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Preface

This book’s initial title was Tumor Microenvrioment. However, due to the
current great interest in this topic, we were able to assemble more chapters
than would fit in one book, covering tumor microenvironment biology from
different perspectives. Therefore, the book was subdivided into several
volumes.

This book, Tumor Microenvironment: State of the Science, presents contri-
butions by expert researchers and clinicians in the multidisciplinary areas of
medical and biological research. The chapters provide timely detailed over-
views of recent advances in the field. This book describes the major contribu-
tions of different components of the tumor microenvironment during cancer
development. Further insights into these mechanisms will have important
implications for our understanding of cancer initiation, development, and
progression. We focus on the modern methodologies and the leading-edge
concepts in the field of cancer biology. In recent years, remarkable progress
has been made in the identification and characterization of different compo-
nents of tumor microenvironment in several organs using state-of-the-art
techniques. These advantages facilitated identification of key targets and defi-
nition of the molecular basis of cancer progression within different tissues.
Thus, the present book is an attempt to describe the most recent developments
in the area of tumor biology which is one of the emergent hot topics in the
field of molecular and cellular biology today. Here, we present a selected col-
lection of detailed chapters on what we know so far about different aspects of
the tumor microenvironment in various tissues. Ten chapters written by
experts in the field summarize the present knowledge about distinct charac-
teristics of the tumor microenvironment during cancer development.

Francesca Montenegro and Stefano Indraccolo from the University of
Padua discuss the role of metabolism in the tumor microenvironment. Allan
Tsung and colleagues from The Ohio State University describe the effects of
neutrophil elastase and neutrophil extracellular traps in tumor microenviron-
ment. Eleonora Timperi and Vincenzo Barnaba from Institut Curie update us
with the relationship of viral hepatitis and the tumor microenvironment. Dima
Dandachi and Fanny Morén from Baylor College of Medicine summarize
current knowledge on the effects of HIV on the tumor microenvironment.
Sherine F. Elsawa and colleagues from the University of New Hampshire
address the importance of GLI2-mediated inflammation in the tumor micro-
environment. Jason B. Fleming and colleagues from H. Lee Moffitt Cancer
Center compile our understanding of stellate cells in the tumor

vii



viii

Preface

microenvironment. Ugo Testa and colleagues from the Istituto Superiore di
Sanita talk about endothelial progenitors in the tumor microenvironment.
Kavitha Gowrishankar and colleagues from the University of Sydney focus
on the chimeric antigen receptors for the tumor microenvironment. Isabelle
Cremer and colleagues from Sorbonne Université give an overview of toll-
like receptors in the tumor microenvironment. Finally, Jie Hunter Huang and
Jian Jian Li from the University of California, Davis expose multiple dynam-
ics in tumor microenvironment under radiotherapy.

It is hoped that the articles published in this book will become a source of
reference and inspiration for future research ideas. I would like to express my
deep gratitude to my wife, Veranika Ushakova, and to Mr. Murugesan
Tamilsevan, from Springer, who helped at every step of the execution of this
project.

Belo Horizonte, MG, Brazil Alexander Birbrair
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Metabolism in the Tumor
Microenvironment

Francesca Montenegro and Stefano Indraccolo

Abstract

From a general perspective, in the context of
solid tumors, we can distinguish metabolic
alterations of cancer cells from those of the
stroma. These two components interact with
each other and with the extracellular matrix
(ECM), and these interactions can take the
form of either metabolic competition or meta-
bolic symbiosis. The aim of this chapter is to
overview the canonical metabolic alterations of
tumor and stroma cells and to present specific
examples of metabolic competition and symbi-
osis. We will also discuss the complexity and
plasticity of metabolism, which pose indeed a
serious threat to our ability to target selective
metabolic features of tumor microenvironment
with drugs. Finally, we will highlight some
limitations of state-of-the-art techniques used
to study tumor metabolism and propose some
innovative solutions to investigate the clinical
relevance of metabolic alterations for patient
management and treatment.

F. Montenegro

Department of Surgery, Oncology and
Gastroenterology, University of Padova,
Padova, Italy

S. Indraccolo ()

Immunology and Molecular Oncology Unit, Veneto
Institute of Oncology IOV — IRCCS, Padova, Italy
e-mail: stefano.indraccolo@iov.veneto.it

Keywords
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Glycolysis - Hypoxia - OXPHOS - Metabolic
symbiosis - Metabolic competition - Glucose -
Lactate - Glutamine - Lipids

1.1 Aim of the Chapter

Metabolic alterations represent one of the recog-
nized hallmarks of cancer [25] and have been
described in thousands of publications.
Hereunder, we will briefly overview only the key
metabolic traits of cancer cells, as this topic is
covered by several updated and comprehensive
reviews [15, 49]. From a general perspective, in
the context of solid tumors, we should distin-
guish metabolic alterations of cancer cells from
those of the stroma. The latter have attracted
interest of the scientific community especially in
the last decade, and include metabolic features of
certain resident stromal cells, including endothe-
lial cells [17], fibroblasts [69], and adipocytes
[70], as well as those of mobile cells, such as
lymphocytes, macrophages, and specialized sub-
populations of myeloid cells [59]. These two
components interact with each other and with the
extracellular matrix (ECM), and these interactions
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can take the form of either metabolic competition
or metabolic symbiosis. In experimental models,
distinct examples of metabolic interactions in the
tumor microenvironment have been reported in
the literature and will be reviewed here. When
approaching tumor metabolism, a known obsta-
cle is represented by its heterogeneity and plas-
ticity [35]. Metabolic heterogeneity in tumors
can be accounted for by (I) cancer cell autono-
mous factors, (II) local microenvironment factors
such as hypoxia and acidosis, and (III) external
factors, including diet, the microbiome, and cer-
tain drugs, which can generate signals that modu-
late metabolism in the tumor microenvironment.
This chapter examines how metabolic traits of
cancer are influenced by microenvironmental
clues.

1.2 Metabolic Hallmarks
of Cancer Cells
1.2.1 Glycolysis

Glucose is a key fuel source for many normal
cells, despite the fact that cells can readily use
different substrates. Normal cells generate much
of their energy via mitochondrial oxidative phos-
phorylation (OXPHOS), whereas cancer cells
often switch to aerobic glycolysis, a process
where glucose is metabolized to pyruvate and
ultimately converted to lactate [9, 37]. Aerobic
glycolysis is an inefficient process to generate
adenosine 5'-triphosphate (ATP), however, and
the advantage it confers to cancer cells has been
long unclear. It has been proposed that the glyco-
lytic metabolism of cancer cells, and indeed all
proliferating cells, has been selected to facilitate
the uptake and incorporation of nutrients into the
biomass (e.g., nucleotides, amino acids, and lip-
ids) needed to produce a new cell [16, 63]. In
fact, once in the glycolytic flux, glucose can be
diverted into multiple branching pathways and
can be used for the synthesis of glucose-derived
macromolecules necessary for cell division. In a
recent review by Kim & DeBerardinis, glycolysis
has been considered a prime example of a con-
vergent property of cancer cells, because it can be
activated by many different oncogenic drivers or

by hypoxia [33]. Convergent properties are stim-
ulated by a large number of factors and are typi-
cally shared among diverse tumor types, as is the
case for glycolysis.

1.2.2 Oxidative Phosphorylation

In addition to glycolysis, tumor cells engage
other metabolic pathways to support cell prolif-
eration and growth and it is now established that
OXPHOS contributes to tumor initiation, pro-
gression, and metastasis. On the basis of the ini-
tial observation that breast cancer cells produce
80% of their ATP via mitochondrial-dependent
metabolism [24], the concept “oxidative tumors”
has been increasingly used to describe tumors
characterized by ATP production through
OXPHOS from glucose, fatty acids (FAs), or glu-
tamine oxidation [47]. Mitochondrial metabo-
lism is not only important for ATP generation but
also to provide substrates for nucleotide, amino
acid, and lipid biosynthesis through diversion of
some intermediates into so-called cataplerotic
pathways. One of the cataplerotic pathways is the
reductive carboxylation of «o-ketoglutarate
(a-KG) to isocitrate, ultimately enabling citrate
export into the cytosol and acetyl-CoA synthesis
to fuel lipid anabolism [44]. Glutamine directly
fuels this pathway when dysfunctional mitochon-
dria diverge glucose away from acetyl-CoA pro-
duction, or under hypoxic conditions and this
reductive flux of glutamine-derived carbon is
mainly dependent on the activity of the cytosolic
isocitrate dehydrogenase 1 (IDH1) [42].

1.2.3 Amino Acid Metabolism

Glutamine plays a key role in many tumor types,
since it can fuel OXPHOS, contribute to reduc-
tive carboxylation, and regulate NADPH produc-
tion and redox balance, therefore affecting cell
metabolic homeostasis [27]. The oncogene MYC
stimulates mitochondrial glutamine catabolism
by regulating expression of glutamine transport-
ers and glutaminase, and tumors bearing MYC
alterations are commonly glutamine-addicted
[23, 67]. Serine and glycine are also critical for
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cell proliferation and redox control in cancer
cells, and high glucose levels enhance the glyco-
lytic flux, providing precursors that can be chan-
neled into serine biosynthesis [56].

1.2.4 Lipid Metabolism

Alterations in lipid metabolism are common in
cancer, and many studies indicate that tumors
often exhibit a lipogenic phenotype [41]. Part of
these metabolic alterations has been attributed to
the effects of hypoxia on lipid metabolism [1].
Specific examples include elevated rates of lipid
synthesis accounted for by increased expression
of various lipogenic enzymes, such as fatty acid
synthase (FASN), which is strongly correlated
with cancer progression [41, 72], or acetyl-CoA
synthetase 2 (ACSS2), which contributes to can-
cer cell growth under low-oxygen and lipid-
depleted conditions [58]. In certain tumor
models, increased FA uptake through FA-binding
proteins (FABPs) [4] or the FA channel protein
CD36 [1] has been reported. Accumulation of
lipid droplets in the cytoplasm of cancer cells is
linked to hypoxia and confers cancer aggressive-
ness and chemoresistance [34]. Notably, certain
studies indicate that LD accumulation and lipid
desaturation are distinctive features of cancer
stem cells, particularly in the case of ovarian can-
cer [36].

Metabolic Hallmarks
of Stromal Cells

1.3

Cancers are highly diverse and, in addition to the
metabolic heterogeneity of malignant cells, a
broad spectrum of immune and nonimmune cell
populations can be found in the tumor microenvi-
ronment. Among nonimmune cells, of particular
biological relevance are cancer-associated fibro-
blasts (CAFs) and endothelial cells (ECs). CAFs
can secrete various growth factors that sustain the
proliferation of cancer cells, activate epithelial-
mesenchymal transition (EMT), and exert also a
proinflammatory and proangiogenic role in
tumors, thus contributing to create the intratu-
moral vascular network [32]. The metabolism of

CAFs has been pioneered by Dr. Lisanti and col-
leagues who proposed that tumor cells promote
aerobic glycolysis in neighboring CAFs, a pro-
cess referred to as the ‘“reverse Warburg
effect”[48]. This phenomenon represents an
important metabolic hallmark of CAFs.
Subsequently, CAFs secrete a bunch of metabo-
lites, such as ketone bodies, lactate, and pyruvate,
which in turn can be taken up by cancer cells and
oxidized in the mitochondria for energy produc-
tion [8]. Accumulating evidence suggests that
CAFs promote tumor progression in certain
tumors, such as breast cancer [39]. Lactate secre-
tion from CAFs induces a local acidic microenvi-
ronment, which can enhance extracellular
proteolysis and promotes the acquisition of drug
resistance by tumor cells [13]. The metabolic
coupling between CAFs and cancer cells relies
upon unique MCT expression patterns: cancer
cells in some models and cancer types express
high level of MCT]1, thus promoting uptake of
lactate from MCT4-positive CAFs [62, 68].
However, other groups reported metabolic inter-
actions between cancer cells and fibroblast in an
opposite fashion, namely, between oxidative
CAFs and glycolytic cancer cells [60]. These
apparently contrasting results can be reconciled
considering that the ‘“reverse Warburg effect”
could be a phenomenon presenting with variable
intensities in different tumor types. Additional
metabolic features of CAFs have been poorly
investigated so far.

With regard to ECs, in the last years, Dr.
Carmeliet and colleagues described in elegant
studies key metabolic features of these cells [17,
64]. It has been demonstrated that tumor-
associated ECs, and in particular tip cells, exploit
glycolysis when they invade tissues. These stud-
ies implied that certain glycolysis inhibitors, such
as the phosphofructokinase inhibitor
3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one
(3PO), could be used to contrast tumor angiogen-
esis [17]. Other studies from the same group
reported on the role of fatty acid and glutamine
metabolism in EC [26, 29]. Notably, antiangio-
genic therapies exacerbate glycolysis in tumor
cells [14, 45] and this could deplete glucose
available for ECs, thus contrasting the bioener-
getics requirements of angiogenesis. Type 2



F. Montenegro and S. Indraccolo

pericytes represent another vascular component
of the tumor microenvironment, as these cells —
at variance with type 1 pericytes — can penetrate
tumors and contribute to tumor angiogenesis [5].
However, in contrast to EC, the metabolic traits
of type 2 pericytes and their interactions with sur-
rounding cells remain substantially unknown and
need to be investigated in future studies as these
cells may provide a cellular target susceptible to
signaling and pharmacological manipulation in
treating malignancy.

While the paradigm of metabolic coupling
between tumor and stroma has been best studied
with CAFs, other stromal cell types may also
engage in similar interactions with the growing
tumor. In response to tumor-derived factors, adi-
pocytes release free fatty acids, which can be
taken up by cancer cells to sustain tumor growth
via p-oxidation [46]. Moreover, metabolic repro-
gramming can modulate the function of infiltrat-
ing immune cells. Recent studies suggest that
altered energy metabolism in tumor-associated
macrophages (TAMs) can lead to distinct polar-
ization states of these inflammatory cells. M1
macrophages preferentially engage glycolysis,
whereas M2 macrophages predominantly rely on
OXPHOS [7]. Macrophage metabolism has
recently been shown to shape angiogenesis in
tumors through a novel mechanism involving
REDDI, an mTOR inhibitor induced by hypoxia
[66]. The metabolism of tumor-infiltrating T
lymphocytes will be summarized in the next sec-
tion. Finally, interactions between cancer cells
and components of the ECM also contribute to
shape metabolic features of tumors, as reviewed
elsewhere [33].

1.4  Metabolic Competition
and Metabolic Symbiosis
in the Tumor

Microenvironment

The presence of different types of normal cells in
the tumor microenvironment, each endowed with
peculiar metabolic traits, forms the basis of inter-
cellular interactions with cancer cells, which can

take the form of either metabolic competition or
symbiosis. Known mediators of these interac-
tions include glucose, pyruvate, lactate, and fatty
acids, although it is likely that additional metabo-
lites will be described in the next years. In the
microenvironment of highly glycolytic tumors,
glucose availability could become a limiting fac-
tor and this metabolite could trigger metabolic
competition between tumor cells and certain stro-
mal cells, including EC and T lymphocytes.
Cytotoxic T cells require glucose for prolifera-
tion and cytotoxic activity [3, 10, 28]; therefore,
this form of metabolic competition could weaken
immune response to cancer cells. A translational
correlate of this hypothesis is that highly glyco-
lytic tumors could be less responsive to immuno-
therapy, compared with poorly glycolytic tumors,
although to the best of our knowledge, this has
not been investigated in patients treated with
immune checkpoint inhibitors (ICIs) so far. A
similar type of competition could occur between
cancer cells and ECs, and it might be speculated
that angiogenesis is relatively impaired in highly
glycolytic tumors, due to limited amounts of glu-
cose required by angiogenic ECs. However, this
hypothesis is at odds with the proangiogenic
activity of lactate, the main catabolite of glycoly-
sis which accumulates in the TME of highly gly-
colytic tumors [65]. Lactate has indeed a
proangiogenic role [55], and it is expected that
highly glycolytic tumors produce more lactate
and more blood vessels, compared with poorly
glycolytic tumors. These two alternative hypoth-
eses are presented in Fig.1.1. Conceivably, new
experimental studies involving modulation of
glycolysis in tumor cells and evaluation of its
impact on lactate production and tumor angio-
genesis are required to clarify the relationship
between glycolytic activity and tumor
angiogenesis.

A different form of intercellular interaction in
the TME is metabolic symbiosis. This has been
described between tumor cells with different top-
ographic localization, that is, in the context of
hypoxic versus perfused areas of solid tumors
[61] and can also be found in tumors treated with
antiangiogenic drugs [2, 31, 52]. Metabolic
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GLUCOSE-CENTRIC MODEL
High Glucose TME Low Glucose TME
. Low glycolytic cell
! @Highly glycolytic cell

Angiogenesis promoting TME

Angiogenesis limiting TME

TC-EC metabolic competition for glucose

LACTATE-CENTRIC MODEL

Low Lactate TME

High Lactate TME

Angiogenesis limiting TME

Fig. 1.1 Effects of glycolysis on tumor angiogenesis.
Top panel shows a glucose-centric view of tumor angio-
genesis. This model originates from the known metabolic
switch to glycolysis of angiogenic EC and simulates the
impact on angiogenesis of a glucose-rich (left) or a
glucose-poor (right) TME. According to this model, com-
petition for glucose could occur between cancer cells and
ECs, and it might be speculated that angiogenesis is rela-

symbiosis implies that lactate released by highly
glycolytic tumor cells is picked up by tumor cells
relying on OXPHOS, generally localized in oxy-
genized areas around tumor vessels. Conversely,
pyruvate can be released by OXPHOS tumor
cells and taken up via MCT1 or other carriers by
glycolytic tumor cells. The finding that expres-
sions of certain glycolysis-associated markers
such as MCT4 are localized within defined areas
in the context of tumor xenografts (Fig.1.2) sup-
ports the concept of metabolic symbiosis. In
some examples, metabolic symbiosis takes place
between cancer cells and stromal cells, such as

Angiogenesis promoting TME

tively impaired in highly glycolytic tumors, due to limited
amounts of glucose required by angiogenic ECs. Bottom
panel shows a lactate-centric view of tumor angiogenesis.
Based on the well-known proangiogenic activity of lac-
tate, it is expected that highly glycolytic tumors produce
more lactate and more blood vessels, compared with
poorly glycolytic tumors

fibroblasts and the key metabolite involved is lac-
tate [30]. Finally, in the case of ovarian cancer
and possibly other tumor types, which grow in fat
tissues, a sort of symbiosis can be hypothesized
between cancer cells and adipocytes in the tumor
microenvironment [46]. From the tumor perspec-
tive, the common aim of these different forms of
symbiosis is to achieve the best possible exploita-
tion of nutrients which enter key metabolic path-
way and support cancer proliferation and growth.
It is likely that new studies will highlight addi-
tional forms of metabolic cooperation between
stromal and cancer cells.
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Fig. 1.2 Metabolic heterogeneity in an ovarian cancer
xenograft. The picture shows MCT4 expression by IHC in
an ovarian cancer xenograft. Labels indicate MCT4*and

1.5  Tuning the Metabolic
Microenvironment of Tumors

with Drugs or Diet

Understanding the critical mechanisms underly-
ing metabolic adaptations in experimental tumor
models may represent the basis for planning
effective therapeutic interventions targeting
metabolism in patients. However, the concept of
metabolic therapy of cancer is not new. Various
metabolic targets have been identified, but the
approach has not been generally successful. The
best example of successful exploitation of meta-
bolic targets are certain drugs which inhibit de
novo nucleotide synthesis, such as the antifolates
methotrexate and pemetrexed, and antimetabo-
lites such as 6-mercaptopurine, 6-thioguanine,
S5-fluorouracil and capecitabine, which inhibit
purine and pyrimidine biosyntheses. These drugs
have shown significant therapeutic activity both
in acute leukemia and certain solid tumors [38].
In contrast, other drugs targeting glycolysis
including inhibitors of hexokinase (2-DG, loni-
damine), phosphofructokinase (3PO), glyceral-
dehyde 3-phosphate dehydrogenase (3-BP), and

B mcT4 positive area

[ MCT4 negative area

MCT4 areas within the same tumor. A 200x magnifica-
tion is shown

lactate dehydrogenase (FX11, Oxamate) have
either not yet been tested in clinical trials or have
yielded negative results, including lack of effi-
cacy and toxicity [12]. Recently, clinical trials
investigated whether statins, which block
HMGCOoA reductase activity and may interfere
with lipid metabolism both as systemic effect and
in cancer, might exert anticancer effects, but
results of a meta-analysis were negative [22].
Another active area of investigation regards met-
formin, a weak inhibitor of OXPHOS [54]. Many
clinical trials involving combinations of metfor-
min with chemotherapy are ongoing, but defini-
tive results are not yet available. Moreover, in
most of these clinical studies, patients were not
stratified according to predictive biomarkers of
response, despite some clues from preclinical
work [6, 43]. An additional level of investigation
regards diet. Many studies focused on the role of
caloric restriction in cancer and in particular prior
or concurrent to systemic therapy. The take-home
message of most of these studies is that certain
tumors — but not all tumors — might benefit from
caloric restriction prior to and after chemother-
apy. Various mechanisms have been envisioned
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to explain this synergy, including induction of
immunogenic cell death [51] but also diet-
mediated inhibitory effects on certain key signal-
ing pathways [19]. How caloric restriction
modulates metabolism in the tumor microenvi-
ronment has not been investigated in detail so far.
It might be possible that caloric restriction might
improve therapeutic outcome in patients, but
clinical trials are currently ongoing and it is pre-
mature to draw conclusions. Finally, the micro-
biota also sends metabolic signals to tumors [57].
One example is represented by butyrate, a metab-
olite produced by prokaryotic cells in the gut,
which can affect tumor development [11].

1.6  Conclusions and Outlook

At the end of this short journey into metabolism in
the tumor microenvironment, the reader might
have the impression of an overwhelming complex-
ity, arising from the simultaneous presence of vari-
ous cell types endowed with different metabolic
traits, as well as effects of acidosis or hypoxia,
which introduce additional metabolic perturba-
tions and the distant effects of metabolites carried
in blood. This complexity and the plasticity of
metabolism pose indeed a serious threat to our
ability to target selective metabolic features of
tumor microenvironment with drugs. Along this
line, recent negative results from a phase 3 clinical
study that combined the IDO1 inhibitor epacadostat
with the anti-PD1 pembrolizumab remark the dif-
ficulties to translate into patients the knowledge
from preclinical models [53].

A criticism which can help to move the field
forward relates to the model systems we use.
Although experimental mouse model systems
remain fundamental to test hypothesis and
advance understanding of the basic processes
underlying metabolic reprogramming in cancer,
in my opinion, more human studies are needed.
Along this line, live cultures of freshly prepared
human tumor slices represent one possibility
[21], especially if combined with physiological
culture conditions to reduce artifacts of commer-
cial medium. Advanced technologies including

metabolomics and metabolic flux analysis remain
key to decode the heterogeneous metabolic pref-
erences and dependencies of tumors in vivo, but
they can be performed only in a very limited
number of patients given the high costs of the
equipment and the level of specialization of per-
sonnel involved in this type of analysis. Due to
these constraints, these technologies will most
likely be excluded from large randomized pro-
spective clinical trials, which are typically
designed to generate the most meaningful clini-
cal information, that is, efficacy of a new therapy.
I suggest that in parallel to these high-tech
approaches, we should focus on “sentinel” bio-
markers of essential metabolic processes, which
can be easily analyzed in standard laboratories on
archival FFPE samples. One possibility is repre-
sented by certain transporters or enzymes, which
according to meta-analysis are key for the activ-
ity of the underlying metabolic pathway, such as
MCT4 for glycolysis [20, 50] or GLS for gluta-
mine metabolism [40]. Protein expression levels
of these markers can be assessed by IHC, the sig-
nal digitalized and quantified by digital pathol-
ogy techniques at a reasonable cost per sample.
Integration of signal quantification into appropri-
ate mathematical models can then be used to
define best cut-off values in order to stratify
patients into biomarker-positive or biomarker-
negative and eventually investigate their pro-
gnostic or predictive value in large patients’
cohorts. Although reduction of the complexity of
a metabolic pathway to one or two sentinel
markers might appear and likely is an oversimpli-
fication, there are other examples in oncology
where expression of selective markers of com-
plex biological processes turned out to be useful
to take clinical decisions. Examples include
expression of estrogen and progesterone recep-
tors to predict response to hormonal therapy in
breast cancer [18], and to some extent PD-L1
expression to predict the outcome of immuno-
therapy with ICIs [71]. We envision that similar
attempts should be tried also for metabolism-
associated markers in order to establish their
clinical utility as prognostic or predictive bio-
markers for cancer patients.
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Abstract

Tumor-associated neutrophils (TANs) play a
major role during cancer development and
progression in the tumor microenvironment.
Neutrophil elastase (NE) is a serine protease
normally expressed in neutrophil primary
granules. Formation of neutrophil extracellu-
lar traps (NETs), a mechanism used by neutro-
phils, has been traditionally associated with
the capture and killing of bacteria. However,
there are recent discoveries suggesting that
NE secretion and NETs formation are also

use of NETs, NE, or associated molecules as
potential disease activity biomarkers or thera-
peutic targets will be introduced.

Keywords

Antitumor - Biomarker - Cancer - Metastasis -
N1 neutrophil, N2 neutrophil, DNase -
NETosis - Neutrophil - Neutrophil elastase
(NE) - Neutrophil extracellular trap (NET) -
PAD4 - Therapeutic target - Tumor microen-
vironment - Tumor-associated neutrophils
(TANSs)

involved in the tumor microenvironment.
Here, we focus on how NE and NETs play a
key regulatory function in the tumor microen-

vironment, such as tumor proliferation, distant Abbreviations
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Introduction of Tumor-
Associated Neutrophils
(TANSs)

2.1

Neutrophils, also known as polymorphonuclear
cells (PMNs), are the most abundant white blood
cells in human circulation accounting for approx-
imately 60% of all leukocytes [1]. They are the
first immune cells to respond to inflammatory or
infectious etiologies as they are crucial partici-
pants in the proper functioning of both innate and
adaptive immune responses [2]. As part of their
key role, neutrophils are the first line of immune
defense against invading pathogens and also par-
ticipate in the development of inflammatory cas-
cades [3, 4]. Neutrophils have a unique
polymorphic nucleus that is segregated into 3—5
lobules in humans, with each lobule having a
diameter of approximately 2 pm [5]. In healthy
individuals, most neutrophils are destined to be
cleared even without ever performing their func-
tion. During infection, they have crucial roles in
the clearance of microorganisms [4, 6].
Currently, there is increasing evidence dem-
onstrating that not only do neutrophils play key
roles in inflammatory diseases but also in cancer
as neutrophils have both pro- and antitumor
properties [7-9]. Neutrophils accumulate in
many types of human and murine tumors and
regulate nearly all steps of tumor progression.
Neutrophils are involved in cancer through mul-
tiple mechanisms and have been implicated in
almost all stages of the oncogenic process
including tumor initiation, growth, proliferation,
and metastases [10-13]. Human and mice stud-
ies have shown that there are two neutrophil phe-
notypes: antitumor N1 neutrophils and
protumorigenic N2 neutrophils [14, 15]. Tumor-
associated neutrophils (TAN) can be activated
under various conditions resulting in antitumor
and protumor functions [14]. Although the abil-
ity of TANs to promote or prevent cancer pro-

gression is not fully understood, we know that
TANSs consist of various polarization states, and
the mechanism behind this polarization is ill
defined. Here we aim to review the existing evi-
dence of neutrophil recruitment, functions as
well as the different regulators of neutrophil in
the tumor microenvironment.

Neutrophils found within the tumor play a
central role in inflammation and are attracted by
CXCR?2 ligands such as CXCL1, CXCL2, and
CXCL5 [13, 16]. The initiation of tumor growth
can be promoted by neutrophils through the
release of reactive oxygen species (ROS), reac-
tive nitrogen species (RNS), or proteases [17].
Neutrophils have been implicated in various can-
cers. Human colorectal cancer liver metastases
and murine gastrointestinal liver metastases
exhibit infiltration by neutrophils. The depletion
of neutrophils in a murine liver metastases model
has been shown to diminish metastatic growth
through fibroblast growth factor 2 [18]. In human
hepatocellular carcinoma (HCC) samples, over-
expression of CXCL5 was well correlated with
intratumoral neutrophil infiltration, shorter over-
all survival, and tumor recurrence [19]. The
depletion of hepatic neutrophils via antibody has
been shown to protect the liver from diethylnitro-
samine (DEN)-induced HCC in murine models,
since neutrophils stimulate hepatocellular ROS
and telomere DNA damage [20]. In a mice flank
tumor model, neutrophils contribute to the antitu-
mor activity of TGF-b blockade [14]. Neutrophil-
derived ROS are important regulators of
protumorigenic Y817 T cells that have been iden-
tified as immunosuppressive and antitumoral in a
mice melanoma model [21].

Alternatively, neutrophil recruitment has been
shown to be a key component of the antitumor
efficacy of bovis Bacillus Calmette-Guerin treat-
ment in bladder cancer, chemotherapy in mouse
lung cancer, radiotherapy in several syngeneic
mouse tumor models, rituximab and trastuzumab
treatments in human non-Hodgkin’s lymphoma,
and breast cancer, respectively [22-26]. Activated
TANSs can also elicit antitumor functions either
directly through lysis of tumor cells or by
antibody-dependent cell-mediated cytotoxicity
[23, 27, 28].
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2.2  Introduction of Neutrophil
Elastase in Health

and Disease

Neutrophil elastase (NE) belongs to the family of
serine protease normally expressed in polymor-
phonuclear neutrophils (PMNs) [29-31]. It plays
a key role in numerous physiological and patho-
logical processes, including antimicrobial
defenses, inflammation, and cancer progression
[2, 32]. During neutrophil degranulation or neu-
trophil extracellular traps (NETs) formation, NE
is released into the extracellular space in a pro-
cess known as NETosis. Not only is NE a neces-
sary component of NETSs, but activated NE is also
required for NET formation [33]. Although NE
can also be released from neutrophils indepen-
dent of NET formation, and rapidly inactivated
by plasma antiproteases, DNA-associated NE
appears to retain its proteolytic activity for
extended periods [34, 35]. NE has been impli-
cated as a biomarker for the diagnosis and prog-
nosis of inflammatory bowel disease as it has
been detected in the colonic mucosa of patients
with ulcerative colitis [36—40].

It has been shown that activated NE protects
against infection by destroying pathogenic bacte-
ria [4]. Mutations in the ELA2 gene encoding
neutrophil elastase (NE) occur in most cases of
severe congenital neutropenia as well as sporadic
and autosomal-dominant cyclic neutropenia [41,
42]. The release of NE is responsible for the acti-
vation of epithelial protease-activated receptors,
which leads to cell shrinking and reduction of
barrier function [43]. NE and ROS are required
for TNFa-primed neutrophils and antineutrophil
cytoplasmic antibodies to cause increased pul-
monary endothelial permeability and lung edema
in a model of acute Wegener’s granulomatosis
[44]. In addition, NE is also important in the
reciprocal coupling between innate immunity
and coagulation necessary for thrombus forma-
tion [45]. NE has been shown to decrease the
allostimulatory ability of human monocyte-
derived dendritic cells [2]. Finally, how neutro-
phil elastase is integrated in the activation,
regulation, and effector mechanisms of cancers
continues to be explored [46].

2.2.1 Neutrophil Elastase in Primary

Tumor Initiation and Growth

NE has been shown to have a protumorigenic role
in breast, lung, prostate, and colon cancers [47—
52]. Blocking the activity of NE in mouse models
of numerous cancer types can significantly
reduce the effect of neutrophils on tumor pro-
gression, and metastasis [47, 49, 50, 53]. NE pro-
motes tumor growth in different ways either by
increasing cancer cell proliferation, migration,
invasion, or by inducing angiogenesis within the
tumor microenvironment. NE may also contrib-
ute to tumorigenesis by inactivating tumor sup-
pressors [47, 52, 54-57]. Also, there is increased
expression of NE within the tumor and in circula-
tion during tumorigenesis, which promotes tumor
growth [58-60]. NE may directly induce tumor
cell proliferation in both human and mouse lung
adenocarcinomas by gaining access to an endo-
somal compartment within tumor cells where it
degrades insulin receptor substrate-1 [47]. It has
been shown that the production of NE from TANs
may be involved in tumor invasion, which is
associated with a poor prognosis in patients with
non-small cell lung cancer. Lastly, NE may facili-
tate the invasion of cancer cell either by directly
dissolving the tumor matrix or indirectly by acti-
vating a protease cascade [61].

NE released from activated neutrophils may
also mediate PI3K-associated signaling pathway
for tumor cell proliferation and promote the
growth and progression of cancer cells. The treat-
ment of esophageal cancer cell lines with NE
induces the release of growth factors, including
protransforming growth factor-alpha, platelet-
derived growth factor-AA, platelet-derived
growth factor-BB, and vascular endothelial
growth factor. Furthermore, use of Sivelestat, a
specific NE inhibitor, significantly inhibits the
release of these growth factors [47, 57]. EMILINT,
a multidomain glycoprotein expressed in several
tissues, exerts a crucial regulatory tumor suppres-
sion function through the engagement of a4/x9
integrins. This tumor suppressor function of
EMILIN1was impaired through its cleavage by
NE, a process that has been implicated in the
digestion of sarcomas and ovarian cancers [54].
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2.2.2 Neutrophil Elastase in Cancer
Metastases

In human studies, NE has been associated with
breast cancer metastasis, and the detection of
tumor NE level might be helpful in selecting the
appropriate individualized treatment for patients
with breast cancer [51, 62]. The release of NE
can also facilitate non-small cell lung cancer
metastasis by degrading basement membranes
and allowing egress of tumor cells into the circu-
lation [63, 64]. ONO-5046.Na is a specific NE
inhibitor that has been reported to reduce hepatic
ischemia-reperfusion injury by inhibiting accu-
mulation of neutrophils [65, 66]. Ischemia-
reperfusion injury has been implicated in liver
metastasis and ONO-5046.Na may reduce the
burden of metastasis through reduction of
ischemia-reperfusion injury [67].

2.2.3 Neutrophil Elastase
as a Therapeutic Target
in Cancer

It has been reported that NE released by TANs
can be taken up by breast cancer cells, which
could enhance their susceptibility to cytotoxic T
lymphocyte lysis [60, 68]. In a colorectal cancer
mouse model, a higher expression of active NE
was detected in the tumor and giving the NE
inhibitor Sivelestat inhibited tumor growth.
Within human colorectal cancer tissue, increased
amounts of NE expression were detected com-
pared to the adjacent nontumor tissues. In addi-
tion, the serum NE concentration in colorectal
cancer patients was significantly higher than that
in the healthy controls, indicating that the NE
levels in serum may also potentially be a diagnos-
tic marker of colorectal cancer in patients [49].
Investigation of Sivelestat use for cancer therapy
should be further explored as its safety and effi-
cacy have been tested in treatment of patients
with acute lung injury and acute respiratory dis-
tress [69, 70]. The NE inhibitors, AZD9668 and
BAY-85-8501, were developed and studied in
phase II clinical trials for pulmonary diseases.
AZD9668 has the potential to reduce lung inflam-

mation and the associated structural and func-
tional changes in some other human diseases.
BAY 85-8501 was shown to be safe and effica-
cious in a mouse acute lung injury model and
recently is being tested in clinical studies for the
treatment of pulmonary diseases [71, 72].

Taken together, NE could be of great value as
a potential diagnostic marker or therapeutic tar-
get for cancer patients. Given that NE plays a key
role in normal immune response to bacterial
pathogens, there is a potential detrimental risk for
infections if the drug is given chronically.
Currently, there has been no clinical trial on the
use of NE in cancer but in designing such trial,
every step must be carefully considered in order
to gain the greatest benefit [46].

2.3  Introduction of Neutrophil
Extracellular Traps in Health

and Disease

Neutrophils form neutrophil extracellular traps
(NETs), which are large, extracellular, web-like
structures composed of cytosolic and granule
proteins that are assembled on a scaffold of
decondensed chromatin [73]. The granular com-
ponents are 25 nm in diameter and are normally
stored in distinctive neutrophil granules that
reside on the DNA backbone structure of NETSs
and provide antimicrobial activity [73, 74]. NETs
can capture and kill bacteria, fungi, viruses, para-
sites and are thought to prevent bacterial and fun-
gal dissemination [75-79].

NET formation, also known as “NETosis,”
describes the process by which neutrophils pro-
duce and release active NETs. It is important to
note that NETosis is distinct from necrosis and
apoptosis. This same process, which leads to neu-
trophil death, is also a mechanism of bacterial
sequestration [74, 80-82]. During NETosis, the
nucleus first delobulates, while the granules dis-
appear, followed by membrane vesiculation
(Fig. 2.1). After nuclear disintegration, the
chromatin expands, allowing contact between
granular and cellular components. Finally, the
cytoplasmic membrane ruptures, releasing NETs
into the extracellular space [83]. In summary,
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Fig. 2.1 Formation of
neutrophil extracellular
traps

Process of NETosis

Neutrophil

NETosis is a form of neutrophil-specific cell
death where neutrophils extrude extracellular
fibers composed of chromatin and granule pro-
teins that are characterized by the release of large
web-like structures [84, 85].

NETs have been shown to contribute to the
pathogenesis of immune-related diseases such as
lupus nephritis when dysregulated [86-88].
Increasing evidence suggests that the process by
which neutrophils produce and release NETs not
only happens in infections such as sepsis, but also
has key role in noninfectious diseases such as sys-
temic lupus erythematosus (SLE), rheumatoid
arthritis (RA), diabetes, atherosclerosis, acute
lung injury, hepatic ischemia reperfusion injury,
thrombosis, and chronic liver disease [87, 89—
100]. In the past few years, there has been increas-
ing evidence for a role of NETs in cancer [86].

2.3.1 Neutrophil Extracellular Traps
in Primary Tumor Initiation

and Growth

The first association of NETs in cancer was
described in 2012 when neutrophils from tumor-
bearing mice showed an increased propensity for
NETosis upon stimulation with LPS [101]. NET-
induced coagulation is a sequela of some malig-

NETosis Neutrophil

©_NETs
. NE

nancies and in an intestinal cancer model,
coagulation and tumorigenesis was reduced by
DNase [102, 103]. In a Lewis lung carcinoma
model with hemorrhagic tumors, a large area of
neutrophils and NET-like structures were found
within the hemorrhagic tumors [104]. These
hemorrhagic areas contained intact and primed
hypercitrullinated neutrophils ready for NET for-
mation [104]. In mouse insulinoma and breast
cancer models, NET accumulation extends to the
peripheral circulation, causing systemic inflam-
mation and impaired vessel function in organs
not infiltrated by tumor cells. DNase I treatment
abolished these remote effects, suggesting that
NETSs mediate the collateral effects of tumors in
distal organs [105]. Our group also recently
found that blocking NETSs can reduce the risk of
HCC in the setting of non-alcoholic steatohepati-
tis (NASH) [100].

2.3.2 Neutrophil Extracellular Traps
in Metastases

NETs have been implicated in cancer metastasis
in the context of systemic infection. In a cecal
ligation and puncture (CLP) model, microvascu-
lar NET deposition and consequent trapping of
circulating lung carcinoma cells within DNA
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webs were associated with increased formation
of hepatic micrometastases. This effect was
abolished by NET inhibition with DNase or neu-
trophil elastase inhibitor [106]. Our laboratory
has reported that NET formation is accelerated
immediately after major liver resection in
patients with metastatic colorectal cancer.
Circulating MPO-DNA levels, a NET bio-
marker, was associated with a significant
increase in early metastatic
Mechanistic investigations in vitro indicated that
mouse neutrophil-derived NET triggered
HMGBI release and activated TLR9-dependent
pathways in cancer cells to promote their adhe-
sion, proliferation, migration, and invasion
[107]. These effects can be abrogated by inhibit-
ing NET formation in mice via DNase I treat-
ment or inhibition of peptidyl arginine deiminase
type IV (PAD4). PAD4 is an essential enzyme in
NET formation that catalyzes the citrullination
of histones-H3, a critical step for chromatin
decondensation and expulsion [97].

recurrence.

2.3.3 Antitumor Properties
of Neutrophil Extracellular
Traps

Increasing evidence suggests that NETs play a
key role in cancer; however, the antitumorigenic
and the protumorigenic roles of NET formation
appear to depend on various conditions. For
example, NETs induced within the vasculature
by systemic bacterial infection or surgical stress
facilitates cancer metastasis in the liver and the
lung. In contrast, neutrophils that express high
CD16 and low CD62 have shown increased
migratory and NET-producing capacity and this
unique feature correlates with better survival in
patients with head and neck squamous cell carci-
noma [108]. These neutrophils and NETSs are pre-
sumed to have destroyed the tumor cells. Based
on these reports, the functions of NETs and neu-
trophils seem to differ based on the type of cancer
or the degree of progression [109]. Further stud-
ies are needed to characterize factors that influ-
ence NET production and the difference between
various forms of NETS and neutrophils.

2.3.4 Neutrophil Extracellular Traps
as a Therapeutic Target
in Cancer

NETs are involved in tumor proliferation, distant
metastasis, and tumor-associated thrombosis,
strongly suggesting that NETs are a potential
therapeutic target in cancer [109, 110]. Multiple
studies have shown that DNase can digest NET
formation, thereby reducing tumor proliferation,
distant metastasis, and tumor-associated throm-
bosis [100, 102, 105-107]. In human studies,
PAD4 has been shown to be overexpressed in
some tumors [111, 112]. Inhibiting PAD4 by
using PAD4 inhibitors or PAD4 KO mice signifi-
cantly reduces tumor progression [100, 107,
113-115]. However, PAD4 inhibition or the use
of DNase for cancer treatment in patients is still
in the rudimentary stage. Additionally, it is
unknown if inhibiting NET formation has a syn-
ergistic effect with current cancer treatments,
such as chemotherapy, radiotherapy, molecule-
targeted therapy, and immunotherapy [110].
More work is needed to investigate the relation-
ship between NET and already established can-
cer treatments.

24  Conclusions

NE secretion and NET formation in the tumor
microenvironment could be the initiators of dis-
ease or a side effect of the general overwhelming
response of the immune system. There is poten-
tial for NE or NET-related molecules to be used
as biomarkers and as targets for therapeutic inter-
vention in cancer-related diseases. Although
additional studies on the pathogenicity of NE and
NETs in tumor microenvironment are still
needed, important progress has been made to
show that both NE and NETs may induce tumor
proliferation, distant metastasis, and tumor-
associated thrombosis (Fig. 2.2). The capacity of
NE and NETs to potentiate or suppress inflam-
mation may have a beneficial function in cancer
and other pathologies. A better understanding of
the function and impact of NE and NETs on
health will enable the suppression of detrimental
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Tumor proliferation
Distant metastasis
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Fig. 2.2 Neutrophil elastase and neutrophil extracellular traps can induce tumor proliferation, distant metastasis, and

tumor-associated thrombosis

attributes without interfering with beneficial ones
and ultimately, and allow us to exploit NE and
NETs to treat diseases. Continued investigations
into the relevance of NE and NETs in disease will
reveal new functions and shed further light on the
role(s) of extracellular chromatin.
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Viral Hepatitides, Inflammation
and Tumour Microenvironment
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Abstract

In this chapter, we discuss the role of hepatitis
B virus (HBV) and hepatitis C virus (HCV)
infections in the establishment of hepatocel-
lular carcinoma (HCC), highlighting the key
role of the multiple, non-mutually exclusive,
pathways involved in the modulation of
immune responses and in the orchestration of
a chronic low-level inflammation state favour-
ing HCC development. In particular, we dis-
cuss (i) HCC as a classical paradigm of
inflammation-linked cancer; (i) the role of the
most relevant inflammatory  cytokines
involved (i.e. IL-6, TNF-a, IL-18, IL-1f,
TGF-p IL-10); (iii) the role of T cell exhaus-
tion by immune checkpoints; (iv) the role of
the Wnt3a/B-catenin signalling pathway and
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(v) the role of different subsets of suppressor
cells.
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3.1 Liver Anatomy and Role

of the Inmune System

The liver is a vital organ playing a central role in
metabolic processes, such as the regulation and
storage of energy and nutrients, digestion and
detoxification. Due to its anatomy, and thanks to
the portal and venous circulation, the organ is
continually in contact and highly supplied with
blood [1]. The organisation of the liver, effi-
ciently structured by hepatocytes together with
other differentiated cells, (i.e. hepatic stellate
cells [HSCs], liver sinusoidal endothelial cells
[LSECs], cholangiocytes and Kupffer cells
[KCs]), results in lobules, the basal structures of
the organ.
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The liver can be considered as an “immuno-
logical” organ, containing a wide range of resi-
dent immune cells playing essential functions in
the maintenance of organ homeostasis [1]. Given
its intrinsic role in detoxification, the liver is con-
tinually exposed to external agents, including
diet products or commensal bacteria derived
from the intestine via the portal vein, as well as
infectious microorganisms derived from the sys-
temic circulation via the arterial vein. Therefore,
the immune surveillance in the organ is highly
dynamic.

Resident innate immune cells comprising
macrophages or KCs, natural killer (NK) cells,
NKT cells, and dendritic cells (DCs) are consid-
ered the most important sentinels of the liver.
Additionally, tissue resident memory T cells,
which are normally homing cells without re-
circulating and promptly attacking pathogens at
the site of infection, are also involved [2]. A key
role also seems to be played by resident regula-
tory T cells (Tregs) that are highly specialised in
maintaining tissue tolerance [3].

Under normal conditions, the innate immune
sentinels are poor activators of adaptive immu-
nity, but rather favour tolerance, through multiple
(not mutually exclusive) mechanisms, guarantee-
ing survival of the organ. For instance, the con-
tinual exposure to sub-threshold
lipopolysaccharide (LPS) stimuli from the intes-
tine promotes the production of high IL-10 and
low IL-12 levels by LSECs, KCs or tissue DCs
favouring Th2-like rather than Thl-like
responses, as well as the development of Tregs.
The liver tolerance can be converted into immu-
nity by the presence of infections or inflamma-
tory cytokines that convert LSECs, KCs and DCs
into powerful stimulators of resident NKT cells
and T cells generally originating from mesenteric
lymph nodes (LNs), ultimately leading to liver
immunopathology: protection and recovery are
dependent on appropriate levels of immunopa-
thology. HSCs, also defined as liver pericytes,
display important roles in health and disease:
they ensure the storage of the majority of vitamin
A in a healthy body, and represent the major
source of fibrotic tissue in liver disease [4]. A dif-
ferent subset of pericytes (pericytes type 2) has

been proposed to contribute to angiogenesis,
improving perfusion in ischemic tissues, on the
one hand, and metastasis in cancer, on the other
hand [5].

However, immunopathology can degenerate
into a state of chronic low-level inflammation
generally maintained by chronic antigenic stim-
uli (such as those provided by persisting hepato-
tropic viruses), which represents the main
substrate for hepatocellular carcinoma (HCC)
development [3].

3.2 Mechanisms Causing
Hepatocellular Carcinoma
and Role of the Immune

System

Numerous factors may induce the transformation
of liver cells into cancer cells. Primary liver can-
cer is the sixth most common cancer worldwide
[6] and its prevalence is especially increasing in
developing countries, where almost 85% of cases
occur. Among liver cancers, HCC is the most dif-
fuse form; the second most prevalent is cholan-
giocarcinoma, while squamous cell carcinoma is
considered a rare form with a high malignancy
rate [6]. HCC (generally diagnosed in the age
range from 55 to 65 years) is the fifth most com-
mon cancer in men worldwide (523,000 case per
year), and the seventh in women worldwide
(226,000 cases per year); most of the cases (more
than 80%) occur in Asia and Africa [7].

The underlying mechanisms causing HCC
comprise several factors. Alcohol is a strong risk
factor for developing HCC. Indeed, chronic alco-
hol intake induces liver damage by alcoholic
hepatitis, fatty liver disease and cirrhosis. HCC
has also been demonstrated to correlate with non-
alcoholic fatty liver diseases (NAFLDs) that are
generally associated with a variety of metabolic
disorders such as insulin resistance, obesity, dia-
betes mellitus type II and hyperlipidaemia [8].
Steatohepatitis, evaluated by the accumulation of
the fat in the liver in at least 20-30% of patients,
culminates in progressive liver disease with
necroinflammation and fibrosis, resulting in cir-
rhosis in 10-20% of cases and, in the latest phase,
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in HCC development [9]. A diet with an excess of
saturated fats has been related to weight gain and
NAFLD, in which an excess of dysfunctional adi-
pose tissue and insulin resistance may generate
the dysregulation of adiponectin production, and
a consequent increase in secreted pro-
inflammatory cytokines (e.g. tumour necrosis
factor [TNF]-a, interleukin [IL]-6, leptin). The
progressive accumulation of lipids in the hepato-
cytes can cause lipotoxicity, an excess of free
radicals and an oxidation of fatty acids, inducing
strong inflammation, peculiar to non-alcoholic
steatohepatitis (NASH) [10].

However, most HCCs are associated with
chronic liver diseases caused by HBV and HCV
infections. Although HBV and HCV belong to
two distinctive families, HBV, a double-stranded
DNA (dsDNA) virus belonging to the
Hepadnaviridae family, and HCV, a virus of the
Flaviviridae family characterised by single-
stranded RNA (ssRNA), the mechanisms respon-
sible for HCC induction have common pathogenic
mechanisms. Both viruses are poorly cytopathic:
hepatocyte lysis is not due to a direct viral effect,
but is caused by immune responses elicited in the
attempt to clear viruses and establish immunity
(3].

