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Abstract

Notch is a key evolutionary conserved
pathway, which has fascinated and engaged
the work of investigators in an uncountable
number of biological fields, from develop-
ment of metazoans to immunotherapy for can-
cer. The study of Notch has greatly contributed
to the understanding of cancer biology and a
substantial effort has been spent in designing
Notch-targeting therapies. Due to its broad
involvement in cancer, targeting Notch would
allow to virtually modulate any aspect of the
disease. However, this means that Notch-
based therapies must be highly specific to
avoid off-target effects. This review will pres-
ent the newest mechanistic and therapeutic
advances in the Notch field and discuss the
promises and challenges of this constantly
evolving field.
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The Basics of Notch Pathway

Notch discovery tracks back to more than
100 years ago when the geneticist John S. Dexter
first observed “notches” in the veins of Drosophila
melanogaster wings and Thomas Hunt Morgan
identified the fly Notch mutant alleles (Dexter
1914; Morgan 1917). Spyros Artavanis-Tsakonas
and Michael Young were the firsts to identify
Notch gene, and link the notching fly wing phe-
notype to alterations in the Notch locus (Kidd
et al. 1986; Wharton et al. 1985). As soon as a
decade after its discovery, Notch made its entry
in different fields from developmental to cancer
biology. As we will discuss in this chapter, nowa-
days Notch is the protagonist of some of the most
cutting-edge fields, including immunotherapy
and synthetic biology.

Notch is a developmental signaling path-
way evolutionary conserved across metazo-
ans (Animalia kingdom) from Drosophila to
humans. While only one Notch receptor and
two ligands (Delta and Serrate) are present
in flies, evolution provided humans with four
Notch receptors (Notchl-4) and five canonical
ligands (Delta-like ligand 1, 3, 4 [DLL1, DLL3,
DLLA4], Serrate-like ligand Jagged 1-2 [JAGI
and JAG2]) (Fleming 1998; Gordon et al. 2008;
Aster et al. 2017). Notch receptors are single-
pass transmembrane proteins and consist of dif-
ferent conserved functional domains (Fleming
1998; Gordon et al. 2008; Aster et al. 2017). The
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extracellular domain of Notch is composed by
epidermal growth factor(EGFs)-like repeats,
the number of which varies among species
and different Notch receptors. Two functional
domains are present in the extracellular region,
the ligand-binding domain (EGF 11-12), which
mediates the interaction with ligands, and the
Abruptex domain (EGF 24-29), the function of
which is not yet clear. The extracellular region
is followed by the Negative Regulatory Region
(NRR), which masks a cleavage site (S2) impor-
tant for Notch activation, the heterodimerization
domain (HD), and the transmembrane span-
ning region of the receptor. The intracellular
domain of Notch (NICD) consists of the RBPJk-
associated molecule region, the Ankyrin domain
and transactivation domain, which are involved
in the transcriptional activation of Notch target
genes. Finally, the C-terminal domain, known
as proline, glutamic acid, serine, and threonine-
rich (PEST) domain, ensures the stability of
NICD. In mammals, Notch receptors are cleaved
in S1 site in the HD domain in the Golgi and pre-
sented at the cell surface as noncovalently-linked
heterodimers consisting of an extracellular and
a transmembrane unit. Notch pathway activation
starts with the binding of Notch receptor to its
transmembrane ligands presented by neighbor-
ing cells, a process known as transactivation
(Kopan and Ilagan 2009; Bray and Gomez-
Lamarca 2018). This exposes the proteolytic
cleavage site, S2, in the NRR, which is cleaved
by ADAM metalloproteases. A subsequent cleav-
age, S3, mediated by y-secretase occurs in the
transmembrane region, releasing NICD. NICD
translocates to the nucleus where together with
the DNA-binding factor RBPJk (also known as
CSL in mammals or Suppressor of Hairless in
Drosophila) and the coactivators Mastermind-
like (MAMLs) triggers the transcription of tar-
get genes.

Notch is a master regulator of cell fate and tis-
sue homeostasis and the variety of outcomes of
Notch signaling in these processes is astonishing.
Notch acts as an oncogene or tumor Ssuppressor,
thus either promoting proliferation or apoptosis,
in different tissues or subset of cells or cellular
contexts (Ntziachristos et al. 2014; Bray 2016).

Notch activation has different and sometimes
opposite outcomes in developmental processes
depending on when and how Notch is activated
(Bray 2016; Artavanis-Tsakonas et al. 1999).
Given that Notch core pathway seems relatively
simple, how can we explain its versatility? The
interaction between different Notch receptors
and ligands does change the outcome of Notch;
however, this is not enough to sustain its multiple
and versatile functions. It is becoming clear that
Notch pathway relies on a complex regulation,
which goes beyond ligand—receptor interactions
from the maturation in the Golgi/ER, to the cell
membrane, endosomes, and nucleus. One of the
easiest explanations of Notch vary outcomes is
that in cells with different chromatin states,
Notch activates different sets of genes. However
possible, it also seems that the kinetic, time, and
interaction with enhancers of NICD might be
responsible of different transcriptional outcomes
(Falo-Sanjuan et al. 2019; Gomez-Lamarca et al.
2018). Further, crosstalks with other pathways
within the nucleus and upstream, which have
been reported also in disease contexts, might lead
to a different outcome (Collu et al. 2014;
Gutierrez and Look 2007). Finally, increasing
evidence has shown that posttranslational modifi-
cations of Notch play important roles in the regu-
lation of the pathway, ranging from glycosylation
for the correct maturation of the protein and
ligand—receptor interactions (Harvey et al. 2016;
Kakuda and Haltiwanger 2017), ubiquitination-
dependent regulation of Notch endocytic traffick-
ing and degradation (Shimizu et al. 2014,
Steinbuck et al. 2018), to phosphorylation regu-
lating NICD turnover (Fryer et al. 2004; Carrieri
et al. 2019). Notch versatile function and regula-
tion have deep implication in physiological pro-
cesses and diseases.

Functional Roles of Notch in Cancer
and How to Target Them

The first proof of a link between Notch pathway
and cancer was provided by the identification of
Notch mutants in T-ALL and breast cancer
(Ellisen et al. 1991; Gallahan and Callahan 1997).
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Up to date, the list of cancer-associated Notch
mutations has grown together with the number of
functions of Notch in cancer. In the past years,
studies of Notch in cancers have highlighted its
role in tumor growth, cancer-stem like cells, and
metastasis, and now Notch role has expanded to
metabolism regulation, microenvironment, and
tumor immunity. Because of its extensive
involvement in cancer, Notch could be a promis-
ing target for anticancer therapies. However, its
pleiotropic nature poses some challenges.

In recent years, the high-throughput sequenc-
ing of tumors has provided a lot of data about the
mutational landscape of different tumors, aiming
at identifying the most suitable targeting thera-
pies for selected patients. A recent trial, named
MOSCATO trial (NCT01566019), aimed to
identify genetic alterations in a group of patients
with advanced stage malignancies and treat these
patients with targeted therapies against the altered
pathways identified, including Notch. Although
the beneficial outcome was observed in only 7%
of the total patients screened and in 24% of
patients treated with Notch-targeted therapy
(Massard et al. 2017), the results were encourag-
ing and showed that certain patients may benefit
from the therapy selection based on genomic
landscape. These studies might be greatly
improved by a mechanistic investigation of Notch
in tumors. For this purpose, understanding Notch
status (whether Notch is activated or not) and role
in individual tumors/patients will be key to iden-
tify tumor/patient responders to selected Notch-
targeting therapies.

