon interaction with PD-L1 or PD-L2, inhibits NK cells’ degranulation, thus hindering
their cytotoxic functions [153,157].

Another population involved in the innate immune response is neutrophils, which
exhibit both pro- and antitumor roles. Neutrophils in the TME express high levels of
PD-L1 and display tumor-promoting properties, as they have been shown to suppress
T-cell functions [158]. PD-L1+ infiltrating neutrophils are considered poor prognostic
indicators in certain human tumors. For instance, Wang et al. observed that activated
PD-L1+ neutrophils contributed to T-cell suppression in vitro and to gastric cancer growth
and progression in vivo [159].

In addition, PD-L1 has been shown to inhibit the antitumor cytotoxicity of neu-
trophils [158].

In dendritic cells (DCs), PD-L1 plays a critical role in regulating T-cell responses.
The expression of this ligand is upregulated following antigen uptake, preventing the
excessive expansion of activated tumor-infiltrating lymphocytes by engaging PD-1 on T
cells. Furthermore, it protects APCs from being targeted and killed by activated cytotoxic T
lymphocytes [160].

The PD-1/PD-L1 axis fosters an immunosuppressive environment also by promot-
ing the generation of regulatory T cells (Tregs) and the polarization of tumor-associated
macrophages (TAMs).

Specifically, in regulatory T cells, the key mediators of peripheral tolerance, PD-1 and
PD-L1 expression induces the transformation of naïve CD4+ T cells into Tregs and enhances
their activity within the TME [153].

TAMs, the most abundant immune cell population in the TME, highly express PD-1
and PD-L1. These immune checkpoints have been shown to deliver a negative signal
that modulates the TAM phenotype and functions, shifting them towards an immune-
suppressive, protumorigenic M2 macrophage type. In addition, recent studies revealed
that PD-1 can weaken the phagocytic ability of TAMs against tumor cells and their cytokine
production [161].

As a tumor progresses, the accumulation of M2-polarized TAMs has been observed,
alongside an increased expression of both PD-1 and PD-L1, populating the immunosup-
pressive niche that facilitates tumor escape [161] (Table 6).

Table 6. Roles of the PD-1/PD-L1 signaling pathway in immune cells.

Cell Population Function References

T cells
Regulation of T-cell activation; upon binding, PD-1 and PD-L1 on T

cells transduce an intracellular
suppressive signal

[122]

CD8+ central memory T cells PD-1 signaling negatively regulates CD8+ central memory T-cell
differentiation into effector cells [155]

B cells Regulation of B cell activation; PD-1/PD-L1 axis hinders
BCR-mediated activation and antibody secretion [156]

Natural killer cells Regulation of NK cell effector functions; PD-1 hampers the
degranulation of NK cells [153,157]

Neutrophils PD-L1 signaling inhibits neutrophil antitumor
cytotoxicity [158]

Dendritic cells PD-L1 on DCs negatively regulates T-cell responses and protects DCs
from T-cell cytotoxicity [160]

Tregs PD-1/PD-L1 axis controls CD4+ T-cell transformation into Tregs and
enhances their activity [153]

TAMs PD-1/PD-L1 signaling induces M2-type macrophage polarization.
PD-1 negatively regulates TAM effector functions against tumor cells [161]
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PD-1/PD-L1 blocking immunotherapy not only impacts cytotoxic T cells and can-
cer cells but also affects multiple targets among tumor-infiltrating immune cells, which
collectively define the dynamic balance of the tumor immune system. Therefore, it is of
uttermost importance to consider the role of this axis across various immune cell types
to achieve a deeper and more comprehensive understanding of patient responses to im-
munomodulatory treatments.

10. The Crosstalk Between the Notch Pathway and PD-1/PD-L1 Axis

Notch signaling contributes to the carcinogenesis of different types of tumors through
multiple mechanisms, such as cancer stem cell self-renewal, EMT, and drug resistance. Ad-
ditionally, recent studies have highlighted the pivotal role of Notch signaling in modulating
the immune tumor microenvironment. This pathway can influence the activity of various
immune cells, including T and B cells, macrophages, DCs, NKs, neutrophils, MDSCs, and
CAFs [109].

Similarly, the PD-1/PD-L1 axis within the tumor microenvironment plays a crucial
role in supporting cancer progression by neutralizing the immune system and, as a tumor-
cell-intrinsic signal, by regulating cell proliferation and stemness, while also promoting
invasion, metastasis, and resistance to anticancer therapies.

Growing evidence has revealed the crosstalk between Notch and PD-1/PD-L1 signal-
ing pathways.

Both pathways are part of a broader communication network involving other stem-cell-
associated signaling routes, and they feature interconnection points with each other. Notch
signaling directly regulates the transcription of the PDCD1 gene in activated CD8+ T cells
via the binding of the NICD-CSL complex to the promoter. In addition to Notch’s role in
T-cell activation, there is speculation that it contributes to cytotoxic lymphocyte exhaustion
by maintaining high PD-1 expression levels [128]. Inhibition of Notch signaling in tumor-
infiltrating CD8+ T cells from colorectal carcinoma patients enhanced the cytotoxic activity
of these lymphocytes and was accompanied by reduced PD-1 receptor expression [162].
These findings by Yu et al. support the hypothesis that the Notch pathway might be
involved in CD8+ T-cell dysfunction.

Furthermore, the Notch pathway is deemed responsible for PD-L1 upregulation in
gastric cancer cells, thereby favoring immune escape. According to Jiang et al., in ubiquilin-
4-high gastric cancers, the overexpressed protein promotes the degradation of Numb—a
negative regulator of NICD—thus activating the Notch pathway and enhancing PD-L1
expression [163].

Consistent findings demonstrated that Notch signaling indirectly regulates the PD-L1
expression in breast cancer stem-like cells by inducing ligand overexpression through
mTOR activity [164] (Figure 3).

Likely due to the crosstalk with the PD-1/PD-L1 axis, the Notch pathway has been
described as a factor influencing the prognosis of antitumor immunotherapy in many types
of cancer. For instance, mutations in Notch signaling have been associated with enhanced
efficacy of immune checkpoint inhibitors in NSCLC and CRC. NSCLC and CRC patients
with high-mutated Notch signaling after receiving ICIs showed a favorable prognosis with
increased PFS and OS, which was found to be related to enhanced tumor immunogenicity
and a greater number of activated TILs, proinflammatory factors, and higher expression
levels of immune checkpoint molecules within TME [105,106].

Altogether, these findings contribute to a better understanding of the central role of
Notch signaling in therapy resistance and suggest that the Notch pathway is a promis-
ing druggable target for anticancer treatment, potentially complementing conventional
therapeutic options to prevent intrinsic or acquired resistance.

Recent studies have investigated the use of ICI-based therapy in combination with
selective Notch inhibitors in a preclinical setting [165]. Specifically, Dai et al. have tested the
co-administration of a Notch inhibitor (DAPT) and an anti-PD-L1 antibody in pancreatic
cancer mouse models, which resulted in significant inhibition of tumor growth compared to



Biomolecules 2024, 14, 1581 21 of 29

monotherapy, induced PD-L1 overexpression, and increased number of tumor-infiltrating
CD8+ T cells [165]. Likewise, Meng et al. have shown that in Jagged1-high TNBC, the inhi-
bition of Notch signaling by a γ-secretase inhibitor combined with an anti-PD-1 antibody
markedly delayed tumor growth in vivo [107].
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Figure 3. Schematic representation of the known functional interactions between Notch and PD-1/PD-
L1 pathways. Notch signaling regulates the expression of PD-1 in CD8+ T lymphocytes, promoting
PDCD1 transcription (depicted by the red arrow) by the direct interaction of the NICD-CSL complex
with the PDCD1 promoter. In tumor cells, the Notch pathway determines the upregulation of PD-L1
ligand expression (red arrow). However, the exact mechanism of regulation needs to be elucidated
further. Figure created with BioRender.com.

Although the number of studies available is limited and further investigation is needed,
these findings are promising and uphold the rationale for the combination of ICI with
selective Notch inhibitors as an anticancer treatment [165].

To date, preclinical and clinical studies investigating the crosstalk between Notch
signaling and PD-1/PD-L1 axis in the liver are lacking. However, evidence obtained from
different cancers suggests a potential interaction between Notch and PD-1/PD-L1 pathways
in the liver, where they might contribute to the development and progression of HCC.

Further research is required to shed light on their potential interplay, elucidate the
mechanisms that could contribute to HCC onset and treatment resistance, and assess the
effects of ICI-based combination therapies in hepatocellular carcinoma.

11. Discussion

Immunotherapy has been shown to improve both the lifespan and quality of life of
patients with advanced HCC. However, current treatment options still have a relatively low
success rate of about 30%. The clinical application of PD-1/PD-L1 blockade therapies was
initially thought to prevent tumor progression by “removing the breaks” on T cells. How-
ever, other factors beyond “removing breaks” might influence the efficacy of PD-1/PD-L1
blockades, potentially explaining why some patients achieve complete responses while
others show no response. The Notch signaling pathway is an evolutionarily conserved path-
way that influences multiple lineage decisions of developing lymphoid and myeloid cells
and serves as an important modulator of T-cell-mediated immune responses [166]. In line
with this, a recent study demonstrated that Notch3 signaling promotes PD-L1 overexpres-
sion in breast cancer cells, and specific Notch3 silencing results in PD-L1 downregulation,
providing a novel strategy for anti-PD-L1 combination therapies [164]. We previously
showed that breast cancer and HCC share a common Notch3 molecular signature, leading
us to hypothesize that Notch inhibition may also enhance the effects of atezolizumab in
advanced HCC [56].