In particular, primary viral infections promptly
(within few hours) cause inflammation by innate
immunity [3], through their own pathogen-
associated molecular patterns (PAMPs) (e.g.
viral DNA or RNA sequences) or damage-
associated molecular pattern (DAMP) signals
(e.g. oxidative stress, necrotic products, and
high-mobility group box 1 [HMGB-1]) generally
derived from infected tissue cells. Both PAMPs
and DAMPs are recognised by pattern recogni-
tion receptors (PPRs) (e.g. Toll-like Receptors
[TLRs], RIG-I-like RNA helicases [RLH/RLRs],
Nod-like Receptors [NLRs]), expressed by a
wide range of immune cells, which, as conse-
quence, can be activated to produce a storm of
pro-inflammatory and anti-viral cytokines
(including type I interferons [IFNs], TNF-o, IFN-
v). Simultaneously, the entry of the virus into
hepatocytes promptly drives direct (granule- and
death receptor-mediated) killing by NK and NKT
cells, providing antiviral effects by producing

pro-inflammatory cytokines as well. In addition,
the recruitment and activation of innate immune
cells are crucial steps for the delayed adaptive
immunity to be mounted (emerging within
10-15 days upon the infection) through the prim-
ing of antigen-specific B and T cells, inducing
strong antiviral responses and long-term immu-
nological memory (Fig.3.1). Tissue-resident DCs
represent the principal cells that connect innate
and adaptive immunities, because, in an inflam-
matory context, they acquire the capacity to dif-
ferentiate into a phenotype of professional
antigen-presenting cells (APCs), and migrate
into draining lymph nodes (LNs). Here, they can
prime naive B and T cells that, in turn, prolifer-
ate, differentiate and are proficiently recruited
into the inflammatory sites of the virus-infected
liver, where they can protrude with their pseudo-
pods through the endothelial cell fenestrae in
order to probe and search for infected hepato-
cytes and, ultimately, kill them [11]. Alternatively,
naive HBV-specific CD8* T cells can arrive in the
lumen of liver sinusoids and can be primed
directly in the HBV-infected liver through the
contribution of third-part IL-2-activated KCs
[12]. Collectively, the suppression of viral repli-
cation is mainly caused by the combination of
specific anti-viral antibodies (produced by B
cells), killing of virus-infected liver cells, and
anti-viral inflammatory cytokines (produced by
NK, NKT, CD4* and CD8* T cells, etc.) [3].
Effector CD8* T cells provide the most efficient
protection against intracellular pathogens by the
serial killing of infected hepatocytes, which is
consequent to the direct antigen-specific T cell
receptor (TCR) recognition of short viral anti-
genic peptides complexed with class I major his-
tocompatibility complex molecules on infected
cells. In addition, they can simultaneously pro-
vide bystander-indirect killing (to which the
expression of activating NK receptors [e.g.
NKG2D] contributes) of neighbouring infected
or non-infected hepatocytes expressing the
proper ligands of activating NK receptors [13].
At the same time, the selection of B cells with
highly specific BCR takes place in the LNs, while
the production of antibodies is not highly effi-
cient in the first part of infection, somatic
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Fig.3.1 Immune responses to HBV and HCV infections.
(a) Acute infections are characterised by a phase of strong
anti-viral immunity aimed at eliminating viruses from the
host. A cytokine storm (IL-6, TNF-a, IL-1B, IL-18) is
basically produced by innate immune cells, such as mac-
rophages, DCs and HSCs. Consequently, the adaptive
responses are mounted to both directly kill virus-infected
cells by antigen-specific effector T cell responses and neu-
tralise the virions by antibodies produced by antigen-
specific B cells. IFN-y production by T cells, as well as by
NK and NKT cells, contributes to viral clearance. Finally,
memory T and B cells are generated to guarantee the host
protection against secondary infections. An immunoregu-
latory mechanism mediated by regulatory T cells (Tregs)
results crucial for the resolution of immunopathology. (b)

hypermutations of germline V(D)J generate anti-
bodies with higher specificity [14]. Whether
virus-specific B or T cells are generated in ter-

Time

Under chronic infection conditions, characterised by a
long phase of inefficient anti-viral immunity, and chronic
inflammation and immunopathology, the persistence of
hepatitis viruses is the key point. Indeed, effector T cells
that are chronically stimulated by the persisting virus
undergo consecutive steps of exhaustion (partially and
then fully exhaustion) and, together with the parallel
expansion of suppressive Tregs, establish a state of
chronic low-level inflammation favouring, in the long
term, a suppressive liver microenvironment and the devel-
opment of HCC. In this context, the anti-tumour immu-
nity response, mounted in an attempt to eliminate the
cancer, will not result in the development of immunologi-
cal memory, but will be non-protective, because of the
immunosuppressive TME

tiary lymphoid structures formed in a chronic
inflammation liver is a crucial issue to investi-
gate. Overall, these responses take place to



3 Viral Hepatitides, Inflammation and Tumour Microenvironment 29

eradicate the virus in the organ through a state of
robust inflammation, characterising the acute
phase of infection (Fig.3.1a). During this phase,
the adaptive response has the major role of clear-
ing the viruses and building long-term protection
by T and B cell memory. Immunological memory
remains for almost a lifetime in the body, guaran-
teeing protection against secondary infections
(Fig.3.1a).

If the activity of the immune system is crucial
for the eradication of the virus, on the one hand,
the virus can activate different mechanisms of
immune escape to persist in the host, on the other.
Indeed, although the infection and replication
cycles are completely different between the two
viruses, both HCV and HBV are able to persist in
a chronic manner in the infected host. HCV is
capable of escaping better than HBV, mainly due
to the higher mutational rates [15, 16]. Since both
HBYV and HCV are not cytopathic per se, the dif-
ference in establishing viral persistence is princi-
pally based on different interactions of viruses
with the immune system. Both viruses are able to
escape innate immune controls (e.g. PPRs, inter-
feron [IFN] type I-based immunity, and NK cell
responses), suggesting that the capacity of HCV
to escape adaptive immunity, which is signifi-
cantly greater than HBV, is due to the higher rate
of its persistence [17]. Indeed, HCV is character-
ised by a higher mutation rate than HBV
(~4.0 x 107" HCV mutations vs. ~3.0 x 107>
HBV mutations generated daily worldwide),
which can result in the generation of >10° HCV
copies each day in each infected individual; this
may therefore allow the evasion of B or T cell
recognition much more frequently than HBV [18,
19]. In the case of viral escape, a state of chronic
low-level immunity/immunopathology is adapted
in order to avoid excessive liver damage, on the
one hand and excessive viral spread, on the other
(Fig.3.1b). This fine balance results in a crucial
equilibrium, allowing a long-lasting life of the
infected host that can, in the long-term, undergo
HCC development. Many findings have indeed
demonstrated a direct connection between
chronic inflammation and the development of
cancer in both mouse and human cancers [20].
The process toward liver cancer development is

characterised by an intermediate state of cirrhosis
persisting in the liver for many years.

3.3 Inflammation Mediated by
Cytokines

in the Establishment of HCC

Although different factors can cause HCC, as
mentioned above, the crucial role is played by
inflammation. HCC is actually considered a clas-
sic paradigm of inflammation-linked cancer,
since around 90% of HCCs result from injury and
inflammation [21].

Inflammation is a complex biological response
addressed to combat any dangerous agent/sub-
stance for the host (i.e. pathogens, damaged cells,
irritants, alcohol, a high fat diet, toxins, etc.). The
dominant feature of non-resolving inflammation
in HCC is mainly characterised by the establish-
ment of a state of chronic low-level inflammation
mediated by the continuous recruitment of
immune cells elicited by persisting viral or dan-
ger signals, and counterbalanced by various regu-
latory mechanisms addressed to avoid excessive
liver damage. Indeed, the infiltration and activa-
tion of monocytes/KCs and immature myeloid
cells produces a wide range of pro-inflammatory
cytokines (IL-6, TNF-a, IL-1p, IL-18) that,
together with the activation of various signalling
pathways (NF-xB, STAT3, Wnt/p-catenin), elicit
the production of reactive oxygen and nitrogen
species (ROS and NOS). At the same time, anti-
inflammatory responses (i.e. TGF-p, IL-10) are
mounted in the liver to counterbalance the exces-
sive inflammation resulting in a perturbation of
wound-healing responses, leading to the sequen-
tial steps of fibrosis, cirrhosis and HCC [22]. All
of these reported cytokines are mainly produced
by immune cells and, at a lower level, by liver
cells (hepatocytes and LSECs expressing the
related receptors).

Recent data suggested a peculiar compart-
mentalisation of cytokines according to the
inflammatory or cirrhotic state [23]. Indeed, the
balance between inflammatory (IFN-a, IL-27,
IL-12, TNF-a) and anti-inflammatory (e.g. IL-10,
TGF-p) cytokines was found to be consistently
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favouring the former in highly inflamed not-
cirrhotic (HBV- or HCV-infected) livers, whereas
the latter is favoured in cirrhotic livers and tumour
lesions. The cytokine milieu plays an essential
role in supporting chronic low-level inflamma-
tion, culminating in cirrhotic phase and HCC
development [23].

Liver injury is also triggered by the combina-
tion of direct cell killing and the production of
large amounts of IFN-y and TNF-q, initially
mediated by NK cells and then by CD8* T cells
elicited in an attempt to clear HBV- or HCV-
infected hepatocytes, as well as by the activation
of KCs representing a further cause of TNF-a-
mediated liver damage [24]. A direct effect can
also be played by molecular structures of the
viruses. For example HBx, a small protein
encoded by HBYV, directly modulates mediators
such as IL-8, ICAM-1, MHC complex, and acti-
vates the NF-kB and NFAT signalling pathways
implicated in the production of IL-6, IL-8 and
TNF-a [25].

IL-6 is one of the most studied cytokines in
physiological and pathological processes of the
liver. It can regulate the epithelial mesenchymal
transition (EMT), which has a dominant role in
HCC progression. Indeed, it promotes the mesen-
chymal phenotype of hepatocytes, such as motil-
ity invasion and resistance to apoptotic stimuli,
supporting the metastatic phase of HCC. In the
hepatic acute phase responses, KCs and LSECs
are the main producers of IL-6, causing hepato-
cyte activation and the release of c-reactive pro-
tein, which helps innate immunity against
infection. Elevated serum levels of IL-6 have
been observed in patients with chronic HBV and
HCV infections and are associated with a higher
risk of developing HCC, as well as in HCC
patients, associated with a poor prognosis [26—
28]. IL-6-dependent oncogenic activity is exerted
by downstream signals via Signal Transducer and
Activator of Transcription 3 (STAT-3) phosphor-
ylation [29]. The STAT-3 signalling pathway is a
crucial step of the process: cyclooxygenase 2
(COX-2), the mediator of inflammation, has been
demonstrated to activate STAT-3, not only pro-
moting the direct transformation of hepatocytes,
but also regulating the pro-tumorigenic functions

of M2 tumour-associated-macrophages (TAMs)
[30]. Furthermore, the activation of STAT-3
exerts an immunosuppressive effect on immune
cells, counterbalancing anti-tumour immune
responses [31].

TNF-« is another crucial cytokine involved in
the regulation of HCC development. Many data
have described the role of TNF-o in HCC mouse
models. It has been demonstrated that TNF-«
promotes HCC in inflammation-induced carcino-
genesis models, where the in vivo administration
of antibodies neutralising TNF-a decreases HCC
growth [32]. TNF-a is also strongly involved in
tumour promotion, invasion, angiogenesis, and
metastasis, and is correlated with tumour growth,
oxidative stress, and carcinogenesis [33, 34]. In
line with these observations, the level of TNF-
has been found to be significantly higher in
patients with cirrhosis and acute/chronic hepatitis
compared with healthy subjects [35]. Moreover,
TNF-a expression is mostly elevated in patients
with recurrent HCC [36]. The major source of
TNF-«a in the liver is derived from TAMs, and the
impact of TNF-a production on immune cells is
well described. For instance, TNF-a induces the
expression of TNF-related apoptosis-inducing
ligand (TRAIL) on liver cancer cells, leading to
the apoptosis of T cells [37]. It can also stimulate
the up-regulation of inhibitory molecules (i.e.
programmed cell death ligand-1 [PDL-1]) on
both macrophages and DCs suppressing anti-
tumour responses by PD-1* CD8" T cells [38].
Tregs are also highly susceptible to TNF-a, con-
stitutively expressing TNFR-I and modulating
TNFR-II expression during inflammation [39,
40]. Amongst its roles, TNF-a can induce the
expression of OX40 (CD134), which belongs to
the TNFR family, on Tregs, boosting their prolif-
eration capacity and suppressive activity [23].

The IL-1 system comprises IL-1p and IL-18,
which together are considered crucial mediators
for host responses in infections and inflamma-
tion. Both IL-1f and IL-18 exist as inactivated
forms (pro-IL-1p and pro-IL-18) in cells, and,
upon inflammasome activation, can be released
as active forms by the activity of caspase-1
(casp-1)[41, 42]. The close association between
these cytokines and liver inflammation is well
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described [43, 44]. In addition, the relationship
between IL-1f and cancer [45], as well as the
connection between IL-1p and NLR family pyrin
domain containing 3 (NLRP3), promoting the
occurrence and development of chronic liver dis-
eases, has been well characterised [46]. IL-1f can
also directly activate quiescent HSCs, which are
involved in the formation of liver fibrosis and
even cirrhosis, and induce the production of
monocyte chemoattractant protein-1 (MCP-1/
CCL2) and IL-8 (CXCLS) [47]. Additionally, in a
mouse model of ethanol liver injury, a direct role
of IL-1f in the regulation of steatosis, inflamma-
tion and fibrosis has been demonstrated. Notably,
casp-1-knock-down mice are protected from
developing fibrosis [48]. Accordingly, IL-1p
serum levels are extremely augmented in patients
with hepatitis, liver fibrosis, cirrhosis and pri-
mary HCC [36].

While a pro-tumorigenic role of IL-1f in HCC
development has been clearly demonstrated, the
function of IL-18 is controversial. A main bio-
logical difference between IL-18 and IL-1f is the
ability of IL-18 to be a strong stimulator of IFN-y
production in the presence of IL-12 [49]. IL-18
has been demonstrated to increase the production
of IFN-y by tumour-infiltrating CD8* T cells in
patients with non-small-cell lung cancers ex vivo,
overcoming the suppressive mechanisms of
exhaustion in the tumour microenvironment
(TME) [50]. Also, it has been reported that NK
cells can boost their anti-viral and anti-cancer
activities, by blocking or knocking down the
expression of IL-1 receptor 8 (IL1RS8), which
negatively regulates the effects of IL-18 and,
therefore, represents a new immune checkpoint
(IC) of NK cells [51]. These data suggest a posi-
tive role of IL-18 in the regulation of anti-viral
and anti-cancer activities. However, although
many findings have described the protective role
of IL-18 in a number of tumour models [52], the
function in human hepatitis and HCC is less
clear. For example IL-18 can induce the up-
regulation of TRAIL in HCC cell lines, promot-
ing tumour evasion by inducing the apoptosis of
activated T cells [37]. Additionally, high levels of
circulating IL-18 were correlated with poor prog-
nosis in HBV- or HCV-related HCC [53]. On the

other hand, IL-18 serum levels were found to be
increased in acute phase of HBV infection, and
its expression correlated with the expression of
IFN-y in chronic HCV infection and cirrhosis
[52, 54]. Consistent with a possible protective
role of IL-18, the deletion of IL-18 receptor
(IL18R1) correlates with enhanced tumour
growth in HCC mouse models, suggesting that
IL-18 exerts inflammation-dependent tumour-
suppressive effects by promoting the differentia-
tion, survival and activation of tumour-infiltrating
T cells [52]. These contrasting data are likely due
to the different stages of HCC, in which IL-18
shows its effects: pro-inflammatory during the
immunity phase and anti-inflammatory during
the late cirrhotic/tumour stages.

Macrophages and KCs represent the cells that
are mainly involved in cytokine production dur-
ing inflammation. TAMs, indeed, are central
actors of cancer-related inflammation, since they
are found at high proportions amongst infiltrating-
tumour CD45* immune cells [55]. Beyond their
ability to produce IL-6, IL-1p, TNF-«a, IL-18 and
other cytokines, they play a key role in angiogen-
esis, tissue remodelling and repair, wound heal-
ing, tumour invasion and metastasis. Indeed, they
can produce growth factors, such as vascular
endothelial growth factor (VEGF) and platelet-
derived growth factor (PDGF), as well as metal-
loproteinases (MMPs) and COX-2. In this
context, each mediator can be responsible for
particular activities at different phases, leading to
the development of HCC. For instance, both
MMP-9 and MMP-2 are involved in growth and
invasion, as well as in matrix remodelling and
degradation at the invasive front of murine HCC
[56-58]. VEGF is a critical player in liver HCC
angiogenesis, through its effect on the prolifera-
tion of both endothelial and VEGF-A receptor-
expressing cancer cells [59]. PDGF, which is
considered an angiogenic factor, promotes the
activation of cancer-associated fibroblasts
(CAFs), HSC differentiation and extracellular
matrix (ECM) production by myofibroblasts
[60].

If liver injury is guided by the activity of sev-
eral pro-inflammatory cytokines, on the one
hand, the anti-inflammatory mechanisms occur,
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on the other hand, to counterbalance the exces-
sive inflammation. The contribution of TGF-f to
the induction of HCC was first investigated in
HCC patients. In early studies, an increase in
TGEF- levels in both plasma and tumour tissues
of HCC patients was reported [61, 62].
Moreover, the overexpression of TGF-B was
associated with the shorter survival of HCC
patients [63]. However, TGF- p can exert a dual
role in hepatocarcinogenesis according to HCC
stages [64]. For example, it can act as a tumour
suppressor, mediating pro-apoptotic and anti-
proliferative signals in precancerous states,
whilst it promotes tumorigenesis through sev-
eral mechanisms in established tumours [64].
The EMT process can be strongly promoted by
TGF-p1, through the down-regulation of
E-cadherin, which is one of the principal com-
ponents of epithelial adherent junctions [65].
Additionally, TGF-f can induce the up-regula-
tion of mesenchymal genes such as vimentin,
the HCC-associated antigen CDI147 and
N-cadherin, all favouring the EMT process [66].
TGF-p can also increase tumour invasion by
inducing the expression of a3f1 integrin [67].
In its soluble form, this can be a strong activator
of HSCs, further supporting HCC growth in
TME. Importantly, TGF-f limits anti-tumour
responses as an immune suppressor, dampening
the production of IFN-y by CD8* T cells and
inducing the production of IL-6 and IL-1p [68].

As well as TGF-f, IL-10 exerts immunosup-
pressive activities in HCC. Several studies have
reported high levels of IL-10 in liver cancer
patients, and high serum levels of IL-10 have
been associated with poor prognosis in HCC
patients [43, 69]. The up-regulation of PD-L1 on
cancer cells and TAMs is strongly supported by
IL-10, via NF-KB and STAT3 signalling path-
ways [70]. Furthermore, a crucial role of IL-10 is
to support the induction and differentiation of
Tregs expressing the X-linked transcription fac-
tor (FOXP3) in HCC; indeed, the high prevalence
of Tregs has been found to be strongly associated
with high levels of IL-10 in HCC patients [71].
Treg expansion is strongly correlated with the
aggressiveness of HCC and the poor survival of
patients [71].

Over the past few years, many studies have
shown that, amongst the wide range of molecular
players connecting inflammation and cancer,
NF-kB, HIF-1a, STAT3 and Wnt/p-catenin
exhibit key functions [72]. In the liver tissue,
KCs, hepatocytes and HSCs can express these
pathways and may be intimately connected with
the cytokines described above [73]. For instance,
activating mutations of the p-catenin-1 gene
(CTNNBI), or inactivating mutations of the axis
inhibition protein (AXINI) and APC, can cause
the Wnt/p-catenin signalling pathway to be trig-
gered [74, 75]. Although HBV-related HCC
shows low rate of mutations in the Wnt/p-catenin
pathway compared with HCV-related HCC, data
have demonstrated a close connection between
Whnt/p-catenin and the promotion of HB V-related
HCC [73]. In addition, many findings demon-
strated a direct role in the transformation of can-
cer cells mediated by the Wnt/B-catenin pathway
[76]. This pathway can further affect immune cell
functions and immunosurveillance, indirectly
facilitating tumour development, as described in
more detail below [77].

3.4 Mechanisms Favouring HCC
and Therapeutic

Perspectives

Whilst the high production of several inflamma-
tory cytokines released by immune cells, includ-
ing IFN-y, TNF-a, IL-6 and IL-1f, favours the
resolution of acute inflammatory disease (e.g.
acute HBV infection), the same pro-inflammatory
cytokines, during chronic inflammatory diseases
(e.g. chronic HBV or HCV infections), can syn-
ergistically promote carcinogenesis in combina-
tion with the production of reactive oxygen or
nitrogen species by activated myeloid cells [72]
(Fig.3.1a and b). Indeed, if the virus has been
able to escape immune control, a state of chronic
low-level immunopathology emerges through
various and simultaneous immunoregulatory
mechanisms  (IRMs) fine-tuning immune
responses. The selection of IRMs establishing
chronic low-level inflammation/immunopathol-
ogy has primarily been developed during the evo-
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lutionary process to limit excessive liver
inflammation, and thereby avoid the complete
suppression of antiviral immune responses, ulti-
mately allowing the long-term survival of the
chronically infected host. However, in the long-
term, chronic low-level inflammation results in
the establishment of severe “side effects” includ-
ing cirrhosis, organ failure and tumours [3].
These severe side effects represent the cost to pay
for maintaining long-lasting survival.

Once the virus has been able to escape the
immunosurveillance (HCV significantly more
than HBV, mainly due to its higher mutational
capacity, as described above), a cascade of IRMs
intervenes, including the exhaustion mechanism,
the production of immunosuppressive cytokines
and the overwhelming function of Tregs. All of
these mechanisms are the same as those taking
place upon the resolution of an acute infection
(e.g., acute HBV infection), in order to terminate
the immune effector responses and favour the
generation of memory immune cells. In contrast,
in chronic infections or tumours, where persist-
ing viral or tumour antigens cause long-term
immune stimulation, IRMs dominate and limit
the function of virus- or tumour-specific T cells,
excluding the generation of memory cells
(Fig.3.1b).

3.4.1 IRMs by T Cell Exhaustion

A pivotal IRM is caused by the sustained expres-
sion of various ICs (e.g., PD-1, CTLA-4, TIM-3,
etc..) on T cells chronically stimulated by per-
sisting viral or tumour antigenic stimuli; these T
cells acquire a dysfunctional signature (low IFN-
v, TNF-a, IL-2 production) and undergo exhaus-
tion in the long-term (Fig.3.2). ICs (e.g. PD-1 or
CTLA-4), following engagement with their own
ligands, which are strongly up-regulated by both
lymphoid (e.g. PD-L1, B7.1 or B7.2) and non-
lymphoid (e.g. PD-L1) cells during inflamma-
tion, deliver a series of negative signals,
switching off the effector immune responses [78,
79]. The mechanisms whereby ICs provide par-
tial or complete T cell exhaustion in chronic
infections or tumours are an issue of intense

study in order to identify new therapeutic strate-
gies to block them, mainly by the usage of IC
inhibitors (ICIs) (e.g. anti-PD-1 or anti-CTLA-4
monoclonal antibodies [mAbs]). ICIs have been
demonstrated to be highly effective therapeutic
agents, due to their capacity to unleash anti-
tumour T cell responses, leading to a dramatic
contraction of several metastatic tumours [80—
82]. The Nobel Prize for Medicine 2018 was
awarded jointly to James P. Allison and Tasuku
Honjo “for their discovery of cancer therapy by
inhibition of negative immune regulation,’
through immunotherapy with anti-CTLA-4 and
anti-PD-1 mAbs [78, 79].

The availability of next-generation sequenc-
ing technologies has made it possible to define a
complete “exhaustion map” in chronically stimu-
lated T cells, by analysing their whole transcrip-
tome (RNA-seq) and epigenome (Assay for
Transposase-Accessible ~ Chromatin ~ using
sequencing [ATAC-seq]). Multiple molecular
mechanisms associated with exhausted T cells
have been proposed, including (i) the demethyl-
ation of Pdcdl regulatory region, due to the sus-
tained transcription of FoxOl factor, leading
ultimately to up-regulation of PD-1 [83, 84], or
(i) the sustained transcription of NR4A1 or TOX
factors sequentially providing selective histone
modifications, expression of exhaustion genes
(e.g., PDCDI and HAVCR?2), and overexpression
of the related ICs (e.g. PD-1 and TIM-3) [85, 86].
According to the complete or partial expression
of these epigenetics-driven molecular pathways
(likely caused in turn by the increased or
decreased duration of the viral or tumour anti-
genic stimuli), exhausted T cells can be divided
into fully or partially exhausted T cells (Fig.3.2).
This dichotomy is showing itself to be of great
importance from a therapeutic point of view,
because it provides molecular basis on the evi-
dence that the partially exhausted (e.g., PD-1"%,
T-bet'sh Eomes™¢, CD39"z" and CTLA-4%)
rather than the fully exhausted (e.g., PD-1Meh,
T-bet~, Eomes"e", and TIGIT*) T cells can be res-
cued by ICI therapies and re-acquire their immu-
nosurveillance competences against tumours,
and possibly in chronic viral infections as well
[87] (Fig.3.2).
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Fig. 3.2 Immune cell mechanisms in chronic inflamma-
tion and HCC

(a) Under conditions of chronic infection, a state of
chronic low-level immunopathology adapts through vari-
ous and simultaneous immunoregulatory mechanisms,
including: (i) the induction of partially exhausted effector
T cells (T-bet'", Eomes¥, PD-1°v, CTLA-4"e"
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B-catenin®, TCF1*, CD39"&" TOX*), which act by pro-
ducing low level IFN-y, limiting viral load and control-
ling tumour development for many years; (ii) the
expansion of plastic Tregs (Thl-like Tregs: FOXP3*,
T-bet*, CD39"¥, Helios"", OX40"Y, IL-12Rp**) with the
ability to produce IFN-y, supporting chronic low-level
inflammation; (iii) the Wnt-f catenin signalling pathway,
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However, despite the current ICIs (in particu-
lar anti-PD-1 and/or anti-CTLA-4 mAbs) being
highly effective therapeutic agents in various
tumours, they are not efficient in all tumours,
causing partial remission in several patients, or
even serious adverse events (e.g. autoimmunity),
inducing autoreactive T cells [88]. In this context,
the therapeutic effects of nivolumab (anti-PD-1)
in HCC have not provided the expected results to
date; the recent phase III trial in unresectable
HCC missed the primary endpoint [89]. Indeed,
it failed to meet statistical significance in overall
survival improvement between nivolumab and
sorafenib (a well-known kinase inhibitor drug
used for the treatment of various tumours includ-
ing HCC) therapies. A possible reason for the
therapeutic failure of nivolumab in HCC may be
ascribed to the evidence that only 30% of HCC
patients showed an inflamed (“hot”) TME with
high immune cell infiltration and high levels of
PD-L1 and PD-1 [90], whereas the majority of
them displayed a non-inflamed (“cold”) tumour
profile, with low or absent immune infiltration;
these features are possibly associated with dimin-
ished response to anti-PD-1 therapy. Another
(non-mutually exclusive) reason may be based on
the hypothesis that the long-term antigenic stim-
uli (whose duration can be of several decades),
provided initially by persisting viruses during the
chronic infection phase, and then by tumour anti-
gens as well, may advance fully exhausted T cells
that would become non-susceptible to immuno-
therapy [87] (Fig.3.2b). Therefore, innovative
therapeutic approaches are required in order to
convert “cold” into “hot” TME, to target novel

<

ICs expressed by exhausted T cells, and to neu-

tralise soluble immunosuppressive agents
secreted in the TME.
3.4.2 IRMs by the Wnt/p-Catenin

Signalling Pathway

Several immunosuppressive molecules (the iden-
tity of which is currently being investigated by
analysis of the tumour secretome in our labora-
tory) can be secreted in TME and contribute to
the development of HCC. Amongst the multitude
of secreted proteins associated with TME- or pre-
tumour microenvironment (e.g. cirrhosis),
besides the cytokines described above, interest-
ing candidates whose blockade may have a ben-
eficial therapeutic effect in cancer include the
molecules involved in the Wnt/B-catenin signal-
ling pathway (Fig.3.2a). They are abundantly
expressed in various TMEs, can induce intracel-
lular signals including carcinogenesis [76], and
can also regulate multiple stages of T cell activa-
tion [91] and prevent the intratumoral migration
of conventional (¢)DCs [92].

In recent studies, both Wnt3a and f-catenin
were overexpressed by tumour- and non-tumour-
infiltrating CD4* or CD8" T cells, which dis-
played a dysfunctional effector phenotype in
both HBV- or HCV-related HCC and CRC
patients [93]. These cells were, however, defined
as partially exhausted CD4* or CD8" T cells,
because they performed discrete effector
functions (in terms of IFN-y and TNF-a produc-
tion, as well as cytotoxicity function), despite

<

Fig. 3.2 (continued) which induces partially exhausted
effector T cells via third-party DCs, on the one hand, and
directly acts on tumour cells inducing and supporting cell
transformation, on the other hand, and (iv) the production
of immunosuppressive cytokines (i.e. TGF-p or IL-10)
by various types of cells in the attempt to repair inflam-
matory damage. In this equilibrium phase, several thera-
peutic strategies can be beneficial, comprising: (i) IClIs,
such as anti-PD-1, anti-PDL-1, anti-CTLA-4 mAbs
addressed to revert partially exhausted T cells into
effector T cells; (ii) the blockade of soluble pro-tumori-
genic factors (e.g., by anti-Wnt3a mAb), reducing the
levels of soluble Wnt3a in the TME, and ultimately inhib-
iting the pro-tumour and immunoregulatory effects of
Whnt3a and (iii) reduction of the pro-tumorigenic activity

of immunosuppressive cytokines, such as TGF-B and
IL-10. (b) In the absence of these therapeutic strategies,
more severe immunosuppressive mechanisms develop
including (i) the differentiation of partially into fully
exhausted T cells (T-bet'", Eomes"z", PD-1"eh CTLA-
4w TIGIT*), decreasing the ability to mount protective
anti-tumour immune responses and supporting tumour
escape and (ii) the expansion of suppressive Tregs
(FOXP3*, Helios"s", CD39"eh, OX40"e") supporting a
pro-TME by inhibiting anti-tumour T cell responses.
Generally, these inefficient responses can hardly be res-
cued by the current ICIs, and require innovative thera-
peutic strategies (e.g. by neutralising TGF- produced by
Tregs, or new molecules secreted in the TME and that are
being defined)
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being unable to control tumour progression
(Fig.3.2a). These partially exhausted p-catenin* T
cells up-regulated the p-catenin targets Tcfl and
Axin2, presenting features that are intermediate
between memory and exhausted T cells, which
expand upon IC blockade [94]. Collectively,
these data suggest that Wnt3a may deliver
[-catenin-dependent signals, generating partially
exhausted (Wnt3a*, B-catenin®, T-bet'®", PD-1'"¥,
Tcf1*) T cells, which would represent candidate
target cells for immunotherapy. Mechanistically,
Wnt3a blockade indirectly restored anti-tumour
T cell functions, by neutralising Wnt signals into
f-catenin*cDCs, and thus converting tolerogenic
into stimulatory DCs with the consequent rescue
of anti-tumour T cell activity; this ultimately led
to a significant decrease of the tumour mass in
mouse CRC or HCC models [95] (Fig.3.2a).
Recently, another component of the Wnt family,
Wntl, has been demonstrated to induce immuno-
logically “cold” TME by dampening cDCs in
lung carcinoma [96]. These data suggest that
blocking of the Wnt/p-catenin signalling path-
way might be a promising immunotherapy
approach, by rescuing not only anti-tumour
immune responses, but also anti-viral immune
responses in chronic viral infections.

3.4.3 IRMs by Suppressor Cells

Critical IRMs for both systemic and tissue
immune homeostasis are provided by the emer-
gence of functional Tregs expressing FOXP3 [97,
98], which can be either committed in the thymus
(thymus-derived Tregs) or induced in the periph-
ery (iTregs) [99]. Tregs can prevent the differen-
tiation of autoreactive T naive cells into
detrimental effector cells in the periphery (avoid-
ing thus autoimmunity), and can also stop or
limit the excessive immunopathology by self- or
non-self-reactive T effector cells through a wide
range of immunosuppressive mechanisms [100,
101]. Tregs (particularly tissue-resident Tregs)
also perform tissue-protective activities, for
instance, by promoting tissue repair and systemic
metabolism [102]. These activities are beneficial
in resolving acute inflammatory diseases by pro-

moting tissue health, but become detrimental in
chronic inflammatory diseases, because they
contribute to organ failure via the persisting tis-
sue repair mechanisms, resulting in severe fibro-
sis, cirrhosis and HCC development.

Tregs are expanded in HCC and also in cirrho-
sis as a result of its peculiar plasticity committed
at an epigenetic level [23]. Indeed, in the inflam-
matory liver contexts (e.g. chronic HBV or HCV
infections), Tregs are exposed to strong inflam-
matory cytokines (i.e. IFN-y and IL-12), which
deliver signals favouring the methylation of
TSDR, and, as a consequence, the generation of
Tregs with unstable FOXP3, poor suppression
function, low OX40, CD39 and Helios, and high
T-bet and IFN-y expressions (Thl-like Tregs)
(Fig.3.2a). They contribute to inflammation by
IFN-y production, on the one hand, and by estab-
lishing the state of chronic low-level inflamma-
tion by its mild suppression function, on the other.
A vital immunological “compromise” is thus
established, allowing the control of immunopa-
thology and avoiding the excessive suppression of
protective immunity [103]. This compromise may
also take place because of the contribution of a
counter-suppression mechanism, whereby Treg
proliferation and function is controlled and lim-
ited through the PD-1/PD-L1 interaction [104]. In
contrast, in “cold” TME (HCC and cirrhosis as a
premalignant condition), Tregs convert into frank
suppressor cells; in the absence of strong inflam-
matory cytokines (i.e. IFN-y, IL-12), they express
the demethylated form of TSDR stabilising
FOXP3, high OX40, CD39 and Helios expres-
sion, and a lack of T-bet and IFN-y (committed
suppressing Tregs) (Fig.3.2b). They strongly sup-
press immune responses and facilitate tissue
repair mechanisms, thereby contributing to the
development of HCC.

TGF-p, a well-known immunosuppressive
cytokine, has been shown to play an essential role
in establishing immunological tolerance, princi-
pally via its critical role in both inducing iTregs
to acquire the capacity to produce TGF-f them-
selves, and transdifferentiating iTregs into Th17
cells [105]. The TGF-p/SMAD pathway is a cen-
tral regulator in chronic liver disease, contribut-
ing to all stages of disease progression from
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initial liver injury through inflammation and
fibrosis to cirrhosis, EMT and HCC [106]
(Fig.3.2b). To date, efficient systems to inhibit
Treg suppression in order to restore immunosur-
veillance are not available for clinical use, despite
some attempts having been made to deplete Tregs
at least partially in cancer patients, for instance,
through targeting CD25, CTLA-4 or CCR4 on
Tregs [107-109]. TGF-f, which is produced by
various cell types including iTregs, monocytes/
macrophages (e.g. KCs) and platelets, may be a
promising candidate for neutralisation in order to
convert “cold” into “hot” TME. Recently, stromal
TGF-p signalling has been identified as a deter-
minant of immune exclusion in TMEs, and the
combination of TGF-f neutralisation and immu-
notherapy has been shown to induce complete
responses in mouse models [110, 111]. These
data paved the way to designing novel highly
potent TGF-f inhibitors in order to selectively
target principal oncogenic TGF-f isoforms and
reverse TGF-pB-mediated immunosuppression,
thereby rendering tumours sensitive to IC block-
ade in pre-clinical models [112]. In addition,
therapeutics that target TGF-$ production or
block its action are in early clinical trials (includ-
ing phases I/Il in glioma, non-small lung cell
lung cancer, melanoma, renal cancer, HCC, etc.)
and have shown promise to support the rationale
of combining it with current ICIs in future clini-
cal trials [113]. In addition, data on the metabolic
profile of activated Tregs suggest that metabolic
drugs may preferentially modulate Tregs com-
pared to other T cells [114].

A second suppressor cell population provid-
ing an IRM during chronic HBV or HCV infec-
tion and which may potentially contribute to
HCC progression is the suppressor CD8* T cell
subset representing, historically, the most ancient
population with suppression function described
[115]. It has been demonstrated that virus-
specific CD8" T cells can dampen virus-specific
responses via the production of a powerful immu-
noregulatory cytokine, IL-10, thus contributing
to the establishment of chronic low-level inflam-
mation, representing a crucial substrate for HCC
development [116, 117] (Fig.3.2b). If these
viruses are intrinsically capable of directly regu-

lating IL-10 gene expression, as shown for the
Mycobacterium tuberculosis [118, 119], this is an
interesting issue to investigate. Altogether, these
data suggest a rationale to block IL-10, even in
combination with the current ICIs, to revert
immunosuppression and enhance anti-viral or
anti-tumour immune responses in chronic HBV
or HCV infections and HCC.

Finally, some specialised myeloid cells can
take the form of suppressor cells. For instance, it
has been proposed that granulocytic myeloid—
derived suppressor cells (gMDSCs) can be
recruited into inflamed (HBV-infected) livers,
where they produce the arginase-1-cleaving
L-arginine, which is an essential fuel for T cell
proliferation [120, 121]. The impoverished T
cells can be restored by various compensatory
pathways, including the increased uptake of
amino acids, transferrin and phenylalanine, con-
tributing thus to the establishment of chronic
low-level inflammation and possibly resulting in
HCC development in the long term. Under these
conditions, it is tempting to hypothesise a ratio-
nale to counterbalance the immunosuppressive
eMDSC effects, by the therapeutic administra-
tion of the compensatory molecules required to
restore T cells, even in combination with the cur-
rent ICIs, and enhance anti-viral or anti-tumour
immune responses.

3.5 Concluding Remarks

In conclusion, the persistent HBV or HCV infec-
tions can undergo HCC, through the intervention
of multiple, non-mutually exclusive, pathways
involved in the modulation of immune responses
favouring the establishment of a status chronic
low-level inflammation. Therefore, HCC can be
defined as a classical inflammation-linked cancer
that is supported by the co-evolution of three
major mechanisms: (7) the viral persistence; (ii)
the chronic effect by a wide storm of inflamma-
tory cytokines (i.e. IL-6, TNF-a, IL-18, IL-1p,
TGF-p, IL-10); (i) the failure of
immunosurveillance principally due to T cell
exhaustion by ICs, Wnt3a/p-catenin signalling
pathway and different subsets of suppressor cells.
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Effects of HIV on the Tumor
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Abstract

Oncomodulatory viruses can affect the tumor
microenvironment (TME) by triggering
inflammation, suppressing apoptosis, initiat-
ing angiogenesis, altering tumor metabolism,
and stimulating tumor cell signaling path-
ways, leading to tumor growth, proliferation,
and invasion. The higher incidence of malig-
nancies among people with HIV (PWH),
despite the widespread use of antiretroviral
therapy (ART), suggests a more complex rela-
tion than HIV-associated immune deregula-
tion. Viral cooperation can have synergistic
effect on tumorigenesis. The most relevant
oncogenes involved in viral cooperation
include the HIV-1-related Tat and Vpu genes,
EBV LMP-1 and EBNA-2 genes, and Kaposi’s
sarcoma herpesvirus (KSHV) KIE2, Rta, and
LANA genes. The TME in HIV-related malig-

nancies is highly angiogenic and character-
ized by high microvessel density compared to
sporadic cases. Tat protein, found in patients
with HIV infection regardless of their immune
status, has been widely implicated in the
increased angiogenesis and has been a target
of interest for therapeutic strategies. Similarly,
HIV-1 matrix protein pl7 can be detected in
the plasma and tissues of PWH, including
those treated with ART. Studies have found
that pl7 can cause dysregulation of the bio-
logical activity of different immune cells, is
involved in aberrant angiogenesis, and exhib-
its an IL8 chemokine activity, activating
multiple intracellular signaling pathways, pro-
moting angiogenic responses in endothelial
cells, and forming capillary like structures. In
addition, several studies have demonstrated
difference in the cellular immune components
within the TME in patients with or without
HIV infection, as well as cases in pre- and
post-ART era. In this chapter, we review the
existing literature about the role tumor micro-

environment plays in the pathogenesis of HIV-
related malignancies. Understanding the
functions of each component of the TME and
determining how these cellular and noncellu-
lar components contribute to tumorigenesis
will impact the advancement of interventions
and treatment in clinical oncology among
PWH.
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4.1 Effects of HIV on the Tumor
Microenvironment
4.1.1 Introduction

The major hallmarks of cancer include sustaining
proliferative signaling and indefinite cycles of
proliferation by evading growth suppressors and
immune destruction, resisting apoptosis, activat-
ing invasion and metastasis, inducing angiogen-
esis, reprogramming of energy metabolism,
genome instability and mutation, and tumor-
enhanced inflammation. The tumor microenvi-
ronment (TME) contributes to the acquisition of
cancer hallmarks and is a key factor in tumor ini-
tiation, progression, and metastasis [23]. The
naive stroma, in healthy individuals, functions as
an important compartment to maintain the physi-
ological homeostasis in normal tissues and has
even anticancer properties through regulating
immunosuppression and suppressing carcinogen-
esis. However, in the presence of cancer cells, the
adjacent TME is transformed by various stimuli
into a pathologically active niche that can sup-
port, potentiate, and accelerate tumor progres-
sion, and a protective milieu that limits the
activity of anticancer treatment [11].

The pathogenesis of cancer is largely depen-
dent on the interactions between cancer cells and
its local and systemic microenvironmental com-
ponents. Tumor and the microenvironment inter-
actions are bidirectional and constant. The tumors
can influence the microenvironment, and the

microenvironment can regulate the cancer growth
and evolution. Certain tumor-microenvironment
interactions may initiate and drive circular chains
of tumor progression—enhancing events known as
vicious cycles [40, 42]. The essential elements of
the TME include cancer-associated fibroblasts,
myofibroblasts, neuroendocrine cells, adipose
cells, immune and inflammatory cells, the blood
and lymphatic vascular networks, and the extra-
cellular matrix (ECM) [18, 40]. Understanding
the functions of each component of the TME and
determining how these cellular and noncellular
components contribute to tumorigenesis will
impact the advancement of interventions and
treatment in clinical oncology.

Recent studies have established a link between
several viruses and human carcinogenesis by a
number of different mechanisms. Some of these
viruses are essential to cancer development such
as cervical cancer and human papillomavirus
(HPV). Other oncoviruses contribute to cancer
development like hepatitis B (HBV) and C
viruses (HCV) and liver cancer. A third group of
viruses exhibit indirect carcinogenic factors.
Human immunodeficiency virus type 1 (HIV-1)
is a good example of indirect carcinogenesis by
immune suppression, leading to the activation of
other latent tumor virus infections such as
Epstein—Barr virus (EBV)-associated B-cell lym-
phoma [44]. Oncomodulatory viruses can affect
the TME and influence the tumor behavior by
triggering TME inflammation, suppressing apop-
tosis, initiating angiogenesis, stimulating tumor
cell signaling pathways leading to tumor growth,
proliferation and invasion, and altering tumor
metabolism [4].

It is important also to note that while some
viruses act as single tumor-promoting agents
through a set of genes that are involved in onco-
genesis, more evidence is emerging about the
role of multiple viral cooperation to induce
malignancy. Viral cooperation can be defined as
the mechanism by which coinfecting viruses
have synergistic or regulatory effects on tumori-
genesis. It targets cancer cells as well as immune
cells and nonimmune cells that form the
TME. The concept of viral cooperation is partic-
ularly important in patients with HIV infection.
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Besides the indirect cooperation of HIV and
other oncogenic viruses through immune
dysregulation, there is growing evidence of direct
cooperative role of HIV-1 in tumorigenesis inde-
pendent of its immunosuppressive effects. In
addition, the possibility of being infected with
more than one oncogenic virus is higher among
people with HIV (PWH). The most relevant
oncoviruses and corresponding genes involved in
viral cooperation include HIV-1 (Tat, Vpu genes),
EBV (latent membrane protein LMP-1, EBNA-2
genes),andKaposi’ssarcomaherpesvirus(KSHV),
also known as Human gamma herpesvirus 8
(HHV-8) (KIE2, Rta, and LANA genes) [14]. In
this chapter, we review the existing literature
about the role tumor microenvironment in the
pathogenesis of HIV-related malignancies.

4.1.2 The Role of Tumor
Microenvironment in HIV-
Associated Malignancies

The introduction of antiretroviral therapy (ART)
has dramatically improved the outcomes of peo-
ple with HIV (PWH). As the survival of people
with HIV infection increases, malignant disease
has been a major cause of death in this population
[5]. HIV-related lymphomas are the most com-
mon malignancies in patients with HIV after the
introduction of ART. However, the decline in
cases of HIV-related diffuse large B-cell lym-
phoma (DLBCL) and Burkitt lymphoma (BL)
has been less than what is expected, which sug-
gests that the relation between HIV and lym-
phoma is more complex than HIV-associated
immune deregulation. In addition, the rate of
HIV-HL (Hodgkin lymphoma) is increasing
despite the introduction of ART [39].

4.1.3 The Tumor Microenvironment
in HIV-Associated DLBCL
(HIV-DLBCL)

DLBCL is the most common form of HIV-
associated lymphomas. Patients with HIV-
DLBCL as compared to sporadic DLBCL have

higher frequency of extranodal disease and
prominent association with EBV and have worse
prognosis [39]. Few studies have compared the
TME between sporadic DLBCL and HIV-related
DLBCL and found significant differences.

First, the TME in HIV-DLBCL is highly
angiogenic and characterized by high microves-
sel density compared to sporadic cases.
Angiogenesis is regulated by many angiogenic
stimulators and inhibitors. Vascular endothelial
growth factor (VEGF) is a primary factor in this
process. An increase in VEGF expression has
been seen across solid and hematological malig-
nancies. However, VEGF must bind to the tyro-
sine kinase receptors endothelial growth factor
receptor (VEGFR)-1 or VEGFR-2. Tat protein,
an HIV-1 gene product, has been widely impli-
cated in the increased angiogenesis in acquired
immune deficiency syndrome (AIDS)-related
malignancies, among other functions, and has
been a target of interest for therapeutic strategies.
Tat protein is found in patients with HIV infec-
tion regardless of their immune status [35].

HIV infection infects mainly CD4 T lympho-
cytes, dendritic cells, and macrophages, and does
not target B-cells. However, it was established
that a soluble form of Tat protein can be released
from HIV-infected cells, has the capability to
penetrate uninfected B-cells, and to work extra-
cellularly on the microenvironment. This mecha-
nism will not require direct infection of the tumor
cells. Lazzi et al. demonstrated positive immu-
nostain with anti-Tat monoclonal antibody in tis-
sue sections of all 21 cases of AIDS-related
lymphoma examined and only 2 had HIV DNA
detected in cancer cells by PCR [27]. The pres-
ence of Tat protein in the DLBCL TME has been
demonstrated in other studies as well [28, 39].

It has been established that Tat protein modu-
lates VEGF and targets VEGFRs. The Tat-rich
arginine and lysine sequence is similar to the
sequences of potent angiogenic factors such as
basic fibroblast growth factor (FGF), VEGF
[37]. Similarly, to the proper ligand VEGF, Tat
can bind with high affinity and activate down-
stream signaling at the VEGF receptor to the
VEGFR-2/KDR, through phosphorylation,
which in turn will increase angiogenesis. On the
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other hand, VEGFR inhibitors blocked the bind-
ing of Tat to this receptor further support that
binding occurs at the same sites as for the
authentic VEGF [1, 27]. Moreover, Nyagol et al.
also observed significant increase in microvessel
density and CD34 expression, which is a marker
for microvessel density, in HIV-1-positive
DLBCL, suggesting that Tat might have a wider
angiogenic role, related to the increased endo-
thelial cell proliferation and augmented
microvessel density [32].

Tat protein is not the only protein implicated
in HIV and angiogenesis. HIV-1 matrix protein
pl7 is secreted by HIV-infected cells, can be
detected in the plasma and tissues, and accumu-
lates in lymph nodes germinal centers of PWH,
including those treated with ART. Studies have
found that pl7 can cause dysregulation of the
biological activity of different immune cells after
an interaction of its functional epitope (AT20)
with receptors expressed on target cells [8]. The
hypothesis of pl7 being involved in aberrant
angiogenesis has been supported by the presence
of pl7 deposits in the nucleus of endothelial
cells. Furthermore, p17 exhibited an IL8 chemo-
kine activity binding with high affinity to IL-8-
related receptors CXCR1 and CXCR2, activating
multiple intracellular signaling pathways, pro-
moting angiogenic responses in endothelial cells,
and forming capillary-like structures [41].

EBYV is strongly associated with DLBCL in
patients with HIV. Some studies have shown a
role for EBV in angiogenesis. EBV life cycle
alternates between latent and lytic stages,
although there is evidence that latent and lytic
genetic expression can coincide. EBV-associated
cancers were thought to be related to latency and
long-lasting persistency. However, studies dem-
onstrated that a subset of tumor cells contains the
lytic form and that the Iytic cycle gene expression
enhanced VEGF translation or secretion and
directly contributed to angiogenesis and carcino-
genesis [24, 30]. EBV can also trigger the angio-
genesis process by the EBV oncoprotein LMP1,
which can induce VEGF through induction of
COX2. EBV can also activate the alpha subunit
of the hypoxia-inducible factor 1 (HIF1) through
Siah proteins, which in turn will induce VEGF

[26]. In addition, HIV-secreted p17 has also been
shown to upregulate LMP1 expression. In the
study by Taylor et al., high angiogenic activity in
HIV-DLBCL correlated with EBV positivity,
suggesting a relationship among HIV, EBYV, or
both and angiogenesis [39].

The immunohistochemical prognostic mark-
ers for sporadic DLBCL were not predictive in
HIV-DLBCL, suggesting differences in the
pathophysiology. Given the effect of HIV on cell
mediated immunity, studies looked at the cellular
immune components within the TME in patients
with or without HIV infection, as well as cases in
pre- and post-ART era. HIV-DLBCL was charac-
terized by increased hyperproliferation and
c-Myc rearrangements, fewer CD3+ T lympho-
cytes, markedly reduced T helper (CD4+) and T
regulatory (FOXP3+) cells, and a disproportion-
ately higher accumulation of CD8+ T cells.
Tumor-infiltrating cytotoxic T lymphocytes
(CTLs), identified by staining for TIA1, perforin,
and granzyme B (GrB), demonstrated that TIA1+
CTL were more frequent among HIV-negative
patients, whereas granzyme expression was sig-
nificantly higher in HIV-DLBCL. In addition,
cases expressing viral antigens EB V-related LMP
and/or HIV-related p24 antigen contained a
higher number of CD8+ T cells and cytotoxic
T cells [39].

Whereas early initiation of ART should
improve immunosurveillance and reduce the
incidence of LMP1-positive, HIV-DLBCL cases
without viral antigens appear able to avoid immu-
nologic reaction and likely require additional
strategies to improve immune surveillance [28].
In the post-ART era, Taylor et al.[39] showed that
the number of CD4+ T cells was higher in speci-
mens but still reduced when compared with spo-
radic DLBCL. There was no significant difference
in the expression of other lymphocytic markers.
Only a weak correlation was observed between
blood CD4+ T-cell counts and those seen within
the TME. A possible explanation would be that
blood lymphocytes represent only 2% of the total
lymphocyte pool and their composition differs
from that within the organs [16].

PD1 and its ligand PD-L1 mediate an inhibi-
tory pathway on activated T cells characterized
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by diminished cytotoxicity and cytokine produc-
tion, and increased apoptosis. Tumors can choose
the programmed cell death protein 1 (PD-1)/
programmed death-ligand 1 (PD-L1) immune
checkpoint pathway to avoid host immune sur-
veillance. T-cell exhaustion, present in chronic
viral infections, is involved in cancer immune
evasion seen in various cancers including
DLBCL. In the study by Taylor et al. [39], CD279
(PD1) expression was seen on a higher propor-
tion of HIV-DLBCL than in sporadic cases.
CD274 (PD-L1) expression was similar in HIV-
positive and HIV-negative cases. These findings
correlated with other studies. For instance the
TME in anal SCC and HIV status did not corre-
late with PD-L1 expression in anal SCC [43].
Similarly, another study evaluating the immune
competence in patients, with or without HIV
head and neck cancers, found no significant dif-
ference between cases and controls in PD-1 and
PD-L1 expression. Overall, 62% had high PD-1
expression and 82% expressed PD-L1 within the
TME [33]. These studies supported clinical
investigations of PD-1/PD-L1 checkpoint inhibi-
tors, irrespective of HIV status and that PWH
should not be excluded from cancer immunother-
apy regimens.

In a direct comparison of DLBCLs in cases
with or without HIV infection, activated B-cell
was substantially more common in HIV-infected
(83%) than in HIV-uninfected (54%) cases. In the
same study, EBV was detected in 63% of DLBCLs
in HIV-infected cases, occurring almost exclu-
sively in activated B-cell-DLBCL (74%) and
rarely detected in sporadic DLBCLs (3%) [31].
These results were consistent with other studies
demonstrating a coinfection rate with EBV or
HHV-8 in 60% of the cases. Specimens that were
positive for LMP1 and/or p24 contained a mark-
edly higher number of GrB+ CTL than cases nega-
tive for either viral antigen. The authors concluded
that cytotoxic cell infiltration of HIV-DLBCL
appears to be dependent partially on the presence
of LMP1 or p24 viral antigens [39].