As we mentioned, Notch can either be an
oncogene or a tumor suppressor gene depending
on the cell type and tissue in which is expressed.
This adds more complexity to Notch targeting in
cancer because Notch will have to be either
inhibited or activated depending on Notch role in
the tissue in which the tumor originated and the
cell type we wish to target. Usually Notch is pre-
dicted to be tumor suppressive or oncogenic,
depending on the role of Notch in the tissue in
which the tumor originated; however, this
approach might be imprecise. Notch loss-of-
function mutations and the suppressive effect of
Notch ectopic expression in small cell lung

cancers (SCLCs) suggest that Notch acts as a
tumor suppressor in these tumors (George et al.
2015). However, an elegant work by Julien Sage’s
research group showed that Notch is activated
and is oncogenic in a subset of tumor cells (10—
50%) in SCLC mouse models and human tumors.
These cells showed a non-neuroendocrine (non-
NE) phenotype, were slow growing, more che-
moresistant, and supported the growth of the
neuroendocrine (NE) tumor cells (Lim et al.
2017). The activation of Notch in non-NE cells
might result from the expression of Notch ligands
on NE cells and from the tumor microenviron-
ment (Lim et al. 2017), suggesting that the tumor
itself and its microenvironment trigger the gen-
eration of non-NE oncogenic-Notch cells. These
findings provide a strong rationale for the use of
Notch inhibition in combination with other thera-
pies in selected SCLCs or certain stages of the
disease where non-NE are found. A similar study
showed that subpopulations of cancer stem-like
cells with different Notch activation status and
different metabolic profiles coexist in glioblas-
toma (Bayin et al. 2017). These works emphasize
the importance of identifying Notch status in
tumors to choose the most suitable treatment. For
this purpose, the use of biomarkers for Notch sig-
naling activation might be of great help. Not only
Notch target genes, but also protein/factors pro-
duced by Notch-expressing tumor cells could be
used as Notch biomarkers upon identification.
Notch mutations found in cancer are assumed
to be loss or gain of function depending on whether
Notch is tumor suppressor or oncogenic, respec-
tively, in the tissue in which the tumor originated.
Howeyver, the outcome of Notch mutations should
be validated in order to choose whether the thera-
peutic intervention should inhibit or favor Notch
activation. For example, Notch-targeting thera-
pies could be applied to head and neck squamous
cell carcinomas (HNSCCs), since a remarkable
number of mutations in Notch genes have been
found in HNSCCs in both the Caucasian (10—
15%) and Asian populations (50%) (Izumchenko
et al. 2014; Song et al. 2014; Agrawal et al. 2011,
Stransky et al. 2011). However, it is not clear
whether these mutations are gain or loss of func-
tion, thus whether Notch should be inhibited
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or promoted. In the Caucasian population, the
majority of Notch mutations were predicted to
be loss of function, whereas in the Asian popula-
tion mainly gain of function. This classification
was ruled out depending on the position of the
mutations in the Notch receptor: The Caucasian
mutations were mainly clustering around the
ligand-binding domain of Notch or causing the
truncation of the Ankyrin domain, which is criti-
cal for transcription of target genes (Agrawal
et al. 2011; Stransky et al. 2011); the Asian muta-
tions were mainly in the Abruptex domain and
in the NRR (Izumchenko et al. 2014; Song et al.
2014). There are contradictory evidences on
whether Notch is tumor suppressor or oncogenic
in HNCCs, and thus a careful functional valida-
tion will be needed to determine which of these
mutants upregulate and which ones downregulate
Notch. Also, these studies point out that the role
of Notch might vary not only in different tumor
types, but also in tumors of the same class and
in different ethnicities. Therefore, a patient-based
mechanistic-based use of Notch-targeting thera-
pies is much need.

It is clear that, due to the pleiotropic nature of
Notch pathway, the role and status of Notch sig-
naling will have to be evaluated on an individual
tumor and patient basis. In particular, this could
be achieved with functional/mechanistic studies
and identification of biomarkers. This approach
will require a considerable amount of effort, but
it should pay off in improving the use of Notch-
targeting therapies. In the next section, we will
discuss current and future Notch-targeting thera-
pies, their mechanistic implications and rationale.

Gamma-Secretase Inhibitors:
Learning from Failure

In the past years, y-secretase inhibitors (GSIs)
represented a major class of Notch-targeting
agents. GSIs prevent Notch activation by hamper-
ing the y-secretase-mediated cleavage of Notch
and the release of NICD. Given the important
role of Notch in cancer, GSIs held a lot of expec-
tations in their potential to target cancer cells and
especially cancer stem-like cells. Despite the fact

that GSIs are the first Notch-targeting agents that
saw transition to the clinic, their early-stage clini-
cal development as single agents was challenged
by low antitumor effects and severe side effects,
due to Notch inhibition in healthy tissues. These
included gastrointestinal toxicity, skin rushes,
and immunosuppression. Several clinical trials
using GSI were terminated or withdrawn before
completion. Few trials reported a moderate suc-
cess. For example, GSI PF-03084014 showed
high tolerability, long-term control of the dis-
ease, and partial response in 71.4% of patients
with desmoid tumors in a phase II clinical trial
(Kummar et al. 2017; Villalobos et al. 2018).
LY3039478 recently entered clinical trials after
proving significant single-agent activity and man-
ageable toxicity in preclinical models (Bender
et al. 2013). This agent showed limited therapeu-
tic success in a phase I trial, but with manage-
able toxicity (Massard et al. 2018). This study,
as others with GSIs, was carried out in a hetero-
geneous cohort of patients with different types
of tumors. It is likely that GSIs with improved
toxicity, like LY3039478, might be more effec-
tive in a selected and validated group of patients.
The identification of GSI-responder patients
should be one of the major focuses to improve
GSI clinical development. An interesting study
from O’Rourke and colleagues has identified and
validated a transcriptional signature which can
predict GSI responders among patients affected
by cholangiocarcinomas (CCAs) (O’Rourke
et al. 2020). In this study, they first identified an
increase in Notchl, Notch3, and Notch ligands
in CCA patients using genomic data, thus ratio-
nalizing the potential therapeutic use of GSIs
for CCA. Second, they identified a transcrip-
tome signature by treating different CCA cell
lines with GSIs, transplanting them in mice and
evaluate their sensitivity or resistance to GSI
treatment. This signature was then validated in a
CCA mouse model and in an independent cohort
of CCA patients, in which it identified 48.7%
as predicted GSI-responder patients. A similar
method could be applied to other cancer types to
predict the subgroup of GSI-responder patients
and could be very advantageous for the design of
clinical trials involving GSIs. The identification
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of gene signatures that confirm Notch pathway
inhibition would also help establishing and moni-
toring the therapeutic window of GSIs. A study
examined the transcriptome in hair follicle and
blood of healthy human and nonhuman primates
subministered with GSIs and identified a signa-
ture, which correlates with GSI kinetics (Tanis
et al. 2016).

It is now clear that GSIs are pharmacologi-
cally distinct. GSIs like AL101 (formerly known
as BMS-906024) show equal potency in inhibit-
ing all four Notch receptors (Gavai et al. 2015).
However, other compounds are more selective
toward one or more Notch receptors; PF-3084014
have a stronger effect on Notch2 and, interest-
ingly, a higher potency for Notch3 inhibition at
low concentrations (Ran et al. 2017); LY3039478
is a highly potent inhibitor of Notch1 y-secretase-
mediated cleavage (Bender et al. 2013). Given
that the roles of the four Notch receptors vary
considerably in different cancers, choosing the
right inhibitor and dosage to target Notch might
improve the therapeutic effect of GSIs. It is now
been evaluated the use of GSIs which are selec-
tive toward vy-secretase subunits. MRK-560
mainly targets presenilin-1 subunit (PSENI) in
the y-secretase complex (Borgegérd et al. 2012).
This compound showed antitumor activity in
T-ALL cell lines and patient-derived xenografts
and did not cause any major effect in normal
T-cells or in the gastrointestinal tract (Habets
et al. 2019). This is likely because PSENI is
highly expressed in T-ALL cells compared to
normal T-cells and the lack of PSEN1 might be
compensated by the other y-secretase subunits,
thus maintaining tissue homeostasis in the gas-
trointestinal tract (Habets et al. 2019). The use of
more selective GSIs toward Notch or y-secretase
subunits in rationally selected tumors might
greatly impact on lowering the toxicity and
boosting GSIs anti-tumor activity.