Although Notch receptor expression has been widely described in hepatocarcinoma
cells [52,58,60], biomarkers related to its activation status need to be identified to stratify
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patients scheduled for immunotherapy. Villanueva et al. provided evidence that Notch
signaling is involved in the pathogenesis of HCC, with 30–35% of tumors exhibiting
pathway activation based on a well-characterized gene signature [167]. However, the
lack of HCC tissue samples highlights the need to identify circulating biomarkers of
Notch signaling activation. In this perspective, Giovannini et al. identified soluble E-
Cadherin, Thbs1, and Pai3 as putative serum biomarkers of Notch1 activation in vitro
and in human HCC [50]. There remains an unmet need for additional serum biomarkers
to better select patients with Notch pathway activation and, even more so, to identify
the exact source of these soluble molecules. Indeed, Notch signaling is known to play
an essential role in tissue renewal and maintenance across various organs, including
the nervous system, kidney, liver, skin, muscle, and bone [27]. This widespread role
may explain why Notch silencing through Gamma secretase inhibitors (GSIs) induces
toxicity. To address this, we observed a more specific delivery of Notch3 siRNA to the
liver using double-stranded RNA-mediated interference (RNAi), potentially avoiding
major complications [56]. HCC patients secrete higher levels of exosomes enriched with
molecules that could facilitate understanding of Notch signaling activation, warranting
further investigation. The detection of Notch receptors as well as downstream targets
in exosomes enriched with specific HCC proteins, including α-fetoprotein (AFP) and
asialoglycoprotein receptor 1 (ASGPR1), could guide the identification of patients eligible
for combined treatments with immune checkpoint inhibitors.

Since exosomes can transport various biomolecules derived from their parent cells,
tumor-derived exosomes are challenging in clinical settings. However, validation steps are
required to use exosomes as a source of tumor biomarkers. First of all, it would be necessary
to have a standardized method for isolating exosomes that can provide substantial yields
and a reliable quality of exosomes. Second, tumor-derived exosomes would need to be
enriched with the help of specific surface biomarkers such as ASGPR1 for HCC. ASGPR1-
positive and -negative exosomes should be sorted and analyzed for the expression of other
HCC-specific genes, including Albumin and α-fetoprotein, thereby aiding in establishing
the robustness of the membrane marker in identifying exosomes released from the tumor.
Notably, Notch expression could be analyzed in ASGPR1-positive exosomes, and cancer
could be simply categorized as positive or negative for Notch expression. Remarkably, for
many tumors, most clinical trials are conducted with patients for whom the possession
status or expression level of the target is unknown [168].

12. Conclusions

The Notch signaling pathway has emerged as a crucial player in cancer development
and progression, revealing pivotal roles in cancer stem cell stemness, angiogenesis, invasion,
and organ metastasis. Significantly, the involvement of Notch signaling in drug resistance
makes the pathway a promising druggable target to prevent tumor resistance and improve
the clinical outcomes of cancer patients. Solely targeting the Notch pathway has been
proven insufficient for the eradication of bulk cancer cells; however, the combination
of Notch inhibitors with ICIs has yielded encouraging results in the preclinical settings,
providing a promising strategy for the treatment of HCC.

Further research and innovation are essential to assess the potentialities of Notch-
targeted therapy combined with ICIs in cancers. Additionally, proper selection of patients
who may benefit from combination therapy is needed; the analysis of tumor-derived
exosomes expressing Notch could guide the stratification of patients with liver malignancy
who are eligible for Notch inhibition in combination with ICI-based therapy.

Author Contributions: The manuscript was conceived, designed, and drafted by A.M., C.G., A.A.,
F.S., L.G. and A.B.D. Funding acquisition and editing were performed by C.G., L.G., A.B.D. and F.P.
All authors have read and agreed to the published version of the manuscript.



Biomolecules 2024, 14, 1581 23 of 29

Funding: This work was supported by the Italian Ministry of Health (RC-2024-2790623) to L.G.,
Bando “Alma Idea 2022” University of Bologna “Immunotherapy: the new frontier for the fight
against advanced hepatocellular carcinoma (LIFE)” to C.G., PRIN 2022 (Enhancement of therapeutic
response to standard-of-care drugs employed against hepatocellular carcinoma by hitting metabolic
dependencies) to F.P. and M.N. Open access funding provided by BIBLIOSAN.

Conflicts of Interest: Consulting or lecture fees in the last two years from Astrazeneca, Bayer, Bracco,
EISAI, ESAOTE, Exact Sciences, IPSEN, MSD, Roche, Samsung to FP.

References
1. Bray, F.; Laversanne, M.; Sung, H.; Ferlay, J.; Siegel, R.L.; Soerjomataram, I.; Jemal, A. Global cancer statistics 2022: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2024, 74, 229–263. [CrossRef]
[PubMed]

2. Kinsey, E.; Lee, H.M. Management of Hepatocellular Carcinoma in 2024: The Multidisciplinary Paradigm in an Evolving
Treatment Landscape. Cancers 2024, 16, 666. [CrossRef] [PubMed]

3. Llovet, J.M.; Kelley, R.K.; Villanueva, A.; Singal, A.G.; Pikarsky, E.; Roayaie, S.; Lencioni, R.; Koike, K.; Zucman-Rossi, J.; Finn, R.S.
Hepatocellular carcinoma. Nat. Rev. Dis. Primers 2021, 7, 6. [CrossRef] [PubMed]

4. Cheng, A.L.; Qin, S.; Ikeda, M.; Galle, P.R.; Ducreux, M.; Kim, T.Y.; Lim, H.Y.; Kudo, M.; Breder, V.; Merle, P.; et al. Updated efficacy
and safety data from IMbrave150: Atezolizumab plus bevacizumab vs. sorafenib for unresectable hepatocellular carcinoma. J.
Hepatol. 2022, 76, 862–873. [CrossRef]

5. Sangro, B.; Chan, S.L.; Kelley, R.K.; Lau, G.; Kudo, M.; Sukeepaisarnjaroen, W.; Yarchoan, M.; De Toni, E.N.; Furuse, J.; Kang, Y.K.;
et al. Four-year overall survival update from the phase III HIMALAYA study of tremelimumab plus durvalumab in unresectable
hepatocellular carcinoma. Ann. Oncol. 2024, 35, 448–457. [CrossRef]

6. Girardi, D.M.; Sousa, L.P.; Miranda, T.A.; Haum, F.N.C.; Pereira, G.C.B.; Pereira, A.A.L. Systemic Therapy for Advanced
Hepatocellular Carcinoma: Current Stand and Perspectives. Cancers 2023, 15, 1680. [CrossRef]

7. Jia, Q.; Wang, A.; Yuan, Y.; Zhu, B.; Long, H. Heterogeneity of the tumor immune microenvironment and its clinical relevance.
Exp. Hematol. Oncol. 2022, 11, 24. [CrossRef]

8. Petitprez, F.; Meylan, M.; de Reynies, A.; Sautes-Fridman, C.; Fridman, W.H. The Tumor Microenvironment in the Response to
Immune Checkpoint Blockade Therapies. Front. Immunol. 2020, 11, 784. [CrossRef]

9. Kumar, V.; Vashishta, M.; Kong, L.; Wu, X.; Lu, J.J.; Guha, C.; Dwarakanath, B.S. The Role of Notch, Hedgehog, and Wnt Signaling
Pathways in the Resistance of Tumors to Anticancer Therapies. Front. Cell Dev. Biol. 2021, 9, 650772. [CrossRef]

10. Li, X.; Yan, X.; Wang, Y.; Kaur, B.; Han, H.; Yu, J. The Notch signaling pathway: A potential target for cancer immunotherapy. J.
Hematol. Oncol. 2023, 16, 45. [CrossRef]

11. Chillakuri, C.R.; Sheppard, D.; Lea, S.M.; Handford, P.A. Notch receptor-ligand binding and activation: Insights from molecular
studies. Semin. Cell Dev. Biol. 2012, 23, 421–428. [CrossRef] [PubMed]

12. Zhou, B.; Lin, W.; Long, Y.; Yang, Y.; Zhang, H.; Wu, K.; Chu, Q. Notch signaling pathway: Architecture, disease, and therapeutics.
Signal Transduct. Target. Ther. 2022, 7, 95. [CrossRef] [PubMed]

13. Steinbuck, M.P.; Winandy, S. A Review of Notch Processing With New Insights Into Ligand-Independent Notch Signaling in
T-Cells. Front. Immunol. 2018, 9, 1230. [CrossRef] [PubMed]

14. Radtke, F.; Schweisguth, F.; Pear, W. The Notch ‘gospel’. EMBO Rep. 2005, 6, 1120–1125. [CrossRef]
15. Chen, W.; Wei, W.; Yu, L.; Ye, Z.; Huang, F.; Zhang, L.; Hu, S.; Cai, C. Mammary Development and Breast Cancer: A Notch

Perspective. J. Mammary Gland. Biol. Neoplasia 2021, 26, 309–320. [CrossRef]
16. Zeng, C.; Xing, R.; Liu, J.; Xing, F. Role of CSL-dependent and independent Notch signaling pathways in cell apoptosis. Apoptosis

2016, 21, 1–12. [CrossRef]
17. Sofi, S.; Qayoom, H.; Jan, N.S.; Khaliq, N.; Shah, M.Z.U.H.; Almilaibary, A.; Mir, M.A. A comprehensive analysis of notch

signaling genes in breast cancer: Expression pattern and prognostic significance. Adv. Cancer Biol-Met. 2023, 7, 100104. [CrossRef]
18. Galluzzo, P.; Bocchetta, M. Notch signaling in lung cancer. Expert. Rev. Anticancer. Ther. 2011, 11, 533–540. [CrossRef]
19. Geisler, F.; Strazzabosco, M. Emerging roles of Notch signaling in liver disease. Hepatology 2015, 61, 382–392. [CrossRef]
20. Bray, S.J. Notch signalling: A simple pathway becomes complex. Nat. Rev. Mol. Cell Biol. 2006, 7, 678–689. [CrossRef]
21. Aster, J.C.; Pear, W.S.; Blacklow, S.C. The Varied Roles of Notch in Cancer. Annu. Rev. Pathol. 2017, 12, 245–275. [CrossRef]
22. Demitrack, E.S.; Gifford, G.B.; Keeley, T.M.; Horita, N.; Todisco, A.; Turgeon, D.K.; Siebel, C.W.; Samuelson, L.C. NOTCH1 and

NOTCH2 regulate epithelial cell proliferation in mouse and human gastric corpus. Am. J. Physiol. Gastrointest. Liver Physiol. 2017,
312, G133–G144. [CrossRef] [PubMed]

23. Gifford, G.B.; Demitrack, E.S.; Keeley, T.M.; Tam, A.; La Cunza, N.; Dedhia, P.H.; Spence, J.R.; Simeone, D.M.; Saotome, I.; Louvi,
A.; et al. Notch1 and Notch2 receptors regulate mouse and human gastric antral epithelial cell homoeostasis. Gut 2017, 66,
1001–1011. [CrossRef] [PubMed]