Macrophages are a major target of HIV and a
source of virus production. As viral reservoirs,
macrophages play an important role in the tumor-
igenesis of HIV-related lymphoma and tumor

progression. Overall, infected macrophages were
found in 39% of samples, typically from ART-
naive patients. HI'V replication strongly represses
CD163 expression, orientating macrophages
toward a proinflammatory phenotype in HIV
infection. However, there was coordinate expres-
sion of CD68 and CD163 in the HIV-DLBCL
microenvironment, suggesting that the tumor-
associated macrophages are alternatively acti-
vated (M2). Huysentruyt et al. found that 60% of
HIV-associated lymphomas had macrophages
stained for intracellular p24 protein, thus
suggesting a role for these infected cells in the
development of these tumors, possibly by their
proinflammatory activities [25].

4.1.4 Imaging Primary Central
Nervous System Lymphoma

(PCNSL) in PWH

The differences in the TME among patients with
HIV are also reflected in the differences, between
patients with or without HIV infection, observed
in imaging. PWH are at a higher risk of develop-
ing PCNSL, the most common histology type
being DLBCL [13, 21]. PCNSL is one of the
most common brain tumors in PWH and is an
AIDS-defining malignancy [6, 20].Computed
tomography (CT) and Magnetic resonance imag-
ing (MRI) are the most commonly used imaging
modalities. On noncontrast CT, brain lesions of
PCNSL are of a similar or peripherally higher
attenuation to the density of the brain gray matter
(whiter) with associated surrounding edema of
lower density on noncontrast CT (darker) (stars
on Fig. 4.1). On contrast-enhanced CT, most
lesions reveal enhancement, which can be solid
or more commonly around the periphery in a
“ring pattern” (arrow on Fig. 4.1b).

Although CT is usually the initial imaging
study done, MRI is the modality of choice to
evaluate PWH and brain pathology. PCNSL
lesions in PWH differ when compared to
their immunocompetent, sporadic non-EBV-
associated counterpart dramatically on MRI [13].
PWH are more likely to have multiple lesions,
hemorrhage, and necrosis within the tumor as
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T WITHOUT contrast

Fig. 4.1 Axial plane CT without contrast (a) and postin-
travenous contrast injection (b) show a rounded lesion in
the left frontal lobe with an enhancing-hyperdense ring

well as a pattern of contrast in the periphery “ring
enhancement” along the solid component of the
tumor on T1-weighted images (T1WI) (arrows
on Fig. 4.2a). The lesions can be of similar, lower
or higher signal intensity to the normal brain on
T2-weighted images (T2WI). On diffusion-
weighted images (DWIs), the lesions show
increased signal intensity with low signal on the
corresponding apparent diffusion coefficient
maps (ADC). This corresponds to restricted dif-
fusion or limited motion of the molecules of
water within the solid component of the tumor
(higher concentration of cells) [12]. Charac-
teristically, the lesions are located in the deep
structures of the brain (the deep gray nuclei and
periventricular regions).

Tumors composition can further be evaluated
by creating volumes of the different components
of the tumor from the MRI, separating the central
necrosis, the solid marginal enhancing tumor,
and the perilesional edema; these correspond to
the imaging phenotypes or radiophenotypes
(color-coded on Fig. 4.2b, c, e, ). More specifi-
cally, the solid tumor, the area of enhancement
(arrows on Fig. 4.2a and yellow on color coded
fig), reflects the area of higher cellularity and
increased vascularity with leakage of the contrast
material, corresponding to the angiogenic nature
of the tumor and vascular endothelial growth fac-
tor (VEGF) expression as previously described in

D. Dandachi and F. Morén

CT WITH contrast

(arrow on b) and prominent surrounding hypodense
edema (star on a and b). A subtle second lesion is seen in
the right posterior parietal lobe

more detail in this chapter. The area of increase
signal intensity (white or bright) around the
tumor on fluid attenuation inversion recovery
(FLAIR) and T2WI sequences (stars on Fig. 4.2d
and green on color-coded fig) correspond to
edema and swelling, which correlates with previ-
ously mentioned macrophages proinflammatory
phenotype in HIV infection. The central area of
necrosis does not enhance and corresponds to lig-
uefied, nonperfused tumor with dead cell (red on
color-coded Fig. 4.2).

Routinely performed MRI additionally con-
tains a large array of quantitative radiological
data about features or characteristics of the
tumors that is not being used, because they are
beyond human visual perception. The evaluation
of these radiologic features — characteristics from
the images through data — and characterization
algorithm corresponds to radiomics. Quantitative
macroscopic imaging features (radiophenotypes)
are indirectly linked to microscopic tissue hetero-
geneity, microscopic composition, microenviron-
ment, and molecular profile (genotype);
large-scale artificial intelligence efforts are cur-
rently being made to further exploit this area of
research [38].

Metabolic imaging can also aid in the diagno-
sis of PCNSL. Thallium-201 and 99Tc (m)-sesta-
mibi  single photon emission computed
tomography (SPECT) scans and positron emis-
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Fig. 4.2 Axial plane MRI, TIWI with contrast (a, b, ¢)
shows the 2 peripherally enhancing tumors (arrows on a)
better than the CT on Fig.4.1. Additionally the 3 compo-
nents of the tumor can be separated with color-coded
labels to edema, solid tumor, and central necrosis, creat-
ing the radiophenotypes (overlapped on b and ¢) that can
then be used for feature analysis and indirectly obtain

sion tomography (PET) help differentiate PCNSL
from other brain tumoral and infectious lesions
(particularly from toxoplasmosis infection).
PCNSL lesions shows increased isotope uptake
on thallium SPECT and increased glucose utili-
zation on 18-F fluorodeoxyglucose (FDG)-PET
studies. Other advanced MRI modalities include
MR perfusion; PCNSL demonstrates increased
perfusion; and MR spectroscopy demonstrates
increased choline metabolite, reverse choline/
creatinine ratio, and markedly decreased
N-acetyl-aspartate (NAA). Often the combina-
tions of these modalities help confirm the diagno-
sis. Future imaging research is needed to close
the outcome gap between PWH-related PCNSL
and non-HIV population. Imaging modalities

information about the tumor microscopic composition
and environment with artificial intelligence models. The
axial FLAIR (d, e, f) sequence at the exact same level as
the T1WI clearly depicts the surrounding edema (stars on
d) better than the TIWI on a. It allows very accurate seg-
mentation of the edema volume (e, f)

play a critical role in treatment plan, prediction of
outcome, planning targeted therapies, and moni-
toring treatment response in neuro-oncologic
patients [22].

4.1.5 HIV-Associated Burkitt
Lymphoma

PWH are at increased risk for Burkitt lymphoma
(BL), NHL B-cell malignancy. BL is not usually
associated with EBV. BL occurs after a chromo-
somal translocation rearranging the c-MYC
oncogene and the IgH heavy chain gene. This
rearrangement is believed to be the result of an
erroneous /gH class switch recombination (CSR).
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IgH CSR is driven by exposure to various B-cell
stimulatory cytokines and is mediated by the
activity of activation-induced cytidine deaminase
(AICDA), a DNA-modifying enzyme [7]. HIV
infection is characterized by dysregulation of
cytokine pathways, overproduction of B-cell
stimulatory cytokines leading to chronic B-cell
hyperactivation, and AICDA DNA modification
errors and translocations. Several studies demon-
strated an association between elevated serum
levels of B-cell stimulatory molecules [IL6, IL10,
CXCL13, and soluble CD23 (sCD23)] and
immune activation molecules (sCD27, sCD30,
sCD44, and IgE) in patients with HIV-associated
lymphomas. Tat protein activated the expression
of the AICDA gene. In vivo studies also found
AICDA overexpressed in peripheral blood
B-cells from PWH. In the presence of Tat, there
was an increased rate of colocalization between
IGH and MYC in B-cells nuclei and DNA dam-
age was observed concomitantly in both MYC
and IGH, followed by DNA repair by nonhomol-
ogous end-joining. These changes could be a
plausible cause for the increased incidence of BL
with PWH [36].

4.1.6 HIV-Associated Hodgkin'’s
Lymphomas

In 20-40% of classical Hodgkin lymphoma (HL)
cases, Hodgkin and Reed—Stenberg cells carry a
monoclonal infection by EBV. In these cases,
EBV shows a latency type II infection pattern
with the expression of LMP-1. In PWH, Hodgkin
and Reed—-Stenberg cells almost always harbor
EBV genome and express the viral oncoprotein
LMP-1, resulting in different pathogenic
pathways including genetic alterations, and
interactions with critical microenvironmental
components [10].

A significant difference in the TME of HIV-
positive HL cases compared to HIV-negative
cases is the reduction in number of CD4 T lym-
phocytes, stable number of CDS8 cells, and
inverted CD4/CD8 proportion. Similarly, a
reduced number of functional natural killer cells
and CD20+ B cells are seen in HIV-related

HL. The matrix protein p17, encoded by HIV, can
affect the immune cells, induce angiogenesis and
lymphangiogenesis, and produce a microenvi-
ronment that might trigger tumor growth and
maintenance as suggested by vitro and in vivo
studies [17]. Recent data showed that a variant
pl7, called S75X, induces cell growth by trigger-
ing MAPK/ERK and PI3K/AKT pathways [3]. In
addition, pl17 promoted lymphangiogenic activ-
ity also on human lymph node—derived lymphatic
endothelial cells (LN-LECs) relying on activa-
tion of an autophagy-based pathway. On the other
hand, pharmacological and genetic inhibition of
autophagy inhibits pl7-triggered lymphangio-
genesis. Also, the vasculogenic activity of pl7
was totally inhibited in autophagy-incompetent
mice [29, 34].

4.1.7 HIV-Related Kaposi Sarcoma

PWH have an increased incidence of Kaposi’s
sarcoma (KS). Although HHV8 or KSHV infec-
tion is necessary and often precedes the develop-
ment of KS, HHVS8 causes cancer only in defined
populations including PWH. The pathogenesis of
HIV-related KS is multifactorial. KS is an angio-
proliferative tumor of the skin, mucosa, and
infrequently the viscera, characterized by pres-
ence of spindle cells of endothelial origin. The
detection of HHVS viral DNA in KS lesions pro-
vides some evidence supporting the role of
HHV8 in the pathogenesis of KS. Mounting evi-
dence suggests viral cooperation between HHVS§
and HIV. Both viruses exert positive transcrip-
tional effect on the other virus. HHVS8 induced
HIV replication in CD4 T cells, leading to
increased viral load and more profound immune
deficiency. Conversely, expression of Tat protein
resulted in reaction of HHVS8 [14]. HIV protein
Tat was found to play a major role in the patho-
genesis of HIV-related KS by increasing angio-
genesis through activating VEGFR-2. In mice,
basic FGF and Tat protein had synergistically
modulated the VEGF and induced angiogenesis
and histological changes seen in KS [19]. In
addition, Tat stimulates macrophage and acti-
vated CD8+ T Lymphocyte production of IFN-y,



4 Effects of HIV on the Tumor Microenvironment

53

which has angiogenic properties [9]. Tat protein
also mimics the effects of the extramedullary
matrix proteins fibronectin and vitronectin and
increases the expression of matrix metallopro-
teinases. Inflammatory cytokines induce endo-
thelial cells to acquire the phenotype and
functional features of KS spindle cells [15].

Viral products from HHV8 have angiogenic
activities, including chemokines, proliferative
factors. The viral homolog of IL-6 has the poten-
tial to stimulate B cell growth and accelerate
angiogenesis via VEGF-A induction [2]. The
coinfection of HIV with HHVS, the synergy
between Tat protein and cytokines, and the effect
of Tat protein on tumor growth could partly
explain the higher incidence and the more aggres-
sive KS seen in PWH.
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Abstract

The tumor microenvironment (TME) plays an
important role in the development and pro-
gression of cancer and has been shown to con-
tribute to resistance to therapy. Inflammation
is one of the hallmarks of cancer implicated in
disease phenotype. Therefore, understanding
the mechanisms that regulate inflammation in
cancer and consequently how inflammatory
mediators promote cancer progression is
important for our understanding of cancer cell
biology. The transcription factor GLI2 was
initially identified as a member of the
Hedgehog (HH) signaling pathway. During
the last decade, studies have shown a novel
mechanism of GLI2 regulation independent of
HH signaling, where GLI2 consequently mod-
ulated several cytokine genes in the
TME. These studies highlight a novel role for
GLI2 as an inflammatory mediatory indepen-
dent of HH stimulation. This chapter will dis-
cuss canonical and noncanonical pathways of
GLI2 regulation and some of the downstream
cytokine target genes regulated by GLI2.
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5.1 Introduction

Cancer cells are surrounded by a local microenvi-
ronment (tumor microenvironment; TME) that
enables them to survive and persist within the
host. This supportive microenvironment is com-
posed of cellular and noncellular factors. The cel-
lular component includes a variety of cells such
as immune cells (B cells, T cell, myeloid cells,
among others) and nonimmune cells, while the
noncellular components include cytokines and
growth factors that mediate the cross-talk
between tumor cells and cells in the TME as well
as the extracellular matrix. In cancers involving
the bone marrow, such as Waldenstrom macro-
globulinemia (WM), chronic lymphocytic leuke-
mia (CLL), and multiple myeloma (MM), the
bone marrow microenvironment also involves
fibroblasts, mesenchymal cells, endothelial cells,
adipocytes, bone-related cells such as bone-
related cells such as osteoblasts and osteoclasts.
The interaction between the TME and cancer
cells is important for the development and main-
tenance of cancer cells and is therefore an inte-
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gral part of cancer cell biology. This interaction
can also promote resistance to therapy. Therefore,
understanding the mechanisms by which the
TME promotes cancer cells is important for the
development of therapies that not only target can-
cer cells, but also target the TME. This chapter
will focus on a novel role for the transcription
factor GLI2 in regulating the expression of vari-
ous inflammatory cytokines in the TME, inde-
pendent of signaling from the Hedgehog (HH)
pathway.

5.2 Inflammation and Cancer

A correlation has long been observed between
incidences of cancer and the presence of inflam-
mation [34]. The tumor microenvironment is a
major site of cytokine and chemokine production
by immune and nonimmune cells. These cyto-
kines serve different functions in the TME. Many
of them promote an inflammatory TME. Tumor-
promoting inflammation is a characteristic
observed in many cancers [38] where inflamma-
tion plays an essential role in cancer cell initia-
tion, proliferation, invasion, and metastasis.
Indeed, an inflammatory microenvironment is
now considered as a hallmark of cancer [38, 64].
The quantitative evidence linking inflammation
to cancer growth now shows that inflammation
has a direct link to tumor growth. An estimated
15-20% of all cancer-related deaths stem from
inflammation and secondary infections [64].
Tumor-promoting cytokines, which are produced
by immune/inflammatory cells, induce genes that
stimulate cell proliferation and survival, and acti-
vate transcription factors such as NF-kB, STAT3,
and AP-1. The activation of transcription factors
is considered a major tumor-promoting mecha-
nism [35]. NF-kB has also been reported as a key
molecule that is involved in inflammation, tumor
promotion, and tumor progression [48, 49].
NF-kB can regulate the expression of many
genes, which can suppress tumor cell death, stim-
ulate cycle progression, and enhance epithelial-
to-mesenchymal transition (EMT) (which plays
an important role in tumor invasiveness). In addi-
tion, NF-kB can provide newly emerging tumors

with an inflammatory microenvironment that
supports the progression of cancer cells, their
abilities to invade surrounding tissues, angiogen-
esis, and metastasis [60]. Therefore, NF-kB can
impact cancer cells directly and indirectly
through regulation of expression of inflammatory
cytokines, which ultimately affects cancer cell
biology.

There are a variety of cytokines produced by
immune cells that are involved in tumor develop-
ment and progression. Among these cytokines,
tumor necrosis factor o (TNF-a) and interleukin
6 (IL-6) have been reported, as outlined below.
TNF-a produced by tumor cells or inflammatory
cells in the TME can promote tumor metastatic
growth, and this promotion depends on the
NF-kB activation in tumor cells [61]. TNF-a can
also cooperate with other proinflammatory cyto-
kines and, together, they contribute to tumor pro-
motion. The enhanced production of the
tumor-promoting cytokines IL-6 and TNF-a
causes hepatic inflammation and activation of
STAT3 to promote hepatocellular carcinoma
(HCC) development in mice [70, 71]. These stud-
ies report that TNF-a, as a proinflammatory cyto-
kine produced by both host and tumor cells, plays
an important role at different stages of cancer.
The inflammatory cytokine IL-6 can mediate the
differentiation of lymphocytes, promote cell pro-
liferation, and support cell survival despite apop-
totic signals [39, 47]. IL-6 plays an important
role in normal B cell survival and regulates
immunoglobulin secretion by normal B cells in
response to antigenic stimulation [52, 53]. The
role of IL-6 is also evident in hematological
malignancies, particularly B-cell neoplasms,
where IL-6 is produced by both malignant B cells
and bone marrow stromal cells [27, 28, 44]. In
the plasma cell cancer multiple myeloma (MM),
IL-6 plays an important prosurvival role for MM
cells [1, 2, 4, 30, 40]. IL-6 signaling through
IL-6R/STAT3 contributes to the pathogenesis of
MM [9], and blockade of the IL-6R/STAT3 sig-
naling pathway leads to the induction of apopto-
sis in MM cells [15]. Additionally, IL-6 secreted
by bone marrow stromal cells in MM TME can
enhance the interaction between MM cells and
the TME and promote the proliferation of MM
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cells [16]. In the bone marrow TME, IL-6 has
been reported to be regulated by the chemokine
CCLS, at the level of both gene expression and
protein secretion in stromal cells [28]. This
CCL5-mediated regulation of IL-6 occurred
through the chemokine receptor CCR3 and
resulted in activation of the PI3K/AKT signaling
pathway. Ultimately, this increased the expres-
sion of the transcription factor GLI2, which regu-
lates IL-6 expression and secretion. IL-6 then
induces immunoglobulin (Ig) secretion by malig-
nant B cells within the surrounding bone marrow
microenvironment [28]. Subsequent studies
showed that the IL-6Ra subunit, which binds
IL-6 to activate the IL-6 signaling pathway, is a
downstream target of the transcription factor
GLI2 in malignant B cells [44]. This regulation
was found to promote IgM secretion in the B-cell
lymphoma Waldenstrom macroglobulinemia
(WM) [44].

The inflammatory environment surrounding
developing cancer cells is often proliferated by
leukocytes. Leukocyte populations are attracted
to the chemokines and cytokines made by the
tumor cells [20, 32]. The development of better
cell markers makes it possible to detect specific
immune cells and identify their cytokine secre-
tion profiles. This has led to the finding that
almost every tumor type, including the tumor
microenvironment, contains a variety of immune
cells. The presence of these cells varies, with cer-
tain detection only possible through cell type—
specific antibodies, while others are easily
identified with standard staining techniques.
Traditionally, inflammation caused by the
immune cells was considered to be a method to
enable the body to fight and eliminate cancer
cells. There is supporting and increasing evi-
dence that this inflammatory immune response
affects the growth of certain tumors.

The continued study of inflammation and can-
cer has also produced evidence that certain
tumors benefit from the inflammatory response,
and that cells of the immune system may aid in
the development of certain cancers. Research
into inflammation as it relates to the development
and progression of cancer has provided abundant
evidence that bioactive molecules in the inflamed

tumor microenvironment can be utilized by
tumor cells [55]. This utilization can lead to the
development of the well-known hallmarks asso-
ciated with cancer. Tumor cells may use cyto-
kines for unchecked proliferation, survival factors
to limit apoptosis and autophagy, enzymes to aid
in the creation of new blood vessels, and other
signals that trigger the activation of epithelial-to-
mesenchymal transition (EMT) and metastatic
traits [23]. Inflammation has been observed in the
earliest stages of tumor growth, and it has been
demonstrated that this inflammation can directly
benefit a tumor cell’s development into full-
blown cancer. Additionally, certain cells of the
immune system contain reactive oxygen species
(ROS) that can be released into the tumor micro-
environment [34]. These reactive molecules are
mutagenic by nature and can accelerate the
genetic development of cells into fully malignant
cancer cells [35].

5.3 Hedgehog (HH) Signaling

The Hedgehog (HH) signaling pathway is an
integral mechanism of embryonic development,
cell maintenance, and tumor development [83].
There are two transmembrane proteins that are
involved in and control the HH signaling path-
way: Patched-1 (PTCH1), which acts as HH sig-
naling ligand-binding receptor, and Smoothened
(SMO), which is the signal transduction compo-
nent of HH receptor. In the absence of HH
ligands, PTCHI1 receptor blocks the function of
SMO and maintains it in an inactive state.
However, if any of the three HH ligands (Desert,
Indian, and Sonic HH) binds with PTCHI1, the
inhibition of SMO by PTCHI is alleviated,
thereby allowing SMO to become active. This
inhibition of SMO then initiates and transduces
signaling, resulting in the activation of GLI tran-
scription factors [26, 43, 85, 86].There are three
members of the GLI family of transcription fac-
tors (GLI1-3) that act together in response to sig-
naling from Hedgehog (HH) and other signaling
inputs, resulting in the regulation of target genes’
expression and, ultimately, a change in cellular
activities [81]. In response to HH signaling,
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GLI1 and GLI2 are known transcriptional acti-
vators, whereas Gli3 is a transcriptional repres-
sor [83].

As the downstream components of HH sig-
naling, GLI proteins are posttranslationally
modified and are normally suppressed/seques-
tered in the cytoplasm where they are pre-
vented from translocating to the nucleus. This
inactivation is achieved by interaction with
cytoplasmic proteins, including the proteins
Fused and Suppressor of Fused (Sufu).
Activation of the HH signaling pathway initi-
ates a signaling cascade that leads to activation
of GLI proteins and their release from the
GLI-Fused—-SUFU complex. This allows GLI
proteins to translocate to the nucleus to regu-
late gene expression. Nuclear GLI proteins
proceed along the transcription factor function
and activate target gene expression, including
PTCH and GLI genes. Some other target genes
are regulated, including those that are involved
in controlling cell proliferation, such as cyclin
D, cyclin E, Myc, and components of the EGF
pathway and, in angiogenesis, such as compo-
nents of the platelet-derived-growth-factor and
vascular-epithelial-growth-factor pathway
[26]. Cytokines in the BM microenvironment
are also targets of GLI and regulate malignant
cell growth and survival [27, 36, 44, 65, 93].
HH-GLI signaling pathway is also involved in
cancer development. Mutations in Sonic HH
have been reported to cause basal cell carcino-
mas in mice, suggesting that HH may have a
role in tumorigenesis in humans [68]. For
example, constitutively active mutations of
SMO have been found in basal cell carcinoma,
and GLI1 was originally identified in human
glioma [51]. Moreover, ectopic expression of
transcription factor GLI1 in the embryonic
frog epidermis results in tumor development
and induces formation of basal cell carcinoma
[21]. Similarly, overexpression of GLII in
mice induces basal cell carcinoma as well as
other follicle-derived neoplasias, such as
trichoepitheliomas, cylindromas, and tricho-
blastomas [67]. In addition, overexpression of
GLI2 in the skin also induces basal cell carci-
nomas in mice [33].

5.4  GLI2-Mediated Regulation

of Inflammation in the TME

In response to activation of the HH signaling
pathway, GLI2 target genes are genes that regu-
late cell cycle progression, cell proliferation, and
cell survival [66]. As such, GLI2 plays a signifi-
cant role in the development of cancer in the con-
text of HH signaling. However, several studies
implicate GLI2 in the regulation of inflammatory
cytokines and cytokine receptors in the TME
(Fig. 5.1). This GLI2-mediated regulation of
cytokines in the TME can promote cancer cell
biology and can result in the spread or the matu-
ration of cancer cells [27, 31, 36]. The cytokine
transforming growth factor beta 1 (TGF-f1) is
directly linked to the expression of GLI2 across
various healthy and cancerous cell lines in
humans [24]. TGF-B induces the expression of
GLI2 in human cell types, including normal
fibroblasts and keratinocytes, as well as various
cancer cell lines. This induction is rapid, inde-
pendent of HH signaling and requires SMAD
transcription factors, which are specific to TGF-
B1/TGF- receptor (TGF-BR) signaling. This evi-
dence suggests that TGF-fl1 is a strong
transcriptional inducer of GLI2 [24], highlight-
ing a novel signaling pathway that can regulate
GLI proteins through TGF-B/TGF-pR signaling
independent of HH signaling. This finding is sig-
nificant as inhibition of HH signaling may not be
an efficient way to inhibit these transcriptional
effectors. Therefore, a thorough understanding of
additional pathways that can regulate these pro-
teins is important for the development of novel
inhibitors for GLI rather than HH. There is also
evidence that GLI2 modulates the expression of
TGF-B1 by modulating the promoter of TGF-f1
[31]. GLI2 was found to modulate TGF-f1
expression in CD4* T cells by regulating the
TGF-p1 promoter [31]. Furthermore, this GLI2-
mediated regulation of TGF-f1 occurred via
direct GLI2 binding to the TGFf1 promoter and
modulating its transcriptional activity. This has
implications for cancer cells, as regulatory T cells
are associated with a poor prognosis in many
cancers, and understanding their regulation and
the potential role of GLI2 in these cells will be
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Fig. 5.1 GLI2-mediated inflammation in the TME.
GLI2 can be activated by several mechanisms that are
independent of HH signaling. CCL5/CCR3 signaling
and TGF-B/TFG-pR signaling pathways regulate the
expression and cellular localization of GLI2. Several
downstream inflammation targets of GLI2 have been
identified in TME, including TGFp, IL-6, and
CD40L. GLI2 regulates these targets expression by
modulating their promoters’ activities in the
TME. Receptors for these cytokines are expressed on

important. The expression of GLI2 can also be
regulated by signaling through the CCL5/CCR3
receptor in the TME [27]. In bone marrow malig-
nancies, such as multiple myeloma (MM),
chronic lymphocytic leukemia (CLL), and the
non-Hodgkin lymphoma (NHL) Waldenstrom
macroglobulinemia (WM), bone marrow stromal
cells play an important role in malignant B cell
biology by secreting a variety of cytokines that
are used by malignant cells to survive and prolif-
erate [7, 12, 13, 18, 28, 45, 54]. We have reported
that CCLS5 levels are elevated in the sera of WM
patients [27]. This elevated CCLS5 can signal
through the CCR3 receptor to regulate the expres-
sion of GLI2 in the TME through the PI3K/AKT
signaling pathway. This results in the activation
of NK-kB, which directly modulates the pro-
moter activity and expression of GLI2 [27]. In
addition to this PI3K/AKT regulation of GLI2 in
the TME, there is support for the regulation of
GLI2 by PI3K/AKT in cancer cells where over-

TGF-p

Cancer cell

GLI2
Promoter

A

cancer cells and cells in the TME. The regulation
between GLI2 and TGF-f is bidirectional: TGF-f} signal-
ing can activate GLI2 and GLI2 can also regulate TGF-f§
expression in the TME. In the TME, IL-6 and CD40L
bind to their respective receptors on the surface of cancer
cells to further initiate their own signaling cascades and
ultimately lead to activation and proliferation of cancer
cells. GLI2 was also shown to directly regulate IL-6Ra
by modulating its promoter in cancer cells. Figure made
with BioRender.com

expression of AKT in renal cell carcinoma
increased GLI2 expression [94]. Therefore, in
addition to canonical HH signaling, recent stud-
ies have identified TGF-p/TGF-fR signaling and
CCLS5/CCR3 signaling as novel pathways that
can modulate GLI2 expression in the TME. In
these studies, inhibition of HH signaling with the
SMO inhibitor Cyclopamine had no effect on the
regulation of GLI2 [27, 94]. These studies sug-
gest that targeting HH is not the only mechanism
to inhibit GLI functions, and directly targeting
GLI therapeutically may be a beneficial strategy
rather than targeting HH.

As mentioned earlier, in response to nonca-
nonical HH signaling in the TME, GLI2 was
shown to modulate a novel set of downstream
cytokine targets. This includes TGF-f [31], IL-6
[27], IL-6Rax [44], and CD40L [36]. This GLI2-
mediated regulation of cytokines was shown to
exert a biological effect on cancer cells. For
example, in response to CCL5/CCR3 signaling,
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the regulation of GLI2 expression modulated the
expression of IL-6 [27, 28]. IL-6 is a cytokine
with a well-established role in normal and malig-
nant B cells [52, 53]. Therefore, the identification
of GLI2 as a novel regulator of IL-6 highlights an
indirect role for GLI2 in modulating normal and
malignant B cell biology. In the TME, GLI2-
mediated regulation of IL-6 results in the regula-
tion of IgM secretion by malignant B cells.
Coculture of bone marrow stromal cells with
GLI2 knockdown and malignant B cells results in
reduced IL-6 secretion and IgM secretion both
in vitro and in vivo [27]. Therefore, the regula-
tion of inflammatory IL-6 by GLI2 in the TME
modulates cancer cell biology. A direct role for
GLI2 in modulating IL-6 signaling was also
reported. In malignant B cells, GLI2 knockdown
resulted in reduced IgM secretion [44]. Because
IL-6 is known to modulate immunoglobulin
secretion, an investigation of the mechanism by
which GLI2 modulates IgM secretion identified
the IL-6 receptor (IL-6R) as a novel transcrip-
tional target of GLI2 [44]. Therefore, GLI2 per-
forms a dual role in IL-6-mediated regulation of
Ig secretion—one by regulating IL-6 expression
and secretion in the TME and another by regulat-
ing the expression of the IL-6R on the malignant
cells. Both scenarios described a novel role for
GLI2 in regulating the expression of cytokine/
cytokine  receptor  targets IL-6  and
IL-6R. Additional screening of GLI2 cytokine
targets in the TME identified CD40L as a novel
GLI2 target gene. CD40L is a homotrimer that
belongs to the tumor necrosis factor (TNF) gene
family [76]. It is expressed by a variety of cells
including activated T cells and platelets, mono-
cytes, NK cells, B cells, endothelial cells, and
stromal cells [29, 62, 76]. CD40L is expressed on
the cell surface but can also be cleaved to release
a soluble biologically active form [36, 78].
Engagement of the CD40 receptor on the surface
of normal and malignant B cells by the CD40L
activates several transcription factors including
AP-1, NFAT, and NF-kB [80] and leads to
increased growth and survival of several B cell
malignancies [19, 36, 84]. Therefore, understand-
ing the regulation of CD40L is essential to under-
standing malignant B cell biology. GLI2 was

found to directly modulate the expression of
CD40L in the TME [36]. This increased CD40L
promotes malignant B cell activation and prolif-
eration [36]. GLI2 was also found to increase the
soluble form of CD40L in the TME, whereas
conditioned media from bone marrow stromal
cells expressing an active form of GLI2 increases
malignant B cell proliferation [36]. Further inves-
tigations identified the CCR3-PI3K-AKT path-
way to modulate this GLI2-CD40L pathway in
the TME [36]. Therefore, these studies highlight
a novel role for GLI2 in modulating an array of
cytokines including TGF-f, IL-6, CD40L, and
IL-6R, which ultimately contributes to malignant
B cell biology by promoting malignant cell
growth, survival, and Ig secretion. Future studies
investigating the role of GLI2 in modulating
cytokine genes in other malignancies will be
important for understanding the role of GLI2 in
regulating inflammation in the TME. Additionally,
a small-molecule antagonist for GLI (GANT61)
was developed and can inhibit GLI1/GLI2
expression and activity. A preclinical evaluation
of GANT61 will be necessary to delineate its
utility in cancer patients. Furthermore, evaluating
the efficacy of targeting GLI using GANT61 to
target the TME will allow us to target GLI2-
mediated inflammation in the TME and therefore
reduce the effect of inflammation on cancer cells.
A recent study showed that targeting IL-6 in the
TME reduced tumor growth and Ig secretion by
lymphoma B cells [37]. Perhaps, targeting
GLI2 in the TME will reduce IL-6 and other
cytokines, and combining it with therapies that
target cancer cells such as Ibrutinib may be ben-
eficial in reducing the effect of the supportive
TME on cancer cell biology.

5.5 Therapeutic Implications

The role of HH signaling pathway is well estab-
lished in embryonic development and in cancer
[88]. Inhibition of Smoothened (SMO), the sig-
nal transduction subunit of the Hedgehog (HH)
receptor, initially identified GLI2 as a transcrip-
tional activator and has been shown to abrogate
leukemia stem cell dormancy and reduce the dor-
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mant leukemic stem cell burden using a clinical
antagonist [75]. This suggests that SMO
inhibition can provide therapeutic efficacy for
cancer patients. As a result, several small-mole-
cule inhibitors for SMO have been developed and
tested in the clinical setting to treat solid tumors
and hematological malignancies either as single
agents or in combination with other chemothera-
peutic agents [17, 92]. To date, two Smoothened
inhibitors (Vismodegib and Sonidegib) have
gained FDA approval, but are limited to locally
advanced and metastatic basal cell carcinoma
patients [73, 90]. However, the use of these inhib-
itors as single agents in cancer patients has not
elicited the anticipated clinical responses. This
may be in part due to resistance to SMO inhibi-
tors [3, 22, 42, 79, 90], which have been identi-
fied by several studies in animal models [5, 90,
92]. One of the mechanisms of resistance is in
other signaling pathways that are SMO indepen-
dent, which can regulate the activity of GLI pro-
teins, the effectors of this pathway. There is also
evidence supporting a role of GLI2 inhibition in
basal cell carcinoma [46]. Therefore, although
the activity of GLI proteins through SMO is dis-
rupted by the use of SMO inhibitors, these pro-
teins remain active via other pathways such as
PI3-K-mTOR, BET bromodomain proteins,
PDE4, CCR3, and TGF-bR signaling pathways
[6, 11,24, 27,36, 82, 87, 88].

Direct inhibition of GLI has gained interest
and shows promise to target these transcription
factors and their target genes. In malignant pleu-
ral mesothelioma, inhibition of GLI by siRNA, or
a novel small-molecule GLI inhibitor, suppressed
tumor cell growth dramatically both in vitro and
in vivo. Furthermore, inhibition of GLI exhibited
better cytotoxicity than inhibition of Smoothened,
suggesting that inhibition of GLI function could
be a strong and effective novel approach to treat
malignant pleural mesothelioma [58]. In acute
myeloid leukemia, inhibition of GLI by the GLI
antagonist GANT61 causes growth arrest and
apoptosis in human myeloid leukemia cell lines
[69]. Direct targeting of GLI2 also reduced
medulloblastoma cell survival [10]. A screen for
small-molecule antagonists of GLI-mediated
transcription revealed two molecules that can
selectively inhibit GLI-mediated gene transacti-

vation by acting in the nucleus to block GLI func-
tion. One of these molecules was found to
interfere with GLI1 DNA binding in living cells.
More importantly, these compounds efficiently
inhibited in vitro tumor cell proliferation and
successfully blocked cell growth in an in vivo
xenograft model using human prostate cancer
cells [56]. Arsenic compounds were found to
induce developmental defects that are dependent
on HH signaling [14, 25, 63]. In an effort to cir-
cumvent the problems associated with SMO
resistance, arsenic trioxide (a chemotherapeutic
agent used for acute promyelocytic leukemia)
was found to antagonize HH pathway by target-
ing GLI proteins through blocking the ciliary
accumulation and levels of GLI2 [50]. However,
the role of arsenic trioxide as a GLI inhibitor has
not been evaluated in the clinical setting.

There is ample research to support the role of
the TME in cancer and targeting the TME may be
an effective therapeutic strategy for cancer
patients. The inflammatory cytokine IL-6 has a
well-established role in several malignancies,
particularly B cell malignancies. Several mono-
clonal antibodies targeting IL-6 or IL-6 receptor
(Tocilizumab) were developed and tested in sev-
eral diseases including malignant disease. In
multiple myeloma (MM), targeting IL-6 in com-
bination with other therapies enhanced therapeu-
tic outcomes compared with chemotherapeutic
agents alone [41, 74, 78]. In a xenograft model of
WM, administration of Tocilizumab to tumor-
bearing mice that were xenografted with cancer
cells and cells from the TME reduced tumor
growth and IgM secretion [37]. Targeting IL-6
was also investigated in autoimmune diseases to
target chronic inflammation and was shown to
provide clinical benefits (ref autoimmune papers).
Therefore, targeting inflammatory mediators
such as IL-6 can be successful, although it was
only investigated in the context of the TME in
WM, and to a lesser extent in MM (since IL-6 is
provided in both an autocrine and paracrine man-
ner in MM). IL-6 itself is a GLI2-target gene in
the TME. Disrupting the cross-talk between can-
cer cells and cells in the TME using IL-6-based
therapies showed promising results in tumor-
bearing mice. However, IL-6 therapy alone did
not affect mice survival [37], which leads to the
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question of whether we can switch from targeting
the genes regulated by GLI2 to targeting the tran-
scription factor GLI2 itself.

Currently, several studies focus on targeting
different transcription factors that play critical
roles in cancer biology. Hypoxia-inducible factor
1 (HIF-1) regulates genes that are involved in can-
cer biology, including angiogenesis, cell survival,
glucose metabolism, and invasion. In addition, in
preclinical studies, the inhibition of HIF-1 activity
has marked effects on tumor growth. Therefore,
HIF-1 can be used as a potential therapeutic target
[77]. Forkhead O (FOXO) transcription factors
play an essential role in the regulation of cellular
functions such as cell cycle arrest, cell death, and
protection form stress stimuli, and inactivation of
FOXO protein is associated with several neo-
plasms including breast cancer, prostate cancer,
glioblastoma, rhabdomyosarcoma, and leukemia.
Moreover, clinical studies have shown therapeutic
benefits from using drugs like paclitaxel, ima-
tinib, and doxorubicin that activate FOXO targets
[91]. The transcription factor NF-KB is frequently
in tumor cells and contributes to aggressive tumor
growth and resistance to chemotherapy and radia-
tion during cancer treatment. Accumulating evi-
dence shows that induction of chemoresistance
and radioresistance is mediated by several genes
regulated by NF-KB, and the inhibition of NF-KB
increases the sensitivity of cancer cells to chemo-
therapeutic agents and radiation exposure.
Therefore, targeting NF-KB may be a potential
therapeutic strategy to overcome chemoresistance
and radioresistance in cancer treatment [57]. In
addition, transcription factors from the STAT
family (STAT3 and STATS) are important players
in human cancers and are validated targets for
therapeutic intervention [59, 72].

5.6  Future Directions

While significant effort has focused on develop-
ing inhibitors for the HH pathway that target
SMO, these inhibitors will likely only be effec-
tive therapies in neoplasms that are responsive to
HH ligand stimulation. As evidence accumulates
to show an HH-independent mechanism of regu-

lation of GLI2, and consequently a role for
GLI2 in regulating inflammation, novel inhibi-
tors of GLI2 such as GANT61 and arsenic triox-
ide might be therapeutically beneficial to target
GLI2-mediated inflammation. While directly tar-
geting GLI2 in cancer cells may provide thera-
peutic efficacy, future studies focusing on
targeting GLI2 to target inflammation in the TME
will provide insight into the therapeutic utility of
targeting this axis in cancer patients. Combined
targeting of cancer cells, and cells in the TME (or
molecules such as cytokines), which mediate the
ability of cancer cells to survive and resist ther-
apy, may prove to be a successful strategy for
cancer patients.
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Abstract

As tumor microenvironments share many of
the same qualities as chronic wounds, atten-
tion is turning to the wound-repair cells that
support the growth of cancerous cells. Stellate
cells are star-shaped cells that were first dis-
covered in the perisinusoidal spaces in the
liver and have been found to support wound
healing by the secretion of growth factors and
extracellular matrix. They have since been
also found to serve a similar function in the
pancreas. In both organs, the wound-healing
process may become dysregulated and lead to
pathological fibrosis (also known as cirrhosis
in the liver). In recent years there has been

cirrhosis and hepatocellular carcinoma and
also contribute to continued tumor growth,
invasion, metastasis, evasion of the immune
system, and resistance to chemotherapy, in
cancers of both the liver and pancreas. In this
chapter we aim to review the structure and
function of hepatic and pancreatic stellate
cells and their contributions to the tumor
microenvironment in their respective cancers
and also discuss potential new targets for can-
cer therapy based on our new understanding of
these vital components of the tumor stroma.
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increasing attention paid to the role of these
cells in tumor formation and progression.
They may be a factor in initiating the first
steps of carcinogenesis such as with liver
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Stellate cells have a long history in the records of
pathology, as they were first identified in the liver
by the pathologist Karl Wilhelm von Kupffer and
described in a research letter in 1876. Kupffer
described star-shaped cells that were stained with
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gold chloride in the perisinusoidal spaces in the
liver, which he termed “‘sternzellen.” These were
later independently discovered by Toshio Ito as
fat-storing cells of the liver and termed “Ito
cells,” but the two discoveries were not unified
until Wake et al. confirmed the two cells to be the
same in studies on the lamprey liver [1, 2].
Hepatic stellate cells (HSCs) have been studied
under various names such as perisinusoidal cell,
pericyte, lipocyte, interstitial cells, fat-storing
cells, Vitamin A-storing cells, or Ito cells [3].
This clarification was a catalyst for the progres-
sion of research on hepatic stellate cells and their
paramount role in liver physiology. Not to be
confused with resident liver macrophages, also
known as “Kupffer cells,” hepatic stellate cells
can be identified with storage of Vitamin A in the
cytoplasm and are in fact the largest reserve of
Vitamin A in the body [4]. Upon encountering
signals from damaged hepatocytes and leuko-
cytes, HSCs differentiate into an activated pheno-
type, losing Vitamin A storage droplets and
gaining expression of alpha-smooth muscle actin
(xSMA), taking on a contractile myofibroblast-
like phenotype in order to deposit extracellular
matrix (ECM) protein and heal areas of tissue
damage, but this may also result in fibrosis [5, 6].
Activated HSCs also express markers such as
desmin, glial fibrillary acidic protein (GFAP),
and vimentin and begin to deposit extracellular
matrix proteins such as fibronectin and collagen
I/collagen III [7]. HSCs can be distinguished
from myofibroblasts by their expression of cyto-
globin, which is not expressed on myofibroblasts
[8]. HSCs secrete cytokines and growth factors
that contribute to the survival and regeneration of
hepatocytes [6]. As part of their wound-healing
abilities, HSCs have also been shown to be capa-
ble of phagocytosing apoptotic bodies, an activ-
ity that also contributes to fibrosis [9]. In chronic
liver damage, ECM deposition becomes dysregu-
lated in a positive feedback loop where excess
ECM leads to liver fibrosis, distortion of hepatic
vasculature, and eventually resulting in cirrhosis
and portal hypertension [10]. Unlike most can-

cers, hepatocellular carcinoma (HCC) is usually
preceded by this extensive fibrosis, rather than
developing a desmoplastic reaction following
carcinogenesis, and HCC is much more common
in patients with liver cirrhosis than noncirrhotic
patients.

Pancreatic stellate cells (PSCs) were not iden-
tified until 1982 by Watari et al. by observing
mouse pancreatic cells with a phenotype featur-
ing characteristic Vitamin A storage previously
seen in HSCs in the liver [11]. However pancre-
atic stellate cells did not become a major target of
research until methods were published to isolate
and culture them 16 years later by Apte et al. [12]
Since then PSCs have been found to be a major
component of the source of pancreatic fibrosis in
diseases such as pancreatitis and also the fibrotic
component of pancreatic tumors [13-16].
Pancreatic stellate cells have been found to be
akin to hepatic stellate cells, suggesting that they
share a common progenitor in embryological
development [17]. They share a similar star-
shaped phenotype and also act as repositories for
Vitamin A. They can be identified by their expres-
sion of desmin, glial fibrillary acidic protein
(GFAP), vimentin, nestin, nerve growth factor
(NGF), and neural cell adhesion molecule
(NCAM) [18]. When they are activated, they
exhibit a loss of the cytoplastic Vitamin A drop-
lets and gain expression of alpha-smooth muscle
actin (aSMA), taking on a myofibroblast-like
phenotype, just as with HSCs. A major function
of PSCs is to synthesize and secrete ECM pro-
teins as well as the production of the degrading
enzymes matrix metalloproteases (MMPs) and
their inhibitors, tissue inhibitor of metallopro-
teinases (TIMPs) [19]. However, unlike in hepa-
tocellular  carcinoma, pancreatic ductal
adenocarcinoma (PDAC) contains and typically
features a more desmoplastic tumor, suggesting
some differences in the ways PSCs respond to the
tumor microenvironment [20]. In this chapter, we
aim to review the ways in which HSCs and PSCs
contribute to the tumor microenvironment in can-
cers of the liver and pancreas.
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6.2  Hepatic Stellate Cells

in Tumors of the Liver

In the primary hepatic malignancies hepatocellu-
lar carcinoma and cholangiocarcinoma (CCA),
stellate cells have been identified as a major com-
ponent of the tumor stroma [21]. As a major
reparative cell in liver injury, HSCs secrete a
multitude of cytokines and growth factors in
order to support the liver during injury, and
chronic injury may result in progressive terminal
liver fibrosis, also known as cirrhosis. As most
cases of hepatocellular carcinoma in Western
countries arise in the setting of liver cirrhosis, the
HSC has become implicated in carcinogenesis as
well. Cytokine crosstalk between HSCs and
hepatocytes and inflammatory signals from infil-
trating inflammatory cells is likely to blame for
dysregulation of hepatocyte growth and resulting
cancer. As HCC is the most common form of pri-
mary liver tumor (90%), most research of HSCs
in cancer is in the setting of HCC and that is what
this review will focus on.

Activated HSCs produce a variety of growth
factors and cytokines that promote the prolifera-
tion of normal and neoplastic liver cells. HSCs
are known to secrete hepatocyte growth factor
(HGF), epidermal growth factor (EGF), and
TGFa/TGFp, which stimulate hepatocyte prolif-
eration [22]. These factors not only stimulate
hepatocyte growth and division but also cause
activation and proliferation in hepatic stellate
cells through an autocrine fashion. Platelet-
derived growth factor (PDGF) is secreted by
HSCs, and this creates fibrosis in the liver paren-
chyma that is often seen before the development
of hepatocellular carcinoma [23]. TGFp causes
an increase in HSC membrane expression of the
PDGF receptor, which acts as a potent growth
factor for HSCs, creating an auto-feedback loop
that drives the progression of fibrosis [23]. TGFf
has been identified as a major proliferative signal
for HCC cells that is secreted by HSCs [24].
TGFp in association with laminin-5, both pro-
duced by HSCs, has been shown to induce the
process of epithelial-to-mesenchymal transition
(EMT) in HCC cells which is known to be essen-
tial to carcinogenesis [25]. Mikula et al. demon-

strated that TGFf secreted from HSC cells were
crucial in the progression of hepatocyte neoplasia
by inducing more paracrine TGFf from the hepa-
tocytes, causing cellular accumulation of beta-
catenin, and the loss of E-cadherin cell-cell
contacts between hepatocytes, which are hall-
marks of EMT [24]. Conditioned media from
cultured HSCs increases the proliferation of HCC
cells, and in vivo models show that implanting
HSCs at the same time as HCC cell increases
tumor growth and invasiveness. The conditioned
media was found to stimulate HSCs through acti-
vation of the MAPK/ERK pathway and increas-
ing the transcription factor NFkappaB, all of
which are essential for cell growth [26]. Activated
HSCs also produce SDF-1 (aka CXCL12) and
support hepatocyte growth through the SDF-1/
CXCR4 axis. Aberrant signaling through the
SDF-1/CXCR4 pathway can dysregulate hepato-
cyte growth by inducing the EMT process and
creating dysplastic cells [27-29]. HSCs have also
been shown to be capable of being pluripotent
progenitor cells. Kordes et al. demonstrated a
subpopulation of HSCs that express the stem/
progenitor cell marker CD133 that were capable
of differentiating into not only the typical
myofibroblast-like cell such as an activated HSC
but also endothelial-like cells and hepatocyte-like
cells in vitro [30].

HSCs also have been shown to allow neoplas-
tic cells to survive in harsh environmental condi-
tions associated with solid tumors. Solid tumors
often harbor areas that are hypoxic due to out-
growth of the tumor from feeding vessels and
reliance on disorganized neovasculature, and
they are often acidic in nature due to excessive
glycolysis such as the Warburg effect [31, 32].
HSCs are sensitive to hypoxia and secrete factors
that induce angiogenesis, and they stabilize new
vessels during angiogenesis through direct con-
tact [33]. HSCs have been found to secrete vascu-
lar endothelial growth factor (VEGF) and this in
turn helps hypoxic cancer cells establish new
blood supplies. In vivo orthotopic HCC models
demonstrate higher levels of VEGF in tumors
that were derived from injecting cancer cells and
HSCs at the same time, and conditioned media
from HSCs elicited tubule formation in
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endothelial cell assays in a VEGF-dependent
manner [34]. HSCs also combat hypoxic condi-
tions by expression of hypoxia-inducible
factor-1oe (HIF-1ax) and this is controlled by the
hedgehog signaling pathway [35]. Coculturing
HCC cell lines with HSCs under hypoxic condi-
tions showed increases in proliferation, migra-
tion, and resistance to apoptosis through signaling
with PDGF-BB, a subtype of PDGF [36, 37].
Acidic environments naturally accompany
hypoxia in the tumor microenvironment, and
hepatic stellate cells have been shown to allow
the tumor to adopt to the acidic pH commonly
found in hepatocellular carcinoma by becoming
activated at low pH through ERK1/2 phosphory-
lation, which results in improved migration and
subsequent metastasis for cocultured cancer
cells, and these effects were inhibited by culture
in the presence of a proton-pump inhibitor [38].
In the hypoxic and acidic liver tumor, HSCs act
as instruments vital for survival of the tumor
cells.

HSCs participate in immunomodulation of the
tumor microenvironment and may elicit contra-
dictory pro- and anti-inflammatory effects. HSCs
attract leukocytes such as monocyte/macro-
phages and neutrophils by secreting macrophage
colony-stimulating factor (M-CSF), monocyte
chemoattractant protein-1 (MCP-1), and platelet-
activating factor (PAF), which serve to perpetuate
the inflammatory response and contribute to
fibrogenesis [6, 39, 40]. HSC conditioned media
also stimulated the production of the proinflam-
matory cytokine IL-8 in HCC cells, which acts in
turn to attract more leukocytes and HSCs [26].
They increase tissue infiltration by monocytes
and neutrophils, enhancing the inflammatory
response to initial detection of a liver injury [41].
HSCs are also able to present antigen via CDI,
MHC I, and MHC II to NKT, CD4, and CD8 T
helper cells. The presentation of antigen elicits a
T-cell response that enhances local inflammation
and fibrosis, especially in the event of CD8+
T-cell activation, making the environment more
conducive to tumorigenesis [42]. On the other
hand, HSCs are also able to create an immuno-
suppressive environment which may help tumors
evade recognition by the immune system. HSCs

have been shown to attract myeloid-derived sup-
pressor cells (MDSCs) [43, 44]. The MDSCs, in
turn, prevent activation of T-helper cells and
increase the population of regulatory T-cells
(Treg), all of which enable continued evasion of
the immune system by the neoplastic cells.
Activated HSCs also produce the immune check-
point B7-H1 on the cell membrane, which is
related to programmed death ligand-1 (PDL-1).
B7-H1 binds to PDI1 receptors on T-cells and
inhibits the T-cell response, affording the tumor
cells another route to evasion [45].