Because y-secretase have many substrates,
GSIs have multiple targets apart from Notch
(Haapasalo and Kovacs 2011). On one side, these
“off-targets” might contribute to the toxicity
associated with these agents, but on the other
side, these might also contribute to GSIs antitu-
mor activity. For example, among y-secretase

substrates we find CD44, a cancer stem cell
marker, and E-cadherin, which are both associ-
ated with tumor progression and invasion
(McAuliffe et al. 2012; Marambaud et al. 2002).
E-cadherin processing by 7y-secretase also
increases the amount of free cytosolic pB-catenin
which is an important mediator of WNT signal-
ing (Marambaud et al. 2002). It is possible that
the antitumor effects of PF-03084014 observed
in desmoid tumors, which are WNT pathway
dependent, might result not only from the inhibi-
tion of Notch, but also from the “off-target” effect
on WNT-pathway. On the same line, Morgan and
colleagues showed that AL101 can enhance the
effect of chemotherapy in preclinical models of
non-small cell lung cancers (NSCLC), which did
not harbor mutations in Notch nor in its negative
regulators (Morgan et al. 2017), suggesting GSI
antitumor effect does not only depend on Notch
inhibition in these tumors. Therefore, upon iden-
tification and validation, the broad spectrum of
GSIs might be useful to reach multiple targets,
including Notch, that drive selected tumors.

As we discussed, GSIs showed a limited activ-
ity as single agents in early clinical trials; how-
ever, more clinical trials are ongoing with GSIs in
combination with chemotherapy or targeted
agents. A number of preclinical studies have
showed GSIs to enhance the antitumor effect of
other anticancer therapies (Morgan et al. 2017,
Pikman et al. 2017; Zhao et al. 2016a; Qiu et al.
2013; Schott et al. 2013). Therefore, it is possible
that some of these combinatorial treatments might
show positive results and allow the use of lower
doses of GSIs, thus reducing their side effects.

In summary, even though the clinical develop-
ment of GSIs has been challenging, the accumu-
lated knowledge about these compounds provides
chances for improvements. GSIs are more effec-
tive in selected tumors, like desmoid tumors, and
it might be possible to identify GSI-responder
patients depending on molecular signatures
detected in tumors. Also, GSIs that are more
selective toward certain Notch receptors might be
used to target Notch receptors that are prevalently
altered in selected tumors. The “off targets” of
GSIs might be exploited to enhance their antitu-
mor effect. GSIs that target specific subunits of
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y-secretase are now available and might reduce
the side effects of the classical GSIs. Finally,
combinatorial treatments might benefit the anti-
tumor effect of GSIs. Therefore, a more rational
use of GSIs should take into account the tumor
type, patient responders, Notch alterations, “off
targets,” and potential combinatorial treatments.

Therapeutic Antibodies Against
Notch and Ligands

The use of antibodies to target Notch have advan-
tages compared to pan-Notch inhibition, includ-
ing higher specificity toward the target. However,
preclinical and clinical studies on antibodies
targeting Notch and ligands raised some con-
cerns about their use because of toxicity and low
antitumor activity. Tarextumab, an antagonistic
antibody against Notch2/3, showed promising
results in preclinical studies and in a phase I
clinical trial in SCLC (Yen et al. 2015), but did
not show any benefit in phase II (NCT01859741).
The same was for a Notch1 antagonistic antibody
(NCTO01778439), which also showed severe
adverse effects. Anti-DLL4 antibodies were
designed to disrupt DLL4-Notchl interaction
and showed to inhibit tumor angiogenesis and
growth in preclinical studies (Ridgway et al.
2006; Yan 2011). However, in a phase I clinical
trial anti-DLL4 showed dose-limiting adverse
toxicities (Chiorean et al. 2015). Nevertheless,
anti-Notch2/3 and anti-Notchl showed a better
response in patients with higher expression of
Notch3 and Notchl, respectively, and anti-DLL4
showed a partial response in a subgroup of non-
small cell lung cancers harboring a [-catenin
mutation and in ovarian cancers in which DLL4
is overexpressed (Yen et al. 2015; Chiorean
et al. 2015), suggesting that they might be more
responsive in a selected patient cohort. The toxic-
ity associated with these antibodies might result
from their long half-life in the body, which can
result in chronic inhibition of Notch (Yan 2011).
Coach and colleagues designed an anti-DLLA4,
which is rapidly cleared from the body and
showed that intermittent inhibition of DLL4/
Notchl mitigates the toxicities associated with

continuous inhibition (Couch et al. 2016). As for
GSIs, combinatorial use of these antibodies and
other therapeutic agents might allow the use of
a lower dose, which might decrease toxicity. On
the same line, bispecific antibodies able to target
multiple hits were recently designed and these
might increase the antitumor effect derived from
targeting of multiple pathways and also allow the
use of lower doses. In a recent study, bispecific
antibodies which are able to target both EGFR
and Notch2/3 demonstrated anti-tumor effect
decreased the number of cancer stem-like cells
and presented no major toxicity in cell lines and
xenografts models of triple negative breast cancer
(Fu et al. 2019). Bispecific antibodies were also
designed against DLL4/VEGF and demonstrated
inhibition of tumor progression and angiogenesis
in xenografts models of lung, breast, and gas-
tric cancers (Lee et al. 2016; Zhou et al. 2019).
These antibodies are now moving on to the clinic
and showed manageable toxicity and antitumor
activity in different previously treated tumors,
and especially in ovarian cancer, in a phase I trial
(Jimeno et al. 2019). Future clinical investigation
should focus on antibody kinetic, multitargeting,
and mechanism-based selection of patients to
improve anti-Notch pathway antibodies.

Targeting the Sweet Side of Notch

Notch receptors’ affinity for different ligands
varies and has important regulatory implications
on Notch function. Increasing evidence has
shown that discrimination and specificity of
Notch binding to different ligands rely on differ-
ences in glycosylation, binding forces and sur-
faces, and lipid-binding. Glycosylation is
important for Notch-ligand interaction and
proper transport of Notch to the cell membrane.
Glycosylation in different EGF repeats of Notch
receptors has been found to modify the ability of
Notch to bind its ligands in Drosophila and mam-
mals and is mediated by addition of O-fucose,
O-GIcNAc, or O-glucose by the glycotransfer-
ases Pofutl, Fringe (Fringe in Drosophila and
Lunatic, Maniac and Radical Fringe in mam-
mals) and Poglutl/Rumi (Harvey et al. 2016;
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Kakuda and Haltiwanger 2017). Pofutl adds
O-fucose and Poglutl adds O-glucose on specific
residues of Notch EGFs. Fringe proteins can
extend O-fucose sites by addition of GlcNAc.
Glycosylation have different outcomes on recep-
tor—ligand interactions, depending on which kind
of sugar is added and which residue is modified
(Harvey et al. 2016; Kakuda and Haltiwanger
2017). A comprehensive map of glycosylated site
in Notch receptors and structural studies on
Notch-ligands interactions identified glycosyl-
ated residues of Notch and confirmed their key
role in establishing the interaction with ligands
(Harvey et al. 2016; Kakuda and Haltiwanger
2017; Luca et al. 2015, 2017). Hartiwanger’s
group recently developed O-fucose analogs that
are incorporated by Pofutl in Notchl and inhibit
its interaction with DLL1 and DLL4, but not
JAGI. This is because Pofutl adds the analogs,
instead of physiological O-fucose, to residues
that are important for Notch-ligand interaction
(Schneider et al. 2018). The analogs inhibited
Notchl signaling in mammalian cells, zebrafish,
and blocked Notch-dependent differentiation of
T-cells (Schneider et al. 2018). The potent Notch
inhibitory activity and especially their selectivity
toward specific ligands make O-fucose analogs
appealing for therapeutic intervention. Also,
these specific analogs were designed in such a
way that they do not affect the physiological bio-
synthesis of fucose, which is instead affected by
other analogs (Schneider et al. 2018).
Glycosylation also plays a role in the correct mat-
uration and transport of Notch to the cell mem-
brane. Depletion of Pofutl was found to suppress
the constitutive activation of certain Notchl
mutants in T-ALL cell lines by reducing the
transport of Notchl to the cell membrane
(McMillan et al. 2017). Similar results were
obtained by depletion of Pofutl in Kras-
dependent myeloid leukemia cells and mouse
models (Kong et al. 2019). Other agents, like
inhibitors of sarco/endoplasmic reticulum cal-
cium ATPase (SERCA) or heat shock protein 90
(Hsp90), which block the correct maturation of
Notch in the ER, showed similar results in T-ALL
cell lines and mouse models (Roti et al. 2013;
Wang et al. 2017). Interestingly, these agents

inhibited Notch without severe toxicity in mouse
models. It is possible that because of their struc-
tural defects certain Notch mutants are more sen-
sitive to impaired maturation compared to wild
type. Therefore, inhibition of Pofutl, SERCA, or
Hsp90 might allow a more specific targeting of
selected Notch mutants.