24. Bouras, T.; Pal, B.; Vaillant, F.; Harburg, G.; Asselin-Labat, M.L.; Oakes, S.R.; Lindeman, G.J.; Visvader, J.E. Notch signaling
regulates mammary stem cell function and luminal cell-fate commitment. Cell Stem Cell 2008, 3, 429–441. [CrossRef] [PubMed]

https://doi.org/10.3322/caac.21834
https://www.ncbi.nlm.nih.gov/pubmed/38572751
https://doi.org/10.3390/cancers16030666
https://www.ncbi.nlm.nih.gov/pubmed/38339417
https://doi.org/10.1038/s41572-020-00240-3
https://www.ncbi.nlm.nih.gov/pubmed/33479224
https://doi.org/10.1016/j.jhep.2021.11.030
https://doi.org/10.1016/j.annonc.2024.02.005
https://doi.org/10.3390/cancers15061680
https://doi.org/10.1186/s40164-022-00277-y
https://doi.org/10.3389/fimmu.2020.00784
https://doi.org/10.3389/fcell.2021.650772
https://doi.org/10.1186/s13045-023-01439-z
https://doi.org/10.1016/j.semcdb.2012.01.009
https://www.ncbi.nlm.nih.gov/pubmed/22326375
https://doi.org/10.1038/s41392-022-00934-y
https://www.ncbi.nlm.nih.gov/pubmed/35332121
https://doi.org/10.3389/fimmu.2018.01230
https://www.ncbi.nlm.nih.gov/pubmed/29910816
https://doi.org/10.1038/sj.embor.7400585
https://doi.org/10.1007/s10911-021-09496-1
https://doi.org/10.1007/s10495-015-1188-z
https://doi.org/10.1016/j.adcanc.2023.100104
https://doi.org/10.1586/era.10.158
https://doi.org/10.1002/hep.27268
https://doi.org/10.1038/nrm2009
https://doi.org/10.1146/annurev-pathol-052016-100127
https://doi.org/10.1152/ajpgi.00325.2016
https://www.ncbi.nlm.nih.gov/pubmed/27932500
https://doi.org/10.1136/gutjnl-2015-310811
https://www.ncbi.nlm.nih.gov/pubmed/26933171
https://doi.org/10.1016/j.stem.2008.08.001
https://www.ncbi.nlm.nih.gov/pubmed/18940734


Biomolecules 2024, 14, 1581 24 of 29

25. Shou, J.; Ross, S.; Koeppen, H.; de Sauvage, F.J.; Gao, W.Q. Dynamics of notch expression during murine prostate development
and tumorigenesis. Cancer Res. 2001, 61, 7291–7297.

26. Wang, X.D.; Shou, J.; Wong, P.; French, D.M.; Gao, W.Q. Notch1-expressing cells are indispensable for prostatic branching
morphogenesis during development and re-growth following castration and androgen replacement. J. Biol. Chem. 2004, 279,
24733–24744. [CrossRef]

27. Sato, C.; Zhao, G.; Ilagan, M.X. An overview of notch signaling in adult tissue renewal and maintenance. Curr. Alzheimer Res.
2012, 9, 227–240. [CrossRef]

28. D’Assoro, A.B.; Leon-Ferre, R.; Braune, E.B.; Lendahl, U. Roles of Notch Signaling in the Tumor Microenvironment. Int. J. Mol.
Sci. 2022, 23, 6241. [CrossRef]

29. Miele, L. Notch signaling. Clin. Cancer Res. 2006, 12, 1074–1079. [CrossRef]
30. Braune, E.-B.; Geist, F.; Tang, X.; Kalari, K.; Boughey, J.; Wang, L.; Leon-Ferre, R.A.; D’Assoro, A.B.; Ingle, J.N.; Goetz, M.P.; et al.

Identification of a Notch transcriptomic signature for breast cancer. Breast Cancer Res. 2024, 26, 4. [CrossRef]
31. Westhoff, B.; Colaluca, I.N.; D’Ario, G.; Donzelli, M.; Tosoni, D.; Volorio, S.; Pelosi, G.; Spaggiari, L.; Mazzarol, G.; Viale, G.; et al.

Alterations of the Notch pathway in lung cancer. Proc. Natl. Acad. Sci. USA 2009, 106, 22293–22298. [CrossRef]
32. Zhang, H.; Yang, Y.; Li, X.; Yuan, X.; Chu, Q. Targeting the Notch signaling pathway and the Notch ligand, DLL3, in small cell

lung cancer. Biomed. Pharmacother. 2023, 159, 114248. [CrossRef] [PubMed]
33. Li, X.; Cao, X.; Zhao, H.; Guo, M.; Fang, X.; Li, K.; Qin, L.; He, Y.; Liu, X. Hypoxia Activates Notch4 via ERK/JNK/P38 MAPK

Signaling Pathways to Promote Lung Adenocarcinoma Progression and Metastasis. Front. Cell Dev. Biol. 2021, 9, 780121.
[CrossRef] [PubMed]

34. Leontovich, A.A.; Jalalirad, M.; Salisbury, J.L.; Mills, L.; Haddox, C.; Schroeder, M.; Tuma, A.; Guicciardi, M.E.; Zammataro, L.;
Gambino, M.W.; et al. NOTCH3 expression is linked to breast cancer seeding and distant metastasis. Breast Cancer Res. 2018, 20,
105. [CrossRef] [PubMed]

35. Hu, Y.Y.; Zheng, M.H.; Zhang, R.; Liang, Y.M.; Han, H. Notch signaling pathway and cancer metastasis. Adv. Exp. Med. Biol. 2012,
727, 186–198. [CrossRef]

36. Zhu, H.; Zhou, X.; Redfield, S.; Lewin, J.; Miele, L. Elevated Jagged-1 and Notch-1 expression in high grade and metastatic
prostate cancers. Am. J. Transl. Res. 2013, 5, 368–378. [CrossRef]

37. Fukusumi, T.; Guo, T.W.; Sakai, A.; Ando, M.; Ren, S.; Haft, S.; Liu, C.; Amornphimoltham, P.; Gutkind, J.S.; Califano, J.A. The
NOTCH4-HEY1 Pathway Induces Epithelial-Mesenchymal Transition in Head and Neck Squamous Cell Carcinoma. Clin. Cancer
Res. 2018, 24, 619–633. [CrossRef]

38. Matsuura, N.; Tanaka, K.; Yamasaki, M.; Yamashita, K.; Saito, T.; Makino, T.; Yamamoto, K.; Takahashi, T.; Kurokawa, Y.; Nakajima,
K.; et al. NOTCH3 limits the epithelial-mesenchymal transition and predicts a favorable clinical outcome in esophageal cancer.
Cancer Med. 2021, 10, 3986–3996. [CrossRef]

39. Huntzicker, E.G.; Hotzel, K.; Choy, L.; Che, L.; Ross, J.; Pau, G.; Sharma, N.; Siebel, C.W.; Chen, X.; French, D.M. Differential
effects of targeting Notch receptors in a mouse model of liver cancer. Hepatology 2015, 61, 942–952. [CrossRef]

40. Wang, Z.; Li, Y.; Kong, D.; Banerjee, S.; Ahmad, A.; Azmi, A.S.; Ali, S.; Abbruzzese, J.L.; Gallick, G.E.; Sarkar, F.H. Acquisition of
epithelial-mesenchymal transition phenotype of gemcitabine-resistant pancreatic cancer cells is linked with activation of the
notch signaling pathway. Cancer Res. 2009, 69, 2400–2407. [CrossRef]

41. BeLow, M.; Osipo, C. Notch Signaling in Breast Cancer: A Role in Drug Resistance. Cells 2020, 9, 2204. [CrossRef]
42. Giuli, M.V.; Mancusi, A.; Giuliani, E.; Screpanti, I.; Checquolo, S. Notch signaling in female cancers: A multifaceted node to

overcome drug resistance. Cancer Drug Resist. 2021, 4, 805–836. [CrossRef] [PubMed]
43. Flynn, D.M.; Nijjar, S.; Hubscher, S.G.; de Goyet Jde, V.; Kelly, D.A.; Strain, A.J.; Crosby, H.A. The role of Notch receptor expression

in bile duct development and disease. J. Pathol. 2004, 204, 55–64. [CrossRef] [PubMed]
44. Yue, Z.-S.; Ruan, B.; Duan, J.-L.; Han, H.; Wang, L. The role of the Notch signaling pathway in liver injury and repair. J. Bio-X Res.

2018, 01, 95–104. [CrossRef]
45. Huang, Q.; Li, J.; Zheng, J.; Wei, A. The Carcinogenic Role of the Notch Signaling Pathway in the Development of Hepatocellular

Carcinoma. J. Cancer 2019, 10, 1570–1579. [CrossRef]
46. Benedito, R.; Roca, C.; Sörensen, I.; Adams, S.; Gossler, A.; Fruttiger, M.; Adams, R.H. The Notch Ligands Dll4 and Jagged1 Have

Opposing Effects on Angiogenesis. Cell 2009, 137, 1124–1135. [CrossRef]
47. Ning, L.; Wentworth, L.; Chen, H.; Weber, S.M. Down-regulation of Notch1 signaling inhibits tumor growth in human hepatocel-

lular carcinoma. Am. J. Transl. Res. 2009, 1, 358–366.
48. Qi, R.; An, H.; Yu, Y.; Zhang, M.; Liu, S.; Xu, H.; Guo, Z.; Cheng, T.; Cao, X. Notch1 signaling inhibits growth of human

hepatocellular carcinoma through induction of cell cycle arrest and apoptosis. Cancer Res. 2003, 63, 8323–8329.
49. Wang, X.Q.; Zhang, W.; Lui, E.L.; Zhu, Y.; Lu, P.; Yu, X.; Sun, J.; Yang, S.; Poon, R.T.; Fan, S.T. Notch1-Snail1-E-cadherin pathway

in metastatic hepatocellular carcinoma. Int. J. Cancer 2012, 131, E163–E172. [CrossRef]
50. Giovannini, C.; Minguzzi, M.; Genovese, F.; Baglioni, M.; Gualandi, A.; Ravaioli, M.; Milazzo, M.; Tavolari, S.; Bolondi, L.;

Gramantieri, L. Molecular and proteomic insight into Notch1 characterization in hepatocellular carcinoma. Oncotarget 2016, 7,
39609–39626. [CrossRef]