Hepatic stellate cells also aid HCC cells in
resistance to chemotherapy. One of the only che-
motherapeutics for hepatocellular carcinoma, the
tyrosine kinase inhibitor sorafenib, is commonly
met with resistance and disease progression.
Studies have shown sorafenib to only offer
2.8 months of added overall survival versus no
treatment, and while the initial disease control
rate is 30—43%, resistance commonly occurs at
around 6 months of treatment [46, 47]. Azzaritti
et al. found that HSCs, through secretion of the
laminin (Ln)-322, not only enhance HCC migra-
tion and invasion but also confer resistance to
sorafenib [48]. Song et al., in coculture experi-
ments with HCC cell spheroids, found that cocul-
ture with HSCs conferred strong resistance to
sorafenib and cisplatin [49]. Conditioned media
from activated HSCs has also been shown to cre-
ate resistance of cholangiocarcinoma cells to
chemotherapy such as 5-fluorouracil and gem-
citabine in vitro [50]. Therefore targeting stellate
cells may make HCC more sensitive to
chemotherapeutics.

HSCs have also been implicated in tumor for-
mation in cholangiocarcinoma (CCA), so HSC
growth factors can act in a similar way to biliary
epithelial cells compared to hepatocytes. CCA
patient samples that had higher levels of HSC-
related markers such as high aSMA, desmin, and
GFAP were associated with a poor prognosis
[51]. In vitro and in vivo data suggest that HSCs
induce proliferation, migration, and invasion of
CCA cells through signaling with the hedgehog
pathway [50-52]. A vital mechanism for this
tumorigenic crosstalk in cholangiocarcinoma is
the release of the growth factor SDF-1 by HSCs
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and its subsequent binding to CXCR4 expressed
by CCA cells, causing tumor cell proliferation
and migration [29, 53]. Okamoto et al. also
described the presence of angiotensin II in patient
samples of intrahepatic cholangiocarcinoma and
found it to be effective in causing HSC activation
and concomitant increases in secreted SDF-1,
which then elicited features of epithelial-to-
mesenchymal transition (EMT) in cholangiocar-
cinoma cells [54]. Taken together it is clear that
HSCs have an important role in the progression
of cholangiocarcinoma and not only hepatocel-
lular carcinoma.

In addition to primary liver tumors such as
hepatocellular carcinoma and intrahepatic chol-
angiocarcinoma, HSCs have been implicated in
liver metastases from distant organs. Many can-
cers have a predilection for metastasizing to the
liver, including breast, colorectal, esophageal,
lung, melanoma, pancreatic, and gastric cancer
[55]. Stephen Paget was the first to propose the
“seed and soil” hypothesis, in which he postu-
lated that anatomical drainage patterns were not
the lone factor in determining where cancers
metastasize. The analogy “When a plant goes to
seed, its seeds are carried in all directions; but
they can only live and grow if they fall on conge-
nial soil” describes his rationale for his observa-
tions in a series of patients with metastatic breast
cancer [56]. HSCs may be one of the factors pre-
paring the “congenial soil” of the liver. Tumor
cell binding to distant sites is the first step in the
initiation of a metastatic tumor, and HSCs pro-
vide binding sites through multiple methods. In
in vitro experiments, Antoine et al. demonstrated
that activated HSCs express E-selectin, and that
under hypoxic conditions, this is released into the
supernatant as E-selectin ligand (ESL-1) and
retains cell-binding ability. These binding sites
for both leukocyte and tumor cells may be an
important factor generation of a metastatic tumor
[57]. In pancreatic adenocarcinoma, which com-
monly metastasizes to the liver, tumor cells
release exosomes that are taken up by resident
liver macrophages, also known as Kupffer cells,
which in turn release TGFf that causes activation
of HSCs which then release fibronectin. This
deposition of fibronectin and creation of a profi-

brotic environment traps more hematopoietic
leukocytes and forms a premetastatic niche which
allows a metastasis a place to anchor and grow
[58]. PDAC cells also prepare the liver for metas-
tasis by secretion of tissue inhibitor of metallo-
proteinases-1 (TIMP-1) which is another route
for activation of HSCs by binding the CD63
receptor and subsequent production of SDF-1
[59]. There has also been evidence that quiescent
HSCs are able to maintain a quiescent phenotype
in metastatic PDAC cells and that transformation
to activated myofibroblasts promotes metastatic
outgrowth [60]. The aggressive primary skin can-
cer melanoma also has a tendency to metastasize
to the liver, and in vitro experiments have found
that conditioned media from melanoma cell lines
increased the proliferation and migration of HSC
cell lines, upregulated production of VEGF and
inflammatory cytokines COX-2 and PGE2, and
that cell lines derived from metastatic melanoma
had greater proliferative effects than cell lines
from primary melanomas. This implies that met-
astatic melanoma cells may initiate liver metasta-
ses by attracting HSCs which in turn create
stroma for which to support tumor growth [61,
62]. Uveal melanoma, the aggressive ocular ver-
sion of malignant melanoma, has a high likeli-
hood of metastasis to the liver and interactions
between uveal melanoma and HSCs to create a
proinflammatory environment and promotes met-
astatic progression [63]. Colon cancer is another
tumor that often metastasizes to the liver. Animal
models of colorectal liver metastasis have sug-
gested that HSCs surround metastatic liver
deposits and that they secrete SDF-1, HGF, and
PDGEF, which also has been shown to increase
proliferation and resistance to apoptosis in colon
cancer cell lines [64, 65].

Pancreatic Stellate Cells
in Tumors of the Pancreas

6.3

Similar to hepatic stellate cells in morphology
and function, pancreatic stellate cells have also
become known to be an important mediator in
pancreatic fibrosis and response to cancer
development. Apte et al. demonstrated that acti-
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vated PSCs were a major source of ECM proteins
as evidenced by aSMA mRNA and collagen
mRNA being restricted to the tumor stroma and
that they were the main source of collagen in the
tumor stroma of PDAC [15]. As with HSCs in
HCC, PSCs may also play a role in cancer devel-
opment in the pancreas, as PSCs have been found
to surround pancreatic intraepithelial neoplastic
lesions (PanINs), a precursor lesion to PDAC
[66]. However there continues to be debate on
whether the role of PSCs and their resulting
fibrosis in PDAC is protective or deleterious to
the patient, and conflicting findings have been
reported in the literature. There is no clear answer
at this time, and it is likely that both possibilities
are true at different stages of the disease
process [67].

History of alcohol abuse and tobacco use have
been linked to a higher risk of developing
PDAC. Alcohol was demonstrated to directly
activate PSCs in in vitro experiments, but the
effect is more striking in combination with
byproducts of tobacco smoking. PSCs have nico-
tinic acetylcholine receptors, and results from
culture experiments combining ETOH and
byproducts of tobacco smoking showed syner-
gism in markers of activation [68]. Therefore
PSCs may play a role in the higher risk of devel-
oping PDAC with a history of alcohol and
tobacco abuse.

PSCs secrete a variety of growth factors and
ECM proteins in order to support the neoplastic
stroma of pancreatic cancer. This interaction goes
both directions, as PDAC cells also can activate
PSCs which creates a positive feedback loop.
Cancer cells produce signals such as TGFp,
PDGF, and fibroblast growth factor (FGF) in
order to stimulate ECM secretion and prolifera-
tion of PSCs [69]. PDAC cells also produce
cyclooxygenase-2 (COX-2) which causes prolif-
eration of PSCs [70]. PSCs secrete a multitude of
growth factors such as insulin-like growth factor,
epidermal growth factor (EGF), hepatocyte
growth factor (HGF), and TGFf1, all of which
can stimulate cancer cell proliferation [71]. In
addition to proliferation, PSCs may contribute to
PDAC cell invasiveness by promoting epithelial-
to-mesenchymal transition (EMT). Coculture

experiments of PDAC cell lines and PSCs show
decrease of epithelial markers and increase in
migratory capability [72]. Secretions from PSCs
have also been found to inhibit PDAC cell apop-
tosis [73]. In vivo experiments have shown that
injection of PSCs along with PDAC cell lines
results in larger tumors and greater metastatic
events than injecting the PDAC cells alone. These
studies, both heterotopic and orthotopic models
of coinjection, showed an increase in tumor
stroma compared to injection of PDAC cells
alone, which better recapitulates the human
PDAC tumor histology, as PDAC cell-line only
tumors often have little associate stroma [69,
73-75]. Lumican is an extracellular proteoglycan
that regulates collagen production and develop-
ment [76]. We have previously shown that pan-
creatic stellate cells secrete the proteoglycan
lumican into the stroma, and this molecule may
have a protective role in the tumor microenviron-
ment, as patients with lumican expression in the
stroma had a better prognosis than patients
without such expression [77, 78]. There is also a
functional heterogeneity in the population of
PSCs in the tumor stroma, as Ikenaga et al. have
shown that a population of CD10+ PSCs in
patient samples was associated with positive
nodal metastases and shorter survival time, and
these cells increase tumor growth and invasive-
ness in vitro [79].

The PDAC stroma is poorly perfused and has
low oxygen tension, so in order for the cancer
cells to survive, they are thought to be protected
by the actions of PSCs. Hypoxia may be one of
the factors that turn the microenvironment from
restraining the tumor into enabling invasion and
metastasis. PSCs have a dual role in this situation
as they simultaneously work to relieve hypoxia
by attempting to establish neovascularization by
secretion of VEGF; however, their abnormal
deposition of ECM creates continued fibrosis that
prevents adequate perfusion [80]. PSCs have also
been shown to increase PDAC cell invasion under
hypoxic conditions compared to normoxic con-
trols; this signaling which may direct PDAC cells
to migrate away to better perfused areas also
leads to the creation of metastases [81].
Autophagy is a method by which cells degrade
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intracellular components to survive in times of
metabolic stress, and it has been found that PSCs
undergo autophagy in the tumor microenviron-
ment and it contributes to their acquisition of an
activated phenotype [82]. Hypoxia has also been
shown to induce autophagy in PSCs and also
increased the secretion of ECMs and VEGF [80,
83, 84]. Production of the protective ECM
protein lumican is decreased under hypoxic
conditions [85].

PSCs participate in immunomodulation of the
tumor microenvironment by producing factors
that influence local inflammation, such as TGFp,
TNFa, connective tissue growth factor (CTGF),
monocyte chemoattractant factor-1 (MCF-1),
IL-1p, IL-6, IL-8, IL-15, and RANTES [18, 86,
87]. Cytokines such as IL-8 attract neutrophils,
and it has been found that neutrophils can, in
turn, activate PSCs by the production of neutro-
phil extracellular traps (NETSs), which continues
the cycle of stromal activation and support of the
cancer cells’ proliferation [88].%” PSCs also con-
tribute to cancer cell immune avoidance by the
production of galectin-1, which has been shown
to induce apoptosis of CD4 and CD8 T-cells [89].
Galectin-1, which has also been shown to be
highly overexpressed in PDAC stroma and ani-
mal models of PDAC cells coinjected with
galectin-1-depleted PSCs, showed decreased
tumor and metastasis formation [90]. Similarly,
galectin-3 which is highly expressed by PDAC
cells has been found to activate PSCs and stimu-
late proinflammatory cytokines such as IL-8 [91].

PSCs also aid in PDAC resistance to treatment
by both chemotherapy and radiotherapy.
Coculture experiments of PSCs and PDAC cells
have shown that the presence of PSCs in culture
decreased the level of apoptosis caused by the
common chemotherapeutic gemcitabine [92].
There are multiple mechanisms that have been
discovered for PSCs’ role in chemoresistance.
Zhang et al. demonstrated that PSCs protect
PDAC cell lines from gemcitabine-induced apop-
tosis through secretion of SDF-1a and induction
of FAK-AKT and ERK1/2 signaling pathways
which resulted in an autocrine loop of proinflam-
matory cytokine IL-6 expression [93]. Another
method PSCs confer gemcitabine resistance to

PDAC cell lines by a mechanism reliant on
HES-1 which is a component of the Notch signal-
ing pathway [94]. In addition to paracrine sig-
nals, PSCs may protect PDAC cells by the
physical sequestration of chemotherapeutic
drugs. Using the KPC genetic mouse model and
in vitro cell lines, Hessman et al. discovered that
PSCs and cancer-associated fibroblasts (CAFs)
scavenge gemcitabine from the tumor microenvi-
ronment leaving less active metabolite available
for activity against cancer cells [95]. Liu et al.
demonstrated that a ECM protein secreted by
PSCs, periostin, is vital to this chemoresistance,
making it an attractive target for new treatments
[96]. Erkan et al. demonstrated that periostin
increased markers of PSC activation and ECM
secretion, and they also confer protection to che-
motherapy and radiotherapy in vitro through
paracrine signaling and activation of the Akt and
MAPK pathways [97]. Mantoni et al. also found
that PSCs can protect PDAC cells from radiation
therapy through paracrine signaling in coculture
in vitro experiments, and this protection was
dependent on signaling via p1-integrin [98].
PSCs not only play a role in the local tumor
microenvironment, but they have also been found
to contribute to metastatic events in PDAC.
Patients staining positive for activated PSC mark-
ers such as aSMA, desmin, and MMP2 in PDAC
tumor stroma had a higher rate of lymph node
metastases than patients who were negative for
these staining patterns [99]. Multiple in vitro
studies have shown that PSCs increased migra-
tion and invasion of PDAC cells through various
secreted factors, which is the prerequisite for pro-
gression to metastasis [72, 73, 100-102]. Using a
sex mismatch animal model, Xu et al. determined
that PSCs accompany metastatic PDAC cells to
distant sites, where they may aid in establishment
of ECM and neovasculature [103]. Animal exper-
iments with fluorescently labeled cells have
shown PSCs associated with metastatic PDAC
cells at every site of metastasis, which suggests
that PSCs are necessary for the formation of
metastases [104]. While it has never been shown
for PSCs to travel in the circulation alone, it has
been postulated that PSCs can travel along with
circulating tumor cells (CTCs) in tumor micro-
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emboli that have been found in human patients
and animal models [105]. It is possible for PDAC
cells to recruit PSCs from the circulation if they
do indeed circulate alone, as was demonstrated
by Zhang et al. in in vitro and in vivo experiments
where PDAC exosomes from cell lines were able
to recruit PSCs from the blood, so the cancer
cells can recruit a supportive microenvironment
in which to continue to grow [106]. Another
mechanism for PSCs in metastasis is through the
expression of galectin-1, which induces SDF-1
secretion through autocrine signaling, which in
turn increases invasion and metastasis in in vitro
and in vivo models [107]. Metastasis of PDAC is
also by way of perineural invasion of tumor cells,
and PSCs have been shown to facilitate perineu-
ral invasion by secretion of HGF and activation
of the HGF/c-met pathway [108]. In addition to
metastasis, PDAC has the ability to recur locally
in approximately 20% of cases [109]. Recurrence
may be influenced by the presence of cancer stem
cells that are resistant to treatment [18]. PSCs
were shown to induce the expression of stem cell-
like genes, ABCG2, nestin, and LIN28, in pan-
creatic cancer cell lines during indirect coculture
experiments [110]. It is clear that pancreatic stel-
late cells are important players in metastasis and
both local and distant recurrence of pancreatic
adenocarcinoma.

6.4  Pericytes

There is a ubiquitous population of stellate-like
cells that surround blood vessels in all vascular
tissue, referred to as pericytes. Hepatic stellate
cells and pancreatic stellate cells are thought to
be the pericytes in the liver and pancreas, respec-
tively [111, 112]. Like stellate cells, pericytes
generally express desmin, vimentin, glial fibril-
lary acidic protein (GFAP), and nestin [112].
Pericytes have been shown to encircle vascular
endothelial cells along the length of blood vessels
and interact with the blood vessel through signals
and depolarization of nervous fibers, thereby
affecting blood flow through capillaries [113].
Pericytes have a critical role in the central nervous
system (CNS) by regulating blood vessel forma-

tion, maintaining the blood-brain barrier, and
control of cerebral blood flow [114]. The pericyte
population is heterogeneous, and two subtypes
have been identified by Birbrair et al. Type 1 peri-
cytes (Nestin"/NG2*) are fibrogenic and adipo-
genic in old and diseased skeletal muscle, while
Type 2 pericytes (Nestin'/NG2*) generate new
muscle tissue after injury [115]. As regulators of
angiogenesis, pericytes have an important role in
the tumor stroma. In a mouse model of glioblas-
toma, Type 2 pericytes, but not Type 1, were
demonstrated to be recruited for tumor vessel for-
mation [116]. Pericytes have been shown to be
recruited to the tumor stroma in animal models of
pancreatic cancer under the control of SPARC
(secreted protein acidic and rich in cysteine).
Mice that lacked SPARC had decreased pericyte
populations in the stroma and reduced ECM pro-
teins and reduced microvessel density, but an
increase in permeability and perfusion with less
hypoxia. The pancreatic tumors in these mice
grew faster and exhibited more metastases, sug-
gesting pericyte recruitment may act to restrain
cancer growth [117, 118]. It has been suggested
that pericytes and stellate cells arise from the
same progenitors during development [119]. As a
strategy to modulate the tumor microenviron-
ment, it will be important to target the spectrum
of mesenchymal cells including pericytes and
stellate cells as well as other resident immune
cells.

6.5 Targeted Therapies

Due to the central role of stellate cells in fibrosis
in the liver and pancreas, and the hypothesis that
this fibrosis is supporting cancer growth while
inhibiting effective treatment, novel strategies
to specifically target stellate cells are being
developed.

There have been several pathways found to be
present in activated stellate cells in the tumor
stroma and targeted therapies have shown prom-
ising results in preclinical studies. Hwang et al.
found that PSC proliferation was dependent on
the hedgehog pathway, and by using a hedgehog
pathway inhibitor AZD8542, tumor growth was
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restrained, and these findings were also seen in
models of prostate and colon cancer [75]. Another
hedgehog inhibitor, cyclopamine, was also found
to be effective in stopping metastases in a PDAC
animal model and showed an additive effect in
decreasing tumor size with gemcitabine [120].
Another target specific to stellate cells has been
found to be tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL). Admini-
stering TRAIL in vitro has been shown to cause
apoptosis of activated hepatic stellate cells in cul-
ture and also decrease ECM production [121].
HSCs express the receptor neuropilin-1, which
was originally identified in central nervous sys-
tem research as an axonal guidance protein.
Recently a group has found that HSCs use this
receptor as part of their activation process, and
that silencing the receptor attenuates this response
and inhibits the response of local tumor cells
[122]. Recently a PSC-derived factor Dickkopf-3
(DKK3) has been found to stimulate PDAC
growth, metastasis, and resistance to chemother-
apy through a NFkf-dependent pathway, and that
inhibition of this PSC growth factor increased
survival in an animal model, and this worked
synergistically ~ with  immune checkpoint
inhibition [123].

A growing trend has been the repurposing of
existing medications as some of them have been
found to have unexpected anticancer effects far
removed from their original intention. Metformin,
a commonly used diabetes medication, confers a
better outcome to patients with PDAC, and the
possible mechanism is that it has been found to
reduce ECM accumulation and decrease activa-
tion of PSCs in cell line and animal models [124].
Recently a study has shown the anti-estrogen
drug tamoxifen, commonly used in treatment for
breast cancer, to be effective in halting the activa-
tion of HSCs through inhibition of the G-protein-
coupled receptor [125]. Losartan, a common
hypertension medication that works through the
inhibition of angiotensin, has been found to
reduce the density of PSCs in the tumor stroma in
animal models and to reduce the collagen content
of tumor, thereby improving drug and oxygen
delivery [126]. Bisphosphonates, drugs which
have been used to inhibit osteoclast-mediated

bone resorption in order to treat osteoporosis,
have also been demonstrated to inhibit PSC acti-
vation and proliferation, as well as reduce tumor
size and fibrosis in an animal model, resulting in
more efficacy of nab-paclitaxel treatment [127].

There are many small-molecule multikinase
inhibitors on the market approved for the treat-
ment of various cancers; however, they have not
been used thus far in PDAC. In vitro assays of the
MEK inhibitor trametinib and the PI3K/mTOR
inhibitor dactolisib showed efficacy in preventing
PSC proliferation; however, the tyrosine kinase
inhibitor regorafenib did not affect proliferation,
while it did still suppress PSC production of IL-6
and TGFp1. Interestingly, the combination of
dactolisib and trametinib showed an additive
effect [128]. These results suggest that further
study is warranted in the use of kinase inhibitors
in PDAC.

Hepatic and pancreatic stellate cells character-
istically store Vitamin A under quiescent condi-
tions and lose their Vitamin A storage droplets
during activation. In PDAC, for example, the
patient may become deficient in Vitamin A due to
a decrease in pancreatic secretions with resultant
decrease in absorption of fat-soluble vitamins
which includes Vitamin A. Froeling et al. showed
that restoration of Vitamin A stores by supple-
mentation with isoforms of retinoic acid induced
PSC quiescence in vitro and also decreased tumor
proliferation in a KPC mouse model [129]. Guan
et al. also demonstrated that activated stromal
cells from PDAC patients could be inhibited by
retinoic acid treatment, which decreased EMT in
cancer cells and decreased IL-6 secretion by the
stromal cells [130].

A theory behind the lack of effectiveness of
chemotherapeutics is that the dense tumor stroma
limits perfusion and hence limits drug delivery to
tumor cells nested in the stroma, so loosening the
stroma would possibly improve drug delivery
and anticancer effect. One such drug, pirfeni-
done, inhibits desmoplasia by decreasing the pro-
liferation of PSCs and reducing the deposition of
ECM in pancreatic tumors. In animal studies, it
made  chemotherapeutic  treatment  with
gemcitabine more efficacious compared to either
pirfenidone or gemcitabine alone, likely due to
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increased penetration of the chemotherapeutic
through the loosened stroma [131]. Certain che-
motherapy drugs themselves have been found to
target the stroma. Von Hoff et al. reported that
nanoparticle albumin-bound paclitaxel (nab-
paclitaxel, Abraxane) found depletion of the des-
moplastic stroma in a patient-derived xenograft
mouse model, and the resulting depletion of stro-
mal cells resulted in an increase in concentrations
of gemcitabine in the tumor [132]. This improved
drug delivery with stromal depletion may account
for some of the clinical benefit seen in the posi-
tive clinical trial of giving nab-paclitaxel with
gemcitabine versus gemcitabine alone, with
median overall survivals of 8.5 months and
6.7 months, respectively [133].

Thermal ablation is a treatment commonly
used as a local treatment option for HCC tumors
in the liver; however, this treatment is hampered
by common recurrence due to incomplete ther-
mal ablation of all viable tumor cells. Zhang
et al. demonstrated that conditioned media from
HSC enhanced proliferation, EMT, and invasion
of HCC cells treated with a sublethal exposure of
heat, and that this effect was mediated by perios-
tin. Treatment with the Vitamin D analog calci-
potriol blocked the secretion of periostin from
HSCs, and it demonstrated an additive effect
when used with cisplatin, making this target
attractive as an adjuvant therapy after thermal
ablation of HCC [134].

Some naturally available compounds in vege-
tation, phytochemicals, have also been studied in
the context of targeting the tumor stroma.
Curcumin, which has been studied for its various
anticancer and anti-inflammatory effects, has
also been shown in vitro and in vivo to decrease
activation in HSCs, by way of protecting them
from oxidative stress and inhibiting their release
of inflammatory cytokines [135-138]. Ellagic
acid found in a variety of fruits and nuts and
embelin found in a Japanese herb used in tradi-
tional medicine were both shown to decrease pro-
liferation and increase apoptosis in PSCs as well
as PDAC cell lines [139]. PSCs have also been
shown to express cannabinoid receptors, and acti-
vation of the cannabinoid receptor inhibited the
activated PSC phenotype, inhibited growth, and

decreased secretion of IL-6 and MCP-1 as well as
decreased fibronectin, collagen I, and aSMA
levels [140].

A growing number of studies have found that
supplementation of pancreatic cancer patients
with polyunsaturated omega-3 fatty acids, such
as DHA and EPA, provides clinical benefit such
as improved liver and pancreas function postop-
eratively, and weight gain and improved quality
of life in the palliative setting, with a low inci-
dence of side effects [141-143]. In a recent phase
II study of omega-3 supplementation, Arshad
et al. showed that it decreased levels of circulat-
ing cytokines known to be secreted by PSCs/
CAFs including IL-6, IL-8, TGFp, and FGF.
While it was a small study, the patients that
showed decreases in these levels have better sur-
vival times [144]. A follow-up mechanistic study
elucidated that treatment with DHA/EPA aug-
mented gemcitabine-induced growth inhibition
in PDAC cell lines and PSCs in vitro, with PSCs
showing the greatest differences, through inhibi-
tion of PDGF-BB secretion [145].

PSCs have been shown to undergo autophagy
in the PDAC microenvironment, so targeting this
process with autophagy inhibitors is one strategy
to inhibit PDAC growth. Endo et al. showed that
inhibition of autophagy with chloroquine or siR-
NAs inhibited PSC activation and also decreased
PDAC growth in an animal model [82].

Despite many promising studies showing that
inhibition of stellate cell interactions also inhibits
tumor growth in preclinical models, the relation-
ship is complicated by conflicting evidence that
depleting the stroma may not be the solution after
all. Ozdemir et al. used a transgenic mouse model
in which «SMA+ myofibroblasts (activated pan-
creatic stellate cells) could be depleted and dem-
onstrated that stromal depletion at either the
PanIN stage (precancerous) or invasive PDAC
stage resulted in more aggressive tumor pheno-
types, with less differentiation, more hypoxia,
greater EMT changes, cancer stem cells, and
decreased animal survival. There was also a
stronger immunosuppressive environment char-
acterized by a greater number of Treg cells in
stroma-depleted tumors; also these tumors did
not respond to gemcitabine treatment [146]. In a



6 Stellate Cells in the Tumor Microenvironment

77

Liver

Fig. 6.1 Stellate cells in the progression of hepatocellu-
lar carcinoma (HCC) and pancreatic ductal carcinoma
(PDAC). Top: Quiescent hepatic stellate cells (qHSCs;
dark green) are pictured in the space of Disse located
between the hepatic sinusoids and hepatocytes.
Responding to stress signals, activated hepatic stellate
cells (aHSCs; light green) deposit extracellular matrix
(ECM; red), which results in cirrhosis and contributes
toward the progression of HCC formation. Bottom:
Quiescent pancreatic stellate cells (QPSCs; dark green) are

complementary study, Rhim et al. deleted the
sonic hedgehog (Shh) ligand in a transgenic
mouse model and this resulted in tumors with
deficient stroma as expected. As in the previous
study, the Shh-depleted mice developed more
aggressive tumors that were less differentiated,
with increased vascularity, and also confirmed
this with long-term pharmacological Shh inhibi-
tion [147]. These findings were surprising given
all of the preceding data about the role of PSCs as
accomplices of PDAC cancer development and
survival and suggest that the tumor stroma has
dual roles in both supporting and restraining can-
cer growth (Fig. 6.1).

Pancreas

> Stellate Cells

Stellate Cell Activation

Pancreatic Duct

Stellate Cells

shown lining the normal pancreatic duct along pancreatic
ductal epithelial cells. As pancreatic ductal epithelial cells
become dysplastic (pancreatic intraepithelial neoplasia;
PanlIN), they are supported by activated pancreatic stellate
cells (aPSCs; light green). These aPSCs deposit ECM
(red) and create the heavy desmoplastic reaction seen in
pancreatic tumors. aPSCs also can accompany metastatic
PDAC cells through the portal vein circulation to form
liver metastases

Blocking signaling pathways involved in peri-
cyte signaling has also shown promise in preclin-
ical models. The blockade of VEGFR2 with a
targeted antibody slowed tumor growth in mouse
models of human PDAC, and this resulted in less
tumor vessel density and reduced pericyte accu-
mulation [148]. In mouse models of glioblas-
toma, targeting pericytes with the thymidine
kinase inhibitor ibrutinib improved the efficacy
of chemotherapy [149]. Therefore targeting this
population of stellate cells and pericytes will be
crucial in not only removing growth-enhancing
support but also removing the protective effects
they  confer against chemotherapeutics
(Table 6.1).
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Table 6.1

Functional features and cytokines of activated stellate cells

Stellate cell activation features

Stellate cell immunomodulatory signals

Stellate cell growth factors

Loss of Vitamin A droplets

Macrophage colony-stimulating factor
(M-CSF)

Transforming growth factor-f (TGFp)

+ a-smooth muscle actin

Platelet-activating factor (PAF)

Platelet-derived growth factor

(PDGF)
+ Phagocytosis Monocyte chemoattractant protein-1 Connective tissue growth factor
(MCP-1) (CTGF)

+ Antigen presentation Angiotensin II

Fibroblast growth factor (FGF)

+ Proliferation Interleukin-1

Hepatocyte growth factor (HGF)

+ Migration Interleukin-4

Nerve growth factor (NGF)

+ Extracellular matrix Interleukin-6

Stromal-derived factor-1 (SDF-1)

production

Interleukin-8 Vascular endothelial growth factor

(VEGF)

Interleukin-13 Stem cell factor (SCF)

Interleukin-15

Chemokine ligand 5 (CCL5/RANTES)

Endothelin

Tumor necrosis factor-o (TNFa)

Cyclooxygenase-2

Nitric oxide

Galectin-3

and sensitivity, and alleviating the immuno-

6.6 Conclusion and Future suppressive environment created by the tumor

Directions

In liver and pancreatic tumors, evidence contin-
ues to mount that stellate cells are key players in
cancer initiation, progression, invasion, and
metastasis. They have been shown to allow can-
cer cells to survive in harsh conditions and pro-
tect them from chemotherapy and radiotherapy.
The cumulative data is suggesting that targeting
this cell population in addition to the tumor cells
themselves can result in strides toward more
effective cancer treatments. However as stromal
elements also seem to restrain cancers while sup-
porting their survival, modulating the function of
the stroma is likely to be more effective than the
overall depletion of the stroma. Since stellate cell
identification and isolation methods have been
developed, many new targets involving the stel-
late cell-cancer cell relationship have been com-
ing to light in recent years and research continues
to accelerate. Strategies may include reprogram-
ming the stellate cells to decrease fibrosis by
inducing quiescence, improving drug delivery

stroma. Harnessing control of the body’s normal
cells such as the stromal cells and immune popu-
lations is likely the key for obtaining durable
cures from cancer, rather than relying on target-
ing neoplastic cells with heterogeneous muta-
tions and behaviors.
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Endothelial Progenitors
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Abstract

Tumor vascularization refers to the formation
of new blood vessels within a tumor and is
considered one of the hallmarks of cancer.
Tumor vessels supply the tumor with oxygen
and nutrients, required to sustain tumor growth
and progression, and provide a gateway for
tumor metastasis through the blood or lym-
phatic vasculature. Blood vessels display an
angiocrine capacity of supporting the survival
and proliferation of tumor cells through the
production of growth factors and cytokines.
Although tumor vasculature plays an essential
role in sustaining tumor growth, it represents
at the same time an essential way to deliver
drugs and immune cells to the tumor. However,
tumor vasculature exhibits many morphologi-
cal and functional abnormalities, thus result-
ing in the formation of hypoxic areas within
tumors, believed to represent a mechanism to
maintain tumor cells in an invasive state.
Tumors are vascularized through a variety
of modalities, mainly represented by angio-
genesis, where VEGF and other members of
the VEGF family play a key role. This has

represented the basis for the development of
anti-VEGF blocking agents and their use in
cancer therapy: however, these agents failed to
induce significant therapeutic effects.

Much less is known about the cellular ori-
gin of vessel network in tumors. Various cell
types may contribute to tumor vasculature in
different tumors or in the same tumor, such as
mature endothelial cells, endothelial progeni-
tor cells (EPCs), or the same tumor cells
through a process of transdifferentiation. Early
studies have suggested a role for bone marrow-
derived EPCs; these cells do not are true EPCs
but myeloid progenitors differentiating into
monocytic cells, exerting a proangiogenic
effect through a paracrine mechanism. More
recent studies have shown the existence of tis-
sue-resident endothelial vascular progenitors
(EVPs) present at the level of vessel endothe-
lium and their possible involvement as cells of
origin of tumor vasculature.
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7.1 Endothelial Progenitors

and Tumor Angiogenesis

The blood vasculature is a closed circulatory system
that is formed by arteries, veins, and capillaries; the
inner layer of these vessels is formed by a single
layer of endothelial cells. The physiological role of
endothelial cells is not limited to the creation of a
barrier between blood and tissues but is related also
to the control of organ growth, regeneration, and
stem cell niche. Furthermore, growing evidences
indicate that endothelial cells are specialized
according to the specific needs of the tissues that
they supply, showing distinct barrier properties,
angiogenic potential, and metabolic rate, all neces-
sary to support specific organ functions [107].

The vascular system derives from the differen-
tiation of mesodermal stem cells into angioblasts,
embryonic endothelial progenitors. The vascular
system first appears in the embryo as a highly
branched network formed by primitive vessels
composed by endothelial cells [25]. Embryonic
endothelial cells acquire then an identity as arte-
rial, venous, lymphatic, or hemogenic and then
further specialize in an organotypic-dependent
manner. The hemogenic endothelium is essential
for the generation of the primitive and definitive
hematopoietic system [17, 124].

Endothelial progenitor cells (EPCs) are pres-
ent in adult life. Two types of EPCs have been
reported: one of non-hematopoietic origin, called
endothelial colony-forming cell (ECFC) able to
generate true endothelial cells, resident in vessel
wall but present also at very low levels in the
peripheral blood and directly participating to the
regeneration of endothelium following injury or
ischemic damage [73], and another of hemato-
poietic origin, called myeloid angiogenic cells
(MAC:s), resident in the bone marrow, generating
monocytic cells supporting angiogenesis through
paracrine mechanisms [10]. Growing evidences
suggest that ECFCs may play a key role in repar-
ative processes. ECFCs display a hierarchy of
clonal proliferative potential and in experimental
models display a pronounced postnatal vascular-
ization ability in vivo (Table 7.1). Because of
these properties, ECFCs represent a promising
cell source for revascularization of damaged tis-

sue. ECFCs are detectable in peripheral blood
and were enriched in the cell fraction CD34"/
CD133-/CD146%;, however, these cells are not
generated by the bone marrow.Therefore, ECFCs
are not detected in the bone marrow, and CD34"/
CD1337/CD146*" cells present in this tissue fail to
generate ECFCs [171] (Table 7.1).

Emerging evidence supports the existence of
specific endothelial cells with stem cell proper-
ties within blood vessels in the postnatal period.
These cells exhibit the properties described for
ECFCs and are present in the endothelium of ves-
sels in a quiescent state: in response to injury,
these quiescent endothelial stem/progenitor cells
are activated and undergo a vasculogenic process
[111, 180]. There are some remarkable differ-
ences between ECFCs and mature endothelial
cells. Interestingly, a recent study showed that
ECFCs possess a high sprouting activity, a prop-
erty related to angiogenesis [164]. In fact, Sturtzel
and coworkers showed that the forkhead box
transcription factor (FOXF1) is selectively
expressed in ECFCs compared to mature endo-
thelial cells; FOXF1 expression had a strong
impact on the sprouting capabilities of endothe-
lial progenitor cells, as supported by the observa-
tion that FOXF1 overexpression in endothelial
cells induces the expression of NOTCH2 recep-
tors and induces sprouting [164]. Thus, this study
supports a key role for endothelial progenitors as
the mediators of both vasculogenic and
angiogenic processes. A second recent study fur-
ther supports the capacity of ECFCs to promote
angiogenic sprouting, related to the synthesis and
release of Cytokine-Like 1 (CYTL1): this proan-
giogenic factor is induced by hypoxia and pro-
motes in both ECFCs and mature endothelial
cells angiogenic sprouting [151]. Furthermore,
CYTLI1 promotes vessel formation in animal
models comparable to VEGF-A [151]. Thus,
these recent studies support a possible role of
endothelial progenitor cells not only as promot-
ers of vasculogenesis but also as mediators of
angiogenic processes.

Endothelial cells are heterogeneous, and sig-
nificant differences have been detected between
arteries and veins, large and small vessels, and
different microvascular beds in various organs.
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Table 7.1 Five different mechanisms of neovascularization in tumors have been identified: (1) vascular co-option, (2)
angiogenesis, (3) vasculogenesis, (4) vascular mimicry, and (5) endothelial cell transdifferentiation

Vascular co-option

Vascular co-option is a nonangiogenic process through which tumor cells utilize preexisting tissue blood vessels to
support tumor survival and proliferation.

Vessel co-option was observed in various tumors growing at the level of various tissues, including in the lungs,
brain, liver, and lymph nodes.

In many tumors, vascular co-option is an initial mechanism of development of tumor vasculature.

The identification of vascular co-option requires a detailed histopathological analysis of tumor specimens and
cannot be discriminated from angiogenesis on the basis of the simple analysis of microvessel density.

Mechanisms driving vessel co-option are largely unknown; tumor cell invasion and tumor cell adhesion seem to be
involved in vessel co-option.

It is believed that vessel co-option represents a mechanism of resistance to current antiangiogenic therapies.
Angiogenesis

Angiogenesis implies the development of new vessels from preexisting ones. There are two types of angiogenesis:
Sprouting angiogenesis, involving an enzymatic degradation of the capillary basement membrane with a weakening
of endothelial cell-cell interaction, proliferation of endothelial cells, and sprouting toward an angiogenic stimulator.

Intussesceptive angiogenesis: an existing vessel is split into two new vessels by cellular reorganization.

Tissutal hypoxia and matrix metalloproteinase are two major drivers of angiogenesis. VEGF-A is the most
important and common growth factor signal for angiogenesis.

Angiogenesis is stimulated by VEGF which activates the proliferation of endothelial cells: endothelial cells degrade
the extracellular matrix and migrate toward the VEGF gradient; a new blood vessel is then guided through
sprouting by tip cells, expressing high levels of VEGF receptors; VEGF induces the expression of the

NOTCH Delta-like ligand 4 (DLL4) on activated endothelial cells; DLL4 activates NOTCH receptors on adjacent
cells, which adopt the stalk endothvelial phenotype and form new vessel lumen.

Due to abnormal growth factor levels and to other microenvironmental influences, tumor vessels formed by
angiogenesis are abnormal and display multiple functional abnormalities.

Vasculogenesis

Vasculogenesis implies a process, very active during embryonic life, by which endothelial progenitor cells
differentiate into endothelial cells and promote new vessel formation.

Human endothelial colony-forming cells (ECFCs) are identified as endothelial progenitors that can be isolated from
umbilical cord blood, peripheral blood, and vascular endothelium; ECFCs are not of bone marrow origin and are
physiologically resident at the level of vessel wall.

ECFCs are distinguished from mature endothelial cells for their capacity of forming functional blood vessels

in vivo upon transplantation.

Endothelial cells resident at the level of vessel walls are heterogeneous and are composed by endothelial vascular
progenitors (EVPs), with self-renewing capacity, present in a quiescent state, and capable of endothelial colony
formation in vitro and of endothelial regeneration in vivo; transit-amplifying (TA) and mature (D) endothelial
cells, not having self-renewal and endothelial-regenerating capacity.

Several signaling pathways control the proliferation and differentiation of ECFCs, including NOTCH, VEGF,
WNT, SHH, and CXCR4.

Vascular mimicry

Vascular mimicry is a process through which tumor cells form functional vessel-like structures independent of
VEGEF and of typical modes of angiogenesis.

There are two types of vascular mimicry:

Type I: tubular type, composed of non-endothelial cell-lined blood tubes and cancer cells lining the surface of the
channels

Type II: patterned matrix-type, comprising a basement membrane rich in fibronectin, laminin, and collagens,
surrounded by tumor cells

High tumor vascular mimicry is associated with high tumor grade, shorter survival, invasion, metastasis, and poor
prognosis.

Initially described in aggressive human intraocular and metastatic melanoma, vascular mimicry has been observed in a
variety of cancers, including breast, lung, and ovarian cancers; osteosarcoma; gastric cancer; and bladder, colorectal,
and hepatocellular cancers.

(continued)



88

U. Testa et al.

Table 7.1 (continued)

The mechanisms driving vascular mimicry are largely unknown. Some studies suggest that vascular mimicry is
initiated by tissue signals triggering peculiar differentiation pathways of cancer stem cells.

Endothelial cell transdifferentiation

This mechanism implies the transdifferentiation of tumor cells into an endothelial cell phenotype.

In some tumors, such as glioblastomas, a part of tumor vessels is composed by endothelial cells generated by the
transdifferentiation of cancer stem cells into endothelial-like cells. This transdifferentiation is related to the high
plasticity of the cancer stem cell population. AKT-mediated upregulation of WNTSA plays an important role as a
driver of endothelial transdifferentiation of glioma stem cells.

In some hematological neoplasia, such as chronic myeloid leukemia, myelofibrosis, and lymphomas, there is
evidence that a part of endothelial cells pertain to the leukemic clone. It was hypothesized that these diseases could
derive from the malignant transformation of a hemangioblastic progenitor.

However, at the moment, it is largely unknown
how each organ determines the specialization
and functional properties of its endothelium.
Intrinsic and microenvironmental mechanisms
contribute to human endothelial cell heterogene-
ity. A better understanding of the cellular and
molecular mechanisms underlying endothelial
heterogeneity is of fundamental importance.

The discovery of EPCs, their purification and
expansion in vitro opened the way to potential
clinical applications for the use of these cells in
clinical applications for the regeneration of dam-
aged or injured endothelium and for the under-
standing of angiogenic mechanisms underlying
various pathological conditions, such as tumors.

The mechanisms involved in tumor vessel
generation are heterogeneous and imply different
biological processes occurring in different tumors
or in the same tumor (Fig. 7.1 and Table 7.1). The
basic mechanisms of tumor vessel generation
involve vasculogenesis and sprouting angiogen-
esis (Fig. 7.1 and Table 7.2). Vasculogenesis is a
process that implies the de novo formation of
blood vessel as a consequence of endothelial pro-
genitor cell differentiation and represents the
process of vessel generation during initial stages
of embryonic and fetal development; sprouting
angiogenesis implies the generation of new ves-
sels  from  preexisting blood  vessels.
Vasculogenesis revquires the recruitment of
EPCs in the tumor microenvironment, orchestrat-
ing their differentiation into mature endothelial
cells and the generation of new vessels.
Angiogenesis by vessel sprouting includes the
specification of endothelial cells into tip and stalk

cells, orchestrated by a variety of physical, chem-
ical, and biological mechanisms [33], with a key
role played by VEGF [9] and NOTCH signaling
pathways; endothelial cells present at the vascu-
lar front are induced to become tip cells and may
be activated by microenvironmental stimulations
promoting vascular sprouting. In addition to
these more commonly adopted mechanisms for
new blood vessel generation by tumor cells, two
additional mechanisms were observed in tumors:
vascular mimicry and intussusception (Fig. 7.1
and Table 7.2). Vasculogenic mimicry implies the
biological process adopted by some cancer cells
with an aggressive phenotype to generate
vascular-like structures without the presence of
endothelial cells: in this process, tumor cells line
tumor vessels and thus contribute to the forma-
tion of vessel-like structures (Fig. 7.1 and
Table 7.2) [56]. Vascular intussusception or
intussusceptive  microvascular growth was
defined as a process of intravascular growth con-
sisting in the splitting of a preexisting vessel into
two new vascular structures. Intussusceptive
microvascular growth was reported in some
tumors, including mammary, colorectal, and mel-
anoma tumors [201].

In addition to the abovementioned mecha-
nisms, there is now growing evidence that tumors
can grow also through a mechanisms by which
tumor cells infiltrate normal tissue, exploiting
existing vessels to sustain their growth: this
mechanism is known as vascular co-option and
implies that in these nonangiogenic tumors, no
new vessels are seen [42]. Only a minority of
tumors grow in a purely nonangiogenic manner,
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Fig. 7.1 Schematic representation of different patterns
of tumor vasculature

Vascular co-option does not imply new vessel formation
and is the process of taking over or incorporating the
existing vasculature by developing tumor cells
Angiogenesis: new blood vessels branch out of preexisting
ones via a process called angiogenesis. The formation of
new vascular wall is a multistep process involving the
migration of tip endothelial that with their extension
creeps into the connective tissue and then the proliferation

while many tumors contain a mixture of angio-
genic and nonangiogenic areas [42]. Both angio-
genic and nonangiogenic areas have been
commonly seen in primary and secondary lung
tumors [20] and in breast cancer liver metastases
[54]. Experimental and computational analyses
of the dynamics of vessel co-option during tumor
progression and in response to antiangiogenic
treatment in gliomas and brain metastases

VASCULAR MIMICRY

and subsequent migration of cells at the base (stalk endo-
thelial cells)

Vasculogenesis: new blood vessel formation due to the
proliferation and differentiation of vessel wall-resident
endothelial ~progenitor cells (endothelial vascular
progenitors)

Vascular mimicry is a process in which tumor cells create
their own vessels without or in cooperation with endothe-
lial cells, assuming the role and the properties of endothe-
lial-like cells

provided evidence that vessel co-option is a
mechanism of antiangiogenic resistance and that
tumor progression can be efficiently blocked
only by therapies inhibiting both angiogenesis
and co-option [179].

Tumor progression from a benign to a malig-
nant condition is usually associated with an
angiogenic switch, characterized by the develop-
ment of a vascular network actively growing and
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Table 7.2 Phenotypic, functional properties and cellular
origin of MACs (monocytoid angiogenic cells) and
ECFCs (endothelial colony-forming cells)

Phenotypic or functional marker | ECFC MAC
Cellular origin Vessel Bone
wall marrow
In vitro tube formation + +
In vivo vessel formation + -
Clonal replating capacity + -
Expansion capacity in vitro + -
In vivo homing to hypoxic + +
tissues
Paracrine capacity of + +
sustaining angiogenesis
CD45 - +
CD14 - +
CD115 - +
CD31 + +
CD146 (MCAM) High Low
CD144 (VE-Cadherin) + -
CD105 + +
vWF (von Willebrand) + -
CD34 + -
CD133 - +
CD117 - +
VEGF-R1 + +
VEGF-R2 + +
TIE-2 + +
CXCR4 + +
CD157 + ?
AcLDL uptake + +
UEA-1 lectin binding + +
ALDH + +

displaying infiltrative properties [39]. The pattern
of vascularization is highly variable in various
tumors, depending on the tumor type, grade and
stage, the anatomical location, and the microen-
vironment composition and distribution of proan-
giogenic and antiangiogenic growth factors [39].

Tumor vessel formation involves the forma-
tion of highly disorganized vessel networks, mor-
phologically and functionally abnormal [26].
Tumor vasculature displays numerous abnormal-
ities, being tortuous, irregular, and nonhomoge-
neous and characterized by weak junctions
between endothelial cells, resulting in augmented
leakiness facilitating extravasation of cancer cells
[76]. Tumor neovascularization plays an essential
role in tumor biology by promoting tumor

growth, metastasis, and resistance to chemother-
apy. The proximity of cancer cells to blood ves-
sels within a tumor is a major determinant of
tumor phenotypic and metabolic diversification
[90]. Furthermore, endothelial cells adapt to the
tumor microenvironment and display a hyper-
glycolytic metabolism, shunting glycolytic inter-
mediates to nucleotide synthesis [27].
Tumor-associated endothelial cells not only
provide oxygen and nutrient supply to tumors but
regulate also tumor aggressiveness, converting
naive tumor cells to chemoresistant tumor cells
with stemlike properties [22]. The blocking of
the interactions between tumor cells and endo-
thelial cells at the level of perivascular tumor
niches may represent a strategy to bypass chemo-
resistance of these “protected” tumor cells [24].
The mechanisms driving tumor angiogenesis
are heterogeneous and involve different molecu-
lar and cellular processes. The common initial
driving force of tumor angiogenesis is repre-
sented by the tumor microenvironment, com-
posed by a variety of cell types that under the
influence of growth factors and cytokines activate
their metabolic and functional activities and pro-
mote various types of angiogenic mechanisms,
triggering an “angiogenic switch” to allow the
tumor to progress [184]. Mechanical (stress
relaxation) and chemical (hypoxia) properties are
critical factors in tumor microenvironment driv-
ing tumor angiogenesis and tumor progression
promoting tumor cell invasion and migration [93,
94]. Some of the mechanisms of tumor angiogen-
esis, involving the generation of new vessels by
vasculogenesis, imply endothelial progenitor
cells. These vasculogenic mechanisms are poorly
defined, and some additional confusion is related
also to the unprecise definition of endothelial
progenitor cells, englobing both true endothelial
progenitor cells (ECFC) generating in their dif-
ferentiation an endothelial cell progeny and
myeloid cell progenitor cells (myeloid angio-
genic cells, MACs) generating a monocytic
angiogenic cell progeny exerting an indirect pro-
angiogenic activity through paracrine mecha-
nisms. Thus, the tumor angiogenic mechanisms
may involve the recruitment in the tumor micro-
environment of either tissue-resident ECFCs or
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of circulating ECFCs or of bone-marrow-derived
MAC:s. Initial studies in experimental mouse
models have suggested that tumor angiogenesis
requires the migration of endothelial progenitor
cells from the bone marrow initially in the blood
and then in the tumor microenvironment, pro-
moting in this site tumor vascularization
(reviewed in [38]). It is now evident that these
studies describe the contribution of some bone
marrow-derived myeloid cells to tumor angio-
genesis. Subsequent studies have defined in vari-
ous mouse models the specific proangiogenic
role exerted by Tie-2* monocytes/macrophages;
Tie-2 inhibitors block the recruitment in the
tumors of Tie-2* monocytes and reduce tumor
angiogenesis [39]. However, other studies have
shown that mouse embryonic endothelial progen-
itor cells are able to home at the level of tumor,
trapped by hypoxia-originated signals, promot-
ing a process of active vasculogenesis [177]. This
mechanism of vasculogenesis in adults was also
supported by recent studies showing that tissue
hypoxia through HIF-1-dependent and HIF-1-
independent mechanisms promotes postnatal
vasculogenesis through the recruitment of EPCs,
their clusterization and integration in existing
microvasculature [18].

The study of the involvement of EPCs in
tumor angiogenesis is further complicated by the
presence of numerous altered phenotypes of
tumor endothelial cells. An example is given by
the observation that tumor endothelial cells
exhibit an increased aldehyde dehydrogenase
(ALDH) expression: these ALDH"" tumor endo-
thelial cells have proangiogenic properties,
express stem/progenitor cell genes (CD90, Oct-4,
MDR-1), and show drug resistance [67]. High
ALDH expression in some endothelial cells is
induced by tumor-conditioned medium [67].
Furthermore, the heterogeneity of tumor endo-
thelial cells between low- and high-metastatic
tumors suggests in the latter ones the involve-
ment of EPCs in the mechanisms sustaining
tumor angiogenesis [122].

The study of endothelial progenitor cells in
adult life remained closed within these last years
within a scientific dilemma, with some studies
supporting the presence and the functional con-

tribution to reparative vascular processes of
bone-marrow-derived EPCs and other studies
showing that true EPCs are present in the vessel
wall, do not derive from the bone marrow, and are
capable of regenerating damaged vessels. A
recent study was of fundamental importance to
offer a reasonable explanation for this intriguing
dilemma. Thus, Singhal et al. have used
irradiation-based myeloablative and non-
myeloablative mouse models to explore the cells
responsible for vascular regeneration. The results
of this study unequivocally showed that the pre-
existing endothelium is the source of cells capa-
ble of promoting vascular regeneration [156].
However, if endothelial cell proliferation is
impaired by irradiation, myeloid cells were
recruited from the bone marrow by the damaged
endothelium and actively contribute to vessel
wall reconstitution [156]. These findings support
a model of vascularization in adults implying the
cooperation between endothelial-derived and
bone marrow-derived progenitors. This model
must be carefully considered for its important
implications for our understanding of tumor neo-
vascularization processes.