Recent work on the structural resolution of
Notchl receptor and its ligands DLL4 and JAG1
showed that different regions of Notch extracel-
lular domain are required for the interaction with
different ligands. DLL4 mainly interacts with
Notchl EGF 11-12, whereas EGF 8-10 also sig-
nificantly contributes to the interaction with
JAGI1 (Luca et al. 2015, 2017). Further, measure-
ment of forces in Notch-ligand interaction
showed that DLL4 and JAGI1 require different
tension forces in their binding to Notchl (Luca
et al. 2017). Recent studies also showed that the
N-terminal region of Notch ligands can interact
with lipids present on the cell membrane of the
Notch-expressing cells (Kershaw et al. 2015;
Suckling et al. 2017). Interestingly, Notch ligands
lipid-binding preference varies and might repre-
sent another regulatory mechanism for specific
Notch-ligand interaction (Suckling et al. 2017;
Shilo and Sprinzak 2017). Given that the lipid
composition of the cell membrane is heteroge-
neous, the position of Notch in different subdo-
mains of the cell membrane might also affect its
interaction with ligands. These findings have pro-
found implications in the design of Notch-
targeting therapies. Antibodies against Notch and
ligands or engineered Notch receptors and
ligands are currently under development and will
have to carefully take the requirements for
Notch-ligand interaction into account to make
these functional and specific.

Notch in the Endocytic Maze

An increasing number of evidences showed that
ubiquitination of Notch mediated by different
ubiquitin ligases orchestrates the degradation and
the ligand-independent activation of Notch. This
process involves the endocytosis of Notch recep-
tor and its sorting in different endocytic
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compartments (Shimizu et al. 2014; Steinbuck
et al. 2018; Wilkin et al. 2008; Alfred and Vaccari
2018; Yamada et al. 2011; Hori et al. 2011;
Schneider et al. 2013). This mechanism has
mainly been described in Drosophila, however
the evidence of a similar regulation in mammals
and its relevance in cancers is increasing. The
amount of full-length Notch receptors at the cell
membrane could be regulated through lysosomal-
dependent degradation. This process seems to be
mediated by the Drosophila HECT E3 ubiquitin
ligase, suppressor of Deltex (Su(dx)), and its
mammalian ortholog Itch/AIP4 since both were
found to poly-ubiquitinate the intracellular
domain of Notch and lead the receptor to endo-
somal internalization and lysosomal-dependent
degradation (Shimizu et al. 2014; Wilkin et al.
2004; Chastagner et al. 2008; Yao et al. 2018).
Other ubiquitin ligases, including c-Cbl and
Nedd4, were also showed to have analogous
functions (Wilkin et al. 2004; Jehn et al. 2002;
Platonova et al. 2015). It is not completely clear
whether this negative regulatory machine directly
induces the endocytosis of Notch from the cell
membrane or diverts Notch from a constitutive
recycling route or other endocytic pathways
(Shimizu et al. 2014; Wilkin et al. 2004).
Depletion of components of the Drosophila recy-
cling retromer machinery was found to cause
accumulation of Notch in endosomes and ectopic
ligand-independent activation (Gomez-Lamarca
et al. 2015), suggesting recycling and endocytic
degradation of Notch might be linked and both
contribute to Notch turnover. Numb, a conserved
adaptor protein, also plays a role in regulating
Notch endocytic degradation, likely by facilitat-
ing the interaction between Itch/AIP4 and Notch
(McGill et al. 2009). Interestingly, Numb was
found downregulated in breast cancer cell lines
and primary breast tumor cells leading to
increased Notch activation (Pece et al. 2004;
Stylianou et al. 2006), thus confirming the impor-
tance of this degradative regulatory mechanism.
Recently, it was showed that Numb overexpres-
sion reduces metastasis and tumor growth in
breast cancer mouse models (Zhang et al. 2016).
Another recent finding showed that Vasorin, a

protein frequently overexpressed in glioma stem-
like cells in hypoxic conditions, blocks Numb-
dependent degradation and stabilizes Notch at
the cell membrane for activation (Man et al.
2018). Importantly, silencing of Vasorin reduced
Notch and tumor growth in glioblastoma mouse
models (Man et al. 2018). Similarly, inhibition of
PI3K-AKT was found to cause the lysosomal
degradation of Notch upon ubiquitination by
c-Cbl in T-ALL cells (Platonova et al. 2015).
These recent findings suggest that the lysosomal-
dependent degradation of Notch is conserved and
is an important regulatory mechanism for the
homeostasis of Notch pathway in different cellu-
lar contexts. Targeting Notch degradation might
represent a strategy to inhibit or reactivate Notch.

Different studies in Drosophila have reported
that endocytosis and ubiquitination can not only
lead to Notch degradation but also to activa-
tion in the endosomes. In Drosophila, Deltex,
a ring-finger ubiquitin ligase, was found to
mono-ubiquitinate Notch and sort it for lyso-
somal-dependent proteolytic activation (Shimizu
et al. 2014; Wilkin et al. 2008; Yamada et al.
2011; Hori et al. 2011). In this way, Dx com-
petes with Su(dx) for the endocytic sorting of
Notch (Shimizu et al. 2014; Wilkin et al. 2008).
This form of endosomal activation is ligand-
independent and requires y-secretase cleavage,
but not S2 cleavage (Shimizu et al. 2014; Wilkin
et al. 2008; Gupta-Rossi et al. 2004), which
might be bypassed thanks to the acidic ionic
environment or lysozymes present in the lumen
of endosomes which could unmask and cleave S2
site (Steinbuck et al. 2018; Vaccari et al. 2010;
Kobia et al. 2014). This was also supported by
the observation that genetic and pharmacologi-
cal inhibition of the vacuolar H+ ATPase, which
is responsible of the acidification of endosomes,
reduces Notch endocytic activation in Drosophila
tissues and mammalian breast cancer cell lines
(Vaccari et al. 2010, 2008; Kobia et al. 2014;
Faronato et al. 2015). Dx has five mammalian
orthologs of which three can bind to Notch, such
as DTX1,DTX2, and DTX4 (Matsuno et al. 1998;
Chastagner et al. 2017). Old literature showed
that mammalian Dx proteins act either as positive