51. Dill, M.T.; Tornillo, L.; Fritzius, T.; Terracciano, L.; Semela, D.; Bettler, B.; Heim, M.H.; Tchorz, J.S. Constitutive Notch2 signaling
induces hepatic tumors in mice. Hepatology 2013, 57, 1607–1619. [CrossRef]

https://doi.org/10.1074/jbc.M401602200
https://doi.org/10.2174/156720512799361600
https://doi.org/10.3390/ijms23116241
https://doi.org/10.1158/1078-0432.CCR-05-2570
https://doi.org/10.1186/s13058-023-01757-7
https://doi.org/10.1073/pnas.0907781106
https://doi.org/10.1016/j.biopha.2023.114248
https://www.ncbi.nlm.nih.gov/pubmed/36645960
https://doi.org/10.3389/fcell.2021.780121
https://www.ncbi.nlm.nih.gov/pubmed/34988077
https://doi.org/10.1186/s13058-018-1020-0
https://www.ncbi.nlm.nih.gov/pubmed/30180881
https://doi.org/10.1007/978-1-4614-0899-4_14
https://doi.org/10.1158/1538-7445.AM2013-410
https://doi.org/10.1158/1078-0432.CCR-17-1366
https://doi.org/10.1002/cam4.3933
https://doi.org/10.1002/hep.27566
https://doi.org/10.1158/0008-5472.CAN-08-4312
https://doi.org/10.3390/cells9102204
https://doi.org/10.20517/cdr.2021.53
https://www.ncbi.nlm.nih.gov/pubmed/35582386
https://doi.org/10.1002/path.1615
https://www.ncbi.nlm.nih.gov/pubmed/15307138
https://doi.org/10.1097/JBR.0000000000000014
https://doi.org/10.7150/jca.26847
https://doi.org/10.1016/j.cell.2009.03.025
https://doi.org/10.1002/ijc.27336
https://doi.org/10.18632/oncotarget.9203
https://doi.org/10.1002/hep.26165


Biomolecules 2024, 14, 1581 25 of 29

52. Wu, W.R.; Zhang, R.; Shi, X.D.; Yi, C.; Xu, L.B.; Liu, C. Notch2 is a crucial regulator of self-renewal and tumorigenicity in human
hepatocellular carcinoma cells. Oncol. Rep. 2016, 36, 181–188. [CrossRef] [PubMed]

53. Hayashi, Y.; Osanai, M.; Lee, G.H. NOTCH2 signaling confers immature morphology and aggressiveness in human hepatocellular
carcinoma cells. Oncol. Rep. 2015, 34, 1650–1658. [CrossRef] [PubMed]

54. Hu, L.; Xue, F.; Shao, M.; Deng, A.; Wei, G. Aberrant expression of Notch3 predicts poor survival for hepatocellular carcinomas.
Biosci. Trends 2013, 7, 152–156. [PubMed]

55. Giovannini, C.; Gramantieri, L.; Chieco, P.; Minguzzi, M.; Lago, F.; Pianetti, S.; Ramazzotti, E.; Marcu, K.B.; Bolondi, L. Selective
ablation of Notch3 in HCC enhances doxorubicin’s death promoting effect by a p53 dependent mechanism. J. Hepatol. 2009, 50,
969–979. [CrossRef]

56. Giovannini, C.; Salzano, A.M.; Baglioni, M.; Vitale, M.; Scaloni, A.; Zambrano, N.; Giannone, F.A.; Vasuri, F.; D’Errico, A.; Baroni,
G.S.; et al. Brivanib in combination with Notch3 silencing shows potent activity in tumour models. Brit J. Cancer 2019, 120,
601–611. [CrossRef]

57. Giovannini, C.; Baglioni, M.; Toaldo, M.B.; Ventrucci, C.; D’Adamo, S.; Cipone, M.; Chieco, P.; Gramantieri, L.; Bolondi, L. Notch3
inhibition enhances sorafenib cytotoxic efficacy by promoting GSK3β phosphorylation and p21 down-regulation in hepatocellular
carcinoma. Oncotarget 2013, 4, 1618–1631. [CrossRef]

58. Ahn, S.; Hyeon, J.; Park, C.K. Notch1 and Notch4 are markers for poor prognosis of hepatocellular carcinoma. Hepatobiliary
Pancreat. Dis. Int. 2013, 12, 286–294. [CrossRef]

59. Cheng, R.; Cai, X.R.; Ke, K.; Chen, Y.L. Notch4 inhibition suppresses invasion and vasculogenic mimicry formation of hepatocel-
lular carcinoma cells. J. Huazhong Univ. Sci. Technol. Med. Sci. 2017, 37, 719–725. [CrossRef]

60. Gramantieri, L.; Giovannini, C.; Lanzi, A.; Chieco, P.; Ravaioli, M.; Venturi, A.; Grazi, G.L.; Bolondi, L. Aberrant Notch3 and
Notch4 expression in human hepatocellular carcinoma. Liver Int. 2007, 27, 997–1007. [CrossRef]

61. Wei, Y.; Van Nhieu, J.T.; Prigent, S.; Srivatanakul, P.; Tiollais, P.; Buendia, M.A. Altered expression of E-cadherin in hepatocellular
carcinoma: Correlations with genetic alterations, beta-catenin expression, and clinical features. Hepatology 2002, 36, 692–701.
[CrossRef]

62. Oishi, N.; Wang, X.W. Novel therapeutic strategies for targeting liver cancer stem cells. Int. J. Biol. Sci. 2011, 7, 517–535. [CrossRef]
[PubMed]

63. Sun, B.; Zhang, S.; Zhang, D.; Du, J.; Guo, H.; Zhao, X.; Zhang, W.; Hao, X. Vasculogenic mimicry is associated with high tumor
grade, invasion and metastasis, and short survival in patients with hepatocellular carcinoma. Oncol. Rep. 2006, 16, 693–698.
[CrossRef] [PubMed]

64. Wang, Z.; Li, Y.; Ahmad, A.; Azmi, A.S.; Banerjee, S.; Kong, D.; Sarkar, F.H. Targeting Notch signaling pathway to overcome drug
resistance for cancer therapy. Biochim. Biophys. Acta 2010, 1806, 258–267. [CrossRef] [PubMed]

65. Xu, C.; Gao, X.; Ren, T.; Geng, H.; Yang, K.; Huang, Y.; Zhang, W.; Hou, S.; Song, A.; Zhang, Y.; et al. The ADAM17 inhibitor
ZLDI-8 sensitized hepatocellular carcinoma cells to sorafenib through Notch1-integrin beta-talk. Pharmacol. Res. 2024, 203, 107142.
[CrossRef]

66. Aung, K.L.; El-Khoueiry, A.B.; Gelmon, K.; Tran, B.; Bajaj, G.; He, B.; Chen, T.; Zhu, L.; Poojary, S.; Basak, S.; et al. A multi-arm
phase I dose escalating study of an oral NOTCH inhibitor BMS-986115 in patients with advanced solid tumours. Invest. New
Drugs 2018, 36, 1026–1036. [CrossRef]

67. Pant, S.; Jones, S.F.; Kurkjian, C.D.; Infante, J.R.; Moore, K.N.; Burris, H.A.; McMeekin, D.S.; Benhadji, K.A.; Patel, B.K.R.;
Frenzel, M.J.; et al. A first-in-human phase I study of the oral Notch inhibitor, LY900009, in patients with advanced cancer. Eur. J.
Cancer 2016, 56, 1–9. [CrossRef]

68. Bender, M.; Gao, H.; Capen, A.; Clay, J.; Hipskind, P.; Reel, J.; Zamek-Gliszczynski, M.; Manro, J.; Benhadji, K.; Patel, B.R. Abstract
1131: Novel inhibitor of Notch signaling for the treatment of cancer. Cancer Res. 2013, 73, 1131. [CrossRef]

69. Bhagat, T.D.; Zou, Y.; Huang, S.; Park, J.; Palmer, M.B.; Hu, C.; Li, W.; Shenoy, N.; Giricz, O.; Choudhary, G.; et al. Notch Pathway
Is Activated via Genetic and Epigenetic Alterations and Is a Therapeutic Target in Clear Cell Renal Cancer. J. Biol. Chem. 2017,
292, 837–846. [CrossRef]

70. Mancarella, S.; Serino, G.; Dituri, F.; Cigliano, A.; Ribback, S.; Wang, J.; Chen, X.; Calvisi, D.F.; Giannelli, G. Crenigacestat, a
selective NOTCH1 inhibitor, reduces intrahepatic cholangiocarcinoma progression by blocking VEGFA/DLL4/MMP13 axis. Cell
Death Differ. 2020, 27, 2330–2343. [CrossRef]

71. Wei, P.; Walls, M.; Qiu, M.; Ding, R.; Denlinger, R.H.; Wong, A.; Tsaparikos, K.; Jani, J.P.; Hosea, N.; Sands, M.; et al. Evaluation of
selective gamma-secretase inhibitor PF-03084014 for its antitumor efficacy and gastrointestinal safety to guide optimal clinical
trial design. Mol. Cancer Ther. 2010, 9, 1618–1628. [CrossRef]

72. Zhang, C.C.; Yan, Z.; Zong, Q.; Fang, D.D.; Painter, C.; Zhang, Q.; Chen, E.; Lira, M.E.; John-Baptiste, A.; Christensen, J.G.
Synergistic effect of the gamma-secretase inhibitor PF-03084014 and docetaxel in breast cancer models. Stem Cells Transl. Med.
2013, 2, 233–242. [CrossRef] [PubMed]