The present paper reviews the study of tumors
in which some evidences support a role for EPCs

in the mechanisms underlying tumor
vascularization.
7.2  Endothelial Progenitors

in Melanoma

In melanoma, angiogenesis is implicated in
tumor progression and metastasis, and microves-
sel density is an adverse prognostic factor [80]. A
recent meta-analysis of all current studies on this
topic shows that increased MVD in melanoma is
associated with reduced DFS, but not with
reduced OS [132]. More recent studies suggest
that vascular proliferation index (VPI) could rep-
resent a more sensitive prognostic index to cap-
ture and to measure the expanding vasculature
than the standard microvessel density evaluation
[68]. The rate of intratumoral blood vessel prolif-
eration at the level of metastatic sentinel lymph
nodes was inversely associated with overall sur-
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vival of melanoma patients [129]. In a recent
study, Hugdahl and coworkers analyzed a large
set of melanomas for MVD and VPI at the level
of primary tumor sites and at the level of locore-
gional metastatic sites [62]. A significant impact
of VPI on melanoma survival was observed; fur-
thermore, VPI strongly correlated with high-
grade characteristics of the primary tumor in
terms of tumor thickness, tumor ulceration,
mitotic count, and presence of necrotic areas.
Interestingly, VPI was lower in locoregional
metastases than in corresponding primary tumors,
suggesting that activated angiogenesis is more
critical for primary tumors than for metastatic
tumors; in contrast, MVD was higher in meta-
static sites than in primary ones [62]. A tentative
explanation at least for lymph node metastases
could be related to the presence in these tissues of
a highly vascularized network, not requiring
active neoangiogenesis to sustain tumor growth
but predominantly co-option mechanisms [62].
The ensemble of these observations supports
neoangiogenesis as an aggressive component of
melanoma microenvironment, required to sustain
tumor development and progression.

Few studies support a direct role of endothe-
lial progenitors in tumor vascularization.

In this context, particularly relevant was a
recent study by Donovan and coworkers in a
model of orthoptic melanoma. Fate-mapping
analysis of endothelial cell populations showed a
consistent heterogeneity of endothelial cells pres-
ent in the growing melanomas, characterized by
the very early infiltration of endovascular progen-
itors in growing tumors [43]. Importantly, deliv-
ery of melanoma cells with EVP resulted in the
formation of larger tumors, whereas tumor cells
delivered with D (mature) endothelial cells
resulted in smaller tumors [43]. In the tumoral
microenvironment, EVPs reactivated the expres-
sion of SOX18 transcription factor and initiated a
vasculogenic process, progressing through vari-
ous stages of endothelial differentiation, includ-
ing TA cells and D cells, generating mature
endothelial cells with arterial, venous, and lym-
phatic subtypes [43]. Molecular profiling by RNA
sequencing of purified endothelial cell popula-
tions supported that EVPs are quiescent progeni-

tors: EVPs present in the tumors or in the wall of
the aorta share common molecular signature [43].
Importantly, anti-VEGF-A therapy was unable to
target EVP cells; in contrast, conditional ablation
of NOTCH signaling alters EVP. Endothelial-
specific ablation of Rbpj, a direct protein interac-
tor of SOX18B, depleted the EVP population and
strongly inhibited metastasis. These important
observations support the view that EVPs are
major drivers of tumor vascularization and cannot
be significantly inhibited by commonly used anti-
VEGF antiangiogenic agents.

This interesting study was in part based on a
previous study showing that, on the basis of flow
cytometry detection of common endothelial
markers, three subpopulations of endothelial
cells can be identified among cells characterized
by expression of an endothelial marker
(VE-Cadherin) and absence of a pan-
hematopoietic marker (CD45) [53, 130, 131].
Lineage tracing experiments have shown that the
CD31-/VEGF-R2* cell population is heteroge-
neous and composed by three different subpopu-
lations: Endothelial Vascular Progenitors (EVPs),
displaying a self-renewing capacity, present in a
quiescent state and capable of endothelial colony
forming capacity in vitro and endothelial-
regenerating capacity in vivo; Transit-Amplifying
(TA) and Mature (D) endothelial cells not pos-
sessing self-renewal capacity [130, 131]. Gene
expression studies show a remarkable difference
between EVP and TA/D cells; SOX18 is essential
for differentiation of EVP cells [130, 131].
Single-cell transcriptomic studies showed the
existence of crucial regulatory gene expression
networks specific for EVPs, including significant
metabolic gene networks, and higher mitochon-
drial content and activity [104].

Studies in experimental models further sup-
port a role for SOX18 in promoting tumor angio-
genesis in murine melanoma models. In fact, in
these murine models, SOX18 induction repre-
sents a key step in mediating melanoma lym-
phangiogenesis and metastasis, as supported
through experiments of genetic ablation of
SOX18 in these tumors [46, 47].

These observations have strongly supported
the development of small molecules acting as
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SOX18 inhibitors and exerting a potent antian-
giogenic activity on tumor vasculature [52, 125].
These observations support the clinical study of
SOXI18 inhibitors, although the still limited
understanding of the biological effects of SOX
transcription factors on endothelial cell biology
suggests a great prudency in the clinical transla-
tion of SOX18 inhibition [84]. A small mechanis-
tic trial in which SOX18 inhibition will be
initiated following diagnosis of melanoma and
sentinel lymph nodes collected few weeks later
the start of therapy will be performed with the
aim of studying changes in vascularization [69].

Other studies have shown that elevated num-
bers of tumor-associated macrophages (TAM) in
the tumor microenvironment are often associated
with poor prognosis in melanoma and these cells
activated by amoeboid melanoma cells play an
essential role in tumor progression through a
secretory cross talk with tumor microenviron-
ment, promoting abnormal vascularization [57].
Adrenomedullin, clearly expressed by infiltrating
TAMs in human melanomas, is a key mediator of
angiogenesis in these tumors [32]. Previous stud-
ies have shown that (i) adrenomedullin/cyclic
AMP pathways induce NOTCH activation and
differentiation of arterial endothelial cells from
vascular progenitor cells [193]; (ii) adrenomedul-
lin augments the angiogenic potential of ECFCs
[66]; and (iii) adrenomedullin augments prolif-
eration and migration of endothelial progenitor
cells [186].

7.3  Endothelial Progenitors

in Lung Cancer

The lung is unique for having two different
sources of blood: the systemic bronchial vascula-
ture from the aorta and the pulmonary circulation
of deoxygenated blood from pulmonary artery.
The pulmonary circulation has a limited angio-
genic capacity and is not able alone to sustain
lung tumor growth, while the bronchial circula-
tion possesses angiogenic properties and is
exploited by lung tumors. In fact, studies in
murine lung cancer models have shown that
although the existing pulmonary circulation can

supply the nutritional and metabolic needs for
initial tumor development, further growth of the
tumor requires angiogenesis from the highly pro-
liferative bronchial circulation [48]. The circula-
tion of human lung tumors was explored by
contrast-enhanced computed tomography scan-
ning. Yuan and coworkers reached the conclusion
that the bronchial circulation is dominant, and the
tumor circulation was related to the tumor size
[192]. Nguyen-Kim and colleagues, using a com-
parable methodology, confirmed that tumor per-
fusion was related to tumor size and to the
histological subtype [119].

The essential role of angiogenesis for lung
cancer growth is supported by observations in
naturally occurring tumors and in experimental
models of lung cancerogenesis. A recent experi-
mental model of lung cancer tumorigenesis is ini-
tiated by lung cancer stem cell (LCSC) expansion
[96]. In this model, the expansion of LCSC pool
promotes angiogenesis through secretion on
angiogenic growth factors, such as placental
growth factor (PIGF) by LCSCs [96]. This obser-
vation supports the view that the tumor cells
responsible for tumor development trigger the
angiogenic switch required to sustain tumor
growth.

The analysis of the pattern of vascularization
of a large set of primary non-small cell lung can-
cers through immunostaining of endothelial cells
showed four distinct patterns of tumor vascular-
ization — basal, papillary, and diffuse — implying
destruction of normal lung tissue and generation
of new vessels; a fourth pattern, called alveolar,
was observed in 16% of cases and is character-
ized by the lack of parenchymal destruction and
the absence of new vessel formation and, there-
fore, can be considered as a nonangiogenic sub-
type [134]. There is consistent variation in the
differentiation of tumor vasculature in lung carci-
noma, as evidenced through labeling of endothe-
lial cells for CD31 and LH39 antigens. Highly
angiogenic lung carcinoma exhibits an immature
endothelial phenotype, while low angiogenic
lung cancers have a mature endothelial pheno-
type [79]. These findings were confirmed and
extended by Passalidou and coworkers showing
that in non-oncogenic lung cancer, endothelial
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cells were characterized by positivity for the late
endothelial marker LH39, while in the more fre-
quent angiogenic tumors, only a minority of ves-
sels express LH39 [128]. The angiogenic or
nonangiogenic phenotype of primary lung can-
cers is in large part dictated by the properties of
tumor cells. Thus, nonangiogenic tumors have
higher levels of genes involved in mitochondrial
metabolism, mRNA transcription, protein syn-
thesis, and the cell cycle; angiogenic tumors have
higher levels of genes coding for membrane ves-
icles, integrins, remodeling, angiogenesis, and
apoptosis [71]. A recent study on a large set of
lung cancer specimens confirmed these initial
observations and led to conclude that both angio-
genic and nonangiogenic lung cancers are char-
acterized by a comparable hypoxia/HIF and
VEGF expression, but angiogenesis does not
ensue in nonangiogenic tumors in which hypoxia
triggers a metabolic mitochondrial response
which allows tumor growth without triggering
angiogenesis; in angiogenic tumor in which the
expression of genes involved in mitochondrial
metabolism is more limited, hypoxia together
with tissue remodeling and inflammation triggers
an angiogenic response [1].

The functional integrity and homeostasis of
lung tissue is maintained by lineage-restricted
stem cells [70]. Alvarez and coworkers were
among the first investigators to provide evidence
about the existence of vascular resident progeni-
tor cells, able to differentiate into ECs and capa-
ble of extensive proliferative activity [6]. These
endothelial progenitor cells are involved in tissue
endothelial repair mechanisms: in fact, in models
of lung injury induced by chronic hypoxia [120]
or LPS administration [82], tissue-resident endo-
thelial progenitors increase, became highly pro-
liferative, and substantially contribute to
pulmonary vascular repair in vivo. The analysis
of LPS-treated mice showed a transient decrease
of the number of pulmonary vascular endothelial
cells, associated with an increase of pulmonary
vascular endothelial cells undergoing a process
of  endothelial-to-mesenchymal  transition
(EndMT) [166]. Interestingly, EndMT endothe-
lial cells expressed c-kit and CD133 and had
increased vasculogenic capacity, aldehyde dehy-

drogenase (ALDH) activity, and expression of
drug-resistant genes, all properties typically
observed in progenitor cells [166].

Sekine and coworkers identified
CD31"CD45-CD133* as a rare population of
vascular-resident endothelial cells exhibiting
properties of endothelial progenitor cells, with
consistent in vitro and in vivo angiogenic capaci-
ties; these cells are locally resident endothelial
progenitor cells expressing other progenitor cell
markers, such as ALDH positivity, and do not
derive from the bone marrow [155].
Immunofluorescence studies indicate that this
population of CD133* endothelial progenitors is
preferentially resident in the arterial vasculature
at the level of large vessels [155]. CD133* endo-
thelial progenitors have been reported also in
human pulmonary arteries [50].

C-kit* lung endothelial cells act as endothelial
progenitors under homeostatic or repair condi-
tions, but do not contribute to lung epithelium
[100]. Xu and coworkers described two types of
vascular endothelial progenitors in the adult
mouse lung: CD457/CD31*/VEGFR27/LSP
(lung side population) cells corresponding to
bipotent progenitors of endothelial and smooth
muscle and CD457/CD31*/VEGFR2*/LSP acting
as late endothelial progenitors [188]. Lineage
tracking experiments have shown that mainte-
nance and repair of the lung endothelium does
not involve contributions from bone-marrow-
derived endothelial progenitor/precursor cells
[123].

Alphonse and coworkers have reported that
human fetal and neonatal rat lung contain
ECFCs with robust proliferative capacity, sec-
ondary colony formation on replating, and de
novo blood vessel formation in vivo when trans-
planted into immunodeficient mice [4]. These
lung-resident EPCs can be isolated by enzy-
matic dispersion of human lung samples by
enzymatic tissue digestion and selection of
CD31-positive cells by magnetic-activated cell
sorting and plating in vitro in endothelial-spe-
cific conditions [5].

Vessel wall endothelial progenitor cells were
identified on the basis of their capacity to efflux
Hoechst 33342 dye, a property displayed by
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many stem cell populations [116]. Because of
this property, these cells have been termed side
population (SP) cells for their typical appear-
ance in flow cytometry, being identified as a cell
subpopulation at the side of main population
(MP) cells [116]. These cells, called EC-SP,
have the capacity to form in vitro colonies of
endothelial cells and display in vivo potent
angiogenic activity when assayed by transplan-
tation in an ischemic limb [116]. These EC-SP
cells were clearly detected in the lung vascula-
ture and give a major contribution to new blood
vessels in lung tumors [117]. These cells, whose
origin is not at the level of the hematopoietic
system, proliferate in lung tumors, and the fre-
quency of this population clearly increases in
the tumoral tissue, compared to normal lung tis-
sue [117], survived to angiogenic drugs, and
remained in the tumor tissue [117]. Other evi-
dences in favor of a possible role of endothelial
progenitor cells in mediating angiogenic mech-
anisms derive from the study of a KRAS-driven
mouse model of lung cancer in which endothe-
lial expression of the microRNAs (miRNAs)
miR-143/145 promoted angiogenesis-induced
tumor growth [41]. miR-143/145 were expressed
at the level of a minor subpopulation of lung
endothelial cells, seemingly endothelial progen-
itors [41]. miR-143/145-deficient mice dis-
played a reduced endothelial proliferation and
reduced endothelial tip cells [41]. Lung tumor
development was more limited in miR-143/145-
deficient mice, where the tumors exploit co-
option mechanisms of the normal lung
vasculature, compared to WT mice exploiting
neoangiogenic mechanisms to sustain lung
tumor growth [41]. Another study showed that
the NAD-dependent protein deacetylase Sirtuin
1, a master regulator of angiogenesis, increases
vessel density and stimulates the growth of
Lewis lung carcinoma xenografts through a
mechanism involving downregulation of delta
ligand 4 (DLL4)-NOTCH signaling and deacet-
ylation of the NOTCHI1 intracellular domain in
lung cancer-derived endothelial cells [187].
These effects of SIRT1 on lung tumor angiogen-
esis are seemingly mediated by a stimulatory

effect on the angiogenic properties of endothe-
lial progenitor cells [182].

Although these experimental models sup-
ported a key role of neoangiogenic mechanisms
operating in lung cancer, studies on primary
human lung cancers have provided evidence that
angiogenic mechanisms are heterogeneous in
these patients and a subset of patients with non-
small cell lung cancer exhibit nonangiogenic
growth patterns [105].

Targeting angiogenesis was a therapeutic
strategy intensively explored in NSCLC, but the
utility of this approach remains limited. The
addition of bevacizumab (mAb anti-VEGF) to
platinum-based chemotherapy in first-line setting
induces a modest benefit. Some antiangiogenic
therapies have been approved in the second line
by the FDA (bevacizumab or ramucirumab (anti-
VEGF-R2)) or by the European Union (ninte-
danib anti-VEGF-R1, anti-VEGF-R2,
anti-VEGF-R3, PDGFRA, FGF-R1), but the
extent of the improvements at the level of PFS
and OS were modest and must be balanced
against the expected toxicities and the cost asso-
ciated with these agents. These limited clinical
benefits are related to therapy-induced blood ves-
sel alterations, with consequent increased
hypoxia which can worsen the tumor microenvi-
ronment and induce treatment resistance.
However, in spite of all these limitations and the
existence of intrinsic mechanisms of resistance to
current antiangiogenesis inhibitors of NSCLCs,
combination therapies targeting multiple mecha-
nisms fueling neovascularization could bypass
resistance to standard antiangiogenic therapy. In
this context, a recent study provided evidence
that targeting of the proangiogenic peptide Apelin
(APLN), an endogenous ligand of the G-protein-
coupled cell surface receptor APLN receptor,
together with a standard antiangiogenic drug,
such as sunitinib, in lung adenocarcinoma mod-
els, diminished tumor growth, blood vessel den-
sity, and vessel abnormality within the tumor
microenvironment and consequently hypoxia and
tumor resistance [173]. Apelin levels are elevated
in lung adenocarcinomas and were associated
with elevated microvessel densities [16]; apelin
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elevation in these tumors seems to be related to
the downmodulation of miR-195, directly target-
ing Apelin [200]. Apelin levels are heterogeneous
in lung adenocarcinomas, and Apelin-high
tumors have a poorer prognosis than Apelin-low
tumors [200].

7.4  Endothelial Progenitor Cells

in Multiple Myeloma (MM)

MM is the second most common hematologic
cancer after non-Hodgkin’s lymphoma, with a
higher incidence over 60 years. Bone marrow
angiogenesis is a constant hallmark of MM pro-
gression and has prognostic potential. Microvessel
density in the bone marrow clearly increases with
disease progression from monoclonal gammopa-
thy to smoldering gammopathy and to primary
and relapsing MM [139]. The pathophysiology of
MM-induced angiogenesis implies production of
angiogenic cytokines both by cells of the marrow
microenvironment and by tumor plasma cells
[89, 174].

Several studies suggest that an increased angio-
genic activity mediated by EPCs could contribute
in a relevant way to the increased angiogenesis
observed in MM. Thus, Vacca and coworkers pro-
vided evidence that EPCs isolated from MM
patients exhibit increased angiogenic activity
in vitro showing rapid capacity to form capillary
networks and in vivo inducing the generation of
numerous new vessels [175]. Zhang et al. reported
an increased number of EPCs among peripheral
endothelial cells isolated from MM patients; their
number was significantly decreased following tha-
lidomide treatments [196].

The increased number/activity of EPCs in
multiple myeloma suggests that vasculogenesis
may contribute to new vessel formation in this
disease. A study by Moschetta and coworkers
investigated the role of vasculogenesis in a mouse
model of MM [115]. This study showed an early
mobilization of EPCs from BM to PB, followed
by recruitment at the level of MM-colonized
niches; the use of EPC-defective ID1*~, ID3~/~
mice showed that MM progression is strictly
dependent upon EPC trafficking, due to the sup-

portive role of endothelial cells for the growth of
MM cells [115]. Importantly, angiogenic depen-
dency of MM occurs at early and not at late stages
of MM development; in line with this finding,
early targeting of EPCs with anti-VEGF-R2 anti-
body at early stages, but not at all late stages of
disease progression, inhibited MM development
[115]. This study supports the idea of inhibiting
vasculogenesis at an early stage of disease (smol-
dering MM) in future clinical trials. Vasculogenic
activity in myeloma may be supported by some
growth factors present in the tumor microenvi-
ronment: (a) pleiotrophin, a developmental cyto-
kine highly expressed in MM [30, 191], promotes
transdifferentiation of monocytes into vascular
endothelial-like cells and through this mecha-
nism promotes tumor-induced vasculogenesis
[31]; (b) ephrin receptor A3 (EphA3) is markedly
overexpressed in MM endothelial cells and acts
as a proangiogenic factor [21]; (c) NOTCH sig-
naling, a crucial pathway for embryonic vasculo-
genesis [2], is increased in MM microenvironment
and sustains the increased vasculogenic/angio-
genic activities observed in this tumor, and its
targeting resulted in a marked inhibitory effect on
tumor angiogenesis [148]. Importantly, recent
studies have shown that NOTCH signaling in the
bone marrow microenvironment promotes EPC
expansion and in vivo vasculogenic activity of
EPCs [74, 85].

The treatment of multiple myeloma is a com-
plex medical problem, related to the difficulty to
completely eradicate malignant plasmocytes and
their precursors. Recent developments have pro-
vided significant improvements in the treatment
of these patients based on autologous bone mar-
row transplantation when possible or drug com-
binations  involving the association of
corticosteroids with immunomodulating agents
(thalidomide, lenalidomide, pomalidomide) and
either proteasome inhibitors (bortezomib, carfil-
zomib, or ixazomib) or monoclonal antibodies
(daratumumab, anti-CD38) or histone deacety-
lase inhibitors (panobinostat). Interestingly,
immunomodulatory agents, such as lenalidomide
or thalidomide, exert many biological effects,
including an antiangiogenic effect on MM and,
when administered with other drugs, contribute
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to a significant antitumor effect [141]. One exam-
ple of the clinical utility of this triplet drug com-
bination is given by a recent study: lenalidomide
plus dexamethasone and daratumumab (anti-
CD38 mAb) significantly improved both PFS
and OS of newly diagnosed MM patients ineligi-
ble for autologous stem cell transplantation [49].

The value of inhibiting angiogenesis in MM
as a therapeutic tool is supported also by two
recent studies. A phase I/Il study explored evo-
fosfamide, a hypoxia-activated prodrug without
or with bortezomib in patients with relapsed/
refractory MM: although the number of patients
exhibiting CR and PR was not high, disease sta-
bilization was observed in >80% of patients,
resulting in a prolonged overall survival of
11.2 months [91].

Recent studies have explored the antitumor
effects of melphalan-flufenamide (mel-flufen), a
dipeptide prodrug of melphalan: the intracellular
conversion of mel-flufen to melphalan is medi-
ated by the enzyme aminopeptidase N [29]. Mel-
flufen was more active than melphalan in
inducing apoptosis of myeloma cell and in vitro
and in vivo exerted a potent inhibitory effect on
angiogenesis [162]. A phase I/II study (OP-104
Anchor study) is evaluating safety and efficacy of
mel-flufen and dexamethasone in combination
with either bortezomib or daratumumab in
patients with relapsed/refractory MM, and an
early analysis showed preliminary encouraging
data about the antitumor efficacy, particularly in
patients treated with mel-flufen and daratu-
mumab [138]. The phase I/Il study OP-106
Horizon showed that mel-flufen has promising
activity in heavily pretreated refractory-stage
RRMM patients, in whom the majority of avail-
able therapies have failed [144].

7.5 Endothelial Progenitor Cells
in Myeloproliferative

Disorders

The study of EPCs and of angiogenesis in myelo-
proliferative disorders is particularly important
because in these tumors, the endothelial lineage
could be directly involved in the neoplastic trans-

formation and pathological endothelial cells
could be directly involved in the neoplastic trans-
formation and could contribute to tumor develop-
ment promoting the formation of a pathological
marrow niche. Myeloproliferative neoplasms
(MPNGs) are clonal hematopoietic cancers charac-
terized, in their chronic phase, by overproduction
of differentiated hematopoietic cells pertaining to
one or more lineages The Philadelphia
chromosome-negative are the most frequent dis-
eases among the myeloproliferative disorders
and include three different main diseases: poly-
cythemia vera (PV), essential thrombocytopenia
(RT), and myelofibrosis (MF) [118, 176]. All
MPNs arise from the malignant transformation of
hematopoietic stem cells (HSCs) that acquire a
growth advantage over normal HSCs, leading to
their expansion and generation of all myeloid-
related lineages [112]. These disorders have fre-
quent disease-related complications, mainly
represented by venous and arterial thromboses,
hemorrhages, and transformation to acute
myeloid leukemia [176]. In MPNs, in >95% of
cases, mutations that affect and drive tumor
development occur in a mutually exclusive man-
ner in one of three different genes: JAK (Janus
Activating Kinase 2), CALR (calreticulin), or
MPL (myeloproliferative leukemia virus, corre-
sponding to the thrombopoietin receptor); while
the JAK2V617F mutation activates three different
membrane receptors (erythropoietin receptor,
granulocyte colony-stimulating factor receptor,
and thrombopoietin receptor), CALR or MPL
mutants affect only thrombopoietin receptor acti-
vation [176]. The different consequences of these
three different mutations help to understand the
reasons of their different disease association:
JAK2V617F is associated with PV, ET, and PMF,
while CALR and MPL mutations are exclusively
associated with ET and PMF.

Studies performed in the last years have sup-
ported a possible direct implication of the endo-
thelial lineage in the pathological processes
involving the development of JAK2V617F-
mutated MPNs [169].

Initial studies have provided conflicting
results: thus, an initial study based on the in vitro
assay of endothelial progenitor cells showed that
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JAK2V617F mutation was detected in CFU-ECs
(colonies of monocytoid proangiogenic cells),
but not in E-CFCs (colonies formed by true
endothelial cells) [135]. However, Sozer and
coworkers reached a different conclusion
through the analysis of the liver endothelial cells
of patients with Budd-Chiari syndrome and
JAK2V617F-positive hematopoiesis showing a
positivity of the endothelial lineage for
JAK2V617F mutations [160, 161]. According to
these findings, it was hypothesized that
JAK2V617F neoplasia may derive from a com-
mon cell of origin for both hematopoietic and
endothelial cells.

Teofili and coworkers have subsequently
explored this issue and have analyzed the molec-
ular features of EC-CFCs generated from 22
MPN JAK2V617F-positive patients and showed
that in 45% of cases, endothelial cells present in
these colonies are positive for this disease-
specific marker [168]. These findings were cor-
roborated by two additional important
observations: all patients displaying molecular
abnormalities at the level of the endothelial lin-
eage experienced thrombotic complications;
endothelial cells bearing JAK2V617F mutations
showed a pronounced Stat3/StatS activation
[168]. In line with these observations, CD34*
cells isolated from JAK2V617F-positive MPN
patients generate in vivo in immunodeficient
mice both mutation-positive and mutation-
negative  endothelial  cells [160, 161].
Furthermore, endothelial cells displaying
JAK2V617F mutation were observed in >60% of
myelofibrosis patients at the level of splenic cap-
illaries and splenic vein [147].

Other recent studies have developed animal
models to directly assess the consequences of
JAK2V617F expression at the level of endothelial
cells. Thus, Guadall et al. have developed an
induced pluripotent stem cell strategy to compare
JAK?2 mutant to JAK2 wild-type endothelial cells
[60]. The results of this study showed that
JAK2V617F-mutant endothelial cells exhibit a
pro-inflammatory and pro-thrombotic phenotype
and display pro-adherent features [60]. Guy et al.
have explored the role of endothelial cells that
express JAK2V617F mutant through an in vitro

model of endothelial cells expressing JAK2V617F
and in vivo model of mice with endothelial-
specific JAK2V617F expression [61]. Endothelial
cells expressing JAK2V617F have a pro-adhesive
phenotype associated with increased P-selectin
expression and increased propensity to throm-
botic events [61].

Another set of studies provided evidence that
the development of myeloproliferative syn-
dromes requires JAK2V617F expression in both
HSCs and endothelial cells. Two lines of evi-
dence support this conclusion: (a) no difference
was noted between WT and JAK2V617F Lin™/
Kit" progenitor cell proliferation when cocul-
tured on WT endothelial cells while a relative
growth advantage over the corresponding WT
progenitor cells when cocultured on JAK2V617F-
bearing endothelial cells [97]; and (b) competi-
tive marrow transplantation experiments provided
evidence that the JAK2V617F-bearing vascular
niche promotes clonal expansion of JAK2V617F
HSCs but not normal HSCs [195]. Another study
showed that JAK2V617F expression in the niche
leads to HSC radioresistance, which could be
responsible for the high frequency of disease
relapse in patients undergoing allogeneic stem
cell transplantation for MPNs [98].

7.6  Tumor Angiogenesis

in Lymphoma

Several studies have shown an association
between increased angiogenesis and more
aggressive tumor behavior in different lymphoid
neoplasms, including large B-cell lymphoma
[23], mantle cell lymphoma [178], and follicular
lymphoma [172].

Intriguingly, a study by Streubel and cowork-
ers suggested that 15 to 85% of the microvascular
endothelial cells in the B-cell lymphomas bear
lymphoma-specific chromosomal translocations
[163]. This observation may be explained either
assuming the existence of a common lymphoid-
endothelial malignant progenitor cell or of a lym-
phoid progenitor with a peculiar differentiation
plasticity or by cell fusion or gene transfer events
[163].
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Among the various lymphomas, particularly
interesting is the SOX1I-positive mantle cell
lymphoma (MCL), characterized by increased
angiogenesis that could be ascribed to neoangio-
genic mechanisms. MCL is an aggressive B-cell
lymphoma, genetically characterized by the pres-
ence of the translocation t(11;14)(ql3;q32)
inducing overexpression of cyclin D1. MCLs can
be subdivided according to SOX11 expression
into SOX11-negative characterized by more fre-
quent leukemic non-nodal disease, classic mor-
phology, more frequent CD23 expression, and
lower Ki67 proliferation index and SOZI11-
positive, characterized by conventional nodal dis-
ease and aggressive phenotype. SOX11 is not
expressed in normal B-lymphocytes, and its
expression characterizes a part of MCLs, where it
acts as a key transcription factor interfering with
B-cell differentiation program and promoting
tumor cell-microenvironment interactions that
favor tumor growth [15]. Experimental studies
have shown that SOX11 expression is associated
with the induction of an angiogenic switch, char-
acterized by increased expression of angiogenic-
related gene expression signatures and induction
of tumor vasculature [127]. Petrakis and cowork-
ers directly analyzed primary tumors and showed
that MVD was much higher in SOX1 1-positive
MCLs than in SOXI11-negative MCLs [133].
Studies in zebrafish support a key role of SOX11
as a key regulator of vascular development, par-
ticularly involved in sprouting angiogenesis dur-
ing development [150].

7.7  Angiogenesis in Malignant

Gliomas

Glioblastomas are the most common and aggres-
sive brain tumors. These tumors are characterized
by their resistance to chemotherapy and radio-
therapy and by the abundant and abnormal vascu-
lature. High-grade gliomas have been classified
as one of the solid tumors’ most vascular, and
vessel proliferation is a typical feature of glio-
blastomas [19]. One pathological feature that dis-
tinguishes  glioblastoma multiforme from

lower-grade glial tumors is represented by the
presence of microvascular proliferation.
Glioblastoma is characterized by abundant and
abnormal neovascularization giving rise to func-
tionally and structurally abnormal vessels, with
the generation of hypoxic, necrotic tumor regions.
The mechanisms generating the neovasculariza-
tion of glioblastomas are complex and multiple
and certainly heterogeneous in their individual
contribution from one tumor to another: (i) vascu-
lar co-option which is a mechanism operating
during the early phases of glioblastoma develop-
ment and implies the migration of tumor cells,
forming cuffs around preexisting normal vessels,
and must be considered as a strategy to increase
blood flow before the development of mecha-
nisms of adaptation of the tumor vasculature [42];
(i) sprouting angiogenesis, consisting in the gen-
eration of capillaries from preexisting blood ves-
sels, through a mechanism implying endothelial
cell proliferation triggered by tumor hypoxia,
inducing VEGF production and resulting in the
development of an abnormal vascular network
with dilated blood vessels, abnormal branching,
arteriovenous shunts, and vascular leakiness [95];
(iii) release of angiogenic growth factors from
tumor cells, particularly from glioma stem cells,
with consequent stimulation of new vessel forma-
tion [13]; (iv) vasculogenesis, induced by the
migration (triggered by hypoxia and VEGF) and
differentiation of bone marrow endothelial pro-
genitors (MACs) acting at the tumor sites as cata-
lyzers of vasculogenic processes, seemingly
involving local endothelial progenitors cells (Du
et al. [44, 51]); the vasculogenic mechanisms are
particularly active in glioblastoma recurrence
after radiotherapy, where the vasculogenic
response is not promoted by VEGF but by the
cytokine stromal-derived factor-1 (SDF-1) [87,
167]; (v) vasculogenic mimicry, a process in
which the same tumor cells form functional ves-
sel-like networks, providing an alternate mecha-
nism to support tumor growth, a phenomenon
correlated with tumor grade, poor outcome, and
aggressive phenotype [99] and triggered by
growth factors released in the tumor microenvi-
ronment [101, 102]; and (vi) transdifferentiation
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of glioma stem cells into endothelial cells or peri-
cytes [63].

The mechanism of glioma stem cell transdif-
ferentiation seems to represent a peculiar mecha-
nism of tumor oncogenesis observed in
glioblastomas. Using tumor biopsies, Wang and
coworkers [181] and Ricci-Vitiani and coworkers
[143] identified a subset of endothelial cells lin-
ing tumor vessels, carrying the same genetic
alterations, as well as malignant glioma cells.
Furthermore, the CDI133* tumor population
includes a subset of vascular endothelial-cadherin
(CD144)-positive population showing features of
endothelial progenitor cells and capable of gener-
ating mature endothelial cells [143, 181]. These
tumor-derived endothelial cells comprise from 20
to 90% of the tumor vasculature, have tumor-
specific genetic abnormalities, and do not respond
to inhibitors of VEGF or bFGF; furthermore,
these cells are preferentially localized at the level
of deep hypoxic tumoral areas, thus suggesting
that hypoxia is a major driver in their genesis.
Mei and coworkers have reported the occurrence
of tumor-derived endothelial cells in 47% of a
group of 64 glioblastoma patients [113]. In the
cases displaying the endothelial transdifferentia-
tion, tumor-derived endothelial cells accounted
for 14-18% of total vessels [113].

Importantly, cancer stem cells isolated from
primary glioblastomas are able to transdifferenti-
ate to endothelial cells in vitro [143, 181]. Soda
et al. identified a subpopulation of endothelial
cells within glioblastomas, expressing both
endothelial-specific and tumor-specific markers
[157]. In a more recent study, De Pascalis and
coworkers showed that the fraction tumor-derived
endothelial cells increased in glioblastomas
recurring after radiotherapy [40]. These findings
were further extended by a study of Cheng and
coworkers providing evidence that glioma stem
cells are able to generate also the vascular peri-
cytes, cells normally of mesenchymal origin,
which surround blood vessels; however, these
authors provided strong evidence that glioma
cancer stem cells do not differentiate to form
endothelial cells [34]. Thus, the data of these
studies are contradictory, suggesting the origin

from tumor cells of either endothelial cells or of
pericytes.

Golebiewska et al. have confirmed the exis-
tence within glioblastomas of an endothelial sub-
population of side cells, CD133*/CD31* cells
[58]. However, at variance with the previous
studies, this CD133*/CD31* cell population is
non-tumorigenic [58].

Subsequent studies have explored the cellular
and molecular mechanisms responsible for the
differentiation of glioma stem cells into endothe-
lial progenitor cells. In this context, particularly
relevant was a study by Hu et al. based on a
model of glioma stem cells obtained through the
transformation of neural stem cells with mutant
TP53 and constitutively expressing active AKT:
these transformed cells exhibited an increased
EC cell signaling and the augmentation of a sub-
population of CDI133*/CD144* cells [72].
Particularly, using these cells, it was shown that
AKT activation upregulates WNT 5A to drive
glioma-like EC differentiation of GSCs [72],
resulting in the development of tumor invasive
growth properties. Interestingly, clinical data
showed higher glioma-specific endothelial and
WNTS5A expression in peritumoral and recurrent
glioblastomas than in matched intratumoral and
primary glioblastomas, respectively [72].

Other studies have shown that the adenosine
A3 receptor is a regulator of the differentiation of
glioma stem cells to endothelial cells under
hypoxic conditions [146]. B1,4-
Galactosyltransferase (B1,4GalTV) 1is highly
expressed in glioma cells and contributes to the
increased expression of highly branched
N-glycans observed in these tumor cells;
B1,4GalTV stimulates transdifferentiation of gli-
oma stemlike cells into endothelial cells by acti-
vation of NOTCHI signaling [37]. Finally,
ETSA-variant 2 (ETV2), a master regulator of
endothelial cell development, induces in glioma
stem cells, in a VEGFA-independent manner, the
repression of proneural genes and the activation
of vascular genes; in primary glioblastomas, high
ETV2 expression was associated with a particu-
larly negative prognosis [198]. Interestingly,
bone morphogenetic protein 9 (BMP9) counter-
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acts the process of glioblastoma cell transdiffer-
entiation into tumor-derived endothelial cells, in
both in vitro and in vivo xenotransplantation
models [137].

Other experimental studies support a major
role of glioma stem cells in monitoring and regu-
lating the angiogenic response of glioblastoma.
Oligodendrocyte precursors (OPCs) expressing
OLIG2, present at the level of the subventricular
zone, can serve as the tumor progenitors of high-
grade gliomas, including glioblastoma [92].
Using an experimental model of EGFRVIII-
driven, TP53-negative murine glioma that can
grow as OLIG2* or OLIG2-, Griveau et al. have
shown that (i) OLIG2* gliomas grow by invasion
of the parenchyma by single-cell vessel co-option
and (ii) OLIG2" gliomas grow as perivascular
clusters, leading to disruption of the blood-brain
barrier and innate immune cell activation [59].
Importantly, WNT7 expression in OLIG2* cells
is required for vessel co-option, and WNT inhibi-
tion enhances the response to temozolomide ther-
apy [59].

Glioblastoma tumor cells, including the stem-
like cell population, invade into the brain paren-
chyma, engaging a migration along blood vessels.
The interaction between glioma cancer stem cells
and endothelial cells at the level of tumor peri-
vascular niches is of fundamental importance for
the promotion of tumor invasion and for new ves-
sel formation, two properties that strictly inter-
twined [77, 194].

Therapy with currently used antiangiogenic
agents blocking VEGF-A is used in the treatment
of high-grade gliomas but is of limited benefit. A
meta-analysis of randomized controlled trials
showed that bevacizumab when combined with
chemotherapy improved PFS, but not OS; fur-
thermore, patients treated with bevacizumab-
containing therapy reported increased objective
response rate, but more treatment-related adverse
events [190]. The same conclusions were reached
by a recent Cochrane Database of Systematic
Review showing that the use of antiangiogenic
therapy does not significantly improve overall
survival in newly diagnosed people with glio-
blastoma [7]. Similarly, there is lack of evidence
of a survival advantage for antiangiogenic ther-

apy over chemotherapy in recurrent glioma [7].
The limited benefits of antiangiogenic therapy in
glioblastomas are related to two different tumor-
related mechanisms: resistance and indifference.
The resistance mechanism implies that the tumor,
after an initial response, rapidly relapses acquir-
ing an enhanced tumor invasion capacity [28,
126] or producing alternative angiogenic growth
factors [152].

Large-scale clinical trials have shown the
incapacity of bevacizumab, an anti-VEGFA
monoclonal antibody, to significantly improve
overall survival of high-grade glioma patients.
However, in spite of the absence of benefit related
to anti- VEGFA blocking therapy, glioma patients
can be subdivided into a nonresponder and a
responder group, the responders being character-
ized by a transient clinical benefit. This differen-
tial response to anti-VEGFA blocking therapy
implies the existence of a heterogeneity of the
mechanisms underlying tumor angiogenesis in
glioblastomas. A recent study suggested that this
heterogeneity could be related to the heterogene-
ity of the expression of SOX17 at the level of
high-grade glioma tumor vessels: high Sox17
expression correlated with poor survival, early
recurrence, and abnormal tumor vessels (Kim
et al. [86]).

Currently, there are only two drugs approved
for systemic treatment of glioblastoma: temo-
zolomide, approved for the treatment of newly
diagnosed glioblastoma, and bevacizumab,
approved for the treatment of recurrent glioblas-
toma. Few studies have explored the effect of
these two drugs on the aberrant neovasculariza-
tion pattern of glioblastoma. In this context, par-
ticularly interesting was a study carried out by
Xue et al. showing in an orthoptic mouse model
transplanted with human glioblastoma cells that
an increase in vascular mimicry was observed
after bevacizumab administration, while an
increased microvessel density was observed after
temozolomide administration [189]. Similar con-
clusions were reached by Obad and coworkers
exploring the morphology and the function of
tumor vessels in two human glioblastoma xeno-
grafts treated with bevacizumab, as investigated
by emission tomography; the results of this study
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provided evidence that bevacizumab normalized
vascular morphology in the period time
investigated but failed to improve vascular func-
tion [121].

These studies clearly indicate the limitations
of drugs, such as bevacizumab, as therapeutically
efficacious agents for glioblastoma treatment.
Even the exploration of new antiangiogenic treat-
ments was at the moment unsuccessful. Thus,
angiopoietin 1 and angiopoietin 2 inhibition with
blocking peptidobody Trebananib was ineffective
as monotherapy and failed to enhance the ability
of VEGF blockade to improve the outcomes of
patients with recurrent glioblastoma [140].
Recent data from a phase II trial involving
patients with relapsed glioblastoma following
chemoradiotherapy showed a slight but signifi-
cant superiority of the antiangiogenic tyrosine-
multikinase inhibitor regorafenib over lomustine
chemotherapy, with an improvement of median
overall survival from 5.6 months with lomustine
to 7.6 months with regorafenib (Lombardi et al.
[103]). These findings, if confirmed in future
clinical trials, support the identification of a new
antiangiogenic drug active in relapsing glioblas-
toma patients.

Apelin (APLN) is an endogenous peptide
ligand for the G protein-coupled receptor APJ/
AGTRLI/APLNR and is widely expressed
throughout the human body. ELABELA was
identified as a second endogenous APLNR
ligand. APLN and ELABELA represent a double
spatiotemporal system to control APLNR signal-
ing. APLN acts as a proangiogenic peptide dur-
ing embryonic development playing an essential
role in promoting the migration of embryonic
angioblasts, expressing APLNR, to midline
under the stimulation of ELABELA and, through
this mechanism, exerts an essential role in the
control of vasculogenesis [65]. APLN was iden-
tified by mass spectrometry as one molecule
present in endothelial secretome and found
expressed in glioblastoma specimens in close
proximity to blood vessels [64]. APLN was
shown to be essential for the survival and expan-
sion of glioma stem cells, as supported by exper-
iments with specific inhibitors of APLNR
signaling [64]. Mastrella and coworkers showed

that APLN is selectively expressed in glioblas-
toma, compared to normal brain tissue; further-
more, APLN expression was decreased by
anti-VEGF therapy, but tumor invasion was
increased [109]. In glioblastoma xenotransplan-
tation models, APLN and APLNR upregulation
occurred in association with angiogenic switch
[109]. Using a mutant form of the natural APLN
peptide (APELIN-F13A), a reduction in both
angiogenesis and tumor invasiveness and a
potentiation of the efficacy on anti-VEGF ther-
apy were shown [109]. These observations sup-
port a potential role of targeting of APLNR as a
strategy to overcome resistance to VEGF block-
ade in glioblastoma. Finally, a recent study
showed the abundant expression in high-grade
gliomas of the poorly characterized APELIN
early ligand A (APELA): high APELA expres-
sion was associated with poor patient survival
and correlates with glioma grade [55]. APLN
targeting could represent, used alone or in com-
bination with anti-VEGF therapy, as a poten-
tially new interesting approach in glioblastoma
treatment. However, many questions remain to
be carefully explored, as pointed out by
Amoozgar et al. [8]. First, it remains to be
explored the efficacy of APLN targeting on vas-
cular function and vasogenic edema in glioblas-
toma patients. Second, it remains completely to
be explored the possible effect of APLN target-
ing on the immunosuppressive microenviron-
ment of glioblastoma. This point is justified by
previous studies showing that in experimental
tumor models the normalization of tumor vascu-
lature induced by APLN targeting improves the
efficiency of antitumor immune therapy [83]. On
the other hand, studies on the mechanisms of
resistance of cancer patients to anti-PD-1
immune check inhibitors showed the presence of
APLNR mutations with consequent loss of func-
tion: restoration of APLNR function through
JAK/STAT1 signaling is essential for IFNy-
mediated antitumor responses, including T-cell
trafficking through tumor vasculature [130, 131].

The possible improvements of response of
glioblastoma tumors to immunotherapy with
immune check inhibitors are particularly impor-
tant because the clinical efficacy of PD-1/PD-L1
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blockers in glioblastoma is not significant and the
combination of anti-PD-1 agents with bevaci-
zumab did not show better efficacy over
bevacizumab alone [183]. The recent demonstra-
tion in recurrent glioblastoma patients that neo-
adjuvant anti-PD-L1 treatment with continued
therapy after surgery improved patient survival
compared to patients receiving adjuvant, post-
surgical PD-1 blockade alone [35], supports
future studies aiming to improve immunotherapy
response through a vascular normalization and a
consequent better trafficking of immune
effectors.

The large majority of studies on glioblasto-
mas, as well as in other tumors, were based on the
idea to target endothelial cells as a tool to inhibit
or normalize tumor-associated vasculature; an
alternative cell target could be represented by
pericytes. Pericytes are multipotent perivascular
cells playing a key role within the glioblastoma
microenvironment to support tumors during all
their stages of development [149]. The biological
role of pericytes in the regulation of blood-brain
barrier permeability and in promoting angiogen-
esis and tumor growth represents a strong support
for their therapeutic targeting. Furthermore, a
recent study showed that a glioblastoma subtype,
characterized by the presence of isocitrate dehy-
drogenase 1 mutations, is associated with a
reduced pericyte coverage, seemingly related to
the downmodulation of several angiogenic
growth factors [165]. The blood-tumor barrier is
major obstacle for drug delivery to malignant
brain tumors; eliminating the blood-tumor barrier
by targeting of glioma stem cell-derived peri-
cytes though inhibition of the BMX kinase with
Ibrutinib consistently enhanced the chemothera-
peutic efficacy of drugs with poor blood-tumor
barrier penetration [199].

7.8 (CD276: A Target of Both
Tumor Cells and Tumor

Vasculature

In 2007, Seaman and coworkers have made a fun-
damental observation in the context of a study
aiming to identify genes whose pattern of expres-

sion allows to distinguish physiological and path-
ological angiogenesis: CD276 (also known as
B7-H3) was the most differentially expressed cell
surface tumor-specific endothelial marker identi-
fied in this study [153]. CD276 is a member of
the B7 family of immunoregulatory molecules
whose expression can be induced on T, B, and
dendritic cells activated by different types of
inflammatory cytokines. This first study showed
CD276 expression on the tumor vasculature in
colon, lung, breast, esophageal, and bladder can-
cers; CD276 expression was observed also on
tumor cells [153].

Various clinical studies have shown the impact
of CD276 expression on tumor vasculature for
many cancers. Thus, tumor cell and tumor vascu-
lature expression of CD276, observed in 46% of
tumor specimens, predicts survival in clear cell
renal cell carcinoma [36]. These findings were
confirmed by a study on metastatic clear cell
renal cell carcinoma patients undergoing cytore-
ductive nephrectomy and interferon (IFN) treat-
ment, showing that patients with B7-H3
expression levels <16% were associated with an
improved OS, while those with high B7-H3
expression had a poor survival [114]. The large
majority of ovarian cancers express CD276 at the
level of tumor cells; CD276 was also expressed
in the endothelium of tumor vasculature in 44%
of patients, largely pertaining to late-stage high-
grade serous tumors (Zhang et al. [197]). Tumors
with CD276-positive tumor vasculature display a
reduced OS and a higher incidence of recurrence
(Zhang et al. [197]). In Merkel cell carcinoma, an
aggressive cutaneous malignancy whose patho-
genesis and prognosis are related to the integrity
of the host immune system, CD276 expression is
colocalized with CD31, indicating a localization
at the level of tumor vasculature: positivity for
CD276 correlates with aggressive clinicopatho-
logical parameters and predicts a poor prognosis
[11].

Given the pattern of expression of CD276 in
many tumors, CD276 is also a promising ultra-
sound molecular imaging target. In this context,
studies carried out in breast tumors showed that
antibodies anti-CD276 conjugated with indocya-
nine green (ICG) allowed the imaging of prostate
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cancers, with labeling of both tumor neovascula-
ture and tumor tissue, sparing the normal
mammary tissue or benign neoplastic lesions
[12, 185].

The expression of CD276 at the level of both
tumor cells and tumor vasculature offers the
unique opportunity through the targeting of this
molecule to destroy both tumor cells and their
associated vasculature. Thus, Seaman and
coworkers have shown that a monoclonal anti-
body reacting with both human and mouse
CD276 conjugated with pyrrolobenzodiazepine
injected in mouse transplanted with human
tumors destroys both tumor cells and tumor vas-
culature, resulting in tumor eradication [154].
The type of drug conjugated with anti-CD276 is
important because some drugs are unable to kill
tumor-associated endothelial cells because these
cells express high levels of the drug transporter
P-glycoprotein (MDR-1). In fact, tumor endothe-
lial cells resulted to be resistant to drugs such as
monomethyl auristatin E [154]. Interestingly and
importantly, CD276 was found to be expressed at
the level of ECFCs, but not of MACs [158].
siRNA expression silencing experiments indi-
cated a role for CD276 in ECFCs, showing that
this protein promotes cell proliferation and
migration (by targeting the extracellular matrix)
but inhibits tube formation and exerts antiapop-
totic, antioxidant, and antisenescence function in
endothelial progenitor cells [158]. Additional
experiments supported the view that CD276
stimulates endothelial progenitor cell prolifera-
tion and inhibits their angiogenic activity.

CD276 is a potentially interesting target for
human cancer immunotherapy. Monoclonal anti-
bodies anti-CD276, conjugated or not with cyto-
toxic drugs, are under clinical evaluation [136].
In preclinical models, CD276-specific monoclo-
nal antibodies and antibody-drug conjugates dis-
played antitumor activity against CD276* tumor
cells in xenograft mouse models. Phase I clinical
studies showed a good safety profile
(NCT01099644, NCT02381314 and
NCT02982941). A recent dose I study showed an
interesting application of radiolabeled anti-
CD276 mAb by convection-enhanced delivery in
diffuse intrinsic pontine glioma [159].

Recent preclinical studies have shown the
consistent antitumor potential of chimeric anti-
gen receptor T cells (CAR-Ts) for targeting
CD276 in solid tumors. Thus, Du and coworkers
developed CAR-Ts for targeting CD276, which
effectively controlled tumor cell growth in vitro
and in orthoptic, metastatic, and patient-derived
xenograft models of pancreatic cancer, ovarian
cancer, and neuroblastoma [45]. Appropriate
4-1BB co-stimulation promotes lower PD-1
expression in B7-H3.CAR-Ts and superior anti-
tumor activity when targeting tumor cells, such
as pancreatic cancer, which constitutively express
PD-L1 [45]. Importantly, using mAbs that cross-
react with murine CD276, it was shown that B7-
H3.CAR-Ts control tumor growth in syngeneic
tumor model without any evident toxicity; this
lack of toxicity could be related to the observa-
tion that CD276 is expressed also in many nor-
mal tissues, but at a level significantly lower than
that observed in tumor cells and in tumor vascu-
lature [45]. Another recent study provided evi-
dence that B7-H3.CAR-Ts mediate significant
antitumor activity in vivo against various pediat-
ric tumors, including osteosarcoma, medullo-
blastoma, and Ewing sarcoma; the strong efficacy
of CAR-Ts in these tumor models is largely
related to the high surface target antigen density
on tumor tissues, including tumor vasculature,
with an activity diminished against target cells
that express low levels of CD276 [106].

CD276 targeting offers also the opportunity to
overcome the immunosuppressive effects of
tumor microenvironment and to enhance anti-
PD-1/PD-L1 immune checkpoint inhibitors in
cancer therapy in a model of metastatic lung can-
cer [14].