13 Notch Pathway: A Journey from Notching Phenotypes to Cancer Immunotherapy

209

or negative regulators of Notch in different con-
texts (Matsuno et al. 1998; Sestan et al. 1999;
Yamamoto et al. 2001; Izon et al. 2002). An inter-
esting recent work showed that DTX4 enhances
ligand-dependent activation of Notchl by favor-
ing its endocytosis and S2 cleavage (Chastagner
et al. 2017). Dx role needs further investigation;
however, it is possible that different mammalian
Dx proteins have distinct regulatory functions
and their role might depend on the cellular con-
text or their interactions with other regulators. In
Drosophila it was found that interaction of Dx
with Kurtz (Krz), the ortholog of the human non-
visual B-arrestin 2, is critical for the sorting of
Notch to endosomal degradation or activation
(Hori et al. 2011; Mukherjee et al. 2005). Dx—
Krz—Notch complex seems to act as a platform
for the recruitment of other regulators (Hori et al.
2011; Schneider et al. 2013; Mukherjee et al.
2005). It is very likely that Su(dx) may also join
this complex and Krz acts as a switch between
Dx and Su(dx) and in turn, between endosomal
degradation and activation. Notch endocytic traf-
ficking is also regulated by Endosomal Sorting
Complex Required for Transport (ESCRT). It
was showed that Drosophila ESCRT mutants,
which block different steps of the endocytic
trafficking, lead to aberrant ligand-indepen-
dent activation of Notch (Vaccari et al. 2008).
Similarly, knockout of the ESCRT1 component
Tumor-susceptibility-gene-101 leads to the endo-
somal activation of Notch in human cell lines
(Leitch et al. 2014). Also, Shrub, a subunit of the
ESCRT III complex, was found to contribute to
the Dx—Krz—Notch complex (Hori et al. 2011;
Schneider et al. 2013). These observations sug-
gest that ESCRTs contribute to the endocytic
sorting of Notch, and that defect in the endocytic
machinery could lead to uncontrolled ligand-
independent Notch signaling, something that
could be happening in cancer cells. New regu-
lators of the endocytic trafficking of Notch have
been identified in recent years. Cis-inhibition is
a known mechanism by which cis-interaction
between Notch receptors and ligands expressed in
the same cell inhibits Notch signaling (Sprinzak
et al. 2010; del Alamo et al. 2011). An elegant

work from Wu-Min Deng’s group showed that
ligand-independent activation of Notch can be
inhibited by cis-inhibition in different Drosophila
tissues in mutant and physiological conditions
(Palmer et al. 2014). Similarly, Crumbs (Crb), a
conserved large transmembrane protein involved
in cell polarization, was found to inhibit Notch
ligand-independent activation by blocking Notch
at the cell surface in Drosophila epithelial wing
tissue and Crb depletion leading to upregulation
of Notch (Nemetschke and Knust 2016; Das and
Knust 2018). Recent work reported for the first
time that cis-activation occurs in vitro in mam-
malians cells in the absence of Notch ligands in
trans (Nandagopal 2019). However possible, it
is not clear if this process is linked to endocytic
regulation of Notch.

The physiological function of the endocytic
regulation of Notch is not fully understood, but
intriguing hypotheses are rising. It is possible
that this mechanism acts as a regulatory network
that tunes the ligand-dependent activation against
different environmental changes and stress condi-
tions, since this was found to regulate the amount
of ligand-dependent signaling in Drosophila in
response to temperature variation (Shimizu et al.
2014). For instance, hypoxia and nutrients avail-
ability might represent stress conditions in which
the endocytic regulation ensures Notch signal-
ing homeostasis in mammals. This mechanism
could also control Notch signaling in contexts in
which ligand binding is challenging. This could
be the case of circulating cells as hemocytes
and lymphocytes. Indeed, recent works suggest
that the activation of Notch in CD4+ and CD8+
T-cells is ligand-independent and likely linked
to endosomal regulation (Sorrentino et al. 2019;
Steinbuck and Winandy 2018). It is also very
interesting that depletion of different endocytic
components leads to uncontrolled activation
of Notch, which might be relevant to aberrant
Notch signaling in diseases. Tuberous sclerosis,
a dominant genetic disease which causes the
growth of benign tumors, is caused by mutations
in Tuberous Sclerosis 1 and 2 (TSC1 and 2) and
characterized by upregulation of Notch. TSC1
and 2 are lysosomal-associated regulators that
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were first believed to regulate mTOR; however,
recent studies suggest that TSC1 and 2 might
be direct regulators of Notch (Ma et al. 2010;
Karbowniczek et al. 2010; Cho et al. 2017), and
it is possible this involves endosomal regulation.
These mechanisms have been mainly described in
Drosophila; however, it would be interesting and
significant to further explore these mechanisms
in the mammalian system and in diseases. Notch
is a highly conserved pathway and is likely that
similar mechanisms are found in mammals and
might help to elucidate Notch regulation in phys-
iological and, importantly, in disease conditions.
Exosomes and other types of extracellular
vesicles have received great attention in recent
years because of their capacity to transfer signal-
ing molecules between cells. Notchl together
with y-secretase was found in exosomes secreted
by Tscl-null cells (Patel et al. 2016). Notchl con-
taining exosomes were delivered to healthy cells
where the transported Notch was activated lead-
ing to the acquisition of a Tsci-like phenotype in
recipient cells (Patel et al. 2016). Contrarily,
ligands were also found to be transported via
exosomes and to cis-inhibit Notch in the recipient
cells (Sheldon et al. 2010). Since exosomes origi-
nate from late endosomes, a link between the
endocytic trafficking of Notch and its transport
into exosomes is possible. Similarly, Notch2 was
found in ARMM vesicles (arrestin domain-
containing protein l-mediated microvesicles),
which buds from the cell membrane, and to be
transported and activated in recipient cells (Wang
and Lu 2017). Interestingly, Itch and ADAM10
were involved in the loading of Notch to ARMMs
and were also incorporated in the vesicles (Wang
and Lu 2017). Therefore, Notch might also
deliver its signaling in nonadjacent cells via
extracellular vesicles. Notch signaling in recipi-
ent cells is likely to be ligand independent.
Endocytic trafficking of Notch seems to
tightly regulate Notch homeostasis and deletion
of endocytic regulators, leading to uncontrolled
Notch signaling. A better understanding of Notch
endocytic regulation might reveal mechanisms
by which Notch is deregulated in cancer and pro-
vide new means for Notch-targeting therapies.

The endocytic regulation of Notch can lead either
to activation or degradation of Notch; therefore
targeting this regulation might provide ways to
inhibit or enhance Notch signaling.

Notch as a Metabolic
Reprogrammer

Metabolism reprogramming is now considered a
major hallmark of cancer, through which cancer
cell can adapt and survive to different environ-
mental changes, develop resistance to treatments,
and modulate antitumor immunity. These mecha-
nisms are tightly entangled with Notch. Metabolic
reprogramming mediated by Notch has been
reported in different hematological (Kong et al.
2019; Jitschin et al. 2015; Kishton et al. 2016).
and solid tumors (Bayin et al. 2017; Bhola et al.
2016)

In physiological conditions, Notch regulates
cell size, glucose uptake, and glycolysis through
activation of PI3K/Akt or directly by transcrip-
tional regulation of metabolic genes, including
c-Myc (Ciofani and Zufiiga-Pfliicker 2005; Wang
et al. 2011). Interestingly, more recent evidence
showed that Notch can reprogram metabolism by
direct transcriptional regulation of mitochondrial
DNA. It was observed that NICD is recruited to
mitochondrial DNA and upregulates respiratory
chain components to favor pro-inflammatory
activation of macrophages (Xu et al. 2015). Also,
mitochondrial metabolism seems important to
sustain cancer cells and Notch might be linked to
it (Kong et al. 2019; Herranz et al. 2015). Up to
date, Notch-dependent metabolic regulation has
been reported to sustain survival of T-cell pro-
genitors, CD4+ memory T-cells, and activation of
macrophages (Ciofani and Zufiga-Pfliicker 2005;
Xu et al. 2015; Maekawa et al. 2015), and might
be involved in the metabolic regulation of other
immune cells, given Notch’s important role in
immunity. Several studies showed that tumors
counteract T-cells antitumor responses by ham-
pering T-cells glycolytic metabolism (Molon
et al. 2016). It is not yet known how this is
achieved, but recent reports showed this might be
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via Notch downregulation in T-cells (Zhao et al.
2016b). Further studies are needed to confirm
this link, but targeting T-cell metabolism or
Notch might represent a way to counteract tumor-
mediated immunosuppression.