73. Samon, J.B.; Castillo-Martin, M.; Hadler, M.; Ambesi-Impiobato, A.; Paietta, E.; Racevskis, J.; Wiernik, P.H.; Rowe, J.M.;
Jakubczak, J.; Randolph, S.; et al. Preclinical analysis of the gamma-secretase inhibitor PF-03084014 in combination with
glucocorticoids in T-cell acute lymphoblastic leukemia. Mol. Cancer Ther. 2012, 11, 1565–1575. [CrossRef] [PubMed]

https://doi.org/10.3892/or.2016.4831
https://www.ncbi.nlm.nih.gov/pubmed/27221981
https://doi.org/10.3892/or.2015.4171
https://www.ncbi.nlm.nih.gov/pubmed/26252838
https://www.ncbi.nlm.nih.gov/pubmed/23836039
https://doi.org/10.1016/j.jhep.2008.12.032
https://doi.org/10.1038/s41416-018-0375-4
https://doi.org/10.18632/oncotarget.1221
https://doi.org/10.1016/S1499-3872(13)60046-6
https://doi.org/10.1007/s11596-017-1794-9
https://doi.org/10.1111/j.1478-3231.2007.01544.x
https://doi.org/10.1053/jhep.2002.35342
https://doi.org/10.7150/ijbs.7.517
https://www.ncbi.nlm.nih.gov/pubmed/21552419
https://doi.org/10.3892/or.16.4.693
https://www.ncbi.nlm.nih.gov/pubmed/16969481
https://doi.org/10.1016/j.bbcan.2010.06.001
https://www.ncbi.nlm.nih.gov/pubmed/20600632
https://doi.org/10.1016/j.phrs.2024.107142
https://doi.org/10.1007/s10637-018-0597-6
https://doi.org/10.1016/j.ejca.2015.11.021
https://doi.org/10.1158/1538-7445.AM2013-1131
https://doi.org/10.1074/jbc.M116.745208
https://doi.org/10.1038/s41418-020-0505-4
https://doi.org/10.1158/1535-7163.MCT-10-0034
https://doi.org/10.5966/sctm.2012-0096
https://www.ncbi.nlm.nih.gov/pubmed/23408105
https://doi.org/10.1158/1535-7163.MCT-11-0938
https://www.ncbi.nlm.nih.gov/pubmed/22504949


Biomolecules 2024, 14, 1581 26 of 29

74. Luistro, L.; He, W.; Smith, M.; Packman, K.; Vilenchik, M.; Carvajal, D.; Roberts, J.; Cai, J.; Berkofsky-Fessler, W.; Hilton, H.; et al.
Preclinical profile of a potent gamma-secretase inhibitor targeting notch signaling with in vivo efficacy and pharmacodynamic
properties. Cancer Res. 2009, 69, 7672–7680. [CrossRef] [PubMed]

75. Gavai, A.V.; Quesnelle, C.; Norris, D.; Han, W.C.; Gill, P.; Shan, W.; Balog, A.; Chen, K.; Tebben, A.; Rampulla, R.; et al. Discovery
of Clinical Candidate BMS-906024: A Potent Pan-Notch Inhibitor for the Treatment of Leukemia and Solid Tumors. ACS Med.
Chem. Lett. 2015, 6, 523–527. [CrossRef]

76. Purow, B. Notch inhibition as a promising new approach to cancer therapy. Adv. Exp. Med. Biol. 2012, 727, 305–319. [CrossRef]
77. Huang, T.; Zhou, Y.; Cheng, A.S.; Yu, J.; To, K.F.; Kang, W. NOTCH receptors in gastric and other gastrointestinal cancers:

Oncogenes or tumor suppressors? Mol. Cancer 2016, 15, 80. [CrossRef]
78. Keam, S.J. Nirogacestat: First Approval. Drugs 2024, 84, 355–361. [CrossRef]
79. Habets, R.A.; de Bock, C.E.; Serneels, L.; Lodewijckx, I.; Verbeke, D.; Nittner, D.; Narlawar, R.; Demeyer, S.; Dooley, J.; Liston,

A.; et al. Safe targeting of T cell acute lymphoblastic leukemia by pathology-specific NOTCH inhibition. Sci. Transl. Med. 2019,
11, 494. [CrossRef]

80. Shi, Q.; Xue, C.; Zeng, Y.; Yuan, X.; Chu, Q.; Jiang, S.; Wang, J.; Zhang, Y.; Zhu, D.; Li, L. Notch signaling pathway in cancer: From
mechanistic insights to targeted therapies. Signal Transduct. Target. Ther. 2024, 9, 128. [CrossRef]

81. Saha, N.; Baek, D.S.; Mendoza, R.P.; Robev, D.; Xu, Y.; Goldgur, Y.; De La Cruz, M.J.; de Stanchina, E.; Janes, P.W.; Xu, K.; et al.
Fully human monoclonal antibody targeting activated ADAM10 on colorectal cancer cells. Biomed. Pharmacother. 2023, 161, 114494.
[CrossRef]

82. Previs, R.A.; Coleman, R.L.; Harris, A.L.; Sood, A.K. Molecular pathways: Translational and therapeutic implications of the Notch
signaling pathway in cancer. Clin. Cancer Res. 2015, 21, 955–961. [CrossRef] [PubMed]

83. Thurber, G.M.; Schmidt, M.M.; Wittrup, K.D. Antibody tumor penetration: Transport opposed by systemic and antigen-mediated
clearance. Adv. Drug Deliv. Rev. 2008, 60, 1421–1434. [CrossRef] [PubMed]

84. Thurber, G.M.; Zajic, S.C.; Wittrup, K.D. Theoretic criteria for antibody penetration into solid tumors and micrometastases. J.
Nucl. Med. 2007, 48, 995–999. [CrossRef] [PubMed]

85. Nejadmoghaddam, M.R.; Minai-Tehrani, A.; Ghahremanzadeh, R.; Mahmoudi, M.; Dinarvand, R.; Zarnani, A.H. Antibody-Drug
Conjugates: Possibilities and Challenges. Avicenna J. Med. Biotechnol. 2019, 11, 3–23.

86. Vigolo, M.; Urech, C.; Lamy, S.; Monticone, G.; Zabaleta, J.; Hossain, F.; Wyczechowska, D.; Del Valle, L.; O’Regan, R.M.; Miele, L.;
et al. The Efficacy of CB-103, a First-in-Class Transcriptional Notch Inhibitor, in Preclinical Models of Breast Cancer. Cancers 2023,
15, 3957. [CrossRef]

87. Hanna, G.J.; Stathis, A.; Lopez-Miranda, E.; Racca, F.; Quon, D.; Leyvraz, S.; Hess, D.; Keam, B.; Rodon, J.; Ahn, M.J.; et al. A
Phase I Study of the Pan-Notch Inhibitor CB-103 for Patients with Advanced Adenoid Cystic Carcinoma and Other Tumors.
Cancer Res. Commun. 2023, 3, 1853–1861. [CrossRef]

88. Schott, A.F.; Landis, M.D.; Dontu, G.; Griffith, K.A.; Layman, R.M.; Krop, I.; Paskett, L.A.; Wong, H.; Dobrolecki, L.E.; Lewis, M.T.;
et al. Preclinical and clinical studies of gamma secretase inhibitors with docetaxel on human breast tumors. Clin. Cancer Res. 2013,
19, 1512–1524. [CrossRef]

89. Witters, L.; Scherle, P.; Friedman, S.; Fridman, J.; Caulder, E.; Newton, R.; Lipton, A. Synergistic inhibition with a dual epidermal
growth factor receptor/HER-2/neu tyrosine kinase inhibitor and a disintegrin and metalloprotease inhibitor. Cancer Res. 2008, 68,
7083–7089. [CrossRef]

90. Li, R.; Hu, Z.; Qiao, Q.; Zhou, D.; Sun, M. Anti-NOTCH1 therapy with OMP-52 M51 inhibits salivary adenoid cystic carcinoma by
depressing epithelial-mesenchymal transition (EMT) process and inducing ferroptosis. Toxicol. Appl. Pharmacol. 2024, 484, 116825.
[CrossRef]

91. Cancilla, B.; Cain, J.; Wang, M.; Beviglia, L.; Shah, J.; Gurney, A.; Lewicki, J.; Esserman, L.; Hoey, T.; Kapoun, A.M. Anti-Notch1
antibody (OMP-52M51) impedes tumor growth and cancer stem cell frequency (CSC) in a chemo-refractory breast cancer
xenograft model with an activating Notch1 mutation and screening for activated Notch1 across multiple solid tumor types.
Cancer Res. 2013, 73, 3728. [CrossRef]

92. Yen, W.C.; Fischer, M.M.; Axelrod, F.; Bond, C.; Cain, J.; Cancilla, B.; Henner, W.R.; Meisner, R.; Sato, A.; Shah, J.; et al. Targeting
Notch signaling with a Notch2/Notch3 antagonist (tarextumab) inhibits tumor growth and decreases tumor-initiating cell
frequency. Clin. Cancer Res. 2015, 21, 2084–2095. [CrossRef] [PubMed]

93. Hurvitz, S.; von Euw, E.; O’Brien, N.; Conklin, D.; Hu, C.; Zhuo, J.; Zhao, A.; Calzone, F.; Chen, H.-W.; Dering, J.; et al. Abstract
1206: Preclinical evaluation of targeting Notch-3 in breast cancer. Cancer Res. 2016, 76, 1206. [CrossRef]

94. Geles, K.G.; Gao, Y.; Giannakou, A.; Sridharan, L.; Yamin, T.T.; Zhang, J.; Karim, R.; Bard, J.; Piche-Nicholas, N.; Charati, M.; et al.
NOTCH3-targeted antibody drug conjugates regress tumors by inducing apoptosis in receptor cells and through transendocytosis
into ligand cells. Cell Rep. Med. 2021, 2, 100279. [CrossRef] [PubMed]

95. Saunders, L.R.; Bankovich, A.J.; Anderson, W.C.; Aujay, M.A.; Bheddah, S.; Black, K.; Desai, R.; Escarpe, P.A.; Hampl, J.;
Laysang, A.; et al. A DLL3-targeted antibody-drug conjugate eradicates high-grade pulmonary neuroendocrine tumor-initiating
cells in vivo. Sci. Transl. Med. 2015, 7, 302ra136. [CrossRef] [PubMed]