7.9  Conclusion

An increased understanding of the mechanisms
of vessel formation and their regulation in
tumors is strictly necessary to the development
of novel agents targeting tumor vasculature. The
investigation of neovascular processes observed
in various tumors indicates that the pathways to
neovascularization are complex and imply vari-
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ous cellular and molecular mechanisms. It is still
unclear which cells are at the source of newly
formed vessels in tumors. Growing evidences
indicate that the adult endothelium is heteroge-
neous and is composed by mature, transition,
and progenitor endothelial cells. Evidences lim-
ited to few tumors support the view that these
vascular-resident endothelial progenitors could
represent the cells of origin of tumor vascula-
ture. However, the understanding of the hetero-
geneity of endothelial cells is of recent
acquisition, and its application to the study of
tumor vasculature is very limited. Future studies
are strictly required to define the implications of
endothelial cell heterogeneity to the understand-
ing of the cellular origin of vessel network in
tumors.

Tumor neovascularization is a complex pro-
cess involving five different, in part interlinked,
pathways: vascular co-option, angiogenesis, vas-
culogenesis, vascular mimicry, and endothelial
cell transdifferentiation. This heterogeneity is
further amplified by phenomena of spatiotempo-
ral heterogeneity, implying that tumors may uti-
lize different mechanisms of vasculature
formation in a spatially variable and temporally
dynamic fashion. Angiogenesis was considered
the predominant pathway and is triggered by
hypoxia and by the release of hypoxia-regulated
growth factors pertaining to the VEGF family.
Thus, various agents targeting VEGF signaling
entered clinical use, such as antibodies targeting
VEGF (bevacizumab) or VEGF-R2 (ramuci-
rumab), a VEGF trap (aflibercept), and various
VEGF receptor tyrosine-kinase inhibitors (ninte-
danib, pazopanib, regorafenib, sorafenib, suni-
tinib, and vatalanib). The big hopes for the
therapeutic antitumor efficacy of antiangiogenic
drugs have been not fully met; these agents have
shown to improve the progression-free survival
and overall survival only in certain cancers,
including renal cell carcinoma, colorectal carci-
noma, and hepatocarcinoma; however, no
improvements in overall survival have been doc-
umented in patients with brain tumors, pancreatic
adenocarcinoma, prostate cancer, breast cancer,
and melanoma. Furthermore, biomarkers linked

to the evaluation of antiangiogenic effects, such
as MVD and VEGF levels, did not adequately
predict a response to antiangiogenic agents [81,
88, 142]. The reasons of tumor resistance to anti-
angiogenic growth factors are multiple and
involve stroma-driven mechanisms of drug resis-
tance and the production of angiogenic growth
factors different from VEGF [81, 88, 142].
However, growing evidences indicate that some
tumors are resistant because their tumor vascula-
ture is not dependent upon angiogenesis, but
upon nonangiogenic mechanisms such as vascu-
logenesis, vascular mimicry, or vascular co-
option [81, 88, 142].

No clinically validated predictive biomarkers
allow the identification of cancer patients who
have elevated probability to respond to antiangio-
genic therapies. Histopathology is probably the
best approach to distinguish between the various
pathways of tumor neovascularization and may
represent a precious tool in future studies for
stratification of patients for different types of
antiangiogenic therapy.

Recent studies suggest the existence of a pos-
sible therapeutic interaction between antiangio-
genic agents and cancer immunotherapy. This
approach was based on the observation that the
functionally aberrant tumor vasculature contrib-
utes to the immunosuppressive tumor microenvi-
ronment generating a physical barrier to T cells’
infiltration. This conclusion is supported by
experimental studies showing that anti-PD-1 ther-
apy sensitized and prolonged the efficacy of anti-
angiogenesis inhibitors and increased vessel
normalization [3, 78, 170]. The clinical rationale
of this approach is supported by recent results
obtained in clear cell renal cell carcinoma (RCC).
RCC is characterized by a hyperangiogenic state
related to the overproduction of VEGF, as a con-
sequence of the von Hippel-Lindau gene inactiva-
tion. VEGEF signaling targeting with bevacizumab
or sunitinib was effective in the majority of RCC
patients; however, the development of resistance
limits the impact of this therapy. A phase Il and a
phase III trials showed improved progression-free
survival for metastatic RCC patients treated with
atezolizumab (anti-PD-L1) plus bevacizumab
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compared to those treated with subutinib
(11.2 months versus 7.7 months) [110, 145].

Although at the moment the clinical impact of
antiangiogenic agents for cancer therapy is
limited, there is a reasonable hope that a better
understanding of the mechanisms leading to
tumor vascularization; the development of drugs
targeting vasculogenesis, vascular mimicry, and
vascular co-option; and a better stratification of
patients could consistently improve the antitumor
efficacy of this therapeutic approach in the future.
The development of these new antiangiogenic
treatments will meet the general philosophy pro-
posed by Jain in 2001 [75] that alleviating
hypoxia at the level of the tumor through a nor-
malization of tumor microenvironment may rep-
resent a general paradigm for improving cancer
treatment using conventional (chemotherapy or
radiotherapy) and novel therapy (targeted therapy
or immunotherapy) [108].

References

1. Adighibe O, Leek RD, Fernandez-Mercado M, Hu
J, Snell C, Gatter KC, Harris AL, Pezzella F (2016)
Why some tumours trigger neovascularisation and
others don’t: the story thus far. Chin J Cancer 35:18

2. Alabi RO, Farber G, Blobel CP (2018) Intriguing
roles for endothelial ADAMI10/Notch signaling in
the development of organ-specific vascular beds.
Physiol Rev 98:2025-2061

3. Allen E, Jabouille A, Rivera LB, Lodewijckx I,
Missiaen R, Steri V, Feyen K, Trawney J, Hanahan
D, Michael IP, Bergers G (2017) Combined antian-
giogenic and anti-PD-L1 therapy stimulates tumor
immunity through HEV formation. Sci Transl Med
9:eaak9679

4. Alphonse RS, Vadivel A, Fung M, Shelley WC,
Critser PJ, Ionescu L, O’Reilly M, Ohls RK,
McConaghy S, Eaton F, Zhong S, Yoder M, Thébaud
B (2014) Existence, functional impairment, and
lung repair potential of endothelial colony-forming
cells in oxygen-induced arrested alveolar growth.
Circulation 129:2144-2157

5. Alphonse RS, Vadivel A, Zhong S, McConaghy S,
Ohis R, Yoder MC, Thébaud B (2015) The isolation
and culture of endothelial colony-forming cells from
human and rat lungs. Nat Protoc 10:16971708

6. Alvarez DF, Huang I, King JA, El Zarrad MK, Yoder
MC, Stevens T (2008) Lung microvascular endothe-
lium is enriched with progenitor cells that exhibit
vasculogenic capacity. Am J Physiol Lung Cell Mol
Physiol 294:1.419-1.430

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Ameratunga M, Pavlakis N, Wheeler N, Grant R,

Simes J, Karasaw M (2018) Anti-angiogenic therapy
for high-grade glioma. Cochrane Database Syst Rev
11:CD008218

. Amoozgar Z, Jain RK, Duda DG (2019) Role of

apelin in glioblastoma vascularization and invasion
after anti-VEGF therapy: what is the impact on the
immune system? Cancer Res 79:2104-2106

. Apte RS, Chen DS, Ferrara N (2019) VEGF in sig-

naling and disease: beyond discovery and develop-
ment. Cell 176:1248-1264

Asahara T, Murdrara T, Sullivan A, Silbver M,
van der Zee R, Li T, Witzenbichler B, Schatteman
G, Isner GM (1997) Isolation of putative pro-
genitor endothelial cells for angiogenesis. Science
275:964-967

Aung PP, Parra ER, Barua S, Sui D, Ning J, Mino B,
Ledesma DA, Curry JL, Nagarajan P, Torras-Cabala
CA, Efstathion E, Hoang AG, Wong MK, Wargo JA,
Lazar AJ, Rao A, Prieto VG, Wistuba I, Tetzlaff MT
(2019) B7-H3 expression in Merkel cell carcinoma-
associated endothelial cells correlates with locally
aggressive primary tumor features and increased
vascular density. Clin Cancer Res 25:3455-3467
Bachawal SV, Jensen KC, Wilson KE, Tian L, Lutz
AM, Willmann JK (2015) Breast cancer detection
by B7-H3-targeted ultrasound molecular imaging.
Cancer res 75: 2501-2509

Bao S, Wu Q, Sathorsnusumetee S, Hao Y, Li Z,
Hjelmeland AB, Shi Q, McLendon RE, Bigner DD,
Rich JN (2006) Stem cell-like glioma cells promote
tumor angiogenesis through vascular endothelial
growth factor. Cancer Res 66:7843-7848

Bao R, Wang Y, Lai J, Zhu H, Zhao Y, Li S, Li N,
Huang J, Yang Z, Wang F, Liu Z (2019) Enhancing
anti-PD-1/PD-L1 immune checkpoint inhibitory
cancer therapy by CD276-targeted photodynamic
ablation of tumor cells and tumor vasculature. Mol
Pharmacol 16:339-348

Beekman R, Amador V, Campo E (2018) SOX11, a
key oncogenic factor in mantle cell lymphoma. Curr
Opin Hematol 25:299-306

Berta J, Kenessey I, Dobos J, Tovari J, Klepetko
W, Jan Ankersmit H, Hegedus B, Renyi-Vamos F,
Varga J, Lorincz Z, Paku S, Ostoros G, Rozsas A,
Timar J, Dome B (2010) Apelin expression in human
non-small cell lung cancer: role in angiogenesis and
prognosis. J Trorac Oncol 5:1120-1129

Blaser BW, Zon LI (2018) Making HSCs in vitro:
don’t forget the hemogenic endothelium. Blood
132:1372-1378

Blatchley MR, Hall F, Wang S, Pruitt HC, Gerecht S
(2019) Hypoxia and matrix viscoelasticity sequen-
tially regulate endothelial progenitor cluster-based
vasculogenesis. Sci Adv 5:eaau7518

Brem S, Cotran R, Folkman J (1972) Tumor angio-
genesis: a quantitative method of histologic grading.
J Natl Cancer Inst 48:347-356

Bridgeman VL, Vermeulen PB, Foo S, Bilecz A,
Daley F, Kostaras E, Nathan MR, Wan E, Frentzas



7 Endothelial Progenitors in the Tumor Microenvironment

107

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

S, Schweiger T, Hegedus B, Hoetzenecker K, Renyi-
Vamos F, Kuczynski EA (2017) Vessel co-option is
common in human lung metastases and mediates
resistance to anti-angiogenic therapy in preclinical
lung metastasis model. J Pathol 241:362-374
Caivano A, La Rocca F, Laurenzana I, Annese T,
Tamma R, Famigliari U, Simeon V, Trino S, De Luca
L, Villani O, Berardi S, Basile A, Vacca A, Saglio
G, Del Vecchio L, Musto P, Cilloni D (2017) Epha3
acts as proangiogenic factor in multiple myeloma.
Oncotarget 8:34298-34309

Cao Z, Scandura JM, Inghirami GG, Shido K, Ding
BS, Rafii S (2017) Molecular checkpoint decisions
made by subverted vascular niche transform indolent
tumor cells into chemoresistant cancer stem cells.
Cancer Cell 31:110-126

Cardesa-Salzmann TM, Colomo L, Gutierrez G,
Chan WC, Weisenburger D, Climent F, Gonzalez-
Barca E, Mercadal S, Arenillas L, Serrano S, Tubbs
R, Delabie J, Gascoyne RD, Connors JM, Mate JL,
Rimsza L, Braziel R, Rosenwald A, Lenz G, Wright
G, Jaffe ES, Staudt L, Jares P, Lopez-Guillermo A,
Campo E (2011) High microvessel density deter-
mines a poor outcome in patients with diffuse large
B-cell lymphoma treated with rituximab plus che-
motherapy. Haematologica 96:996-1001

Carlson P, Dasgupta A, Grzelak CA, Kim J,
Barrett A, Coleman IM, Shor RE, Goddard ET,
Dai J, Schweitzer EM, Lim AR, Crist SB, Cherech
DA, Nelson PS, Hansen KC, Ghajar CM (2019)
Targeting the perivascular niche sensitizes dissemi-
nated tumour cells to chemotherapy. Nat Cell Biol
21:238-250

Carmeliet P (2005) Angiogenesis in life, disease and
medicine. Nature 438:932-936

Carmeliet P, Jain RK (2011) Molecular mechanisms
and clinical applications of angiogenesis. Nature
473:298-306

Centelmo AR, Conradi LC, Brajic A, Goveia J,
Kalucka J, Picher A, Chaturvedi P, Hol J, Thienpont
B, Teuwen LA, Schoors S, Boeckx B, Vriens J,
Kuchnio A, Veys K, Cruys B, Finotto L, Trepsa
L (2016) Inhibition of the glycolytic activator
PFKFB3 in endothelium induces tumor vessel nor-
malization, impairs metastasis, and improves che-
motherapy. Cancer Cell 30:968-985

Chang JP, Parachoniak CA, Pandika MM, Aghi MK,
Meyronet D, Isachenko N, Fouse SD, Phillips JJ,
Cheresh DA (2012) VEGEF inhibits tumor cell inva-
sion and mesenchymal transition through a MET/
VEGFR2 complex. Cancer Cell 22:21-35

Chauhan D, Ray A, Viktorsson K, Spira J, Paba-
Prada C, Munshi N, Richardson P, Lowensohn R,
Anderson KC (2013) In vitro and in vivo antitumor
activity of a novel alkylating agent, melphalan-
flufenamnide, against multiple myeloma cells. Clin
Cancer Res 19:3019-3031

Chen H, Gordon MS, Campbell RA, Li M, Wang
CS, Lee HJ, Sanchez E, Manvak SJ, Gui D, Shalitin
D, Said J, Chang Y, Deuel TF, Baritaki S, Bonavida

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

B, Berenson JR (2007) Pleiotroiphin is highly
expressed by myeloma cells and promotes myeloma
tumor growth. Blood 110:287-295

Chen H, Campbell RA, Chang Y, Li M, Wang CS,
LiJ, Sanchez E, Share M, Steinberg J, Berenson A,
Shalitin D, Zeng Z, Gui D, Perez-Pinera P, Berenson
RJ, Said J, Bonavida B, Deuel TF, Berenson JR
(2009) Pleiotrophin produced by multiple myeloma
induces transdifferentiation of monocytes into vas-
cular endothelial cells: a novel mechanism of tumor-
induced vasculogenesis. Blood 113:1992-2002
Chen P, Huang Y, Bong R, Ding Y, Song N, Wang
X, Song X, Luo Y (2011) Tumor-associated macro-
phages promote angiogenesis and melanoma growth
via adrenomedullin in a paracrine and autocrine
manner. Clin Cancer Res 17:7230-7239

Chen W, Xia P, Wang H, Tu J, Liang X, Zhang X,
Li L (2019) The endothelial tip-stalk cell selection
and shuffling during angiogenesis. J Cell Commun
Signal in Press 13(3):291-301

Cheng L, Huang Z, Zhou W, Wu Q, Donnola S, Liu
JK, Fang X, Sloan AE, Mao Y, Lathia JD, Min W,
McLendon RE, Rich JN, Bao S (2013) Glioblastoma
stem cells generate vascular pericytes to support ves-
sel function and tumor growth. Cell 153:139-152
Cloughesy TF, Mochizuki AY, Orpilla JR, Hugo W,
Lee AH, Davidson TB, Wang AC, Ellingson BM,
Ritlewski JA, Sanders CM, Kawaguchi ES, Du L, Li
G, Yong WHJ, Gaffey SC, Cohen AL, Mellinghoff
IK, Lee EQ, Reardon DA, O’Brien BJ, Butowski
NA, Nghiemphu PL, Clarke JL, Arrillaga-Romany
IC, Colmasn H, Kaleyt TJ, de Groiot JF, Liau LM,
Wen PY, Prins RM (2019) Neoadjuvant anti-PD-1
immunotherapy promotes a survival benefit with
intratumoral and systemic immune responses in
recurrent glioblastoma. Nat Med 25:477-486
Crispen PL, Sheinin Y, Roth TJ, Lohse CM, Kuntz
SM, Frigola X, Thopson RH, Boorjian SA, Dong H,
Leibovich BC, Blute ML, Kwon ED (2008) Tumor
cell and tumor vasculature expression of B7-H3 pre-
dict survival in clear cell renal cell carcinoma. Clin
Cancer Res 14:5150-5157

Cui C, Chen X, Liu Y, Cao B, Xing Y, Liu C, Yang F,
LiY, Yang T, Hua L, Tian M, Wei Y, Gong Y, Jiang J
(2018) p1,4-Galactosyltransferase V activates Notch
1 signaling in glioma stem-like cells and promotes
their transdifferentiation into endothelial cells. J Biol
Chem 293:2219-2230

De la Puente P, Muz B, Azab F, Azab AK (2013) Cell
trafficking of endothelial progenitor cells in tumor
progression. Clin Cancer Res 19:3360-3368

De Palma M, Biziato D, Petrova TV (2017)
Microenvironmental regulation of tumor angiogen-
esis. Nat Rev Cancer 17:457-474

De Pascalis I, Morgante L, Pacioni S, D’ Alessandris
QG, Giannetti S, Martini M, Ricci-Vitiani L,
Malinverno M, Dejana E, Larocca LM, Pallini R
(2018) Endothelial trans-differentiation in glio-
blastoma recurring after radiotherapy. Mod Pathol
31:1361-1366



108

U. Testa et al.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Dimitrova N, Gocheva V, Bhutkar A, Resnick R,
Jong RM, Miller KM, Bendor J, Jacks T (2016)
Stromal expression of miR-143/145 promotes neo-
angiogenesis in lung cancer development. Cancer
Discov 6:188-201

Donnem T, Reynolds AR, Kuczynski EA, Gatter K,
Vermeulen PB, Kerbel RS, Harris AL, Pezzella F
(2018) Non-angiogenic tumours and their influence
on cancer biology. Nat Rev Cancer 18:323-336
Donovan P, Patel J, Dight J, Wong HY, Sim SL,
Murigneux V, Francois M, Khosrotehrani K (2019)
Endovascular progenitors infiltrate melanomas and
differentiate towards a variety of vascular beds pro-
moting tumor metastasis. Nat Commun 10:18

Du R, Lu KV, Petritsch C, Liu P, Ganss R, Passegué
E, Song H, Vandenberg S, Johnson RS, Werb Z,
Bergers G (2002) HIF 1alpha induces the recruitment
of bone marrow-derived vascular modulatory cells
to regulate tumor angiogenesis and invasion. Cancer
Cell 13:206-220

Du H, Hirabayashi K, Ahn S, Kren NP, Montgomery
SA, Wang X, Tiruthani K, Mirlekar B, Michaud D,
Greene K, Herrera SG, Xu Y, Sun C, Chen Y, Ma
X, Ferrone CR, Pylayeva-Gupta Y, Yeh JJ, Liu R,
Savoldo B, Ferrone S, Dotti G (2019) Antitumor
responses in the absence of toxicity in solid tumors
by targeting B7-H3 via chimeric antigen receptor T
cells. Cancer Cell 35:221-237

Duong T, Proulx ST, Luciani P, Leroux JC, Detmar
M, Koopman P, Francois M (2012) Genetic ablation
of SOX18 function suppresses tumor lymphangio-
genesis and metastasis of melanoma in mice. Cancer
Res 72:3105-3114

Duong T, Koltowska K, Pichol-Thievend C, Le
Guen L, Fontaine F, Smith KA, Truong V, Skoczylas
R, Stacker SA, Achen MG, Koopman P, Hogan BM,
Francois M (2014) VEGFD regulates blood vascular
development by modulating SOX18 activity. Blood
123:1102-1112

Eldridge L, Moldobaeva A, Zhong Q, Jenkins J,
Snyder M, Brown RH, Mitzner W, Wagner EM
(2016) Bronchial artery angiogenesis drives lung
tumor growth. Cancer Res 76:5962-5969

Facon T, Kumar S, Plesner T, Orlowski RZ, Moreau
P, Bahlis N, Basu S, Nahi H, Hulin C, Quach H,
Goldschmidt H, O’Dwyver M, Perrot A, Venner
CP, Weisel K, Mace JR, Raje N, Attal M, Tiab M,
Macro M, Frenzel L, Leleu X, Ahmadi T, Chiu C,
Wang J, Van Rampelbergh R, Uhlar CM, Kobos
R, Qi M, Usmani SZ, MAIA trial investigators
(2019) Duratumumab plus lenalidomide and dexa-
methasone for untreated myeloma. N Engl J Med
380:2104-2115

Farha S, Asossingh K, Xu W, Sharp J, George
D, Combhair S, Park M, Tang WH, Loyd JE, Theil
K, Tubbs R, His E, Lichtin A, Ezurum SC (2011)
Hypoxia-inducible factors in human pulmonary
arterial hypertension: a link to the intrinsic myeloid
abnormalities. Blood 117:3485-3493

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Folkins C, Shaked Y, Man S, Tang T, Lee CR, Zhu
Z, Hoffman RM, Kerbel RS (2009) Glioma stem-
like cells promote tumor angiogenesis and vasculo-
genesis via vascular endothelial growth factor and
stromal-derived factor 1. Cancer Res 69:7243-7251
Fontaine F, Overman J, Moustaqil M, Mamidyala
S, Salim A, Narasimhan K, Prokoph N, Robertson
AAB, Lua L, Alexandrov K, Koopman P, Capon RJ,
Sierecki E, Jauch R, Cooper MA, Zuegg J, Francois
M (2017) Small-molecule inhibitors of the SOX18
transcription factor. Cell Chem Biol 24:346-359
Francois M, Caprini A, Hosking B, Orsenigo F,
Wilhelm D, Browne C, Paavonen K, Karnezis T,
Shavan R, Downer M, Davidson T, Tutt DF, Cheah
KS, Stacker SA, Muscat GE, Achen MG, Dejana
E, Koopmenm P (2008) SOX18 induces develop-
ment of the lymphatic vasculature in mice. Nature
456:643-647

Frantzas S, Simoneau E, Bridgeman VL, Vermeulen
PB, Foo S, Kostaras E, Natahan M, Wothrspoon A,
Gao ZH, Shi'Y, Van den Eynden G, Daley F, Peckitt
C, Tan X, Salman A, Lazaris A (2016) Vessel co-
option mediates resistance to anti-angiogenic ther-
apy in liver metastases. Nat Med 22:1294-1302
Ganguly D, Cai C, Sims MM, Yang CH, Thomas
M, Cheng J, Saad AG, Pfeffer LM (2019) APELA
expression in glioma, and its association with patient
survival and tumor grade. Pharmaceuticals 12:E45
Ge H, Luo H (2018) Overview of advances in vascu-
logenic mimicry-a potential target for tumor therapy.
Cancer Managem Res 10:2429-2437

Georgouli M, Herraiz C, Crosas-Molist E, Fanshawe
B, Maiques O, Perdrix A, Pandya P, Rodriguez-
Hernandez 1, Ilieva KM, Cantelli G, Karagiannis
P, Mele S, Lam H, Josephs DH, Matias-Guiu
X, Marti RM, Nestle FO, Orgaz JL, Malanchi I,
Fruhwirth GO, Karagiannis SN, Sanz-Moreno
V (2019) Regional activation of myosin II in can-
cer cells drives tumor progression via a secretory
cross-talk with the immune microenvironment. Cell
176:757-774

Golebiewska A, Bougnaud S, Stieber D, Brons N,
Vallar L, Hertel F, Klink B, Schrock E, Bjerkvig R,
Nichou SP (2013) Side population in human glio-
blastoma is non-tumorigenic and characterizes brain
endothelial cells. Brain 136:1462-1475

Griveau A, Seano G, Shelton SJ, Kupp R, Johangiri
A, Obernier K, Krishnan S, Lindberg OR, Yuen
TJ, Tien AC, Sabo JK, Wang N, Chen I, Kloepper
J, Larrouquere L, Ghosh M, Tirosh I, Huillard E,
Alvarez-Buylla A, Oldham MC, Persson Al, Weiss
WA, Batchelor TT, Stemmer-Rachamimov A, Suva
ML, Phillips JJ, Aghi MK, Mehta S, Jain RK,
Rowitch DH (2018) A glial signature and Wnt/7
signaling regulate glioma-vascular interactions and
tumor microenvironment. Cancer Cell 33:874-889
Guadall A, Lesteven E, Letort G, Awan Toor S,
Delord M, Pognant D, Brusson M, Verger E, Masiah
N, Giraudier S, Larghero J, Vanneaux V, Chonmienne



7 Endothelial Progenitors in the Tumor Microenvironment

109

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

C, El Nemer W, Cassinat B, Kiladjian JJ (2018)
Endothelial cells harbouring the JAK2V617F muta-
tion display pro-adherent pro-thrombotic features.
Thromb Hemost 118:1586—-1599

Guy A, Gourdou-Latsyszenok V, Le Lay N, Peghaire
C, Kilani B, Dias JV, Duplaa C, Renault MA,
Denis C, Villel JL, Boulaftali Y, Jandrot-Perrus M,
Couffinhal T, James C (2019) Vascular endothelial
cell expression of JAK2Y¢!7F is sufficient to promote
a pro-thrombotic state due to increased P-selectin
expression. Haematologica 104:70-81

Hagdahl E, Bachmann IM, Schuster C, Ladstein
RG, Akslen LA (2019) Prognostic value of uPAR
expression and angiogenesis in primary and meta-
static melanoma. PLoS One 14:¢0210399

Hardee ME, Zagzagh D (2012) Mechanisms of
glioma-associated neovascularization. Am J Pathol
181:1126-1141

Harford-Wright E, Andre-Gregoire G, Jacobs KA,
Treps L, Le Gouidec S, Leclair HM, Gonzalez-Djest
S, Roux Q, Guillonneau F, Lossouam D, Olivere L,
Vallette FM, Foufelle F, Vallet P, Davenport AP, Glen
RC, Bidere N, Gavard J (2017) Pharmacological tar-
geting of apelin impairs glioblastoma growth. Brain
140:2939-2954

Helker CS, Schuemann A, Pollmann C, Chng SC,
Kiefer F, Reversade B, Herzog W (2015) The hor-
monal peptide Elabela guides angioblast to the
midline during vasculogenesis. Elife 4. https://doi.
org/10.7554/seLite.06726.001

Hermansen SE, Lund T, Kaolstad T, Ytrehus K,
Myrmel T (2011) Adrenomeullin augments the
angiogenic potential of late outgrowth endo-
thelial progenitor cells. Am J Cell Physiol
300:C783-C791

Hida K, Maishi N, Akiyama K, Ohmura-Kakutani
H, Torii C, Ohga N, Osawa T, Kikuchi H, Morimoto
H, Shindoh M, Shinohara N, Hida Y (2017) Tumor
endothelial cells with high aldehyde dehydroge-
nase activity show drug resistance. Cancer Sci
108:2195-2203

Hillen F, van de Winkel A, Creytens D, Vermeulen
AH, Griffioen AW (2006) Proliferating endothe-
lial cells, but not microvessel density, are a prog-
nostic parameter in human cutaneous melanoma.
Melanoma Res 16:453-457

Hindson J (2019) Targeting endovascular progeni-
tors control cancer. Nat Rev Cancer 19:1298-1130
Hogan B, Barkauskas CE, Chapman HA, Epstein JA,
Jain R, Hsia C, Niklason L, Calle E, Le A, Randell
SH, Rock J, Snitow M, Krummel M, Stripp BR,
Vu T, White ES, Whitsett JA, Morrisey EE (2014)
Repair and regeneration of the respiratory system:
complexity, plasticity, and mechanisms of lung stem
cells function. Cell Stem Cell 15:123-138

Hu J, Bianchi F, Ferguson M, Cesario A, Margaritora
S, Granone P, Goldstraw P, Tetlow M, Ratcliffe C,
Nicholson AG, Harris A, Gatter K, Pezzella F (2005)
Gene expression signature for angiogenic and non-

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

angiogenic non-small-cell lung cancer. Oncogene
24:1212-1219

Hu B, Wang YA, Hua S, Sauvé CEG, Ong D, Lan
ZD, Chang Q, Ho YW, Monasterio M, Lu X, Zhong
Y, Zhang J, Deng P, Tan Z, Wang G, Liao WT, Cortey
LJ, Yan H, Zhang J, You Y, Liu N, Cal L, Finocchiaro
G, Phillipos JJ, Berger MS, Spring DJ, Hu J, Sulma
EP, Fuller GN, Chin L, Verhaak R, DePinho RA
(2016) Epigenetic activation of WNTS5A drives
glioblastoma stem cell differentiation and invasive
growth. Cell 167:1281-1295

Ingram DA, Mead LE, Tanaka H, Meade V, Fenoglio
A, Mortell K (2004) Identification of a novel
hierarchy of endothelial progenitor cells using
human peripheral and umbilical cord blood. Blood
104:2752-2760

Ishige-Wada M, Kwon SM, Eguchi M, Hozumi K,
Iwaguro H, Matsumoto T, Fukuda N, Mugishima
H, Masuda AT (2016) Jagged-1 signaling in the
bone marrow microenvironment promotes endothe-
lial progenitor cell expansion and commitment of
CD133+ human cord blood cells for postnatal vas-
culogenesis. PLoS One 11:e0166660

Jain RK (2001) Normalizing tumor vasculature with
anti-angiogenic therapy: a new paradigm for combi-
nation therapy. Nat Med 7:987-989

Jain RK (2005) Normalization of tumor vascula-
ture: an emerging concept in antiangiogenic therapy.
Science 307:58-62

Jeon HM, Kim SH, Jin X, Park JB, Kim SH, Joshi K,
Nakano I, Kim H (2014) Crosstalk between glioma-
initiating cells and endothelial cells drives tumor
progression. Cancer Res 74:4482-4492
Johansson-Percival A, He B, Li ZJ, Kjellen A,
Russell K, Li J, Larma I, Ganas R (2017) De novo
induction of intratumoral lymphoid structures and
vessel normalization enhances immunotherapy in
resistant tumors. Nat Immunol 18:1207-1217
Kakolyris S, Gatromanoiaki A, Koukourakis M,
Leigh IM, Georgoulias V, Kanavarios P, Sivridis E,
Gatter KC, Harns AL (1999) Assessment of vascu-
lar maturation in non-small cell lung cancer using a
novel basement membrane component, LH39: cor-
relation with p53 and angiogenic factor expression.
Cancer Res 59:5602-5607

Kashani-Sabet M, Sagebiel RW, Ferreira CM,
Nosrati M, Miller JR 3d (2002) Tumor vascularity
in the prognostic assessment of primary cutaneous
melanoma. J Clin Oncol 20:1826-1183

Katayama Y, Uchino J, Chihara Y, Tamiya N,
Kaneko Y, Yamada T, Takayama K (2019) Tumor
neovascularization and developments in therapeu-
tics. Cancers 11:316

Kawasaki T, Nishiwaki T, Sekine A, Nishimura
R, Suda R, Urushibara T, Suzuki T, Takayanagi S,
Terada J, Sakao S, Tatsumi K (2015) Vascular repair
by tissue resident endothelial progenitor cells in
endotoxin-induced lung injury. Am J Respir Cell
Mol Biol 53:500-512


https://doi.org/10.7554/seLife.06726.001
https://doi.org/10.7554/seLife.06726.001

110

U. Testa et al.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Kidoya H, Kunii N, Naito H, Marumatsu F,
Okamoto Y, Nakayama T (2012) The apelin/APJ
system induces maturation of the tumor vascula-
ture and improves the efficiency of immune therapy.
Oncogene 31:3254-3264

Kim I, Koh Y (2017) Taking aim at Sox18. Elife
6:e24238

Kim H, Huang L, Critser PJ, Yang Z, Chan RJ,
Wang L, Carlesso N, Voytik-Harbin SL, Bernstein
ID, Yoder MC (2015) Notch ligand delta-like 1
promotes in vivo vasculogenesis in human cord
blood-derived endothelial colony forming cells.
Cytotherapy 17:579-592

Kim IK, Kim K, Lee E, Oh DS, Park CS, Park S,
Yang JM, Kim JH, Kim HS, Shima DT, Kim JH,
Hong SH, Cho YH, Kim YH, Park JB, Koh GY, Ju
YS, Lee HK, Lee S, Kim I (2018) Sox7 promotes
high-grade glioma by increasing VEGFR2-mediated
vascular abnormality. J Exp Med 215:963-983

Kioi M, Vogel H, Schultz G, Hoffman RM, Harsh
GR, Brown JM (2010) Inhibition of vasculogenesis,
but not angiogenesis, prevents the recurrence of
glioblastoma after irradiation in mice. J Clin Invest
120:694-705

Kuczynski EA, Vermeulen PB, Pezzella F, Kerbel
RS, Reynolds AR (2019) Vessel co-option in cancer.
Nat Rev Clin Oncol in Press 16:469—493

Kumar S, Witzig TE, Timm M, Haug J, Wellik L,
Kimlinger TK, Greipp PR, Rajikumar SV (2004)
Bone marrow angiogenic ability and expression of
angiogenic cytokines in myeloma: evidence favoring
loss of marrow angiogenesis inhibitory activity with
disease progression. Blood 104:1159-1165

Kumar S, Sharife H, Kreisel T, Mogilevsky M,
Bar-Lev L, Grunewald M, Aizenshtein E, Karni R,
Paldor I, Shlomi T, Keshet E (2019) Intra-tumoral
metabolic zonation and resultant phenotypic diversi-
fication are dictated by blood vessel proximity. Cell
Metab 30:1-11

Laubach JP, Liu CJ, Raje NS, Yee AJ, Armand P,
Schlossman RL, Rosenblatt J, Hedlund J, Martin
M, Reynolds C, Shain KH, Zackon I, Stampleman
L, Henrick P, Rivotto B, Hornburg KTV, Dumke
HJ, Chuma S, Savell A, Handisides DR, Kroll S,
Anderson KC, Richardson PG, Ghobrial IM (2019)
A phase I/II study of evofosfamide, a hypoxia-
activated prodrug with or without bortezomib in
subjects with relapsed/refractory multiple myeloma.
Clin Cancer Res 25:478-486

Lee JH, Lee JE, Kahng JY, Kim SH, Park JS, Yoon
SJ, Um JY, Kim WK, Lee JK, Park J, Kim EH, Lee
JH, Ching WS, Ju YS, Park SH, Chang JH, Kang
SG, Lee JH (2018) Human glioblastoma arises from
subventricular zone cells with low-level driver muta-
tions. Nature 560:243-247

Lewis DM, Park KM, Tang V, Yu Y, Pak K, Eisnger-
Mathason TS, Simon MC, Gerecht S (2016)
Intratumoral oxygen gradients mediate sarcoma cell
invasion. Proc Natl Acad Sci USA 113:9292-9297

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Lewis DM, Pruitt H, Jain N, Ciccaglione M,
McCaffery JM, Xia Z, Weber K, Eisinger-Mathason
TSK, Gerecht S (2019) A feedback loop between
hypoxia and matrix stress relaxation increases
oxygen-axis migration and metastasis. Cancer Res
79:1981-1995

LiZ,Bao S, Wu Q, Wang H, Eyler C, Sathornsumetee
S, Shi Q, CaoY, Lathia J, McLendon RE, Hjelmeland
AB, Rich JN (2009) Hypoxia-inducible factors
regulate tumorigenic capacity of glioma stem cells.
Cancer Cell 15:501-513

Li L, Li JCV, Yang H, Zhang X, Liu LL, Li Y, Zeng
TT, Zhu YH, Li XD, Li Y, Xie D, Fu L, Fuan XY
(2019) Expansion of cancer stem cell pool initiates
lung cancer recurrence before angiogenesis. Proc
Natl Acad Sci USA 115:E8948-E8957

Lin CH, Kaushansky K, Zhan H (2016) JAK2V617F-
mutant vascular niche contributes to JAK2V617F
clonal expansion in myeloproliferative neoplasms.
Blood Cells Mol Dis 62:42-48

Lin CH, Zhang Y, Kaushansky K, Zhan H (2018)
JAK2V617F-bearing vascular niche enhances malig-
nant hematopoietic regeneration following radiation
injury. Haematologica 103:1160-1168

Liu XM, Zhang QP, Mu YG, Zhang XH, Sai K, Pang
JC, Ng HK, Chen ZP (2011) Clinical significance of
vasculogenic mimicry in human gliomas. J Neuro-
Oncol 105:173-179

Liu Q, Huang X, Zhang H, Tian X, He L, Yang R,
Yan Y, Wang QD, Gillich A, Zhou B (2015) c-kit+
cells adopt vascular endothelial but not epithelial
cell fates during lung maintenance and repair. Nat
Med 21:866-868

Liu M, Zhang L, Marsboom G, Jambusaria A, Xiong
S, Toth PT, Benevolenskaya EV, Rehman J, Malik
AB (2019a) Sox17 is required for endothelial regen-
eration following inflammation-induced vascular
injury. Nat Commun 10:2126

Liu XM, LI F, Yang YT, Xu XD, Chen JS, Chen TL,
Chen HJ, Zhu YB, Lin JY, Li Y, Xie XM, Sun XL,
Ke YQ (2019b) IGFB2 promotes vasculogenic mim-
icry formation via regulating CD144 and MMP2
expression in glioma. Oncogene 38:1815-1831
Lombardi G, De Salvo GL, Brandes AA, Eoli
M, Ruda R, Faedi M, Lolli I, Pace A, Daniele B,
Pasqualetti F, Rizzato S, Bellu L, Pambuku A, Farina
M, Magui G, Indraccolo S, Gardiman MP, Soffietti
R, Zanogel V (2019) Regorafenib compared with
lomustine in patients with relapsed glioblastoma
(REGOMA): a multicentre, open-label, randomised,
controlled, phase 2 trial. Lancet Oncol 20:110-119
Lukowski SW, Patel J, Andersen SB, Sim SL, Wong
HY, Tay J, Winkler I, Powell JE, Khosrotehrani K
(2019) Single-cell transcriptional profiling of aortic
endothelium identifies a hierarchy from endovas-
cular progenitors to differentiated cells. Cell Rep
27:2748-2758

McClelland MR, Carkskadon SL, Zhao L, White
ES, Beer DG, Orringer MB, Pickens A, Chang AC,



7 Endothelial Progenitors in the Tumor Microenvironment

m

106.

107.

108.

109.

110.

111.

112.

113.

114.

Arenberg DA (2007) Diversity of the angiogenic
phenotype in non-small cell lung cancer. Am J
Respir Cell Mol Biol 36:343-350

Majzner RG, Theruvath JL, Nellan A, Heitzeneder
S, Cui Y, Mount CW, Rietberg SP, Linde MH, Xu
P, Rota C, Sotillo E, Labanieh L, Lee DW, Orentas
RJ, Dimitrov DS, Zhu Z, Croix BS, Delaidelli A,
Sekunova A, Bonvini E, Mitra SS, Quezado MM,
Majeti R, Monje M, Sorensen PHB, Maris JM,
Mackall CL (2019) CAR T cell targeting B7-H3,
a pan-cancer antigen, demonstrate potent preclini-
cal activity against pediatric solid tumors and brain
tumors. Clin Cancer Res 25:2560-2574

Marcu R, Choi YJ, Xue J, Fortin CL, Wang Y, Nagao
RJ, Xu J, MacDonald JW, Bammler TK, Murry CE,
Muczynski K, Stevens KR, Himmelfarb J, Schwartz
SM, Zheng Y (2018) Human organ-specific endothe-
lial cell heterogeneity. iScience 4:20-235

Martin JD, Seano G, Jain RK (2019) Normalizing
function of tumor vessels: progress, opportunities,
and challenges. Annu Rev Physiol 81:505-531
Mastrella G, Hou M, Li M, Stoecklein VM, Volmain
NNM, Mileteic H, Reinhard S, Herold-Mende CC,
Kleber S, Eisoenhut K, Gargiulo G, Symowitz M,
Vescovi AL, Horelr PN, Pennonga JM, Wagner
E, Mittebron M, Bjervig R, Hambadzumyan D,
Schuller U, Tonn JC, Modke J, Glon R, Kalin RE
(2019) Targeting APLN/APLNR improves anti-
angiogenic efficiency and blunts proinvasive side
effects of VEGFA/VEGFR2-blockade in glioblas-
toma. Cancer Res 79:2298-2313

McDermott DF, Huseni MA, Atkins MB, Motzer
RJ, Rini BI, Escudier B, Fong L, Joseph RW, Pal
SK, Reeves JA, Sznol M, Hainswoth J, Rathmell
WK, Stadler WM, Hutsion T, Gore ME, Ravaud
A, Bracarda S, Suarez C, Danielli R, Gruenwald
V, Chouiri TK, Nickles D, Jhunjhunwala S, Piault-
Louis E, Thobhani A, Qiu J, Chen DS, Hedge PS,
Schiff C, Fine GD, Powles T (2018) Clinical activ-
ity and molecular correlates of response to atezoli-
zumab alone or in combination with bevacizumab
versus sunitinib in renal cell carcinoma. Nat Med
24:749-757

McDonald AI, Shirali AS, Aragon R, Ma F,
Hernandez G, Vaughn DA, Mack JJ, Lim TY,
Sunshine H, Zhao P, Kalinichenko V, Hai T,
Pellegrini M, Ardehali R, Iruela-Arispe ML (2018)
Endothelial regeneration of large vessels is a bipha-
sic process driven by local cells with distinct prolif-
erative capacities. Cell Stem Cell 23:210-225
Mead AJ, Mullally A (2017) Myeloproliferative neo-
plasm stem cells. Blood 129:1607-1616

Mei X, Chen YS, Chen FR, Xi SY, Chen ZP (2017)
Glioblastoma stem cell differentiation into endo-
thelial cells evidenced through live-cell imaging.
Neuro-Oncology 19:1109-1118

Mischinger J, Frohlich E, Mannweiter S, Meindl C,
Absenger-Novak M, Hutterer JC, Seles M, Augustin
H, Chromecki TF, Jesche-Chromercki J, Pummer K,

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Zigeuner R (2019) Prognostic value of B7-H3 and
the stage, size, grade and necrosis (SSIGN) score
in metastatic clear cell renal cell carcinoma. Cent
European J Urol 72:23-31

Moschetta M, Mishima Y, Kawano Y, Manier S,
Paiva B, Palomera L, Aliawai Y, Calcinotto A, Unitt
C, Sahin I, Sacco A, Glavey S, Shi J, Reagan MR,
Prosper F, Bellone M, Chesi M, Bergsagel LP, Vacca
A, Roccaro AM, Ghobrial IM (2016) Targeting
vasculogenesis to prevent progression in multiple
myeloma. Leukemia 30:1103—-1115

Naito H, Kidoya H, Sakimoto S, Wakabayashi T,
Takakura N (2012) Identification and character-
ization of a resident vascular stem/progenitor cell
population in preexisting blood vessels. EMBO J
31:842-855

Naito H, Wakabayashi T, Kidoya H, Muramatsu F,
Fakara K, Eino D, Yamane K, Iba T, Takakura N
(2016) Endothelial side population cells contribute
to tumor angiogenesis and antiangiogenic drug resis-
tance. Cancer Res 76:3200-3210

Ngalia J, Green AR (2017) Myeloproliferative
neoplasms: from origins to outcomes. Blood
130:2475-2483

Nguyen-Kim TD, Frauenfelder T, Strobel K, Veit-
Haibach P, Hueliner MW (2015) Assessment of
bronchial and pulmonary blood supply in non-small
cell lung cancer subtypes using computed tomogra-
phy perfusion. Investig Radiol 50:179-186
Nishimura R, Nishiwaki T, Kawasaki T, Sekine
A, Suda R, Urushibara T, Suzuki T, Takayanagi
S, Terada J, Sakao S, Tatsumi K (2015) Hypoxia-
induced proliferation of tissue-resident endothelial
progenitor cells in the lung. Am J Physiol Lung Cell
Mol Physiol 308: L746-L758

Obad N, Espedal H, Jirik R, Sakariassen PO, Brekke
Rygh C, Lund-Johansen M, Taxt T, Niclou SAP,
Bjervig R, Keunen O (2018) Lack of functional
normalization of tumour vessels following anti-
angiogenic therapy in glioblastoma. J Cerebr Blood
Flow Metab 38:1741-1753

Ohga N, Ishikawa S, Maishi N, Akiyama K, Hida
Y, Kawamoto T, Sadamoto Y, Osawa T, Yamamaoto
K, Kondoh M (2012) Heterogeneity of tumor endo-
thelial cells: comparison between tumor endothelial
cells isolated from high- and low-metastatic tumors.
Am J Pathol 180:1294-1307

Ohle SJ, Anandaiah A, Fabian AJ, Fine A, Kotton
DN (2012) Maintenance and repair of the lung
endothelium does not involve contributions from
marrow-derived endothelial precursor cells. Am J
Respir Cell Mol Biol 47:11-19

Ottesbach K (2019) Endothelial-to-haematopoietic
transition: an update on the process of making blood.
Biochem Soc Trans 47:2752-2760

Overman J, Fontaine F, Moustaqil M, Mittal D,
Sierecki E, Sacilotto N, Zuegg J, Robertson AA,
Holmes K, Salim AA, Mamidyala S, Butler MS,
Robinson AS, Lesieur E, Johnston W, Alexandrov K,
Black BL, Hogan BM, De Val S, Capon RJ, Carroll



112

U. Testa et al.

126.

127.

128.

129.

130.

131.

132.

133.

134.

JS, Bailey TL, Koopman P, Jauch SMJ, Cooper MA,
Gambin Y, Francois M (2017) Pharmacological
targeting of the transcription factor SOX18 delays
breast cancer in mice. elife 6:¢21221

Paez-Ribes M, Allen E, Hudock J, Takedaq T,
Okuyama H, Vinals F, Inoue M, Bergers G, Hanahan
D, Casanovas O (2009) Antiangiogenic therapy elic-
its malignant progression of tumors to increased
local invasion and distant metastasis. Cancer Cell
15:220-231

Palomero J, Vegliante MC, Rodriguez ML, Equileor
A, Castellano G, Planas-Rigol E, Jares P, Ribera-
Cortada I, Cide MC, Campo E, Amador V (2014)
SOXI11 promotes tumor angiogenesis through tran-
scriptional regulation of PDGFA in mantle cell lym-
phoma. Blood 124:2235-2247

Passalidou E, Trivella M, Singh N, Ferguson M, Hu
J, Cesario A, Granone P, Nicholson AG, Goldstraw
P, Ratcliffe C, Teflow M, Leigh I, Harris AL, Gatter
KC, Pezzella F (2002) Vascular phenotype in angio-
genic and non-angiogenic lung non-small cell carci-
nomas. Br J Cancer 88:244-249

Pastushenko I, Van den Eynden GG, Vicente-Arregui
S, Prieto-Torres L, Alvarez-Alegret R, Querol I,
Dirix LY, Carapeto FJ, Vermeulen PB, Van Laere SJ
(2016) Increased angiogenesis and lymphangiogen-
esis in metastatic sentinel lymph nodes is associated
with nonsentinel lymph node and distant metasta-
sis in patients with melanoma. Am J Dermapathol
38:338-346

Patel J, Seppanen EJ, Rodero MP, Wong HY, Donovan
P, Neufeld Z, Fisk NM, Francois M, Khosrotehrani
(2017a) Functional definition of progenitors versus
mature endothelial cells reveals key SoxF-dependent
differentiation process. Circulation 135:786-805
Patel SI, Sanjana NE, Kishton RI, Eidizadeh A,
Vodnala SK, Lee AH, Cam M, Gartner JJ, Jia
L, Steinberg SM, Yamamoto TN, Merchant AS,
Mehta GU, Chichura A, AShaslem O, Tran E, Eil
R, Sukumar M, Guijarro EP, Day CP, Robbins P,
Feldman S, Merlino G, Zhang F, Restifo NP (2017b)
Identification of essential genes for cancer immuno-
therapy. Nature 548:537-542

Pervoliotis K, Ntellas P, Dadouli K, Koutoukoglou
P, Ioannou M, Tepetes K (2017) Microvessel density
in patients with cutaneous melanoma: an up-to-date
systematic review and meta-analysis. J Skin Cancer
2017:2049140

Petrakis G, Veloza L, Clot G, Gine E, Gonzalez-
Farre B, Navarro A, Bea S, Martinez A, Lopez-
Guillermo A, Amador V, Ribera-Cortada I, Campo
E (2019) Increased tumor angiogenesis in SOX11-
positive mantle cell lymphoma. Histopathology in
Press 75(5):704-714

Pezzella F, Pastorino U, Tagliabue E, Andreola S,
Sozzi G, Gasparini G, Menard S, Gatter KC, Harris
AL, Fox S, Buyse M, Pilotti S, Pierotti M, Rilke
F (1997) Non-small-cell lung carcinoma tumor
growth without morphological evidence of neo-
angiogenesis. Am J Pathol 151:1417-1423

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Piaggio G, Rosti V, Corselli M, Bertolotti F,
Bergamaschi G, Pozzi S, Imperiale D, Chiavarina B,
Bonetti E, Novara F, Sessarego M, Villani L, Garuti
A, Massa M, Ghio R, Campanelli R, Bacigalupo A,
Pecci A, Viarengo G, Zuffardi O, Frassoni F, Barosi
G (2009) Endothelial colony-forming cells from
patients with chronic myeloproliferative disorders
lack the disease-specific molecular clonality marker.
Blood 114:3127-3130

Picarda E, Ohaegbulam KC, Zang X (2016)
Molecular pathways: targeting B7-H3 (CD276) for
human cancer immunotherapy. Cancer Res 22:1-7
Porcu E, Maule F, Boso D, Rampazzo E, Barbieri V,
Zuccolotto G, Rosato A, Frasson C, Viola G, Della
Puppa A, Basso G, Persano L (2018) BMP9 counter-
acts the tumorigenic and pro-angiogenic potential of
glioblastoma. Cell Death Differ 25:1808—1822

Pour L, Efebera Y, Granell M, Hajek R, Oriol
A, Delaunay J, Le Du K, Eveillard JM, Karlin L;
Maisnar V, Martinez-Lopez J, Mateos MV, Moreb
J, Ribrag V, Richardson PG, Straub J, Byrne C,
Jacques C, Zubair H, Oclo EM (2019) A phase 1 /
2 study of safety of safety and efficacy of melflufen
and dexamethasone in combination with either bort-
ezomib or daramutamamb in patients with RRMM;
first report on phase 1 data. AACR annual meeting,
Atlanta, 2019, abstract, CT0O80

Rajikumar SV, Mesa RA, Fonseca R, Schroeder
G, Plevak MF, Diuspenzieri A, Lacy MQ, Lust
JA, Witzig TE, Gertz MA, Kyle RA, Russell SJ,
Greipp PR (2002) Bone marrow angiogenesis in 400
patients with monoclonal gammopathy of undeter-
mined significance, multiple myeloma, and primary
amyloidosis. Clin Cancer Res 8:2210-2216
Reardon DA, Lassman AB, Schiff D, Yunns SA,
Gerstner ER, Choughesy TF, Lee EQ, Gaffey SC,
Barns J, Bruno J, Murikansky A, Duda DG, Jain RK,
When PY (2018) Phase 2 and biomarker study of
trebanabib, an angiopoietin-blocking peptidobody,
with and without bevacizumab for patients with
recurrent glioblastoma. Cancer 124:1438-1448
Ribatti D, Vacca A (2018) New insights in anti-
angiogenesis in multiple myeloma. Int J Mol Sci 19:
20131

Ribatti D, Annese T, Ruggieri S, Tamma R,
Crivellato E (2019) Limitations of anti-angiogenic
treatment of tumors. Trans Oncol 12:981-986
Ricci-Vitiani L, Pallini R, Biffoni M, Todaro M,
Invernici G, Cenci T, Maira G, Parati EA, Stassi G,
Larocca LM, De Maria R (2010) Tumour vascular-
ization via endothelial differentiation of glioblas-
toma stem-like cells. Nature 468:824—828
Richardson P, Ocio E, Oriol A, Larocca A, Rodriguez
Otero P, Moreb J, Bladé J, Hassoun H, Cavo M,
Alegre A, Mazumder A, Maisel C, Paner A, Gabrail
N, Zonder JA, Chauhan D, Harmenberg J, Thuresson
S, Zut A, Mateos MV (2019) OP-106 Horizon —
Melflufen therapy for RRMM patients refractory
to Daratumumab and /or pomalidomide; updated
results and first report on PFS. Blood 132:600



7 Endothelial Progenitors in the Tumor Microenvironment

113

145.