Metabolism reprogramming seems responsi-
ble for the development of cancer cell resistance
to therapies. Therapeutic inhibition of Notch in
T-ALL leads to reduction of glutamine usage,
which should hamper T-ALL survival (Herranz
et al. 2015). However, in response to Notch inhi-
bition, T-ALL cells activate autophagy for the
recovery of nutrients to sustain their metabolism,
possibly leading to resistance. This resistant
mechanism can be counteracted by inhibition of
glutaminolysis and autophagy, since this was
showed to increase efficacy of Notch inhibition
in T-ALL (Herranz et al. 2015). Resistance to
therapeutic inhibition of PI3k/mTOR, often
observed in triple-negative breast cancers, was
found to be caused by activation of mitochondrial
metabolism via Notchl (Bhola et al. 2016).
Pharmacological inhibition of Notch reduced
tumor formation and resistance in triple-negative
breast cancer xenografts (Bhola et al. 2016).

Differences in the metabolic profile of cancer
cells versus healthy cells might be critical to
design targeting strategies that affect cancer cell
metabolism and spare normal cells. Both normal
T-cells and T-ALL were thought to rely on aerobic
glycolysis promoted by PI3K and c-Myc (Ciofani
and Zuniga-Pfliicker 2005; Palomero et al. 2007).
However, analysis of primary T-ALL and normal
T-cells showed that their metabolism is different
and this is because of Notch. In T-ALL, Notch
promotes glycolysis, but also induces activation
of AMPK, which favors mitochondrial metabo-
lism over glycolysis, which seems to promote
T-ALL survival (Kishton et al. 2016).

Tumor microenvironment influences metabo-
lism reprogramming and heterogeneity. Stroma
cells were found to promote glycolysis and sur-
vival in B-cell chronic lymphocytic leukemia via
activation of Notch and its transcription target
c-Myc (Jitschin et al. 2015). Differential activa-
tion of Notch was found to regulate the metabolic
status in glioblastoma stem cell subpopulations

(Bayin et al. 2017). In this study, cells with high
activation of Notch relied on aerobic glycolysis
and resided in vascular microenvironment,
whereas cells with low Notch depended on anaer-
obic metabolism and resided in hypoxic microen-
vironment. Importantly, reactivation of Notch in
the second group of cells reversed their metabo-
lism from anaerobic to aerobic and abolished
their resistance to hypoxia (Bayin et al. 2017).

A role for metabolism in cancer has been
known since early studies; however, this has
gained attention and been explored only in recent
times. Further investigation will be needed to
crack down metabolism reprogramming in can-
cer and its link with Notch. Nevertheless, current
evidence provides a rationale for Notch/
metabolism-targeting to increase antitumor
immunity, counteract therapy resistance, and
adaptation of cancer cells.

Notch for Immunotherapy

Accumulating evidence has shown that Notch is
heavily involved in shaping the immune system
in physiological conditions and the pro-tumoral
immune microenvironment in cancer (Grazioli
et al. 2017; Hossain et al. 2018). Together with
the rising enthusiasm for the use of immunother-
apy for cancer, this provided a strong rationale
for the evaluation of Notch-targeting strategies as
immunomodulators and opened up a new
research direction in the Notch-in-cancer field,
which previously mainly focused on targeting
stem-like and bulk tumor cells.

Notch is crucial in the development and
maintenance of different immune cells both in
the adaptive, specific, and long-lasting as well
as innate, fast, and unspecific immunity. Notch
determines the specification and lineage of adap-
tive T-cells CD4+, CD&8+, and Natural killer cells
in the thymus and the survival, function, and
differentiation to memory lineage of peripheral
T-cells. At the same time, Notch also regulates
the differentiation of innate immune myeloid
cells (granulocytes, macrophages, dendritic cells
[DCs]), and crosstalks between myeloid cells
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and T-cells during immune responses. Some
of these processes, including differentiation of
T-cells and crosstalks between immune cells, are
mediated by Notch ligands. For example, it was
showed that the expression of different ligands
in DCs stimulates the differentiation of CD4+
T-cells into different lineages during immune
responses (Kassner et al. 2010; Biktasova et al.
2015; Meng et al. 2016). However, other pro-
cesses might rely on ligand-independent Notch
signaling. It was recently showed that Notch
activation in CD4+ T-cells is ligand-indepen-
dent and involved Notch endocytosis (Steinbuck
et al. 2018). This form of activation is triggered
by stimulation of T-cell receptor (TCR)/CD28
receptor and PI3K pathway followed by down-
stream events that facilitate the proteolytic cleav-
age of Notch (Steinbuck et al. 2018).

In the tumor microenvironment, protumor and
antitumor immune cells coexist and antagonize
each other. Notch is important for both protumor
and antitumor immunity and for their crosstalk.
CD4+ T-helper 1 and CD8+ cytotoxic T-cells are
the main weapons of our immune system against
cancer because they can recognize and induce
cell death in malignant cells. Unfortunately,
tumors are very skilled in evading our body
immune response by different means: immuno-
suppressive molecules, inhibitory ligands, and
suppressive cell types. Different studies showed
that Notch is decreased in tumor-infiltrating
T-cells, and reactivation of Notch enhances anti-
tumor immunity in mouse models (Sierra et al.
2014; Huang et al. 2011; Sugimoto et al. 2010).
In particular, a pivotal work by Paulo Rodriguez’s
research group demonstrated that Notchl and
Notch2 are downregulated in tumor-infiltrating
CD8+ T-cells and, strikingly, ectopic expression
of Notchl NICD in CD8+ T-cells enhanced their
cytotoxic response and antitumor activity in vivo
in mouse models (Sierra et al. 2014). These find-
ings suggest that Notch is targeted by tumor-
mediated immunosuppression and let to the idea
that reactivation of Notch in T-cells might protect
them from the tumor-mediated immunosuppres-
sion and boost their antitumoral activity.
Therefore, Notch-targeting therapies are worth
exploring for immunotherapy.

Bortezomib, a FDA-approved proteasome
inhibitor for multiple myeloma, mantle cell lym-
phoma, and NSCL cancer, was found to favor
antitumor immunity by rescuing Notchl and
Notch2 in CD8+ cells from the tumor-mediated
immune suppression and enhance the produc-
tion of effectors and stimulatory cytokines
(Thounaojam et al. 2015; Pellom et al. 2017).
These findings led Shanken and colleagues to
apply bortezomib for adoptive T-cell therapy.
They successfully showed that treatment with
bortezomib-sustained T-cell function after trans-
fer of the treated T-cells in the host mice and
reduced tumor burden in human renal carcino-
mas xenografts (Shanker et al. 2015). Despite
the success of this study there have been no fur-
ther advances in this direction. Only low doses
of bortezomib seems to elicit a positive effect on
immune cells, while high doses were reported
to suppress immune cells (Berges et al. 2008),
suggesting that the effect of proteosomal deg-
radation inhibition on Notch pathway in T-cells
might be complex and needs further investiga-
tion. Indeed, it is not yet clear how bortezo-
mib have an impact on T-cells. Some studies
reported that this regulation might rely on the
crosstalk between NICD and Nuclear Factor
kB (NFkB), which together can enhance CD8+
effector function (Thounaojam et al. 2015),
or to positively regulate miR155, the suppres-
sion of which seems to downregulate Notch in
T-cells (American Association of Immunologists
2018, 2019). Given that Notch turnover, which
is mediated by proteosomal and lysosomal deg-
radation, is key to ensure the fine regulation of
Notch, it is also possible that bortezomib might
rescue Notch receptor or one of its regulators
from proteosomal degradation, thus increasing
Notch activation in T-cells. Further mechanis-
tic description of bortezomib-dependent Notch
modulation will be needed for the safe use of this
agent for immunomodulation.