96. Cho, S.; Jenkins, D.; Strout, P.; Korade, M.; Zhong, H.; Leow, C.; Breen, S.; Chesebrough, J.; Holoweckyj, N.; Inigo, I.; et al. Abstract
5098: A mouse DLL4 cross-reactive variant of MEDI0639 disrupts functional vessel formation and inhibits tumor growth in
preclinical models. Cancer Res. 2013, 73, 5098. [CrossRef]

https://doi.org/10.1158/0008-5472.CAN-09-1843
https://www.ncbi.nlm.nih.gov/pubmed/19773430
https://doi.org/10.1021/acsmedchemlett.5b00001
https://doi.org/10.1007/978-1-4614-0899-4_23
https://doi.org/10.1186/s12943-016-0566-7
https://doi.org/10.1007/s40265-024-02002-x
https://doi.org/10.1126/scitranslmed.aau6246
https://doi.org/10.1038/s41392-024-01828-x
https://doi.org/10.1016/j.biopha.2023.114494
https://doi.org/10.1158/1078-0432.CCR-14-0809
https://www.ncbi.nlm.nih.gov/pubmed/25388163
https://doi.org/10.1016/j.addr.2008.04.012
https://www.ncbi.nlm.nih.gov/pubmed/18541331
https://doi.org/10.2967/jnumed.106.037069
https://www.ncbi.nlm.nih.gov/pubmed/17504872
https://doi.org/10.3390/cancers15153957
https://doi.org/10.1158/2767-9764.CRC-23-0333
https://doi.org/10.1158/1078-0432.CCR-11-3326
https://doi.org/10.1158/0008-5472.CAN-08-0739
https://doi.org/10.1016/j.taap.2024.116825
https://doi.org/10.1158/1538-7445.AM2013-3728
https://doi.org/10.1158/1078-0432.CCR-14-2808
https://www.ncbi.nlm.nih.gov/pubmed/25934888
https://doi.org/10.1158/1538-7445.AM2016-1206
https://doi.org/10.1016/j.xcrm.2021.100279
https://www.ncbi.nlm.nih.gov/pubmed/34095881
https://doi.org/10.1126/scitranslmed.aac9459
https://www.ncbi.nlm.nih.gov/pubmed/26311731
https://doi.org/10.1158/1538-7445.AM2013-5098


Biomolecules 2024, 14, 1581 27 of 29

97. Gurney, A.; Hoey, T. Anti-DLL4, a cancer therapeutic with multiple mechanisms of action. Vasc. Cell 2011, 3, 18. [CrossRef]
98. Hidalgo, M.; Cooray, P.; Jameson, M.B.; Carrato, A.; Parnis, F.; Jeffery, M.; Grimison, P.S.; Stagg, R.J.; Kapoun, A.M.; Dupont, J.;

et al. A phase Ib study of the anti-cancer stem cell agent demcizumab (DEM) & gemcitabine (GEM) plus /- paclitaxel protein
bound particles (nab-paclitaxel) in pts with pancreatic cancer. J. Clin. Oncol. 2015, 33, 4118. [CrossRef]

99. Wu, C.X.; Xu, A.; Zhang, C.C.; Olson, P.; Chen, L.; Lee, T.K.; Cheung, T.T.; Lo, C.M.; Wang, X.Q. Notch Inhibitor PF-03084014
Inhibits Hepatocellular Carcinoma Growth and Metastasis via Suppression of Cancer Stemness due to Reduced Activation of
Notch1-Stat3. Mol. Cancer Ther. 2017, 16, 1531–1543. [CrossRef]

100. Hemati, H.; Kaur, J.; Sobti, R.C.; Trehanpati, N. Inhibition of NOTCH signaling pathway chemosensitizes HCC CD133+ cells
to vincristine and 5-fluorouracil through upregulation of BBC3. Biochem. Biophys. Res. Commun. (BBRC) 2020, 525, 941–947.
[CrossRef]

101. A Phase I/IIA, Multi-Centre, Open-Label, Dose-Escalation Study With Expansion Arms to Assess the Safety, Tolerability,
Pharmacokinetics and Preliminary Efficacy of CB-103 Administered Orally in Adult Patients With Locally Advanced or Metastatic
Solid Tumours and Haematological Malignancies Characterised by Alterations of the NOTCH Signalling Pathway. 2018. Available
online: https://onderzoekmetmensen.nl/en/node/48760/pdf (accessed on 16 November 2024).

102. Meurette, O.; Mehlen, P. Notch Signaling in the Tumor Microenvironment. Cancer Cell 2018, 34, 536–548. [CrossRef]
103. Tao, S.; Chen, Q.; Lin, C.; Dong, H. Linc00514 promotes breast cancer metastasis and M2 polarization of tumor-associated

macrophages via Jagged1-mediated notch signaling pathway. J. Exp. Clin. Cancer Res. 2020, 39, 191. [CrossRef] [PubMed]
104. Wang, Y.C.; He, F.; Feng, F.; Liu, X.W.; Dong, G.Y.; Qin, H.Y.; Hu, X.B.; Zheng, M.H.; Liang, L.; Feng, L.; et al. Notch signaling

determines the M1 versus M2 polarization of macrophages in antitumor immune responses. Cancer Res. 2010, 70, 4840–4849.
[CrossRef] [PubMed]

105. Lin, A.; Yao, J.; Cheng, Q.; Liu, Z.; Luo, P.; Zhang, J. Mutations Status of NOTCH Signaling Pathway Predict Prognosis of Immune
Checkpoint Inhibitors in Colorectal Cancer. J. Inflamm. Res. 2023, 16, 1693–1709. [CrossRef] [PubMed]

106. Li, X.; Wang, Y.; Li, X.; Feng, G.; Hu, S.; Bai, Y. The Impact of NOTCH Pathway Alteration on Tumor Microenvironment and
Clinical Survival of Immune Checkpoint Inhibitors in NSCLC. Front. Immunol. 2021, 12, 638763. [CrossRef]

107. Meng, J.; Jiang, Y.Z.; Zhao, S.; Tao, Y.; Zhang, T.; Wang, X.; Zhang, Y.; Sun, K.; Yuan, M.; Chen, J.; et al. Tumor-derived Jagged1
promotes cancer progression through immune evasion. Cell Rep. 2022, 38, 110492. [CrossRef]

108. Yang, Z.; Qi, Y.; Lai, N.; Zhang, J.; Chen, Z.; Liu, M.; Zhang, W.; Luo, R.; Kang, S. Notch1 signaling in melanoma cells promoted
tumor-induced immunosuppression via upregulation of TGF-β1. J. Exp. Clin. Cancer Res. 2018, 37, 1. [CrossRef]

109. Wang, M.; Yu, F.; Zhang, Y.; Li, P. Novel insights into Notch signaling in tumor immunity: Potential targets for cancer immunother-
apy. Front. Immunol. 2024, 15, 1352484. [CrossRef]

110. Hu, J.; Yu, J.; Gan, J.; Song, N.; Shi, L.; Liu, J.; Zhang, Z.; Du, J. Notch1/2/3/4 are prognostic biomarker and correlated with
immune infiltrates in gastric cancer. Aging 2020, 12, 2595–2609. [CrossRef]

111. Parmigiani, E.; Ivanek, R.; Rolando, C.; Hafen, K.; Turchinovich, G.; Lehmann, F.M.; Gerber, A.; Brkic, S.; Frank, S.; Meyer, S.C.;
et al. Interferon-gamma resistance and immune evasion in glioma develop via Notch-regulated co-evolution of malignant and
immune cells. Dev. Cell 2022, 57, 1847–1865.e1849. [CrossRef]

112. Yang, J.D.; Nakamura, I.; Roberts, L.R. The tumor microenvironment in hepatocellular carcinoma: Current status and therapeutic
targets. Semin. Cancer Biol. 2011, 21, 35–43. [CrossRef]

113. Zhu, X.D.; Zhang, J.B.; Zhuang, P.Y.; Zhu, H.G.; Zhang, W.; Xiong, Y.Q.; Wu, W.Z.; Wang, L.; Tang, Z.Y.; Sun, H.C. High expression
of macrophage colony-stimulating factor in peritumoral liver tissue is associated with poor survival after curative resection of
hepatocellular carcinoma. J. Clin. Oncol. 2008, 26, 2707–2716. [CrossRef] [PubMed]

114. Sharma, A.; Seow, J.J.W.; Dutertre, C.A.; Pai, R.; Bleriot, C.; Mishra, A.; Wong, R.M.M.; Singh, G.S.N.; Sudhagar, S.;
Khalilnezhad, S.; et al. Onco-fetal Reprogramming of Endothelial Cells Drives Immunosuppressive Macrophages in Hepatocellu-
lar Carcinoma. Cell 2020, 183, 377–394.e321. [CrossRef] [PubMed]

115. Chocarro de Erauso, L.; Zuazo, M.; Arasanz, H.; Bocanegra, A.; Hernandez, C.; Fernandez, G.; Garcia-Granda, M.J.; Blanco, E.;
Vera, R.; Kochan, G.; et al. Resistance to PD-L1/PD-1 Blockade Immunotherapy. A Tumor-Intrinsic or Tumor-Extrinsic
Phenomenon? Front. Pharmacol. 2020, 11, 441. [CrossRef] [PubMed]

116. Ghosh, C.; Luong, G.; Sun, Y. A snapshot of the PD-1/PD-L1 pathway. J. Cancer 2021, 12, 2735–2746. [CrossRef]
117. Hudson, K.; Cross, N.; Jordan-Mahy, N.; Leyland, R. The Extrinsic and Intrinsic Roles of PD-L1 and Its Receptor PD-1: Implications

for Immunotherapy Treatment. Front. Immunol. 2020, 11, 568931. [CrossRef]
118. Sun, C.; Mezzadra, R.; Schumacher, T.N. Regulation and Function of the PD-L1 Checkpoint. Immunity 2018, 48, 434–452.