146.

147.

148.

149.

150.

151.

152.

Rini RI, Powles T, Atkins MB, Escudier B, DE MD,
Suarez C, Bracarda S, Stadier WM, Donskov E, Lee
JL, Hawkins R, Ravaud A, Aleskeev B, Staehler
M, uemura M, De Giorgi U, Mellado B, Porta C,
Melichar B, Gurney H, Bedke J, Choueri TK, Parnis
F, Khaznadar T, Thobhani A, LI S, Piault-Louis
E, FrantzG HM, Schiff C, Green MC, Motzer RJ,
IMmotion151 Study Group (2019) Atezolizumab
plus bevacizumab versus sunitinib in patients with
previously untreated metastatic renal cell carcinoma
(IMmotion 151): a multicenter, open-label, phase 3,
randomized controlled trial. Lancet 393:2404-2415
Rocha R, Torres A, Ojeda K, Uribe D, Rocha D,
Erices J, Niechi I, Ehrenfeld P, San Martin R,
Quezada C (2018) The adenosine A; receptor regu-
lates differentiation of glioblastoma stem-like cells
to endothelial cells under hypoxia. Int J Mol Sci
19:1228

Rosti V, Villani L, Riboni R, Poletto V, Bonetti
F, Tozzi L, Bergamaschi G, Catarsi P, Dallera E,
Novara F (2013) Spleen endothelial cells from
patients with myelofibrosis harbor the JAK2V617F
mutation. Blood 121:360-368

Saltarella I, Frassanito MA, Lamanuzzi A, Brevi
A, Leone P, Desantis V, Di Marzo L, Bellone M,
Derudas D, Ribatti D, Chiaramonte R, Palano MT,
Neri A, Mariggid MA, Fumarulo R, Dammacco
F, Recanelli V, Vacca A, Ria R (2019) Homotypic
and heterotypic activation of the Notch pathway in
multiple myeloma-enhanced angiogenesis: a novel
therapeutic target? Neoplasia 21:93-105

Sattiraju A, Mintz A (2019) Pericytes in glioblasto-
mas: multifaceted role within tumor microenviron-
ments and potential for therapeutic interventions.
Adv Exp Med Biol 1147: 65-91

Schmitt CE, Woolls MJ, Jin SW (2013) Mutant-
specific gene expression profiling identifies SRY-
related HMG box 11b (SOX11b) as a novel regulator
of vascular development in zebrafish. Mol Cells
35:166-172

Schneller D, Hofer-Warbinek R, Sturtzel C, Lipnik
K, Gencelli B, Seltenhammer M, Wen M, Testori J,
Bilban M, Borowski A, Windwarder M, Kapel SS,
Besemfelder E, Cejka P, Habertheuer A, Schlechta
B, Majdic O, Altmann F, Kocher A, Augustin HG,
Luttmann W, Hofer E (2019) Cytokine-like 1 is a
novel proangiogenic factor secreted by and mediat-
ing functions of endothelial progenitor cells. Circ
Res 124:243-255

Scholz A, Harter PN, Cremer S, Yalcin BH, Gurnik
S, Yamaii M, Di Tacchio M, Sommer K, Baumgarten
P, Bahr O, Steinbach JP, Trojan J, Glas M, Herlinger
U, Krex D, Meinhardt M, Weyerbrock A, Timmer M,
Goldbrunner R, Deckert M, Braun C, Schittenhelm
J, Frueh JT, Ulrich E, Mittelbronn M, Plate KH,
Reiss Y (2016) Endothelial cell-derived angiopoi-
etin-2 is a therapeutic target in treatment-naive and
bevacizumab-resistant glioblastoma. EMBO Mol
Med 8:39-57

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Seaman S, Stevens J, Yang MY, Logsdon D, Graff-
Cheny C, Croix B (2007) Genes that distinguish
physiological and pathological angiogenesis. Cancer
Cell 11:539-554

Seaman S, Zhu Z, Saha S, Zhang XM, Yang MY,
Hilton MB, Morris K, Szot C, Morris H, Swing
DA, Tessarollo L, Smith SW, Degrado S, Borkin
D, Jain N, Scheiermann J, Feng Y, Wang Y, Li J,
Welsch D, DeCrescenzo D, Chaudhary A, Zudaire
E, Klarmann KD, Keller JR, Dimitrov DS, Croix B
(2017) Eradication of tumors through simultaneous
ablation of CD276/B7-H3-positive tumor cells and
tumor vasculature. Cancer Cell 31:515.e8

Sekine A, Nishiwaki T, Nishimura R, Kawasaki
T, Urushibara T, Suda R, Suzuki T, Takayanagi S,
Terada J, Sakao S, Tada Y, Iwama A, Tatsumi K
(2016) Prominin-1/CD133 expression as potential
tissue-resident vascular endothelial progenitor cells
in the pulmonary circulation. Am J Physiol Lung
Cell Mol Biol Physiol 310:L1130-L1142

Singhal M, Liu X, Inverse D, Jiang K, Dai J, He
H, Bartels S, Li W, Pari AAA, Gengenbacher
N, Besemfelder E, Hui L, Augustin HG, Hu J
(2018) Endothelial cell fitness dictates the source
of regenerating liver vasculature. J Exp Med
215:2497-2508

Soda 'Y, Marumoto T, Friedmann-Morvinski D, Soda
M, Liu F, Michiue H, Pastorino S, Yang M, Hoffman
RM, Kesari S, Verma IM (2011) Transdifferentiation
of glioblastoma into vascular endothelial cells. Proc
Natl Acad Sci USA 108:4274-4280

Son YS, Kwon SM, Cho JY (2019) CD276 (B7-H3)
maintains proliferation and regulates differentiation
in angiogenic function in late endothelial progenitor
cells. Stem Cells 37:382-394

Souweidane MM, Kramer K, Pendit-Taskar N,
Zhou Z, Haque S, Zanzonico P, Carrasquillo JA,
Lyashchenko SK, Takur SB, Donzelli M, Turner RS,
Lewis JS, Cheung NV, Larson SM, Dunkel 1J (2018)
Convection-enhanced delivery for diffuse intrinsic
pontine glioma: a single-centre, dose-escalation,
phase 1 trial. Lancet Oncol 19:1040-1050

Sozer S, Fiel MI, Schiano T, Xu M, Mascarenhas J,
Hoffman R (2009a) The presence of JAK2V617F
mutation in the liver endothelial cells of patients
with Budd-Chiari syndrome. Blood 113:5246-5249
Sozer S, Ishii T, Fiel MI, Wang J, Wang X, Zhang
W, Godbold J, Xu M, Hoffman R (2009b) Human
CD34+ cells are capable of generating normal and
JAK2V617F positive endothelial like cells in vivo.
Blood Cells Mol Dis 43:304-312

Strese S, Wickstrom M, Fuchs PF, Fryknas M,
Gerwins P, Dale T, Larsson R, Guilbo J (2013)
The novel alkylating prodrug melflufen (J1) inhib-
its angiogenesis in vitro and in vivo. Biochem
Pharmacol 86:888-895

Streubel B, Chott A, Huber D, Exner M, Jager
U, Wagner O, Schwarzinger I (2004) Lymphoma-
specific genetic aberrations in microvascular



14

U. Testa et al.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

endothelial cells in B-cell lymphomas. N Engl J
Med 351:250-259

Sturtzel C, Lipnik K, Hofer-Warbinek R, Tsetori
J, Ebner B, Seigner J, Qiu P, Bilban M, Jandrositz
A, Preisegger KH, Untergasser G, Gunsilius E, de
Martin R, Kroll J, Hofer E (2018) FOXF1 mediates
endothelila progenitor functions and regulates vas-
cular sprouting. Front Bioeng Biotec 6:76

Su C, Zhao Y, Shi J, Zhang J, Yuan Y, Gu Y, Zhang
F, Gao X, Wang C, Wang Y, Wang Z, Hu P, Qin J,
Xiao L, Chang T, Wang L, Xi Y, Yin H, Chen H,
Zhang L, Cheng G, Lin J, Zhang MM, Li Z, Ye J
(2019) Isocitrate dehydrogenase 1 mutation reduces
the pericyte coverage of microvessels in astrocytic
tumors. J Neuroncol 143: 187-196

Suzuki T, Tada Y, Nishimura R, Kawasaki T, Sekine
A, Urushibara T, Kato F, Kinoshita T, Ikari J, West
J, Tatsumi K (2016) Endothelial-to-mesenchymal
transition in lipopolysaccharide-induced acute lung
injury drives a progenitor cell-like phenotype. Am J
Physiol Lung Cell Mol Physiol 310:L1185-L1190
Tabouret E, Tchoghandjian A, Denicolai E, Delfino
C, Metellus P, Graillon T, Boucard C, Nanni I,
Padovani L, Ouafik L, Figarella-Branger D, Chinot
O (2015) Recurrence of glioblastoma after radio-
chemotherapy is associated with an angiogenic
switch to the CXCL12-CXCR4 pathway. Oncotarget
6:11664-11675

Teofili L, Martini M, Iachininoto MG, Capodimonti
S, Nuzzolo ER, Torti L, Cenci T, Larocca LM, Leone
G (2011) Endothelial progenitor cells are clonal and
exhibit the JAK2(V617F) mutation in a subset of
thrombotic patients with Ph-negative myeloprolif-
erative neoplasms. Blood 117:2700-2707

Testa U, Saulle E, Castelli G, Pelosi E (2016)
Endothelial progenitor cells in hematologic malig-
nancies. Stem Cell Invest 3:26

Tian L, Goldstein A, Wang H, Ching Lo H, Sun
Kim I, Welte T, Sheng K, Dobroiecki LE, Zhang X,
Putiuri N, Phung TL, Mani SA, Stossi F, Streekumar
A, Mancini MA, Decker WK, Zong C, Lewis MT,
Zhang KH (2017) Mutual regulation of tumor vessel
normalization and immunostimulatory reprogram-
ming. Nature 544:250-254

Tura O, Skinner EM, Barclay GR, Sannel K,
Gallagheer RC, Brittan M (2013) Late outgrowth
endothelial cells resemble mature endothelial cells
and are not derived from bone marrow. Stem Cells
31:338-348

Tzankov A, Heiss S, Ebner S, Sterlacci W, Schaefer
G, Augustin F, Fiegl M, Dirnhofer S (2007)
Angiogenesis in nodal B cell lymphomas: a high
throughput study. J Clin Pathol 60:476-482
Uribesalgo I, Hoffmann D, Zhang Y, Kavirayani A,
Lazovic J, Berta J, Navatchkova M, Pai TP, Wimmer
RA, Lazlo V, Schramek D, Karim R, Tortola L,
Deswal S, Haas L, Zuber J, Szucs M, Kuba K, Dome
B, Cao Y, Haubner BJ, Penninger JM (2019) Apelin
inhibition prevents resistance and metastasis associ-
ated with anti-angiogenic therapy. EMBO Mol Med
11:9266

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Vacca A, Ribatti D (2006) Bone marrow angiogen-
esis in multiple myeloma. Leukemia 20:193-199
Vacca A, Ria R, Semeraro F, Merchionne F, Coluccia
M, Boccarelli A, Scavelli C, Nico B, Gernone A,
Battelli F, Tabilio A, Guidolin D, Petrucci MT,
Ribatti D, Dammacco F (2003) Endothelial cells in
the bone marrow of patients with multiple myeloma.
Blood 102:3340-3348

Vainchenker W, Kralovics R (2017) Genetic basis
and molecular pathophysiology of classical myelo-
proliferative neoplesms. Blood 130:2475-2483
Vajkoczy P, Blum S, Lamparter M, Mailhammer R,
Erber R, Engelhardt B, Vestweber D, Hatzopoulos
AK (2003) Multistep nature of microvascular
recruitment of ex vivo-expanded embryonic endo-
thelial progenitor cells during tumor angiogenesis. J
Exp Med 197:1755-1765

Vessela P, Tonar Z, Salek D, Vokurka S, Trneny
M, Kodet R, Moulis M, Kasparova P, Vermerova
Z, Valenska Z, Strilesky J, Michal M, Boudova L
(2014) Microvessel density of mantle cell lym-
phoma. A retrospective study of its prognostic role
and the correlation with the Ki-67 and the mantle
cell lymphoma international prognostic index in 177
cases. Virchows Arch 465:587-597

Voutouri C, Kirkpatrick ND, Chung E, Mpekris F,
Baish JW, Munn LL, Fukumura D, Stylianopoulos
T, Jain RK (2019) Experimental and computational
analyses reveal dynamics of tumor vessel cooption
and optimal treatment strategies. Proc Natl Acad Sci
USA 116:2662-2671

Wakabayashi T, Naito H, Suehiro JI, Lin Y, Kawaji
H, Iba T, Kouno T, Ishikawa-Kato S, Furuno M,
Takara K, Maramatsu F, Weizhen J, Kidoya H,
Ishihara K, Hayashizaki Y, Nishida K, Yoder MC,
Takakura N (2018) CD157 marks tissue-resident
endothelial stem cells with homeostatic and regen-
erative properties. Cell Stem Cell 22:384-397
Wang R, Chadalavada K, Wishire J, Kowalik U,
Hovinga KEW, Geber A, Fligelman B, Leversha
M, Brennan C, Tabar V (2010) Glioblastoma stem-
like cells give rise to tumour endothelium. Nature
468:829-833

Wang P, Du H, Zhou CC, Song J, Liu X, Cao X,
MehtaJL, ShiY, Su DF, Miao CY (2014) Intracellular
NAMPT-NAD+-SIRT1 cascade improves post-
ischaemic vascular repair by modulating Notch sig-
naling in endothelial progenitors. Cardiovasc Res
104:477-488

Wang X, Guo G, Guan H, Yu'Y, Lu J, Yu T (2019)
Challenges and potential of PD-1/PD-L1 checkpoint
blockade immunotherapy for glioblastoma. J Expo
Clin Cancer Res 38:87

Weis SM, Cheresh DA (2011) Tumor angiogenesis:
molecular pathways and therapeutic targets. Nature
Med 17:1359-1369

Wilson KE, Bachawal SV, Abou-Elkacem L, Jensen
K, Machtaler S, Tian L, Willmann JK (2017)
Spectroscopic photoacoustic molecular imaging of
breast cancer using a B7-H3-targeted ICG contrast
agent. Theranotics 7:1463-1476



7 Endothelial Progenitors in the Tumor Microenvironment

115

186.

187.

188.

189.

190.

191.

192.

193.

Xian X, Sakurai T, Kamoyoshi A, Ichikawa-
Shindo Y, Tanaka M, Koyama T, Kawate H, Yang
L, Liu T, Imai A, Zhai L, Hirabayashi K, Dai K,
Tanimura K, Liu T, Cui N, Igarashi K, Yamauchi
A, Shindo T (2017) Vasoprotective activities of the
adrenomedullin-RAMP?2 system in endothelial cells.
Endocrinology 158:1359-1372

Xie M, Liu M, He CS (2012) SIRT1 regulates endo-
thelial Notch signaling in lung cancer. PLoS One
7:e45331

Xu'Y, Sun P, Wang JY, Li ZZ, Gao RL, Wang XZ,
Phillips WD, Liang SX (2019) Differentiation of
CD45-/CD31* lung side population cells into endo-
thelial and smooth muscle cells in vitro. Int J Mol
Med 43:1128-1138

Xue W, Du X, Wu H, Liu H, Xie T, Tong H, Chen X,
Guo Y, Zhang W (2017) Aberrant glioblastoma neo-
vascularization patterns and their correlation with
DCE-MRI-derived parameters following temozol-
amide and bevacizumab treatment. Sci Rep 7:13894
Yang SB, Gao KD, Jiang T, Cheng SJ, Li WB (2017)
Bevacizumab combined with chemotherapy for glio-
blastoma: a meta-analysis of randomized controlled
trials. Oncotarget 8:57337-57344

Yeh HS, Chen H, Manvak SJ, Swift RA, Campbell
RA, Wang C, Li M, Waterman G, Gordon MS, Ma
J, Bonavida B, Berenson JR (2006) Serum pleiotro-
phin levels are elevated in multiple myeloma patients
and correlate with disease status. Br J Haematol
133:5426-5529

Yuan X, Zhang J, Ao G, Quan C, Tian Y, Li H (2012)
Lung cancer perfusion: can we measure pulmo-
nary and bronchial circulation simultaneously? Eur
Radiol 22:1665-1671

Yurugi-Kobayashi T, Itoh H, Scroeder T, Nakano A,
Narazaki G, Kita F, Yanagi K, Hiraoka-Kanie M, Inoue
E, Ara T, Nagasawa T, Just U, Nakao K, Nishikawa
S, Yamashita JK (2006) Adrenomedullin/cyclic AMP
pathway induces Notch activation and differentiation
of arterial endothelial cells from vascular progenitors.
Arterioscler Thromb Vasc Biol 26:1977-1984

194.

195.

196.

197.

198.

199.

200.

201.

Zeng Q, Li S, Chepeha DB, Giordano TJ, Li J,
Zhang H, Polverini PJ, Nor J, Kitajewski J, Wang
CY (2005) Crosstalk between tumor and endothelial
cells promotes tumor angiogenesis by MAPK activa-
tion of Notch signaling. Cancer Cell 8:13-23

Zhan H, Lin CH, Segal Y, Kaushansky K (2018)
The JAK2V617F-bearing vascular niche promotes
clonal expansion in myeloproliferative neoplasms.
Leukemia 32:462—-469

Zhang H, Vakil V, Braunstein M, Smith EL, Maroney
J, Chen L, Dai K, Berenson JR, Hussain MM,
Klueppelberg U, Norin AJ, Akman HO, Oczelik T,
Batuman OA (2005) Circulating endothelial pro-
genitor cells in multiple myeloma: implications and
significance. Blood 105:3266-3294

Zhang X, Sullivan PS, Soslow RA, Waitz R, Reuter
VE, Wilton A, Thaler HT, Arul M, Slovin SF, Wei
J, Spriggs DR, Dupont J, Allkison JP (2010) Tumor
associated endothelial expression of B7-H3 pre-
dicts survival in ovarian carcinomas. Mod Pathol
23:1104-1112

Zhao O, Gomez GA, Zhao Y, Yang Y, Cao D, Lu J,
Yang H, Lin S (2018) ETV2 mediates endothelial
transdifferentiation of glioblastoma. Sign Trans
Target Ther 3:4

Zhou W, Chen C, Shi'Y, Wu Q, Gimple RC, Fang X,
Huang Z, Zhai K, Ke SQ, Ping YF, Feng H, Rich JN,
YU JS, Bao S, Bian XW (2017) Targeting glioma
stem cell-derived pericytes disrupts the blood-tumor
barrier and improves chemotherapeutic efficacy.
Cell Stem Cell 21:591-603

Zhou 'Y, Zhao M, Du Y, Liu Y, Zhao G, Ye L, Li Q,
Li H, Wang X, Liu X, Guo'Y, Liu J, Huang Y (2019)
MicroRNA-195 suppresses the progression of lung
adenocarcinoma by directly targeting apelin. Torac
Cancer 10:1419-1430

Zuazo-Gatzelu I, Casanovas O (2018) Unraveling
the role of angiogenesis in cancer ecosystems. Front
Oncol 8:248



®

Check for
updates

Chimeric Antigen Receptors
for the Tumour Microenvironment

Rosemary Habib, Adnan Nagrial,

Kenneth Micklethwaite,

and Kavitha Gowrishankar

Abstract

Chimeric antigen receptor T (CAR-T) cell
therapy has dramatically revolutionised can-
cer treatment. The FDA approval of two
CAR-T cell products for otherwise incurable
refractory B-cell acute lymphoblastic leukae-
mia (B-ALL) and aggressive B-cell non-
Hodgkin lymphoma has established this
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treatment as an effective immunotherapy
option. The race for extending CAR-T therapy
for various tumours is well and truly under-
way. However, response rates in solid organ
cancers have been inadequate thus far, partly
due to challenges posed by the tumour micro-
environment (TME). The TME is a complex
structure whose role is to subserve the persis-
tence and proliferation of tumours as well as
support their escape from immune surveil-
lance. It presents several obstacles like inhibi-
tory immune checkpoint proteins,
immunosuppressive cells, cytokines, chemo-
kines, stromal factors and adverse metabolic
pathways. CAR structure and CAR-T thera-
pies have evolved to overcome these obsta-
cles, and we now have several novel CARs
with improved anti-tumour activity demon-
strated in xenograft models and in some clini-
cal trials. This chapter provides a discussion
of the evolution of CAR-T therapies to enable
targeting specific aspects of the TME.

Keywords
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8.1 Introduction

Advances in synthetic immunology and genetic
engineering have resulted in the evolution of
immunotherapy. The advent of chimeric antigen
receptor (CAR) expressing T cells to treat hae-
matological malignancies has introduced the
term “cell therapy” into the vernacular. While
other forms of immunotherapy, which can include
immunomodulatory drugs, cytokines, cancer
vaccines, check point inhibitors and oncolytic
viruses, have all played crucial roles in treatment,
it is cell therapy with genetically modified T cells
that has dramatically altered the way we design
treatment.

While checkpoint inhibition with anti CTLA-4
and anti-PD1 inhibitors brought immunotherapy
to the forefront during the first half of this decade,
adoptive cell therapy (ACT) has dramatically
revolutionised cancer treatment in the latter half
of the decade. Cell therapy has surpassed all
other forms of immunotherapy, with a 113%
growth in the number of active agents being tri-
alled between September 2017 and September
2018 [140]. ACT is the production and expansion
of tumour-specific T cells ex vivo that are then
infused into the patient. ACT is broadly divided
into three types of therapy which include tumour
infiltrating lymphocyte (TIL) therapy, transgenic
T-cell receptor (TCR) therapy and chimeric anti-
gen receptor (CAR) therapy.

TIL therapy involves isolating lymphocytes
from within tumours, culturing them in the labo-
ratory, expanding them and reinfusing them back
into patients. Transgenic TCRs are created by
genetically engineering T cells to express a T-cell
receptor specific for a single peptide (specific to
either tumour antigen or viral peptide). CAR is a
completely synthetic fusion protein, generated by
the combination of an extracellular domain

against a tumour antigen (typically from an anti-
body molecule) and intracellular domains taken
from signalling components of the T-cell receptor
complex. CAR-expressing T cells are generated
or manufactured in the laboratory and can be
infused into patients as “living drugs”.

CAR-T therapy has excited clinicians and
patients alike with tremendous responses, espe-
cially for haematological malignancies, with
CAR-T cell products (Kymriah™ and Yescarta™)
targeting the protein CD19, being approved for
clinical use for acute B-cell lymphoblastic leu-
kaemia (B-ALL) and diffuse large B-cell lym-
phoma (DLBCL) [24, 72, 84, 85, 95, 116]. At the
time of writing this chapter, there were 402
CAR-T cell clinical studies that were actively
recruiting worldwide (clinicaltrials.gov), reflect-
ing the promise that this technology holds.
However, CAR-T cells are not the panacea that
are successful for all malignancies. For solid
tumour malignancies, several factors including
tumour intrinsic factors and heterogeneity and
more importantly the hostile tumour microenvi-
ronment (TME) act as significant hurdles.

At a glance
Chimeric Antigen receptor- CAR

A synthetic fusion protein usually
consisting of a part of an antibody
(Ab) targeting a tumour antigen and a
part of a T-cell receptor responsible
for intracellular signalling.

CAR-T cell

A T-cell genetically engineered to
express a Chimeric Antigen Receptor.

TME

Tumour microenvironment that
consists of the tumour cells,
suppressive  surrounding immune

cells, secretory molecules including
cytokines, chemokines, the stroma
and vasculature than encase the
tumour.

The role of the immune system in imparting a
pro-tumour effect was first recognised in 1972.
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Accelerated growth of sarcoma tumours was
observed in mice which were inoculated with
spleen cells compared with the sarcoma tumours
in immunosuppressed mice [114]. The TME pro-
vides a supportive cellular and stromal environ-
ment which enables tumour cells to persist,
proliferate and evade the immune system [37,
48]. However, the TME in parallel can hamper
effective treatment responses against the tumour,
due to physical stromal and metabolic barriers,
immunosuppressive cells and a suppressive cyto-
kine milieu, which are not conducive for effective
immune responses [34, 82]. In addition, upregu-
lation of checkpoint receptors and their ligands is
frequently observed [90, 107]. These factors can
impede the actions of therapeutic agents, includ-
ing infused CAR-T cells. Some of the important
components of the TME include cytokines such
as TGF-f, IL-10 and IL-6, negative regulatory
inhibitory receptors (including CTLA4, PDI,
TIM3 and LAG-3) and ligands (PD-L1, Galectin
9) and immunosuppressive cells (such as
myeloid-derived suppressor cells (MDSCs),
tumour-associated macrophages (TAMs), T regu-
latory cells (T Regs) and neutrophils) [107].
Strategies for optimising CAR-T cell therapy
need to take these factors into account to enable
efficient homing of the CARs to the tumour, fol-
lowed by effective clearance of the tumours while
overcoming these hurdles.

The reader is directed to other chapters within
this textbook for a detailed description of each
component of the TME. This chapter will address
the important question — how can we extend the
benefits of CAR-T therapy to overcome the hos-
tile TME? The CD19 CAR paradigm has taught
us that infusing effector cells capable of long-
term memory and persistence would be required
for a sustained response [131]. The primary goal
is thus to manufacture and expand CAR-T cells
in optimal conditions to result in pure popula-
tions of effector cells, devoid of exhausted phe-
notypes. However, there are several additional
factors which require to be considered while
designing CARs for solid tumour malignancies.
This chapter will focus on the basics of CAR
structure and the evolution of CAR designs to
enable targeting specific aspects of the TME.

8.2  Chimeric Antigen Receptors

(CARs)

A CAR or chimeric antigen receptor is a syn-
thetic fusion protein, comprised of domains taken
from various diverse proteins, to make a func-
tional novel chimeric protein or chimeric antigen
receptor (CAR). Typically, single chain (heavy
and light) variable regions from an antibody (i.e.
specific for an antigen) are fused with the C acti-
vation domain from the CD3 molecule (Fig. 8.1).
When the DNA encoding the CAR is expressed
in T cells, it results in the formation of CAR-
expressing T cells or CAR-T cells. These cells
can then be infused into the patients as therapeu-
tic drugs.

A native T-cell receptor (TCR) requires the o
and f subunits to interact with the intracellular
CD3C (zeta) chain for functional activity. It rec-

ognises a given antigen presented by an
MAb
VH CAR
VL \CH,- S ScFv
CH2
CH3
co-stim
CD3-L

Fig. 8.1 Chimeric antigen receptor (CAR). Variable
regions from the heavy (VH) and light chain (VL) from a
monoclonal antibody (MADb) are fused to the { domain
from the CD3 molecule (that makes up the T-cell receptor
(TCR) complex) to result in a chimeric protein. This illus-
tration incorporates an additional costimulatory domain
from another protein (either CD28 or CD137) and a trans-
membrane region connecting the scFv to the signalling
domain to depict a typical chimeric antigen receptor
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antigen-presenting cell on a HLA molecule
[106]. For an effective immune response, the
T-cell receptor engages costimulatory proteins
like those belonging to the immunoglobulin
superfamily of which CD28 is the most common
or of the TNF receptor family such as CD137
(4-1BB) or OX40. Through the collaborative
action of these proteins, a T-cell response is sub-
sequently generated.

CAR-T cell therapy is unique as it functions in
a HLA-independent manner because the extra-
cellular region (single chain variable, scFv) can
bind to a tumour-specific antigen (TAA) [125]
and directly activate the downstream intracellular
signalling domains.

8.2.1 Evolution of CARs
Irving and Weiss demonstrated the significance
of the  chain in translating ligand binding to sig-
nal transduction and resultant downstream
effects, a mechanism that was demonstrated in
the absence of the other CD3 linked chains vy, &
and ¢ [50]. It was Eshhar who first designed a
CAR in 1990, now recognised as the first-
generation CAR [29]. The chimeric T-cell recep-
tor was named “T body” and comprised an
extracellular single chain variable (scFv) anti-
body against hapten initially combined with the
CD3 € chain. They demonstrated that attaching
the heavy and light chains (VH and VL, respec-
tively) of antibodies to signalling regions of the
T-cell receptor complex maintained the func-
tional activity of T cells. This allowed for HLA-
independent antibody specificity and resulted in
the effective transmission of a signal that medi-
ated the cytotoxic action of the T cells [36]. This
fusion protein was able to secrete IL-2 in response
to the soluble antigen (TNP-BSA) [29]. First-
generation CAR-T cells carrying a single signal-
ling domain demonstrated antiviral effects in a
randomised phase II trial in HIV but did not
result in a cure [26].

The importance of costimulation for T-cell
function was recognised, and incorporating a
CD28 domain resulted in a second-generation

CAR construct [2, 126]. Thus, a second-
generation CAR-T cell has three key components
to the synthetic receptor, the scFv region (com-
prised of VH and VL of an immunoglobulin) that
primarily aids in the recognition of a cell surface-
expressed antigen, a costimulatory domain
(CD28, 4-1BB, DAP10, OX40 or ICOS) and the
CD3 € chain [126].

The successful CARs against CD19 that have
been approved by the FDA for clinical use
(Kymriah™ and Yescarta™) are second-
generation CARs. In a meta-analysis of phase I
clinical trials comparing the efficacy of second-
generation CD19 CAR-T cells for the treatment
of B-cell malignancies [162], it was noted that
the persistence of CAR-T cells with the 4-1BB
costimulatory domain (19-BBz) was longer
(6 months) than that of the CAR-T cells with the
CD28 (19-28z) costimulatory construct (typi-
cally 1-4 months), despite comparable efficacy
with evidence of complete remission in patients
with ALL when using either treatment [162]. A
study of the kinetics and persistence of these two
different generation CAR-T constructs confirmed
that 19-28z CAR-T cells display explosive activ-
ity early with rapid tumour killing compared with
19-BBz CARs. While not as potent as 19-28z,
19-BBz persisted for longer and could therefore
result in equivalent tumour elimination over time
[166]. The median in vivo persistence of a 19-28z
CAR is 30 days, while it is 168 days for the
19-41BBz with the latter displaying a broad
range of persistence times ranging from 20 to
617 days [85, 109, 131].

To take advantage of the qualities of both
costimulatory domains, third-generation CARs
were generated with the aim of combining the
early cytotoxicity of 19-28z cells and the durabil-
ity of 19-BBz cells for optimal anti-tumour activ-
ity. Third-generation CARs are composed of two
costimulatory molecules, typically CD28 and
4-1BB, connecting the scFv portion to the CD3 {
intracellularly (19-28BBz) [167]. Several differ-
ent third-generation constructs targeting various
tumour antigens were tested in preclinical and
clinical studies in both haematological and solid
organ malignancies; however, they failed to dem-
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Fig. 8.2 Evolution of CARs. First, second, third and
fourth generation of chimeric antigen receptors. The
heavy and light chain variable regions (scFv) of an anti-
body making up the extracellular region of receptor are
linked to the activation { domain from CD3 to generate a
first-generation CAR. A prototype was originally
described as the “T-body”. Incorporation of additional
costimulatory domains such as CD28 or CD137(4-1BB)

onstrate superior effectiveness [44, 58, 141].
Kinetic studies demonstrated an initial rapid
anti-tumour response of 19-28BBz; however,
overall efficacy was low due to poor persistence
([166]; Fig. 8.2). Hence, most of the CARs cur-
rently being designed and trialled are of the
second-generation type with a single costimula-
tory domain.

8.2.2 Armoured CARs

With the challenges posed by solid tumour malig-
nancies, it was imperative to develop multifunc-
tional CARs. In addition to being cytotoxic,
fourth-generation CARs, e.g. armoured CARs
(some are also referred to as TRUCKs — for T
cells redirected for universal cytokine-mediated
killing), with additional capacity to secrete cyto-
kines (IL-12 or IL-18) were developed ([18, 66,
156]; (Fig. 8.2). IL-12 and IL-18 are key anti-
tumour cytokines that have pleiotropic effects.
IL-18 enabled CARs to undergo improved expan-
sion and persistence in vivo which resulted in
enhanced anti-tumour activity [3].

IL-12 is crucial for the clonal expansion and
cytolytic function of CD8+ T cells. However,

L]
. . ® Cytokines
® ¥ @ chemokines

3rd Generation 4th A?;r;er::on .
W s NG o
%&é&gﬂ&&é&é é:féé;%éé %%&&é béd
Co-stim1 Co-stim [[l
UU Co-stim2 cD3¢
cD3g

or OX-40 along with the CD3( results in a second-
generation CAR. Third-generation CARS can include sev-
eral costimulatory domains linking the extracellular
portion of the CAR to CD3(. Fourth-generation CARs are
armoured with additional features — the ability to secrete
cytokines or chemokines or express additional functional
receptors (e.g. a neutralising antibody)

IL-12 can also be associated with severe toxicity
when administered systemically as monother-
apy. Earlier versions of these CARs were
designed to allow for regulated IL-12 secretion
under the control of the activation inducible
NFAT (nuclear factor of the activated T cell)
response element [19]. Other studies also showed
that CAR-T cells secreting IL-12 demonstrated
enhanced cytotoxic activity against MUC-16
antigen in ovarian carcinoma preclinical mouse
models [67, 157]. IL-12 can modulate the TME,
by increasing the total endogenous CD8+ cells,
polarising macrophages towards a pro-inflam-
matory M1 phenotype, reprogramming MDSCs
and augmenting mature dendritic cell differenti-
ation and activation [3, 156, 157]. IL-12-
secreting CARs targeting the vascular endothelial
factor receptor have also shown superior anti-
tumour activity [17].

IL-7 is another important cytokine that is
known to play a significant role in the establish-
ment of central memory subset of T cells. CAR-T
cells that have the capacity to secrete IL-7 in
combination with a chemokine CCLI9 acted
like cellular vectors to recruit regulatory mole-
cules to the microenvironment, resulting in
increased recruitment of dendritic cells and T
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cells, and showed superior activity and tumour
clearance of several cancer cell lines in murine
studies [1].

Armoured CAR-T cells have entered phase I
and II clinical trials, which are currently under-
way targeting GD2 in neuroblastoma
(NCT02992210), Nectin-4/FA in nectin-4 posi-
tive solid organ cancers (NCT03932565),
PSMA in  urothelial bladder cancer
(NCTO03185468) and folate receptor-a also in
urothelial cancers (NCT03185468). Armoured
CARs also have the potential to reduce manu-
facturing and treatment costs allowing for a
broader and extended application of CAR-T
therapy in solid organ cancers.

IMMUNOSUPPRESSION

Fig. 8.3 The tumour microenvironment.
Immunosuppressive environment is created by the
monocyte-derived suppressor cells (MDSC), tumour-
associated macrophages (TAM) and T-regulator cells
(Treg). The schematic indicates some of the cytokines and
chemokines seen surrounding the tumour mass, secreted
either by the tumour cells or the suppressive cells. In addi-
tion, the tumour cells express a variety of inhibitory recep-

INFILTRATION

8.3 The Tumour
Microenvironment Poses

Significant Barriers

The barriers of the hostile TME that must be
overcome by CAR-T cell therapies are threefold:
firstly, trafficking barriers posed by a dysregu-
lated chemokine and chemokine receptor axis
and physical barriers posed by the stroma and the
tumour vasculature; secondly, the challenges cre-
ated by the immunosuppressive cells and their
cytokines and inhibitory checkpoints; and thirdly,
the hypoxic nature and nutrient deficiency of the
TME (Fig. 8.3). The latter two are directly
responsible for the limited survival and cytotoxic
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tors and ligands (e.g. PD-1, Tim3, PD-L1, Galectin9).
Trafficking barriers are generated by dysregulated chemo-
kine gradients, while the stromal fibroblasts and endothe-
lium with associated proteins (e.g. enhanced vascular
endothelial growth factor (VEGF) and its receptor,
fibroblast-associated protein FAP, heparan sulphate pro-
teoglycans) pose significant hurdles for effective T-cell
infiltration
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actions of CAR-T cells, while the former prevents
access of T cells to the tumour. Several novel
next-generation CARs have been designed and
tested to overcome these barriers and are dis-
cussed below. These various designs are brought
together and displayed in a hypothetical CAR-T
cell schematic that is given in Fig. 8.4.
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Fig. 8.4 Schematic of CAR-T cell with features to
overcome TME barriers. Illustration of some of the
additional features added to conventional CAR-T cells to
increase functionality, as discussed in the text. A single
synthetic receptor with a scFv targeting a tumour-
associated antigen can be complimented by expressing
chemokine receptors like CC2b and CCR4 to overcome
the chemokine gradient and help in the trafficking of T
cells into the microenvironment. Other armoured CARs
can have the ability to secrete various cytokines and che-
mokines like IL-12, IL-7, CCLI19 or inhibitors to
IDO. Forced expression of additional CARs and proteins
like heparanase and catalase can help overcome stromal
and metabolic barriers. Antibodies against checkpoint
inhibitors and their ligands such as anti-PD1/PD-L1 anti-
body expressed on the surface of the CAR-T cells have
been effective in overcoming the inhibitory effects, while
dominant negative receptors (dnTGF-pR) can titrate out
the suppressive cytokines like TGF-p. Novel switch recep-
tors designed to express a fusion protein of extracellular
regions of IL-4 or PD-1 with intracellular signalling
domains from IL-7 or CD28 that have shown tremendous
promise in preclinical studies are also indicated

8.3.1 Trafficking Barriers and CARs
Expressing Chemokine/

Chemokine Receptors

Chemokines are a family of small signalling pro-
teins and play crucial roles in migration of cells
during embryogenesis, in directing immune cells
(adaptive and innate) during tissue injury and
inflammation to assist with wound healing and in
promoting or inhibiting angiogenesis [5].
Howeyver, cancer cells secrete chemokines in an
aberrant manner which helps promote tumour
proliferation and metastasis as part of the hall-
mark inflammatory process of cancer [38]. In
addition to upregulating key signalling pathways
like the MAPK (RAS-RAF) and pAKT pathways
as reported in melanoma and pancreatic cancer,
several cancer cells have a high degree of muta-
tions [83], e.g. VHL mutation in renal cell cancer
and TP53 mutation, while several others activate
oncogenes like MYC as seen in pancreatic cancer
[5]. These in turn can lead to increased or
decreased levels of chemokines being secreted
into the microenvironment, causing an alteration
in the gradient. This can directly impede CAR-T
cells that naturally do not have corresponding
receptors to enable migration towards the tumour
site. Alternatively, the chemokine environment
can attract immunosuppressive cells like the
tumour-associated macrophages (TAMs) which
in turn can often overwhelm effector T cells after
they have entered the tumour milieu [23].

Chemokine receptors control migration in
response to chemokine gradients (towards a high
concentration of the chemokine) (Fig. 8.5). The
chemokine receptor family is a large group of
G-protein-coupled receptors, located on all cell
types in the human body including immune, epi-
thelial and endothelial cells. There are more che-
mokine ligands than there are receptors, and their
interaction is tightly regulated to maintain
homeostasis. With the exception of CXCLI0,
most chemokines promote tumour progression,
angiogenesis and metastasis [39] and control the
movement of immune cells.
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Fig. 8.5 Chemokine gradients can act as trafficking
barriers. The recruitment of T cells to the tumour requires
a balanced chemokine milieu with the T cells expressing
the relevant receptors. The transmigration of T cells
enables the traversing of the endothelium to reach tumour
cells for a successful effector response, release of effector
cytokines and cytolytic granules resulting in tumour clear-
ance. In a dysregulated chemokine gradient, T cells lack
the corresponding receptors and are arrested. They fail to
adhere to the endothelium and migrate towards the tumour

Tumour cells can secrete CXCL1, CXCLS8
and CXCLI12. TAMs can release chemokines
including CCL1-3, CCL5 and CXCL1, CXCL10
and CXCL12 to facilitate abnormal neovasculari-
sation, stroma formation, tumour growth and
metastasis. Fibroblasts can secrete CXCLO6,
CXCL12, CXCL14, CCL2, CCLS5 and several
interleukins [56, 63, 98]. A positive association
between TAM levels and high CCL2 expression
was observed in breast cancer that predicted poor
survival in patients [146]. Using breast cancer
models, inhibition of CCL2 improved radiother-
apy responsiveness and reduced metastatic
spread [88]. In prostate cancer, CCL2 correlated
with multiple roles including growth promotion
and migration; however, anti-CCR2 monoclonal
antibody therapy was not effective in reducing
the rate of prostate cancer growth [88, 159].
However, using CAR-T cells to effectively over-
come the high levels of CCL2 was demonstrated
in models of neuroblastoma in CARs targeting
the antigen GD2. Introducing the chemokine
receptor, CCR2b, which can target the CCL-2
chemokine in the same CAR-T cells created dual
functional CAR-T cells which resulted in

cells. Moreover, the chemokines serve to attract other sup-
pressive immune cells like macrophages, T regulatory
cells and monocyte-derived suppressors which further
overwhelm the T cells. In addition, the hypoxic environ-
ment caused by the accumulation of tumour cells can
increase expression of some integrins on the endothelium
and on recruited cells, increasing interaction with VEGF,
leading to disruption of angiogenesis and inhibition of
apoptosis and causing further barriers to effector T-cell
function

increased trafficking and enhanced anti-tumour
activity in xenograft models of the disease [23].

Treatment of adult T-cell leukaemia was
attempted by targeting the chemokine receptor
CCR4 using a monoclonal antibody. A phase II
clinical trial demonstrated safety and clinical
efficacy in patients with ATL, with an objective
response rate of 50% including eight complete
responses [51]. Following this demonstration,
CARs expressing CCR4 were able to overcome
the suppressive activity of CCL17 and CCL22
and demonstrated potent antigen-dependent cyto-
toxicity in a murine xenograft model of T-cell
leukaemia, showing promise for clinical applica-
tion [112]. Forced expression of CCR4 on CAR-T
cells targeting CD30 in Hodgkin lymphoma also
resulted in increased trafficking to the tumour
sites and tumour clearance [28].

CXCR3 is one of the main chemokine recep-
tors that are expressed on TILs in melanoma,
colorectal cancer and breast cancer. It is crucial
for the transmigration of T cells across the vascu-
lar endothelium and into the tumour space which
can express high levels of CCR3. Strategies to
express CXCR3 will play important roles in
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influencing CAR-T cell transmigration into
tumours and anti-tumour activity. Preliminary
studies on CD8+ T cells expressing CXCR3 have
demonstrated improved survival and effector
function [45]. PD1 immunotherapy was shown to
increase IFN-y and CXCL10 at the tumour sites
which corresponded with increased cytotoxic
T-cell trafficking to melanoma metastatic sites
[111]. Recently CXCR2-expressing anti-avp6
integrin CAR-T cells were shown to migrate
more efficiently towards IL-8 containing micro-
environments and showed improved anti-tumour
activity in xenograft models of ovarian and pan-
creatic cancer [153]. Understanding the various
chemokines in the milieu will enable the designs
to express the corresponding receptors on the
CAR-T cells.

To add to the complexity, tumours can also
express their own chemokine receptors including
CCR1-4, CCR7, CCRY, CX3CR1 and CXCR4
that aid in their migration across the endothelium
to distant metastatic sites [115]. Allowing for
secretion of chemokines by T cells would enable
trafficking towards metastatic lesions. This was
demonstrated with the expression of CCL19 in
combination with cytokines which resulted in
improved immune cell infiltration and CAR-T
cell survival [1]. “Self-driving” CARs co-
expressing a chemokine or chemokine receptor,
in addition to the chimeric receptor targeting the
TAA, will be important to increase the homing
capacity and to overcome trafficking hurdles.

8.3.2 Vascular Barriers and CARs
to Overcome VEGF

Tumour angiogenesis can be highly disorganised
resulting in abnormal vascular networks,
increased interstitial fluid pressure, vascular
hyper-permeability and abnormal pericyte sup-
port [108]. A well-known feature of rapidly
dividing cancer cells is the presence of a central
necrotic core that results from fast-growing cells
exceeding their diffusion limit for oxygen [10].
Cells within this core have defective apoptosis
and are selected for through mutational pres-

sures, with p53 being the most commonly
observed mutation. Very few immune cells exist
within the core, with TIL numbers being the low-
est compared with other regions of the tumour.
The ensuing tissue hypoxia induced by tumour
growth leads to the formation of hypoxia-
inducible factor 1 (HIF-1) that can bind to the
promoter of the vascular endothelial growth fac-
tor (VEGF) gene to upregulate its transcription
[108].

VEGF is the main stimulator for tumour
angiogenesis and, along with VEGFR-2, is
upregulated in many cancers particularly meta-
static colorectal cancer. VEGF overexpression is
associated with poor prognosis in many cancers
including colorectal, gastric, pancreatic, breast,
hepatocellular and ovarian carcinoma. VEGF
induces an immunosuppressive microenviron-
ment by disrupting the maturation of dendritic
cells, upregulating Treg cells and downregulating
CD8+ T cells ([132]; Fig. 8.6). FasL is also
upregulated in response to VEGEF, leading to
CD8+ T-cell apoptosis while sparing Treg cells
[129]. Clinical responses to targeted anti-VEGF
antibodies have been observed in renal and
colorectal cancers, owing to improved anti-
tumour T-cell recruitment and efficacy [132].

Armoured CAR-T cells directed against
VEGFR-2 in combination with IL-12 secretion
altered the effect of MDSCs in the TME and
improved anti-tumour effects for five different
cancer types in murine models [17]. Promising
preclinical results were disappointing when
translated into a phase I/II study of “CAR-T Cell
Receptor Immunotherapy Targeting VEGFR?2 for
Patients with  Metastatic Cancer” (NCT
01218867). While this preliminary study failed to
demonstrate objective responses in 22 out of the
24 participants, targeting VEGF is still crucial if
effector T cells need to overcome the vasculature.
Recent reports described the importance of tar-
geting VEGFR3, and it is likely that further
CARs targeting the VEGF/VEGF receptor axis
will be developed.

Integrins are other proteins that are expressed
highly on tumour cells and endothelial cells of
the vasculature. CAR-T cells targeting integrin
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avp3 (echistatin-containing CARs) and avf6
have shown tremendous responses in preclinical
studies for ovarian, breast and pancreatic cancers
[32, 151, 153].

8.3.3 CARsto Help Traverse
the Stroma

The stroma creates a physical barrier that impedes
the penetration of CAR-T cells into solid organ
cancers. In many solid organ tumours including
breast, pancreas and gastric cancers, the stroma
can comprise >80% of the tumour mass. In such
tumours, normal cells are replaced by fibrous
material creating a desmoplastic stroma with
increased amounts of collagen, proteoglycans,
hyaluronic acid and chondroitin sulphate. The
main components of the stroma are mesenchymal
(including fibroblasts and myofibroblasts), endo-
thelial and inflammatory cells. Their combined
role is to lay the extracellular matrix (ECM), col-
lagen and the vascular network [121].

The degree of fibrosis caused by the abnormal
cytoarchitecture of a tumour stroma correlates

fibroblasts

Fig. 8.6 Factors influencing T-cell function and sur-
vival/death. The cells within the TME can secrete inhibi-
tory factors like transforming growth factor (TGFf) and
indoleamine 2,3-dioygenase (IDO) that impede T-cell
function. IDO helps in the conversion of tryptophan to
kyurenine and is a rate-limiting enzyme in tryptophan
catabolism. The depletion of tryptophan inhibits effector
T-cell proliferation. The stromal fibroblasts and heparan
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with poor prognosis [59]. Biologically, it is one
of the factors responsible for increased metastatic
potential of tumour cells. This is seen in pancre-
atic cancer, one of the deadliest cancers with a
5-year mortality of >95% in advanced stages,
where a high degree of stromal fibrosis is directly
attributed to invasion and metastases. Its histopa-
thology is characterised by changes in the ECM
leading to a highly desmoplastic stroma and loss
of the normal organisation of laminin and type IV
collagen. The high tensional force induced by its
stroma and the projection of laminin and colla-
gen contribute to the enhanced migratory and
metastatic capacity of the cancer cells [59]. This
is believed to prepare ‘“metastatic niches” or
landing sites for metastatic spread [69].
Fibroblasts are the predominant cells in the
stroma and are involved in crosstalk with other
cells. In cancer, fibroblasts are constitutively acti-
vated with resultant enhanced pro-tumour activity
[31, 60]. Fibroblasts existing within the tumour
stroma are known as cancer-associated fibro-
blasts (CAFs) (Fig. 8.6). CAFs originate from a
variety of cells, including endothelial cells and
bone marrow-derived precursor cells [60]. CAFs

- apoptosis

sulphate proteoglycan (HSPG) are strong barriers to T-cell
migration and limit access to the tumour cells. Vascular
endothelial factor can induce expression of the death
ligand FasL causing T-cell apoptosis in Fas receptor
expressing cells while sparing and recruiting inhibitory
Tregs. Nutrient deprivation and hypoxic conditions result
in reactive oxygen species and adenosine which can all be
detrimental to T-cell function and survival
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contribute to the ECM stiffness and lead to a
physical barrier to CAR-T cells attempting to
gain access to the tumour. In addition, they
enhance tumour angiogenesis, producing a pro-
tumour inflammatory environment (by increasing
IL-6 and Tregs), and induce chemotherapy resis-
tance. CAFs also release TGF-f to drive tumour
progression (via activation of SMAD complexes
or regulation of the MAP kinase and PI3K/Akt
pathways) [31].

CAFs are regarded as heterogeneous and
express a variety of cell surface proteins includ-
ing a-SMA, fibroblast activation protein (FAP),
FSP1, VIMENTIN and PDGFR «a and f [31].
Further, their phenotypes are altered depending
on their location within the TME [103]. For
instance, in mouse and human pancreatic ductal
adenocarcinoma, a-SMA high surface express-
ing CAFs reside close to tumour cells, while
those distant to the cells expressed low levels of
a-SMA and secreted IL-6, a pro-inflammatory
cytokine. Interestingly however, FAP and
PDGEFR surface expression remained unchanged
[103]. FAP is unique to CAFs; it is seen in >90%
of CAFs associated with epithelial carcinomas
and has a very low expression on normal fibro-
blasts. Thus, FAP represents an attractive target
for adoptive cell therapy.

Currently FAP and heparan sulphate proteo-
glycans are being targeted with CAR-T cells in
the hope to overcome the stromal barriers for
T-cell therapy. Targeting the stroma is in theory a
plausible idea as it is common to most solid organ
tumours, and downregulation of CAFs could
improve anti-tumour activity and assist in deliv-
ering CAR-T therapies to the TME. Early pre-
clinical studies with anti-FAP CAR-T cells in
2008 demonstrated efficacy in xenografts of lung,
pancreas and head and neck cancer in immuno-
deficient mice [105]. This was confirmed by
another independent study which also verified
anti-tumour activity of an anti-FAP CAR in pre-
clinical murine studies [144].