Another way in which tumors suppress the
immune response is through the production of
adenosine in the tumor microenvironment. This
molecule stimulates the adrenergic receptors
A2AR, A2BR, A1R, and A3R and have different
regulatory effects depending on the receptor and
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the cell in which it is expressed (Vijayan et al.
2017; Leone and Emens 2018). Adenosine was
found to have a direct suppressive effect on CD8+
through the stimulation of the adenosine recep-
tor A2AR (Ohta et al. 2006). Conversely, several
studies have shown that genetic or pharmacologi-
cal inhibition of A2AR, using A2AR antagonists,
restores antitumor immunity and counteracts ade-
nosine-mediated immunosuppression (Waickman
et al. 2012; Beavis et al. 2013a, b). These com-
pounds also showed to enhance the effect of
checkpoint inhibitors (PD1, PDL1, and CTL4) in
preclinical mouse models and a number of A2AR
antagonists are now in clinical development
(Willingham et al. 2018; Iannone et al. 2014;
Mittal et al. 2014; Beavis et al. 2015). Also, A2AR
inhibition was found to potentiate the efficacy of
adoptive CAR-T cell therapy in HER2+ mouse
models, likely because of boosting of T-cell effec-
tor function and resistance (Beavis et al. 2017).
Morello and Miele’s research groups recently
showed that stimulation of A2AR inhibits the
activation of Notch1 and in turn the production of
INF-y and Granzyme B in CD8+ cells (Sorrentino
et al. 2019). Importantly, treatment with an A2AR
antagonist restored Notchl and the effector pro-
duction, suggesting inhibition of A2AR might
enhance CD8+ effector function through Notch
(Sorrentino et al. 2019). This is very interesting
because it shows that adenosine affect CD8+
effector function via Notch, thus placing Notch
at the core of the adenosine-mediated immuno-
regulation and A2AR antagonists mechanism
of action. Also, this study proposed that A2AR-
mediated regulation of Notch might involve its
endocytic regulation, similarly to what was found
in CD4+ T-cells (Steinbuck et al. 2018). Because
of their effect on releasing the “brakes” of anti-
tumor immune response, as PD1/PDL1/CTL4,
A2AR antagonists have been referred as the “next
generation of checkpoint inhibitors.” (Leone et al.
2015). In light of their recent link with Notch,
A2AR antagonists might turn out to be one of
the first examples of Notch-modulating immuno-
therapy. Further studies on how adenosine recep-
tors regulate Notch will be required to maximize
the therapeutic application of adenosine receptor
antagonists and avoid unwanted off-target effects.

As we discussed, both Notch and A2AR, or more
generally adenosine receptors, are expressed in
different sets of cells within the tumor micro-
environment, and the function of their crosstalk
might vary.

Notch is not only involved in the intrinsic
properties of T-cells, but also in the crosstalk
between T-cells and other regulatory immune
cells. In physiological conditions, myeloid cells
differentiate in several regulatory immune cell
types (macrophages, dendritic cells, granulo-
cytes), which are recruited by inflammation and
control the immune response. The tumor micro-
environment releases signals that perturb the
differentiation of myeloid cells, leading to the
generation of myeloid-derived suppressive cells
(MDSCs), dendritic cells (DCs), and tumor-
associated macrophages (TAMs), which sup-
press the antitumoral immune response (Hossain
et al. 2018). Recent papers showed that Notch
ligands play a major role in both the specifica-
tion of these pro-tumoral immune cells and their
crosstalk with T-cells. It was observed that pro-
tumoral MDSCs overexpress JAG1 and JAG2
and have a decreased expression of DLL1 and
DLLA4 (Sierra et al. 2014, 2017). On the contrary,
it was showed that expression of DLL1 or DLL4,
but not JAG1 or JAG2, in DCs stimulates T-cell
effector and memory functions (Kassner et al.
2010; Biktasova et al. 2015; Meng et al. 2016).
Also, expression of JAG1 or JAG2 in DCs cor-
relates with PD-1 expression in tumor-infiltrat-
ing CD8+ effector and memory T-cells, whereas
expression of DLL1 or DLL4 correlates with the
expression of Notch receptors (Tchekneva et al.
2019). These observations suggest that JAG1/2
and DLL1/4 generally favor pro-tumoral and
anti-tumoral immunity, respectively. Indeed, tar-
geting of Notch ligands had a positive outcome
in preclinical mouse models. Systemic adminis-
tration of JAG1/2 blocking antibodies improved
antitumor immune response, inhibited MDSCs,
and enhanced adoptive T-cell therapy in lung,
colon, melanoma, and thymoma mouse models
(Sierra et al. 2017). On the same lines, engi-
neered DLL1 multivalent clustered construct or
JAG1 monovalent construct, which stimulates
DLLI signaling and inhibits JAGI signaling,
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respectively, improved antitumor immune
response and reduced PD1 expression in pancre-
atic and lung cancer mouse models (Huang et al.
2011; Tchekneva et al. 2019). The significance
of these studies is that targeting Notch ligands
might represent a way to modulate the immune
response in the tumor microenvironment and
the development of antagonistic antibodies or
engineered Notch ligands might be an attractive
therapeutic strategy.

Notch is also important for the differentiation
of MDSCs, DCs, and TAMs in the tumor micro-
environment. Anti-JAG1/2 seems to inhibit
MDSCs or to induce their switch to a non-
immunosuppressive phenotype (Sierra et al.
2017). It is not clear how this is achieved, but it is
possible that inhibition of Jagged in MDSCs or
adjacent cells ultimately modulate Notch in
MDSC:s (Sierra et al. 2017). In DCs Notch stimu-
lation positively modulates their response to pro-
inflammatory signals (Gentle et al. 2012).
Majority of TAMs downregulate Notch and
acquire a M2-anti-inflammatory phenotype;
however, reactivation of Notch in TAMs favors
their M 1-pro-inflammatory phenotype and ame-
liorate antitumor immunity (Xu et al. 2015; Wang
et al. 2010).

Targeting Notch demonstrated a remarkable
effect on antitumor immunity and has a promis-
ing future. Since Notch plays a different role in
different cells in the tumor microenvironment,
the main challenge of systemic immunomodula-
tion will be to design strategies that selectively
target Notch in the desired immune cells. In line
with this idea, targeting of ligands seems an
attractive strategy to modulate the crosstalk
between immune cells in the tumor microenvi-
ronment. On the other hand, since Notch seems
regulated in a ligand-independent way in T-cells,
it might be interesting to explore strategies to
selectively target this unique mode of activation.
The important role of Notch in immunomodula-
tion also highlights that Notch-targeting thera-
pies directed to cancer and stroma cells will have
to be selective enough to not affect Notch in
immune cells. For example, pan-Notch GSIs
have a demonstrated immunosuppressive activity
and this might play in favor of the tumor.

Notch in ACTion

In the era of immunotherapy, adoptive T-cell
therapy (ACT) is one of the most exciting T-cell-
based technologies and Notch is at the frontline
of its development. ACT is based on the in vitro
generation of T-cells, which are able to recognize
tumor-specific antigens and are then transferred
in the patients where they will trigger a potent
antitumor immune response (Garber 2018).
T-cells for ACT are either generated and
instructed in vitro from tumor infiltrating T-cells
taken from the patient or are engineered T-cells,
which present a transgenic T-cell receptor (TCRs)
or a chimeric-antigen receptor (CARs) (Garber
2018). ACT has shown remarkable results in clin-
ical trials in B-ALL and melanoma (Dudley et al.
2008; Besser et al. 2010; Brentjens et al. 2013;
Grupp et al. 2013). However, this technology has
some limitations, which need to be addressed to
expand its use to other tumors and increase its
effectiveness and safety. The limits of ACT are
the low number of T-cells recovered from the
patient, tumor-specific antigen recognition, and
immune suppression in the tumor microenviron-
ment. In particular, increasing the number of
cells is critical for ACT because only a limited
number of T-cells can be isolated from the patient.
CARs recognize specific antigens on the surface
of cells, while TCRs have a broader recognition
potential, because they recognize peptides from
antigen-presenting cells. However, both can lose
antigen recognition because of change of anti-
gens expressed in tumor cells and suppression of
antigen-presenting cells in the tumor microenvi-
ronment. Also, this might give rise to unspecific
immune responses if the antigen recognition is
not cancer-cell specific. Finally, all kinds of ATC,
as endogenous T-cells, have to counteract immu-
nosuppression in the tumor microenvironment.
Given the direct involvement of Notch signaling
in T-cell intrinsic functions, tolerance, and differ-
entiation, Notch modulation is an attractive strat-
egy to address ACT limitations. In the previous
chapter we saw that Notch ligands are critical for
T-cells maintenance in the tumor microenviron-
ment. To generate a higher number of T-cells for
ACT, different groups exploited Notch-induced
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differentiation by culturing induced pluripotent
stem cells (iPSC) on DLLI1-expressing stroma
cells (Lei et al. 2011) or, more recently, hemato-
vascular mesodermal progenitors on DLL4-
expressing stroma cells (Kumar et al. 2019)
obtaining a high number of T-cells and increasing
their in vitro expansion capacity. Recent studies
also tried to generate T-stem memory cells for
ACT by coculturing activated T-cells from mouse
or humans with DLLI1-expressing stroma cells
(Kondo et al. 2017). These cells, named iTscm,
had features of memory cells, like self-renewal
and rapid response to antigens, lower expression
of inhibitory ligands (PD1, CTL4), and showed
stronger antitumor effect in humanized Epstein—
Barr virus transformed-tumor model mice
(Kondo et al. 2017, 2018). Importantly, iTscm
can be generated from tumor-infiltrating T-cells
from the patient, thus overcoming the need of
engineered antigen recognition.