[CrossRef]
119. Wei, S.C.; Duffy, C.R.; Allison, J.P. Fundamental Mechanisms of Immune Checkpoint Blockade Therapy. Cancer Discov. 2018, 8,

1069–1086. [CrossRef]
120. Sharpe, A.H.; Pauken, K.E. The diverse functions of the PD1 inhibitory pathway. Nat. Rev. Immunol. 2018, 18, 153–167. [CrossRef]
121. Hui, E.; Cheung, J.; Zhu, J.; Su, X.; Taylor, M.J.; Wallweber, H.A.; Sasmal, D.K.; Huang, J.; Kim, J.M.; Mellman, I.; et al. T cell

costimulatory receptor CD28 is a primary target for PD-1-mediated inhibition. Science 2017, 355, 1428–1433. [CrossRef]
122. Simon, S.; Labarriere, N. PD-1 expression on tumor-specific T cells: Friend or foe for immunotherapy? Oncoimmunology 2017,

7, e1364828. [CrossRef]

https://doi.org/10.1186/2045-824X-3-18
https://doi.org/10.1200/jco.2015.33.15_suppl.4118
https://doi.org/10.1158/1535-7163.MCT-17-0001
https://doi.org/10.1016/j.bbrc.2020.03.009
https://onderzoekmetmensen.nl/en/node/48760/pdf
https://doi.org/10.1016/j.ccell.2018.07.009
https://doi.org/10.1186/s13046-020-01676-x
https://www.ncbi.nlm.nih.gov/pubmed/32943090
https://doi.org/10.1158/0008-5472.CAN-10-0269
https://www.ncbi.nlm.nih.gov/pubmed/20501839
https://doi.org/10.2147/JIR.S394894
https://www.ncbi.nlm.nih.gov/pubmed/37092128
https://doi.org/10.3389/fimmu.2021.638763
https://doi.org/10.1016/j.celrep.2022.110492
https://doi.org/10.1186/s13046-017-0664-4
https://doi.org/10.3389/fimmu.2024.1352484
https://doi.org/10.18632/aging.102764
https://doi.org/10.1016/j.devcel.2022.06.006
https://doi.org/10.1016/j.semcancer.2010.10.007
https://doi.org/10.1200/JCO.2007.15.6521
https://www.ncbi.nlm.nih.gov/pubmed/18509183
https://doi.org/10.1016/j.cell.2020.08.040
https://www.ncbi.nlm.nih.gov/pubmed/32976798
https://doi.org/10.3389/fphar.2020.00441
https://www.ncbi.nlm.nih.gov/pubmed/32317979
https://doi.org/10.7150/jca.57334
https://doi.org/10.3389/fimmu.2020.568931
https://doi.org/10.1016/j.immuni.2018.03.014
https://doi.org/10.1158/2159-8290.CD-18-0367
https://doi.org/10.1038/nri.2017.108
https://doi.org/10.1126/science.aaf1292
https://doi.org/10.1080/2162402X.2017.1364828


Biomolecules 2024, 14, 1581 28 of 29

123. Wherry, E.J.; Kurachi, M. Molecular and cellular insights into T cell exhaustion. Nat. Rev. Immunol. 2015, 15, 486–499. [CrossRef]
[PubMed]

124. Schoniger, S.; Jasani, B. The PD-1/PD-L1 Pathway: A Perspective on Comparative Immuno-Oncology. Animals 2022, 12, 2661.
[CrossRef] [PubMed]

125. Lemma, E.Y.; Letian, A.; Altorki, N.K.; McGraw, T.E. Regulation of PD-L1 Trafficking from Synthesis to Degradation. Cancer
Immunol. Res. 2023, 11, 866–874. [CrossRef] [PubMed]

126. Bally, A.P.R.; Austin, J.W.; Boss, J.M. Genetic and Epigenetic Regulation of PD-1 Expression. J. Immunol. 2016, 196, 2431–2437.
[CrossRef]

127. Han, Y.Y.; Liu, D.D.; Li, L.H. PD-1/PD-L1 pathway: Current researches in cancer. Am. J. Cancer Res. 2020, 10, 727–742.
128. Mathieu, M.; Cotta-Grand, N.; Daudelin, J.F.; Thebault, P.; Labrecque, N. Notch signaling regulates PD-1 expression during CD8+

T-cell activation. Immunol. Cell Biol. 2013, 91, 82–88. [CrossRef]
129. Buchbinder, E.I.; Desai, A. CTLA-4 and PD-1 Pathways: Similarities, Differences, and Implications of Their Inhibition. Am. J. Clin.

Oncol. 2016, 39, 98–106. [CrossRef]
130. Hao, L.; Li, S.; Deng, J.; Li, N.; Yu, F.; Jiang, Z.; Zhang, J.; Shi, X.; Hu, X. The current status and future of PD-L1 in liver cancer.

Front. Immunol. 2023, 14, 1323581. [CrossRef]
131. Wang, X.; Teng, F.; Kong, L.; Yu, J. PD-L1 expression in human cancers and its association with clinical outcomes. Onco Targets

Ther. 2016, 9, 5023–5039. [CrossRef]
132. Ohaegbulam, K.C.; Assal, A.; Lazar-Molnar, E.; Yao, Y.; Zang, X. Human cancer immunotherapy with antibodies to the PD-1 and

PD-L1 pathway. Trends Mol. Med. 2015, 21, 24–33. [CrossRef]
133. Gao, Q.; Wang, X.Y.; Qiu, S.J.; Yamato, I.; Sho, M.; Nakajima, Y.; Zhou, J.; Li, B.Z.; Shi, Y.H.; Xiao, Y.S.; et al. Overexpression of

PD-L1 significantly associates with tumor aggressiveness and postoperative recurrence in human hepatocellular carcinoma. Clin.
Cancer Res. 2009, 15, 971–979. [CrossRef] [PubMed]

134. Jung, H.I.; Jeong, D.; Ji, S.; Ahn, T.S.; Bae, S.H.; Chin, S.; Chung, J.C.; Kim, H.C.; Lee, M.S.; Baek, M.J. Overexpression of PD-L1
and PD-L2 Is Associated with Poor Prognosis in Patients with Hepatocellular Carcinoma. Cancer Res. Treat. 2017, 49, 246–254.
[CrossRef] [PubMed]

135. Xie, Q.K.; Zhao, Y.J.; Pan, T.; Lyu, N.; Mu, L.W.; Li, S.L.; Shi, M.D.; Zhang, Z.F.; Zhou, P.H.; Zhao, M. Programmed death ligand 1
as an indicator of pre-existing adaptive immune responses in human hepatocellular carcinoma. Oncoimmunology 2016, 5, e1181252.
[CrossRef] [PubMed]

136. Pardoll, D.M. The blockade of immune checkpoints in cancer immunotherapy. Nat. Rev. Cancer 2012, 12, 252–264. [CrossRef]
137. Ribas, A.; Wolchok, J.D. Cancer immunotherapy using checkpoint blockade. Science 2018, 359, 1350–1355. [CrossRef]
138. Olivares-Hernandez, A.; Gonzalez Del Portillo, E.; Tamayo-Velasco, A.; Figuero-Perez, L.; Zhilina-Zhilina, S.; Fonseca-Sanchez, E.;

Miramontes-Gonzalez, J.P. Immune checkpoint inhibitors in non-small cell lung cancer: From current perspectives to future
treatments-a systematic review. Ann. Transl. Med. 2023, 11, 354. [CrossRef]

139. Herrscher, H.; Robert, C. Immune checkpoint inhibitors in melanoma in the metastatic, neoadjuvant, and adjuvant setting. Curr.
Opin. Oncol. 2020, 32, 106–113. [CrossRef]

140. Donisi, C.; Puzzoni, M.; Ziranu, P.; Lai, E.; Mariani, S.; Saba, G.; Impera, V.; Dubois, M.; Persano, M.; Migliari, M.; et al. Immune
Checkpoint Inhibitors in the Treatment of HCC. Front. Oncol. 2020, 10, 601240. [CrossRef]

141. Chen, M.; Bie, L.; Ying, J. Cancer cell-intrinsic PD-1: Its role in malignant progression and immunotherapy. Biomed. Pharmacother.
2023, 167, 115514. [CrossRef]

142. Li, H.; Li, X.; Liu, S.; Guo, L.; Zhang, B.; Zhang, J.; Ye, Q. Programmed cell death-1 (PD-1) checkpoint blockade in combination
with a mammalian target of rapamycin inhibitor restrains hepatocellular carcinoma growth induced by hepatoma cell-intrinsic
PD-1. Hepatology 2017, 66, 1920–1933. [CrossRef]

143. Wu, Q.; Xu, Y.; Li, X.; Liu, H.; You, T.; Cai, T.; Yang, F. YB-1 promotes cell proliferation and metastasis by targeting cell-intrinsic
PD-1/PD-L1 pathway in breast cancer. Int. J. Biochem. Cell Biol. 2022, 153, 106314. [CrossRef] [PubMed]

144. Wang, X.; Yang, X.; Zhang, C.; Wang, Y.; Cheng, T.; Duan, L.; Tong, Z.; Tan, S.; Zhang, H.; Saw, P.E.; et al. Tumor cell-intrinsic PD-1
receptor is a tumor suppressor and mediates resistance to PD-1 blockade therapy. Proc. Natl. Acad. Sci. USA 2020, 117, 6640–6650.
[CrossRef] [PubMed]

145. Du, S.; McCall, N.; Park, K.; Guan, Q.; Fontina, P.; Ertel, A.; Zhan, T.; Dicker, A.P.; Lu, B. Blockade of Tumor-Expressed PD-1
promotes lung cancer growth. Oncoimmunology 2018, 7, e1408747. [CrossRef] [PubMed]

146. Takchi, A.; Zhang, M.; Jalalirad, M.; Ferre, R.L.; Shrestha, R.; Haddad, T.; Sarkaria, J.; Tuma, A.; Carter, J.; David, H.; et al.
Blockade of tumor cell-intrinsic PD-L1 signaling enhances AURKA-targeted therapy in triple negative breast cancer. Front. Oncol.
2024, 14, 1384277. [CrossRef]

147. Yu, W.; Hua, Y.; Qiu, H.; Hao, J.; Zou, K.; Li, Z.; Hu, S.; Guo, P.; Chen, M.; Sui, S.; et al. PD-L1 promotes tumor growth and
progression by activating WIP and β-catenin signaling pathways and predicts poor prognosis in lung cancer. Cell Death Dis. 2020,
11, 506. [CrossRef]

148. Liu, S.; Chen, S.; Yuan, W.; Wang, H.; Chen, K.; Li, D.; Li, D. PD-1/PD-L1 interaction up-regulates MDR1/P-gp expression in
breast cancer cells via PI3K/AKT and MAPK/ERK pathways. Oncotarget 2017, 8, 99901–99912. [CrossRef]

https://doi.org/10.1038/nri3862
https://www.ncbi.nlm.nih.gov/pubmed/26205583
https://doi.org/10.3390/ani12192661
https://www.ncbi.nlm.nih.gov/pubmed/36230402
https://doi.org/10.1158/2326-6066.CIR-22-0953
https://www.ncbi.nlm.nih.gov/pubmed/37290119
https://doi.org/10.4049/jimmunol.1502643
https://doi.org/10.1038/icb.2012.53
https://doi.org/10.1097/COC.0000000000000239
https://doi.org/10.3389/fimmu.2023.1323581
https://doi.org/10.2147/OTT.S105862
https://doi.org/10.1016/j.molmed.2014.10.009
https://doi.org/10.1158/1078-0432.CCR-08-1608
https://www.ncbi.nlm.nih.gov/pubmed/19188168
https://doi.org/10.4143/crt.2016.066
https://www.ncbi.nlm.nih.gov/pubmed/27456947
https://doi.org/10.1080/2162402X.2016.1181252
https://www.ncbi.nlm.nih.gov/pubmed/27622038
https://doi.org/10.1038/nrc3239
https://doi.org/10.1126/science.aar4060
https://doi.org/10.21037/atm-22-4218
https://doi.org/10.1097/CCO.0000000000000610
https://doi.org/10.3389/fonc.2020.601240
https://doi.org/10.1016/j.biopha.2023.115514
https://doi.org/10.1002/hep.29360
https://doi.org/10.1016/j.biocel.2022.106314
https://www.ncbi.nlm.nih.gov/pubmed/36265523
https://doi.org/10.1073/pnas.1921445117
https://www.ncbi.nlm.nih.gov/pubmed/32161124
https://doi.org/10.1080/2162402X.2017.1408747
https://www.ncbi.nlm.nih.gov/pubmed/29632720
https://doi.org/10.3389/fonc.2024.1384277
https://doi.org/10.1038/s41419-020-2701-z
https://doi.org/10.18632/oncotarget.21914


Biomolecules 2024, 14, 1581 29 of 29

149. Li, J.; Chen, L.; Xiong, Y.; Zheng, X.; Xie, Q.; Zhou, Q.; Shi, L.; Wu, C.; Jiang, J.; Wang, H. Knockdown of PD-L1 in Human Gastric
Cancer Cells Inhibits Tumor Progression and Improves the Cytotoxic Sensitivity to CIK Therapy. Cell Physiol. Biochem. 2017, 41,
907–920. [CrossRef]

150. Cui, Y.; Li, Q.; Li, W.; Wang, Y.; Lv, F.; Shi, X.; Tang, Z.; Shen, Z.; Hou, Y.; Zhang, H.; et al. NOTCH3 is a Prognostic Factor and Is
Correlated With Immune Tolerance in Gastric Cancer. Front. Oncol. 2021, 10, 574937. [CrossRef]

151. Chen, C.; Li, S.; Xue, J.; Qi, M.; Liu, X.; Huang, Y.; Hu, J.; Dong, H.; Ling, K. PD-L1 tumor-intrinsic signaling and its therapeutic
implication in triple-negative breast cancer. JCI Insight 2021, 6, e131458. [CrossRef]

152. Gao, Y.; Nihira, N.T.; Bu, X.; Chu, C.; Zhang, J.; Kolodziejczyk, A.; Fan, Y.; Chan, N.T.; Ma, L.; Liu, J.; et al. Acetylation-dependent
regulation of PD-L1 nuclear translocation dictates the efficacy of anti-PD-1 immunotherapy. Nat. Cell Biol. 2020, 22, 1064–1075.
[CrossRef]

153. Lin, X.; Kang, K.; Chen, P.; Zeng, Z.; Li, G.; Xiong, W.; Yi, M.; Xiang, B. Regulatory mechanisms of PD-1/PD-L1 in cancers. Mol.
Cancer 2024, 23, 108. [CrossRef] [PubMed]

154. Diskin, B.; Adam, S.; Cassini, M.F.; Sanchez, G.; Liria, M.; Aykut, B.; Buttar, C.; Li, E.; Sundberg, B.; Salas, R.D.; et al. PD-L1
engagement on T cells promotes self-tolerance and suppression of neighboring macrophages and effector T cells in cancer. Nat.
Immunol. 2020, 21, 442–454. [CrossRef] [PubMed]

155. Charlton, J.J.; Chatzidakis, I.; Tsoukatou, D.; Boumpas, D.T.; Garinis, G.A.; Mamalaki, C. Programmed Death-1 Shapes Memory
Phenotype CD8 T Cell Subsets in a Cell-Intrinsic Manner. J. Immunol. 2013, 190, 6104–6114. [CrossRef] [PubMed]

156. Jiang, X.; Wang, J.; Deng, X.; Xiong, F.; Ge, J.; Xiang, B.; Wu, X.; Ma, J.; Zhou, M.; Li, X.; et al. Role of the tumor microenvironment
in PD-L1/PD-1-mediated tumor immune escape. Mol. Cancer 2019, 18, 10. [CrossRef]

157. Hsu, J.; Hodgins, J.J.; Marathe, M.; Nicolai, C.J.; Bourgeois-Daigneault, M.-C.; Trevino, T.N.; Azimi, C.S.; Scheer, A.K.; Randolph,
H.E.; Thompson, T.W.; et al. Contribution of NK cells to immunotherapy mediated by PD-1/PD-L1 blockade. J. Clin. Investig.
2018, 128, 4654–4668. [CrossRef]

158. Yajuk, O.; Baron, M.; Toker, S.; Zelter, T.; Fainsod-Levi, T.; Granot, Z. The PD-L1/PD-1 Axis Blocks Neutrophil Cytotoxicity in
Cancer. Cells 2021, 10, 1510. [CrossRef]

159. Wang, T.-T.; Zhao, Y.-L.; Peng, L.-S.; Chen, N.; Chen, W.; Lv, Y.-P.; Mao, F.-Y.; Zhang, J.-Y.; Cheng, P.; Teng, Y.-S.; et al. Tumour-
activated neutrophils in gastric cancer foster immune suppression and disease progression through GM-CSF-PD-L1 pathway.
Gut 2017, 66, 1900–1911. [CrossRef]

160. Peng, Q.; Qiu, X.; Zhang, Z.; Zhang, S.; Zhang, Y.; Liang, Y.; Guo, J.; Peng, H.; Chen, M.; Fu, Y.-X.; et al. PD-L1 on dendritic cells
attenuates T cell activation and regulates response to immune checkpoint blockade. Nat. Commun. 2020, 11, 4835. [CrossRef]

161. Li, W.; Wu, F.; Zhao, S.; Shi, P.; Wang, S.; Cui, D. Correlation between PD-1/PD-L1 expression and polarization in tumor-associated
macrophages: A key player in tumor immunotherapy. Cytokine Growth Factor. Rev. 2022, 67, 49–57. [CrossRef]

162. Yu, W.; Wang, Y.; Guo, P. Notch signaling pathway dampens tumor-infiltrating CD8+ T cells activity in patients with colorectal
carcinoma. Biomed. Pharmacother. 2018, 97, 535–542. [CrossRef]

163. Jiang, Q.; Chen, H.; Zhou, S.; Zhu, T.; Liu, W.; Wu, H.; Zhang, Y.; Liu, F.; Sun, Y. Ubiquilin-4 induces immune escape in gastric
cancer by activating the notch signaling pathway. Cell. Oncol. (Dordr) 2024, 47, 303–319. [CrossRef] [PubMed]

164. Mansour, F.A.; Al-Mazrou, A.; Al-Mohanna, F.; Al-Alwan, M.; Ghebeh, H. PD-L1 is overexpressed on breast cancer stem cells
through notch3/mTOR axis. Oncoimmunology 2020, 9, 1729299. [CrossRef] [PubMed]

165. Dai, H.M.; Hong, X.F.; Huang, D.; Wu, H.W.; Wang, X.Z.; Chen, H.; Jiang, R.; Chen, W.Y.; Zhao, Y.P.; Wu, W.M. Notch signaling
inhibitor and anti-PD-L1 antibody combination therapies decelerate tumor progression in pancreatic cancer. J. Pancreatol. 2021, 4,
106–114. [CrossRef]

166. Radtke, F.; Fasnacht, N.; Macdonald, H.R. Notch signaling in the immune system. Immunity 2010, 32, 14–27. [CrossRef]
167. Villanueva, A.; Alsinet, C.; Yanger, K.; Hoshida, Y.; Zong, Y.; Toffanin, S.; Rodriguez–Carunchio, L.; Solé, M.; Thung, S.;

Stanger, B.Z.; et al. Notch Signaling Is Activated in Human Hepatocellular Carcinoma and Induces Tumor Formation in Mice.
Gastroenterology 2012, 143, 1660–1669.e1667. [CrossRef] [PubMed]

168. Adashek, J.J.; Goloubev, A.; Kato, S.; Kurzrock, R. Missing the target in cancer therapy. Nat. Cancer 2021, 2, 369–371. [CrossRef]
[PubMed]

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

https://doi.org/10.1159/000460504
https://doi.org/10.3389/fonc.2020.574937
https://doi.org/10.1172/jci.insight.131458
https://doi.org/10.1038/s41556-020-0562-4
https://doi.org/10.1186/s12943-024-02023-w
https://www.ncbi.nlm.nih.gov/pubmed/38762484
https://doi.org/10.1038/s41590-020-0620-x
https://www.ncbi.nlm.nih.gov/pubmed/32152508
https://doi.org/10.4049/jimmunol.1201617
https://www.ncbi.nlm.nih.gov/pubmed/23686498
https://doi.org/10.1186/s12943-018-0928-4
https://doi.org/10.1172/JCI99317
https://doi.org/10.3390/cells10061510
https://doi.org/10.1136/gutjnl-2016-313075
https://doi.org/10.1038/s41467-020-18570-x
https://doi.org/10.1016/j.cytogfr.2022.07.004
https://doi.org/10.1016/j.biopha.2017.10.143
https://doi.org/10.1007/s13402-023-00869-8
https://www.ncbi.nlm.nih.gov/pubmed/37702916
https://doi.org/10.1080/2162402X.2020.1729299
https://www.ncbi.nlm.nih.gov/pubmed/32313717
https://doi.org/10.1097/JP9.0000000000000073
https://doi.org/10.1016/j.immuni.2010.01.004
https://doi.org/10.1053/j.gastro.2012.09.002
https://www.ncbi.nlm.nih.gov/pubmed/22974708
https://doi.org/10.1038/s43018-021-00204-w
https://www.ncbi.nlm.nih.gov/pubmed/34368781

	Introduction 
	Notch Signaling Pathway Overview 
	Notch Signaling in Epithelial Cells 
	Notch Signaling in the Liver 
	Pharmacological Blockade of Notch Signaling in Cancer 
	Notch Signaling in the Tumor Microenvironment 
	The PD-1/PD-L1 Pathway 
	PD-1/PD-L1 Signaling in Epithelial Cells 
	PD-1/PD-L1 Signaling in Immune Cells 
	The Crosstalk Between the Notch Pathway and PD-1/PD-L1 Axis 
	Discussion 
	Conclusions 
	References