Till date, a number of agents has shown the
ability to increase T-cell tolerance via Notch sig-
naling against immune suppression and these
could be employed to improve ACT resistance.
As we mentioned, bortezomib potentiated ACT
in human renal carcinomas xenografts (Shanker
et al. 2015). Also, it was showed that treatment
with an A2AR antagonist increases the activation
and effector function of CARs and their efficacy
in HER2+ cancer mouse models (Beavis et al.
2017). These compounds represent a potential
asset that can be applied to boost ACT resistance
against tumoral immune suppression; however,
there is no yet evidence that these treatments will
enhance ACT in human tumors.

SynNoches: Sin or Miracle?

The mechanism of activation of Notch receptor
is fascinating, having the extracellular domain
responding to external clues and triggering
the release of NICD to deliver intracellular
responses. This inspired researchers to build
synthetic Notch receptors, called synNotches,
which have customizable extracellular and intra-
cellular domains linked by the transmembrane
domain of Notch, thus allowing customizable

extra- to intracellular signaling. Recently, syn-
Notches have been extensively applied to ACT
to improve the antigen recognition of engineered
T-cells and for many other applications, such
as delivery of drugs or pro-immunity signals in
the tumor microenvironment. Wendell Lim and
his group were the firsts to design a synNotch
receptor, which, upon recognition of a specific
antigen, triggers the expression of a CAR in the
same T-cell, which recognizes a second antigen
(Roybal et al. 2016; Morsut et al. 2016). They
showed that these engineered T-cells were able
to recognize and kill cancer cells that express
both antigens and not only one of them, in vitro
and in vivo in mouse models (Roybal et al.
2016). This strategy could improve the efficacy
of engineered T-cells especially in solid tumors
that do not express a specific antigen, where the
recognition of multiple antigens instead of one
will greatly increase the chances of targeting.
Further, this could avoid the unspecific target-
ing of healthy cells that express one of the anti-
gens present in cancer cells, which could cause
severe side effects. Using synNotch technology,
T-cells were also engineered to drive a plethora
of other functions, such as delivery of therapeutic
molecules (antibodies, cytotoxic proteins, apop-
tosis inducers) to increase the antitumor effect,
pro and suppressive immune signals (cytokines,
ligands, master regulators, adjuvants) to regulate
the immune response in the tumor microenvi-
ronment (Morsut et al. 2016), thus showing the
versatility of this technology. SynNotch-CARs
have opened up a new platform for molecule tar-
geting and delivery which seems to have almost
unlimited possibilities. Several investigators are
now using synNotches to establish new therapeu-
tic strategies. ROI is a potential target for CAR
therapy since it is expressed in different solid
tumors; however this antigen is also expressed on
stroma cells, thus arising the possibility of severe
toxicity upon ROI targeting. Recently, T-cells
were engineered with a synNotch recognizing
the tumor antigen EpCam or B7H3, which trig-
gers the expression of a CAR specific for ROI,
thus allowing the specific targeting of tumor
cells only and sparing of ROI+ stroma cells
(Srivastava et al. 2019). Another group designed
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synNotch-CAR T-cells which express an anti-
body fragment against Ax 1, an antigen expressed
in different tumors, which led to increased cyto-
kine production and targeting of Ax1-expressing
tumor cells in mouse models (Cho et al. 2018).

It was also proposed that synNotches could be
broadly used to modify the cellular microenvi-
ronment in different contexts (Morsut et al.
2016). Since Notch machinery is ubiquitously
expressed, this technology could be applied to
different cell types. For example, the develop-
ment and organization of tissues is controlled by
cell-cell communication which produce specific
morphological signals and Notch is well known
to play arole in tissue patterning and morphogen-
esis. A recent study used synNotches to engineer
morphological signals between cells to lead the
self-organization of multicellular structures for
tissue engineering (Toda et al. 2018), therefore
synNotches could be used to customize morpho-
logical or reprogramming signals. More gener-
ally, synNotches were used to study cell—cell
interactions in different Drosophila tissues, sug-
gesting this technology might be extensively
used to study developmental processes in which
cell—cell interactions are critical, including cell
competition, differentiation (He et al. 2017), tis-
sue morphogenesis, and tumorigenesis. Other
applications of synNotches include platforms to
identify and study transmembrane receptors
which are activated by proteolysis similarly to
Notch (Hayward et al. 2019).

SynNotches applied to T-cells engineering
have shown remarkable therapeutic applications
with promising clinical perspectives. However,
this technology is young and will need further
establishment and evaluation before reaching clin-
ical development. Application of synNotches to
tissue engineering are also very intriguing, but due
to the important involvement of Notch in tissue
morphogenesis, safety will have to be carefully
addressed. This is valid for all applications that
will aim to use synNotches as synthetic modula-
tors in biological processes. On the other hand,
SynNotches could be a very powerful tool to study
these processes. SynNotches have surely shown to
be incredibly versatile and their employment in
different technologies can be easily foreseen.

Discussion and Conclusion

Notch is a fascinating signaling pathway. From
its discovery in Drosophila to Notch entry in can-
cer immunotherapy, Notch field saw a continuous
revolution. However, it seems that we still have
not unravel all the secrets and potentials of this
pathway. In this chapter, we discussed current
and new Notch-targeting therapies with their
exciting promises and challenges. Notch pleio-
tropic nature seems to be both the advantage and
the challenge of Notch-targeted therapies.
Targeting Notch allows to virtually modulate any
aspect of cancer; however, this means that Notch-
targeting must be highly specific toward the
desired target. This chapter highlighted different
factors that are critical to ensure the specificity of
Notch-targeting. Due to the complexity of its
regulation, Notch can be modulated in many dif-
ferent ways. Understanding the mechanism by
which Notch is modulated in different sets of
cells within the tumor microenvironment will be
crucial to predict whether Notch-targeting thera-
pies will be effective and to identify new drug-
gable targets. Understanding whether Notch
function is pro- or anti-tumoral is essential, espe-
cially because Notch is differently expressed in
subsets of cells within the tumor and the microen-
vironment. The first Notch-targeted therapies
were designed to inhibit Notch; however, it is
now becoming clear that in certain situations
Notch should be favored instead of inhibited.
Recent investigation on Notch regulation has
revealed alternative ways in which Notch can be
activated or inhibited. For example, the endocytic
regulation of Notch lead to either degradation or
activation and this might be an attractive mecha-
nism to inhibit or reactivate Notch. Finally, pre-
clinical and clinical trials demonstrated that
certain patients/tumors are more responsive to
Notch-targeting therapies. Therefore, selection of
patient responders and identification of signa-
tures should be implemented for the rational use
of Notch-targeting therapies. The new means of
Notch-targeting and their applications to new
fields hold promising perspectives and it will be
exciting to see which advances they will bring to
cancer therapy.
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