Other reports using second-generation anti-
FAP CD28/CD3{ CAR-T cells in mice with
malignant pleural mesothelioma (MPM) demon-
strated antigen-specific activity and resulted in

increased IFN-y secretion with a reduction in
tumour cell proliferation [130]. A phase I clinical
trial is currently underway to assess the safety
and feasibility of local administration of anti-
FAP CAR-T cells in patients with malignant
pleural mesothelioma, and results are currently
awaited (NCT01722149; clinicaltrials.gov). Yet
another phase I trial with local injection of a
fourth-generation CAR construct targeting both
FAP and Nectin-4 has recently commenced for
recruitment, for patients with Nectin4-positive
advanced solid organ tumours (NCT03932565).
Briefly, Nectin-4 is a TAA that is overexpressed
in certain types of breast, bladder, lung and pan-
creatic cancers and minimally detected on the
cell surface of healthy tissues [77]. In 2018, anti-
Nectin-4 monoclonal antibody (enfortumab
vedotin) received FDA breakthrough treatment
for bladder cancer.

Heparan sulphate proteoglycans (HSPGs)
are a type of glycosaminoglycan that also play
an important role in tumour growth. They bind
to fibroblast growth factor ligands and receptors
to enhance tumour growth. CAR-T cells can
lose their ability to breakdown HSPGs and to
generate effective responses against solid organ
cancers, a deficiency that was recognised for
CAR-T therapy developed for neuroblastoma.
To overcome this, heparanase (HSPE) was co-
expressed in CAR-T cells targeting GD2, which
resulted in significantly greater tissue penetra-
tion compared with CARs that lacked HSPE
(4.6% vs. 0.1%, respectively) and improved
their in vitro activity (66% vs. 13%, respec-
tively) and survival in xenograft models of neu-
roblastoma [11].

8.3.4 Cells and Cytokine Milieu
and CARs to Overcome
the Suppressive Factors

Several key immunosuppressive cells exist within
the TME which can overwhelm CAR-T cells pre-
venting their function and transmigration into the
tumour. They include T regulatory cells, MDSCs,
TAMs and tumour-associated neutrophils. These
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cells are responsible for the release of immuno-
suppressive factors, notably TGF-f, cyclooxy-
genase-2 (COX-2), indoleamine 2,3-dioxygenase
(IDO), VEGF, PDGF, IL-4 and IL-10 [94, 152,
168].

TGF-p has a pleiotropic effect that is predom-
inantly inhibitory to T cells and favours tumour
survival and growth. TGF-B acts through its
receptors TGF-PRI, TGF-PRII and TGF-pRIII
and activates transcription of several genes,
through signalling proteins Smad 3 and 4. Given
its widespread effects within the body, inhibiting
TGF-f could have devastating adverse effects
including autoimmune diseases and could dis-
rupt physiological angiogenesis and muscle
growth [160]. Therefore, controlled and targeted
inhibition of specific TGF-f or its receptors
could allow for improved T-cell activity while
minimising toxicity.

In 2018, preclinical efficacy of an anti-PSMA
CAR-T cell expressing a dominant negative
TGF-BRIII (dnTGF-pRIII-TA-Pbbz) in prostate
cancer murine models was demonstrated [65].
There was an increase in CAR-induced lysis of
the cell lines expressing both PSMA and TGF-3
through increased secretion of Th1 and Th2 cyto-
kines, enhancing T-cell persistence and long-
term proliferation. This lentiviral transduced
CAR-T cell has been translated into clinical trials
in men with refractory castrate-resistant prostate
cancer (NCT 03089203) [65, 96]. An abstract
presented at the American Society of Clinical
Oncology (ASCO) demonstrated safety in two of
the cohorts in this trial with the side effect being
cytokine release syndrome (release of IL.-6) that
was successfully managed with the administra-
tion of tocilizumab (an IL-6 receptor antibody)
[96]. Another phase I clinical trial of dnTGF-
PRI in EBV-related T-cell lymphoma is also
being trialled (NCT 01140373) [65].

High IL-4 levels in the TME lead to reduced
effector T-cell proliferation, promote stromal
fibrosis and support tumour growth. IL-4 was tar-
geted using a chimeric “switch receptor’” method
whereby the extracellular domain of the IL-4
receptor was fused to the stimulatory intracellu-
lar signalling domain of IL-7. Thus, binding of

IL-4 to the CAR-T cell leads to activation via the
IL-7 intracellular domain. Hence, instead of
inhibiting T-cell responses, IL-4 binding can now
enhance proliferation and function of the CARs.
The chimeric switch receptor CAR demonstrated
activity in an in vitro model of pancreatic ductal
adenocarcinoma [87]. Hence, while inhibiting
the suppressive cytokine milieu (e.g. IL-4, TGFp,
IDO) is crucial, designing alternate and combina-
torial strategies to mine the positive effects of
cytokines like IL-12 and IL-7 is equally
important.

A CAR which co-expressed an anti-GD2
receptor and a constitutively expressed cytokine
receptor (C7R) that triggered IL-7 signalling led
to enhanced anti-tumour activity and improved
T-cell proliferation and persistence in xenograft
models of neuroblastoma and glioblastoma [133].
In another example, in a xenograft model of neu-
roblastoma, an EBV-specific CAR construct co-
expressing IL-7Ra and anti-GD2 receptor
demonstrated improved CAR-T cell proliferation
and resistance to regulatory T cell-induced
immunosuppression with resultant improved
cytotoxic activity [113]. Direct secretion of
IL-7 in combination with CCL19 also showed
superior anti-tumour effects against several types
of solid tumour cells in murine models [1]. In this
case, an increase in infiltrating T cells and den-
dritic cells into the tumour was observed, sug-
gesting that CAR-T cells collaborated with the
endogenous immune cells to exert the anti-
tumour effects. It is known that IL-7 is likely to
aid in T-cell memory responses against tumour
cells.

Indoleamine-pyrrole 2,3-dioxygenase (IDO)
is an enzyme that catabolises tryptophan (that is
required for T cells) converting it into kynuren-
ine. It also increases Treg activity which in turn
suppresses anti-tumour function of CD4+ and
CD8+ T cells ([101]; Fig. 8.6). The idea of block-
ing IDO-induced MDSC function has gained
momentum in the treatment of solid organ malig-
nancies to overcome the immunosuppressive
tumour milieu. IDO inhibitors such as epacadostat
have shown some promise in phase I studies
either alone or in combination with PD1 inhibi-



8 Chimeric Antigen Receptors for the Tumour Microenvironment

129

tors. Pretreatment with fludarabine and mafos-
famide altered the levels of tryptophan and
downregulated Treg cells in xenograft models of
lymphoma expressing IDO, thus improving the
activity of CAR 19 cells suggesting a beneficial
role for targeting and reducing IDO. This paved
the way for generating armoured CARs that can
directly secrete IDO inhibitors [100].

8.3.5 Strategies for Checkpoint
Receptors

Inhibitory receptors and ligands within the TME
can dampen the anti-tumour immune response
[145]. The inhibitory proteins including the
checkpoint receptors (which include PD-1, Tim3,
Lag3, CTLA-4) are upregulated on both tumour
cells and on a variety of immune cells like Tregs,
MDSCs and immature dendritic cells. The inhibi-
tory ligands include PDL-1/PDL-2. Galectin9 are
also frequently known to be overexpressed on the
tumour cells. The ligands can bind to their corre-
sponding receptors on the T cells and inhibit
effector function [165]. Many of these ligands
signal through SHP-1 and SHP-2 (Src-homology
2 domain (SH2)-containing phosphatases 1 and
2) pathways to mediate their inhibitory effects
[78].

Indeed, several CAR-T cells including those
against CD19, HER2, mesothelin, CEA and GD2
have been reported to acquire an “exhausted”
phenotype by upregulating the receptors corre-
sponding to the checkpoint/inhibitory ligands [9,
55, 158]. Gene expression profiling comparing
the immune infiltrate of the TME in pre- and
post-CD19 CAR-T cell therapy of patients with
non-Hodgkin lymphoma enrolled in the multi-
centre ZUMA-1 clinical trial [97] showed a sig-
nificant upregulation of RANTES (CCLS),
CTLA-4, PD-1 and LAG-3 in post-treatment
biopsies [33]. This phenomenon of modulation or
immunoediting has also been demonstrated in
mesothelioma mouse models exposed to CAR-T
cell therapy [16, 89].

To overcome the negative effect of PD-1/
PDL-1 within the TME, various types of CAR-T

cells have been developed. Dominant negative
CARs against PD1 and SHP2 showed improved
activity in preclinical models [4, 13, 15]. Three
early-phase clinical trials of an anti-CD19 and
dnPD-1 CAR demonstrated improved persis-
tence and a clinically significant response in
patients with DLBCL with bulky tumours [15].
Dual anti-PDL-1 or dnPD1 CARs co-expressing
anti-mesothelin receptors demonstrated improved
cytotoxic activity in mouse models [16]. Similar
enhanced activity was demonstrated in a bi-
cistronic CAR which secreted an anti-PDL1 anti-
body to neutralise PDL-1 while also targeting
carbonic anhydrase IX (CAIX), significantly
reducing T-cell exhaustion, which subsequently
translated into a fivefold reduction in tumour cell
growth in a renal cell cancer mouse model [137].
Switch receptors have also been generated
against a truncated PD-1 extracellular domain
substituted with the activating intracellular
domain of CD28 to decrease CAR exhaustion
and enhance positive intracellular effector signal-
ling, resulting in anti-tumour activity in preclini-
cal models [76].

In a first proof of principle study, Rupp et al.
utilised CRISPR/Cas9 (clustered regularly
interspaced short palindromic repeats-mediated
gene editing tool) mediated gene editing to
knockdown PD-1 on CD19 CAR-T cells with
resultant improvement in CAR-T cell cytotoxic
activity against PDL-1 high tumours in mouse
models [124]. The reader is referred to other
reviews for an in-depth understanding of
CRISPR [52, 154]. CRISPR/Cas9-mediated
PD-1 knockdown also demonstrated signifi-
cantly improved function in xenograft models
with CAR-T cells targeting mesothelin [47,
118].

LAG 3 (lymphocyte activation gene 3, CD223)
functions synergistically with PD-1 to induce
anergy in activated T cells [164]. LAG-3 gene
knockdown wusing CRISPR/Cas9 produced
CAR-T cells with equal functional activity com-
pared with non-gene-edited CAR-T cells in
murine mouse models [164]. Dual blockade of
both checkpoints may enhance the therapeutic
activity of CAR-T cells.
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CTLA-4 (cytotoxic T lymphocyte antigen-4)
is constitutively expressed by Treg cells and pos-
sesses a high affinity for the ligands CD80/CD86
(B7-1 and B7-2) compared with CD28. While
CD28 is fundamentally expressed as a costimula-
tory molecule in T cells, CTLA-4 is upregulated
from intracellular compartments during an
immune response and competes with CD28 for
binding to CD80/CD86. The dampening of the
immune response mediated by CTLA-4 action
was what led to the original discovery of check-
point inhibition which served to keep the immune
response under check, preventing over-activation
and autoimmune reactions [150]. shRNA-
mediated downregulation of CTLA-4 in CD19
CARs in conjunction with CD80 costimulation
displayed significantly better in vitro expansion
and anti-tumour activity indicating the advan-
tages of targeting checkpoint molecules like
CTLA-4 [22].

T-cell immunoglobulin mucin-3 (TIM-3
orHAVCR?2) is also involved in immune toler-
ance and exhaustion of activated T cells, with the
ability to terminate Thl effector responses [40].
TIM-3 is thought to be responsible for the devel-
opment of resistance to anti-PD1 checkpoint
inhibitors [68]. It is induced in the TME of mouse
models of acute myeloid leukaemia (AML) after
prior CAR-T cell treatment [61]. Dual blockade
of TIM-3 and PD-1 improved the function of
TILs and could equally enhance anti-tumour
effects of CAR-T cells [127].

CD276 or B7-H3 is another checkpoint mole-
cule with high homology to PD-L1 and is
expressed highly on several cells within the TME
in addition to being expressed on tumour cells
(e.g. renal cell cancer, NSCLC, colorectal carci-
noma). Overexpression of B7-H3 is associated
with poor prognosis. A phase I study using a
monoclonal  antibody (enoblituzumab  or
MGA271; NCT01391143; clinicaltrials.org) in
advanced refractory solid organ cancers overex-
pressing B7-H3 provided promising results, and
recently, CARs targeting B7-H3 demonstrated
regression of tumours in preclinical studies of
paediatric sarcomas [81].

It is important to target one or several check-
point receptors and/or their cognate ligands to
overcome the suppressive barriers posed by them.
We already have promising results from various
CAR-T cells that have targeted PDI1/PD-L1
showing significant improvements in preclinical
models and in some clinical trials. The next few
years will no doubt explore the possibilities of
targeting several receptors using CARs and com-
paring them with the combination checkpoint
inhibitor therapy used in clinical practice [92,
155].

8.3.6 Manipulating the Metabolic
Barriers of the TME with CAR-T
Cells

In the early twentieth century, Otto Warburg
observed that cancer cells had increased rates of
glycolysis despite having oxygen levels that
could foster the oxidative phosphorylation path-
way, a concept which he termed the Warburg
effect [71]. The consumption of glucose could
result in an anaerobic microenvironment not con-
ducive for anti-tumour immune responses, pos-
ing significant metabolic hurdles. CAR-T cells
need to be empowered with additional features to
overcome the metabolic hurdles to result in an
effective clearance of the tumour cells.

8.3.6.1 Hypoxia, Acidosis and Nutrient
Deprivation

The hypoxia-inducible factor, HIF-1, not only
stimulates angiogenesis but also activates the
glycolytic pathway leading to the accumulation
of lactic acid and acidosis [71]. Acidosis sup-
presses immune effector functions and upregu-
lates Treg function, allowing for tumour
proliferation and metastasis. It promotes M2
polarisation (macrophage differentiation) and
MDSC generation, further impeding cytotoxic T
lymphocyte activity. Oxidative stress caused by
increased reactive oxygen species (ROS) places
additional metabolic stresses on effector T cells
trying to survive in the TME [71, 81].
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The hypoxic TME has been targeted in the
generation of “self-decision-making” CAR-T
cells with the addition of a HIF domain to the
antigen-specific CAR-T constructs [57]. HIF-
“decision-making” (or Smart T cells) is activated
only in a hypoxic microenvironment. The HIF-
CAR construct utilises the hypoxia signal in the
TME, resulting in target-specific function under
hypoxic conditions compared with normoxic
conditions in vitro [57].

Another consequence of the Warburg effect is
the generation of high levels of hydrogen perox-
ide and superoxide reactive oxygen species
(ROS) within the TME. Catalase is an enzyme
that breaks down ROS and reduces intracellular
oxidative stress within T cells. A dual-CAR con-
struct with catalase (CAR-CAT) was engineered
in cells co-expressing an scFv against either CEA
or HER2 [75]. The CAR-T cells retained prolif-
erative capacity when cultured with hydrogen
peroxide, maintained cytotoxicity against the rel-
evant antigens and exhibited improved short- and
long-term persistence. In addition, a “bystander
effect” was noted in the ability of the catalase to
improve the function of bystander T and NK
cytotoxicity in enhancing tumour elimination
[75].

During hypoxia, factors that induce effector
T-cell death are upregulated, fostering an immu-
nosuppressive environment akin to wound heal-
ing. These include FasL. which results in
Fas-mediated apoptosis of CD8+ T cells (while
sparing the Treg cells) (Fig. 8.6).

Adenosine is another important component of
the TME that acts as a negative regulator of
immune cells in order to promote the healing of
injured tissues. It is upregulated in tissue hypoxia
and signals through its receptors A2a and A2b.
Specifically, A2a is thought to mediate most of its
immunosuppressive effects. Activation of CAR-T
cells can increase A2aR expression leading to
paradoxical suppression of CAR-T cell therapy
in preclinical mouse studies. Targeting of the
A2aR through genetic or pharmacologic methods
improved the efficacy of anti-HER2+ CAR-T
therapy in preclinical studies, through a second-

ary increase in CD8+ and CD4+ T cells and cyto-
kines [6].

Another mechanism through which CARs can
be altered to survive the hypoxic and acidotic
TME is through adjusting the culture/media con-
ditions under which CAR-T cells are manufac-
tured in order to simulate the fluctuating TME
conditions. This may allow for the selection of
CAR-T cells that are preadapted to the
TME. Culturing with L-arginine or selecting
cells with low mitochondrial membrane potential
can result in the enrichment of CAR-T cells with
a better metabolic fit, with the potential for
improved survival and persistence [138, 139].

The preferential utilisation of glucose by can-
cer cells for aerobic glycolysis leaves behind a
nutrient-deficient environment. Hypoxia and low
glucose levels can drive T cells towards senes-
cence or terminal differentiation [71]. CD8+ T
cells that were subjected to high glycolytic activ-
ity fail to form long-lived memory T cells and fail
to persist following adoptive transfer. Inhibiting
hexokinase-2, with the glucose analogue
2-deoxyglucose (2DG), improves adoptive CD8+
cell effector function and promotes the formation
of long-lived memory T cells in B16 melanoma
mice [138]. Therefore, manipulating glycolytic
metabolism during ex vivo expansion is likely to
enrich CAR-T cells with improved cytolytic
activity, reduced exhaustion and senescence and
allow for the formation of long-lived memory
cells [138].

Another method by which CAR-T cell persis-
tence within the TME can be enhanced would be
to strategically select a costimulatory domain
that would thrive under certain environmental
and pH conditions of a tumour’s TME. As
described earlier, 4-1BB was shown to have
improved persistence but reduced early prolifera-
tion compared with the CD28 domain. This
enhanced persistence is attributed to the ability of
4-1BB to utilise fatty acids in the production of
energy, while CD28 favours glycolysis [20, 57].

Thus, several strategies are being employed to
overcome the metabolic barriers of the TME for
improving CAR-T cell function.
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At a glance

+ The TME is hostile for cell therapy- Barriers
include-

- trafficking barriers with chemokine gradients
- immunosuppressive cells and cytokines

- Stromal and vascular structures

- Checkpoint inhibitory receptors and ligands
- Metabolic hurdles

8.3.7 Tumour Heterogeneity

Within an individual patient, a primary tumour
can harbour different subpopulations with vary-
ing levels of surface tumour-associated antigens
(TAAs). Inter-tumour heterogeneity is observed
in primary and metastatic tumours in multiple
solid organ cancers (lung, renal, colon, brain and
pancreatic to name a few) as well as in CLL and
ALL, with metastases generally associated with
mutations [53]. Somatic mutations result in
mutant peptide fragments known as neoantigens
(or neo-epitopes) which can be expressed on the
tumour surface [41]. CD8+ TILs respond to such
neo-epitopes and are associated with improved
treatment response in some breast and ovarian
cancers [53]. Neoantigens are thus potentially
exploitable targets when designing CARs as they
are not usually found in normal tissues.

The concept of immunoediting potentially
caused by CAR-T cells or the TME is an impor-
tant factor to consider for therapy designs. Antigen
loss and a reduction or modulation in antigen
expression are ways in which tumours escape the
effects of the effector cells [62, 80, 104]. Recent
data from clinical trials with CD19 CAR-T cells
indicate that a portion of the patients relapse with
antigen escape variants. The expression of CD19
antigen is reduced due to the emergence of splice
variants leaving the tumours resistant to contin-
ued CAR19 therapy [131, 136]. Similarly, it was
demonstrated that targeting HER2 with CAR-T
therapy in a xenograft mouse model of glioblas-
toma (tumours with prior high HER2 levels)
induced antigen escape with the appearance of
HER2-null populations of tumour cells.
Co-targeting HER2 and IL-13Ra2 (using novel
designs — see Sect. 8.5.1) expanded the capacity
of the CAR-T cells and allowed for more enhanced
anti-tumour activity in this instance [42].

+ CARs to overcome the TME barriers

- Express CC2b, CCR4; secreting CCL19

- Express switch receptors (IL-4/7) and secreting cytokines (IL-12, IL-7, IL-18)
- Express FAP, Heparanase, anti-VEGFR2

- Express anti PD-1/PD-L1 antibody, switch receptors (PD1/28)

- Express Catalase, HIF1a, anti-Integrin receptors, adenosine receptors

Currently, “bi-cistronic” CARs targeting dual
antigens, e.g. CD19 and CD20 or CD19 and
CD22, are being trialled. Sequential administra-
tion or co-administration of independent CARs
targeting individual antigens have also been tri-
alled. Recently, a trivalent vector encoding three
independent CARs, each targeting a separate
antigen, was tested for glioblastoma [8]. The
reader is also referred to Martinez and Moon’s
review for a comprehensive list of antigens that
are being targeted in the preclinical and clinical
setting [83].

It is likely that several antigens and several
factors encompassing the TME will need to be
targeted simultaneously for an effective response.
These kinds of vectors are likely to play leading
roles in the generation of CAR-T cells in the
future. The section on novel designs will expand
on the kinds of CAR constructs that are currently
being developed.

8.4 Non-T CAR Cells for the TME

8.4.1 NK-CARCells

Natural killer (NK) cells are unique innate
immune cells that exhibit functions analogous
to those of adaptive immune cells [46, 149]. As
innate cells, they possess the ability to recog-
nise and attack viruses, compromised cells and
tumours, in an HLA-independent fashion and
without prior sensitisation [134]. During anti-
gen exposure, NK cells can receive signals
from APCs (such as dendritic cells), costimula-
tory receptors (DNAM-1) or pro-inflammatory
cytokines (IL-2, IL-18 and IL-33) [46, 79,
102]. Their cytotoxicity is mediated through a
variety of pathways including cytolytic perfo-
rins and granzymes, the caspase cascade as
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well as antibody-dependent
(ADCC) [46].

NK cell function is controlled by activating and
inhibitory cell surface receptors. These include
killer immunoglobulin-like receptors (KIRs),
NKG2D, natural cytotoxicity receptors (NKp30,
NKp44 and NKp46) and the CD94/NKG2A
receptor complex. KIRs have the capacity to be
both activating and inhibitory and safeguard
against the development of NK cell autoreactivity.
NKG2D receptors recognise stressed cells and
play a role in NK-mediated anti-tumour activity
[110]. Checkpoint receptors are thought to serve a
limited role in inactivating native NK cells; how-
ever, under pathological conditions within the
TME, checkpoint receptors are upregulated.
Upregulated PD-1 expression mediates NK
exhaustion and functional impairment in Kaposi
sarcoma [7] and Hodgkin lymphoma [147]. NK
cells face similar barriers as T cells in their homing
to tumour sites and within the TME. Native imma-
ture NK cells respond to CCL19 and CCL21 via
their receptors CXCR3 and CCR?7 in order to traf-
fic to target tissues. Mature NK cells reach their
targets via Chemerin R, CXCR1, CXCR2 and
CX3CRI1 in response to their cognate ligands
Chemerin, IL-8 and Fractalkine [134].

The discovery that NK cells formed long-lived
antigen-specific memory cells [79, 99] rendered
them attractive targets for adoptive cell therapy,
including CAR therapy [73, 99]. Genetic modifi-
cation of NK cells to produce NK-CAR cells was
founded upon the same backbone as CAR-T
cells. The first successful use of NK-CAR ther-
apy was established against tumour cells and
HIV in vitro [143]. Subsequently, anti-CD19
NK-CAR cells were shown to increase
NK-mediated cytotoxicity against leukaemic
cells in in vitro studies [49].

HER-2 NK-CAR therapy also displayed
antigen-specific potency in mouse models of
glioblastoma. This was achieved through recruit-
ment of bystander native immune cells and for-
mation of long-lived memory cells [161]. Local
therapy with a second-generation EGFR-NK-
CAR therapy combined with oncolytic herpes
simplex virus-1 achieved a greater cytotoxicity
against breast cancer brain metastases in a murine

cytotoxicity

model [14]. Multiple other in vitro and preclini-
cal trials demonstrated efficacy of NK-redirected
CAR therapy, notably using early-generation
CARs including first generation, for neuroblas-
toma [30] and lymphoma through targeting CD20
[93], and second-generation NK-CARs targeting
CSF-1 in multiple myeloma [21].

CARs targeting NKG2D have been developed,
either bound to DAP10 or conjugated to costimu-
latory molecules. Normally, NKG2D binds to
DAPI10 and through the recruitment of PI3K and
Grb2 activated cytotoxic NK cells [27]. An
NK-CAR cell-expressing NKG2D-DAP10-CD3(
led to enhanced NK-induced tumour necrosis
against a wide range of cancers including epithe-
lial carcinomas (colon, lung, hepatocellular and
breast), sarcomas (osteosarcoma and rhabdomyo-
sarcoma) as well as neuroblastoma [12]. Although
“non-classical” CARs, they are becoming a novel
mechanism of targeting tumours.

With these findings, the first phase I/II trials
are currently actively recruiting in lymphoma and
leukaemia, AML, solid tumours and glioblas-
toma (NCT 00995137, NCT 02742727, NCT
03415100 and NCT 03383978, respectively).
Their targets include CD19, CD33, MUCI,
NKG2D and HER2. Another clinical trial testing
the safety and feasibility of novel NKG2D NK
therapy is being trialled for NKG2D-ligand solid
organ tumours (NCT03415100).

As NK-CAR therapy matures, additional fea-
tures will be incorporated, in order to optimise its
activity against the TME. It is likely that
NK-CARs will compliment CAR-T cells and a
combination therapy harnessing the advanta-
geous features of both cell types will play an
important role in the future of adoptive cell
therapy.

8.5  Future CARs

The evolution of genetic engineering tools and
CAR designs has resulted in a plethora of novel
synthetic molecules that are likely to be effective
against solid tumours and the TME. As men-
tioned previously, elimination of negative regula-
tors like the checkpoint receptors is being realised
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Fig. 8.7 Next-generation CAR designs. (a) “AND”
gated CARs utilising the synthetic Notch receptor. The
transcription factor domain is cleaved and activated upon
binding of one antigen which in turn controls the expres-
sion of the CAR against another antigen. This increases
specificity and decreases toxicity by targeting tumours
that only express both antigens. (b) Tan CAR or tandem
CARs express two separate scFv against two independent
antigens but have only one downstream activating signal-
ling domain increasing specificity and allowing for target-
ing more than one receptor. (¢) The switchable CAR is a
type of universal receptor CAR where the scFv is directed
against peptides (peptide neo-epitopes) which are linked

with CRISPR technology [128]. In addition, uni-
versal CAR-T cells with TCR knockdown (to
prevent GVHD) have also been created using
similar genome editing tools [119, 142] and can
serve as a bank of “off-the-shelf” cells.

8.5.1 Novel Designs

and Multifunctional CARs

Next-generation designs allow for developing
multifunctional CAR-T cells with precise target-
ing. Morsut et.al designed “AND-gated” CAR-T
cells linked to a synthetic NOTCH (SynNotch)
receptor, which ensures that CAR-T cells are
only activated in the presence of two antigens to
precisely eliminate the target while sparing the
tissues that expressed only one of the antigens,
thus minimising “off-target toxicity” [91, 123].
This system allows for control via release of the
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PNE 7} it !
scFv v : D
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to antibody moieties. A single CAR-T cell can be redi-
rected against multiple peptides depending on the antigen-
antibody treatment. This design is useful for targeting
antigen escape variants and can be useful to overcome
tumour heterogeneity and emergence of neo-epitopes. (d)
Tag-specific immune receptors rely on the binding to a
Tag on a targeting ligand, either natural binding proteins
or anti-Tag scFv-based designs. (e) Bispecific engaging
molecules simultaneously engage the tumour cells and T
cells. (f) Fc-binding CARs function similar to antibody-
dependent cellular cytotoxicity by engaging tumour-
specific antibody and an extracellular CD16 Fc-binding
domain

intracellular domain of the transcription factor
Notch upon binding of the first antigen. It can
also be used for custom sculpting responses after
the initial binding signal, to enable the CAR-T
cell to secrete cytokines or other therapeutic
antibodies (e.g. against PD-1 or PD-L1)
(Fig. 8.7).

Tandem CARs target two antigens through
two scFv domains that are linked to CD3({
through the one-transmembrane domain, allow-
ing for conditional activation of the CAR in the
presence of both antigens [64]. Proof of principle
demonstrations proved effective in targeting
tumours expressing both HER2 and CD19 [35]
and in targeting HER2 and IL-13Ra2. In a pre-
clinical study, targeting two antigens enhanced
anti-tumour activity in a murine model of glio-
blastoma, compared with CARs targeting either
antigen alone and without increased exhaustion
of the CARs [43].
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Combining titratability of antibodies with
CAR-T therapy was described in novel switch
CARs. Antibody-based switches were engineered
by introducing peptide neo-epitopes (PNEs). The
CAR is specific to the switch and a single CAR
can be redirected based on providing various dif-
ferent switches [120]. The sCART cell design
ensured that effector function was dependent on
the switch for activation through selective binding
only to the PNE. Switchable CAR-T cells target-
ing HER?2 resulted in complete remission in a dif-
ficult to treat pancreatic tumour xenograft derived
from a patient with metastatic pancreatic cancer
with an improved safety profile [117]. This design
can be useful not only to target second antigens,
especially for antigen escape variants, but also to
target changing components of the TME.

Versatile universal immune receptors (UIRs)
can extend the functionality of CARs ([86];
Fig. 8.7). The scFv region of a conventional CAR
can be substituted for an adapter region which can
bind to soluble ligands (which can be tagged) tar-
geting tumour antigens. Artificial receptors against
the tags can be developed. Alternately, bispecific
protein engaging molecules and those that can
mimic ADCC (antigen-dependent cytotoxicity)
function (using tumour-specific antibodies and
Fc-binding regions) are some examples of novel
designs which can be extended to improve CAR
function. Next generation of CAR-T cells can
hence target multiple TAAs or neoantigens in a
controlled manner, with the ability to address issues
of heterogeneity and antigen modulation [86].

8.6 Conclusion

The success of CAR-T cells observed for haema-
tological malignancies has not been realised for
solid tumours. While the dynamic TME poses sig-
nificant challenges, research and development in
synthetic immunology and genetic engineering is
racing to create novel designs to overcome the
hurdles. It is already possible to generate multi-
functional CARs. In combination with genome
editing techniques, it is likely that customised
CAR-T therapy will be developed, which will be
effective for sustained responses in solid organ
tumours, in the near future. With the advent of

transcriptomics, proteomics and epigenomics, it
is likely that tumour tissue and the microenviron-
ment can be analysed precisely for specific tumour
types. Currently such preliminary data is being
assembled for many cancers including colorectal
cancer, ovarian cancer, breast cancer, urothelial
cancers and lung cancer [25, 54, 70, 148, 163],
and more data on integrative proteogenomics are
likely to follow soon. This will enable a compre-
hensive understanding of the TME which will in
turn guide evolution of CAR designs.

Lastly, novel techniques to deliver the CAR
DNAs to effector cells and to the tumour sites are
being developed. Exosomes derived from cells as
delivery methods and intra-lesional injections of
oncolytic viruses are already being tested in the
context of CAR-T therapy [122]. It is envisaged
that nanoparticles [135] and nanorobots [74] car-
rying CAR DNA constructs may act as smart
bombs to accurately deliver novel therapies.

TME CAR Cancer model
Trafficking CCR4-CD30 Neuroblastoma,
barrier CCR2b-GD2 Hodgkin
(overcoming [ CCL19 lymphoma
chemokine
gradients)
Stromal and FAP Ductal
Vascular adenocarcinoma
barrier Heparanase-GD2
(overcoming | EGFR-2 Neuroblastoma
fibroblasts Integrin Renal cell
and . carcinoma
endothelium) .
Pancreatic
Immuno- dnTGFpR- Breast, Prostate
suppression HER2, PSMA
and metabolic | [L.4/7 Pancreatic
barrier ) switch-PSCA
(overcoming 71 1. CAR19, | Leukemia,
cytoklne.s, MUCI16 Ovarian
.che.c k.p.omt IL-18-CEA Colorectal
inhibition,
hypoxia and A2aR-HER2 Melanoma
nutrient PD1/PDL1 Leukemia, Lung,
depravation) block-CEA, Renal cell
CD19, CAIX, carcinoma,
Mesothelin Mesothelioma
PD-1 Leukaemia
switch-CAR19
Catalase-CAR- Colorectal, Breast
CAT-CEA/HER2
HIF-CD19 Leukemia

Adapted from Gowrishankar et al (2018)
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Abstract

Toll-like receptors (TLRs) in the tumor micro-
environment (TME) are expressed not only in
innate and adaptive immune cells but also in
stromal cells such as fibroblasts, endothelial
cells (EC), and tumor cells. The role of TLR
signaling in the TME is complex and contro-
versial due to their wide expression within the
TME. Moreover, TLR signaling may culmi-
nate in different outcomes depending on the
type of tumor, the implicated TLR, the type of
TLR ligands, and, most importantly, the main
type of cell(s) that are targeted by TLR ligands.
Understanding to what extent these complex
TLR signals impact on tumor progression
merits further investigation, as it can help
improve existing anti-cancer treatments or
unravel new ones. In most cases, TLR signal-
ing in tumor cells and in immune cells is asso-
ciated with pro-tumoral and anti-tumoral
effects, respectively. A better understanding of
the relationship between TLRs and the TME,

most current TLR-involved treatments were
disappointing in clinical trials.

In this chapter, we will discuss the impact
of TLR signaling on the hallmarks of cancer,
by highlighting their effects in tumor, immune,
and stromal cells within the TME. Furthermore,
we will discuss how the understanding of the
role of TLRs can pave the way to develop new
anti-cancer treatments and even predict clini-
cal outcome and chemotherapy efficacy.
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especially in humans, is required to design 9.1 Introduction

better anti-cancer therapies, considering that

In addition to cancer cells, the tumor microenvi-
ronment (TME) is composed of stromal cells,
extracellular matrix, and infiltrating immune
cells. Stromal cells include fibroblasts, myofibro-
blasts, vascular and lymphovascular endothelial

cells, and stressed normal epithelial cells. These
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cells play multifaceted roles during cancer pro-
gression as, depending on local and systemic
conditions, they can promote or inhibit tumor
development [1].

Tumor antigens can activate the immune sys-
tem eliciting an anti-tumor response which in
some cases can result in tumor destruction.
During early stages of tumor development, cyto-
toxic immune cells such as natural killer (NK)
and CD8+ T cells recognize and eliminate the
more immunogenic cancer cells. As the less
immunogenic variants of cancer cells evolve to a
clinically detectable tumor, different subsets of
inflammatory cells impact on tumor fate [2].
Inflammation is considered an important hall-
mark of cancer; it promotes tumor development
and progression and has been associated with
higher tumor grades and a poor prognosis [3, 4].
NF-xB activation — which is seen in most tumor
cells — plays a key role in tumor initiation, pro-
gression, metastasis, and chemoresistance by
mediating the production of a large variety of
pro-inflammatory cytokines, chemokines, growth
factors, collagenases, and anti-apoptotic proteins
[5].

As the largest family of pattern recognition
receptors, Toll-like receptors (TLRs) are among
the major activators of NF-kB and are involved in
inflammation in the TME. In addition to the well-
described roles of TLRs in innate and acquired
immunity against microbial infection, and their
role in regulating tissue repair and regeneration,
emerging studies now implicate TLRs in
inflammation-associated cancers [6].

TLRs are expressed not only in innate and
adaptive immune cells but also in stromal cells
such as fibroblasts, endothelial cells, and most
remarkably tumor cells. Recognition of natural
TLR ligands shapes the TME by mediating both
pro- and anti-tumorigenic pathways. On the one
hand, abnormal activation of TLRs in tumor cells
can facilitate aberrant cytokine profiles associ-
ated with immune tolerance and tumor progres-
sion. On the other hand, in preclinical studies,
TLR agonists incite anti-tumor responses.
Nonetheless, most TLR agonists used as stand-
alone anti-tumor drugs have yielded limited suc-
cess in clinical trials [7].

In this chapter, we will describe the complex
mechanisms underlying TLR responses in the
TME and how TLR signaling in different cells,
including tumor cells, reshapes the
TME. Understanding this will facilitate the
development of more effective TLR-based thera-
peutic strategies in a wide variety of cancers.

What Are Toll-Like
Receptors?

9.2

TLRs are the largest and most well-studied fam-
ily of pattern recognition receptors (PRRs). In
2011, Bruce Beutler and Jules Hoffmann were
awarded the Nobel Prize in Physiology or
Medicine for their discoveries of the role of TLRs
in innate immunity, highlighting the importance
of TLRs in physiology as well as pathology.

TLRs are type I transmembrane glycoproteins
characterized by the presence of an extracellular
domain (ECD), a single transmembrane helix,
and an intracellular Toll-like/interleukin-1 (IL-1)
receptor (TIR) domain. The ECD domain recog-
nizes TLR ligands, while the TIR domain is
responsible for downstream signaling [8].

To date, 10 and 12 functional TLRs have been
identified in humans and mice, respectively.
TLR1-9 are conserved in both species; however,
mouse TLR10 is not functional, and TLR11-13
have been lost from the human genome [9].

TLRI1, 2, 5, 6, and 10 (extracellular TLRs) are
largely localized on the cell surface, while TLR3,
7, 8, and 9 (intracellular TLRs) are localized in
intracellular organelles, such as endosomal/lyso-
somal compartments and the endoplasmic reticu-
lum (ER). TLR4 is unique as it is localized to
both the plasma membrane and endosomal vesi-
cles [10] (Fig. 9.1).

The adapter protein Unc-93 homolog Bl
(UNC93B1) guides intracellular TLRs (nucleic
acid-sensing TLRs) from the ER to their respec-
tive endosomal signaling compartments and the
flagellin receptor TLRS5 to the cell surface,
whereas other cell surface TLRs, such as TLRs 2
or 4, function independent of UNC93B1. Loss of
UNC93B1 results in near-complete loss of TLR3
and TLR7 signaling in primary splenic mouse
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Fig. 9.1 TLR signaling pathways in tumor and immune
cells. Following binding of a specific ligand, TLRs form
homo- or heterodimers and recruit adaptor protein(s).
This starts the signal transduction cascade (details of the
cascade are not shown here, because it is out of the scope
of this review). TLRs Toll-like receptors, PAMPs
pathogen-associated molecular patterns, DAMPs damage-

dendritic cells and macrophages [11]. Importantly,
murine DCs with a non-functional mutation in
Unc93bl (3d mutation) exhibit compromised
antigen  cross-presentation and  anti-tumor
responses [12]. TLRs that reach endocytic com-
partments are cleaved by proteases in order to
signal [13, 14].

9.2.1 Exogenous and Endogenous

TLR Ligands

In addition to synthetic TLR agonists, two types
of natural TLR ligands exist: exogenous
pathogen-associated molecular patterns (PAMPs)

TLR5/5
L] @
@

Proinflammatory Cytokins

-
-

Type | IFNs

associated molecular patterns, MyD88 myeloid differen-
tiation primary response gene 88, TIRAP TIR
domain-containing adapter protein, 7R/F TIR domain-
containing adaptor-inducing interferon IFN-8, TRAM
TRIF-related adaptor molecule, SARM sterile a- and
armadillo motif-containing protein

and endogenous damage-associated molecular
patterns (DAMPs) (Table 9.1).

PAMPs represent evolutionarily conserved
microbiota/pathogen-specific sugars, lipopro-
teins, or nucleic acids essential for the survival of
entire classes of pathogens and are distinguish-
able from “self” moieties [15, 16]. Below are a
few examples of PAMP-associated effects in
cancer:

e TLR signaling is implicated in an association
between the microbiota and gastric, bladder,
hepatobiliary, pancreatic, lung, and colorec-
tal cancer [17]. The microbiota and its
metabolites activate TLRs and result in
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Table 9.1 A list of natural TLR ligands (DAMPs and PAMPs) for each TLR [4, 5, 18, 19]

TLR DAMPs PAMPs
TLRI1 Triacyl lipoproteins
Soluble factors: Neisseria
TLR2 Heat shock proteins (HSP60, HSP70, Peptidoglycan
HSP96)
High-mobility group protein B1 Lipoprotein/lipopeptides
(HMGB1)
Hyaluronic acid Lipoteichoic acid
Pancreatic adenocarcinoma upregulated Phenol-soluble modulin
factor (PAUF)
Monosodium urate Heat-killed bacteria
Versican Porins
Matrix metalloproteinase-2 (MMP-2) Structural viral proteins
Zymosan
TLR3 Self double-stranded RNA (dsRNA), viral dsSRNA
mRNA
Heat shock proteins (HSP27)
TLR4 Heat shock proteins (HSP22, HSP60, Heat shock proteins (HSP60 of chlamydia)
HSP70, HSP96)
Fibrinogen and fibronectin Lipopolysaccharides (LPS)
Heparan sulfate RSV fusion protein
Hyaluronic acid (hyaluronan) MMTV envelope proteins
HMGBI, p-defensin 2 Paclitaxel
Surfactant-protein A Glycoinositolphospholipids
Glycoprotein 96 (gp96) Taxol: Plant product
Peroxiredoxin
TLR5 HMGB1 Flagellin (Gram-positive or Gram-negative
bacteria)
TLR6 Lipoteichoic acid
Diacyl and triacyl lipoproteins
Zymosan
Heat-liable soluble factor
Phenol-soluble modulin
TLR7/8 Self ssRNA Viral ssRNA
TLR9 Self DNA Bacterial and viral unmethylated CpG
DNA motifs
mitochondrial DNA (mtDNA), Hemozoin
IgG-chromatin complexes
HMGBI1
TLR10 Unknown HIV-1 gp41

TLR11 (not expressed
in human)

Profilin-like molecule

inflammation and critical signaling path- ¢ Gut microbiota can selectively activate muco-

ways, which promote the malignant behavior
of host cells. The microbiota can also increase
susceptibility to infections that upregulate
the expression of certain TLRs promoting
carcinogenesis [20].

sal endothelial cells in CRC to promote spe-
cific  pro-angiogenic responses in a
TLR-dependent fashion [21]. Following acti-
vation by commensal microbiota-derived TLR
ligands, epithelial calcineurin supports the
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survival and proliferation of tumor stem cells
and promotes colorectal cancer (CRC) [22].

e TLR4 and the intestinal microbiota promote
hepatocellular carcinoma (HCC) by increas-
ing proliferation and expression of the hepato-
mitogen epiregulin and by preventing of
apoptosis [23]. Lipoteichoic acid, a compo-
nent of cell walls of gut microbiota and a
ligand of TLR2, increases in liver cancer and
upregulates  cyclooxygenase-2  (Cox-2)
expression, which in turn leads to the overpro-
duction of prostaglandins [24].

* Lung commensal microbiota promotes murine
lung cancer development via y8 T cells in a
mechanism that could be mediated by TLR
ligands derived from the lung microbiota.
TLR signaling leads to the production of
IL-1p and IL-23 from alveolar macrophages
and neutrophils, thereby inducing the prolif-
eration and activation of pro-inflammatory
lung-resident yd T cells [25].

DAMPs constitute structurally diverse and
evolutionarily unrelated multifunctional endoge-
nous danger signals that communicate cell injury
to the host and promote early innate and adaptive
immune responses important for the mobilization
of repair mechanisms. Interestingly, DAMPs are
hidden from recognition by the immune system
under normal physiological conditions. But,
under conditions of cellular stress/tissue injury,
such as cancer, these molecules can be actively
produced by stressed immune cells, epithelial
cells, and cancer-associated fibroblasts (CAFs).
In addition, neo-antigens and tumor-associated
antigens can be passively released into the TME
from necrotic and apoptotic cells or from the
damaged extracellular matrix to act as DAMPs
[26, 27] that activate TLRs [28]. These DAMPs
interact with TLRs on infiltrating inflammatory
cells, fibroblasts, tumor endothelial cells (TECs),
and tumor cells and play critical roles in both
extrinsic and intrinsic pathways of cancer-related
inflammation. Below are a few examples of
DAMP-associated effects on cancer:

¢ HMGBI1, the most abundant DAMP, is
released by dying hypoxic tumor cells in the

TME; binds to TLR2, TLR4, and TLR9; and
contributes to tumor progression [29]. During
hypoxia, HMGBI translocates from the
nucleus to the cytosol, binds to mitochondrial
DNA (mtDNA) released from damaged mito-
chondria, and further activates TLR9 promot-
ing the proliferation of hepatocellular
carcinoma cells [30].

e The HMGBI1-TLR4 interaction leads to the
production of pro-inflammatory and pro-
angiogenic cytokines and activation of ECs,
macrophages, endothelial progenitor cells
(EPC), and mesoangioblasts, all of which
could contribute to vessel formation [31].
Furthermore, by inducing autophagy,
HMGB1 accumulation in the TME promotes
the survival, differentiation, and suppressive
activity of myeloid-derived suppressor cells
(MDSCs) [32], which are known to inhibit
anti-tumor immunity and promote tumor pro-
gression [33].

9.2.2 TLR Signaling

Signal transduction commences with the binding
of a specific ligand that leads to (a) the formation
of heterodimers of two receptor chains that are
structurally similar (TLR2/1, TLR2/6, TLR2/10),
(b) the formation of homodimers (TLR4/4,
TLR3/3, TLR5/5), and even (c) the reorientation
of the TIR domains in the case of TLR7, 8, and 9
[34, 35, 36]. This interaction is followed by the
recruitment of downstream signaling adapter
proteins. There are five adaptor proteins contain-
ing TIR domains, which function in TLR signal-
ing: myeloid differentiation primary response
gene 88 (MyD88), TIR domain-containing
adapter protein (TIRAP), TIR domain-containing
adaptor-inducing interferon IFN-§ (TRIF), TRIF-
related adaptor molecule (TRAM), and sterile a-
and armadillo motif-containing protein (SARM)
[37] (Fig. 9.1). All TLRs recruit the canonical
MyD88-dependent signaling pathway — with the
exception of TLR3 and endosomally localized
TLR4 which exclusively use the TRIF pathway —
to induce the nuclear translocation of transcrip-
tion factors, NF-kB, AP1, and CREB, leading to
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the expression of pro-inflammatory cytokine
genes [38, 39]. The noncanonical TRIF adaptor-
dependent pathway leads to the nuclear translo-
cation of transcription factors, IRF3 and IRF7,
leading mainly to the secretion of type I IFNs
[39]. In humans, SARM functions as a specific
inhibitor of TRIF-dependent TLR signaling [40]
(Fig. 9.1).

TLR4 is unique among TLRs in its ability to
activate two distinct signaling pathways: firstly,
the canonical pathway, dependent on TIRAP and
MyD88, and then, upon endocytosis of TLR4,
the noncanonical pathway dependent on adap-
tors, TRIF, and TRAM [10].

Of note, while NF-xB activation in macro-
phages is a common theme to all TLR ligands,
the MAPK signaling pathways are more signifi-
cantly enriched in gene sets induced by TLR9
and TLR1/2 agonists (CpG and Pam3CSK4), and
type I interferon pathways are enriched in TLR3
and TLR4 agonists (poly(I:C) and LPS)-driven
gene sets [41].

9.3  Effects of TLR Signaling

in Tumor Cells

TLRs are widely expressed on tumor cells and
normal epithelial cells. The expression of some
TLRs in tumor cells is even higher than their nor-
mal tissue counterparts. For example, TLR4, 5,7,
8, and 9 in non-small cell lung carcinoma
(NSCLC) were markedly higher than in normal
lung tissue [42].

9.3.1 TLRs and the Stage of Cancer

Expression of TLRs in tumor cells depends on
the type and stage of cancer and varies from one
patient to another. The expression of TLR4 is
positively correlated with the degree of tumor
differentiation, stage, and metastasis in lung can-
cer [43]. A strong expression of TLR4 is charac-
teristic of advanced-stage (TNM III or I'V) gastric
cancer (GC), whereas moderate or weak staining
is characteristic of early-stage (TNM I or IT) GC
tumors [44]. The expression of TLR9 and TLRS

is absent or weak in normal cervical squamous
epithelial cells but gradually increases with the
histopathological grade with invasive cervical
squamous cell carcinoma (ISCC) showing a
moderate to strong expression of TLR9 in 70% of
cases [45, 46]. Similarly, in esophageal carcino-
mas, TLR9 expression is positively associated
with tumor size, location, and TNM stage [47]. In
oral tongue squamous cell carcinoma, cytoplas-
mic TLR2 and TLR4 correlate significantly with
higher tumor grade, whereas high TLR5 expres-
sion associates with lower tumor grade [48].

9.3.2 Correlation with Worse
Prognosis

Many studies find a correlation between TLR
expression in tumors and a worse clinical out-
come. TLR4 is highly expressed in gastric cancer
cells and is associated with tumor aggressiveness
[44]. TLR7 expression in NSCLC is markedly
associated with poor clinical outcomes [49].

A meta-analysis including 2812 patients with
various cancers found that higher expression lev-
els of TLR4 or TLR7, but not TLRY, in tumor
tissues predict poor survival and bad prognosis
[50]. In oral tongue squamous cell carcinoma,
high TLR2, 4, and 9 expression correlates with
deeper tumor invasion, and high expression of
TLROY correlates with advanced tumor size [48].
Of note, breast carcinomas with high TLR3
expression in tumor cells are significantly associ-
ated with higher probability of metastasis and
bad prognosis [51].

9.3.3 TLR Polymorphisms

A new controversial field investigates TLR poly-
morphisms in cancer. Studies show that:

e Polymorphisms in TLRs are linked to suscep-
tibility to cancer; higher frequencies of certain
polymorphisms of TLR2, TLR4, and TLR9
increase susceptibility to development and
progression of colorectal cancer [52], mela-
noma [53], breast cancer [54], nasopharyngeal
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carcinoma [55], and cervical cancer [56].
Certain TLR3 polymorphisms increase risk of
cancer incidence and are associated with
larger tumor size in breast [57] and rectal can-
cer [58].

e TLR polymorphisms may influence outcomes
of therapeutic interventions; some TLR4 poly-
morphisms indicate resistance to chemother-
apy and serve as prognosis markers of head
and neck squamous cell carcinomas (HNSCC)
[59].

e Certain polymorphisms of TLR2, TLRS, and
TLRO show a significantly decreased risk of
gastric cancer and may play important roles in
H. pylori-related gastric carcinogenesis [60,
61]. TLR4 single nucleotide polymorphisms
may play an important protective role in the
development of hepatocellular carcinoma
[62].

Of note, some TLR polymorphisms are not
associated with increased risk of cancer; a TLR7
variant is not involved in the susceptibility to
basal cell carcinoma (BCC) [63], and TLR4 and
TLRI1, 6, and 10 polymorphisms are not signifi-
cantly associated with the risk of prostate cancer
[64, 65].

9.3.4 Mechanisms of Pro-tumoral
Effects of TLRs in Tumor Cells

TLRs in tumor cells generally serve as positive
regulators of cancer or, in other words, have pro-
tumoral effects. Different mechanisms for these
effects are suggested:

* TLR signaling upregulates the NF-kB cascade
and induces anti-apoptotic proteins contribut-
ing to carcinogenesis and cancer cell prolifer-
ation. TLRs mediate the release of cytokines
and chemokines by cancer cells that enhance
inflammation in the TME — a hallmark of can-
cer [4]. NF-kB activation by TLR signaling is
associated with the expansion, invasion, and
tumorigenesis of cancer stem cells (CSCs).
CSCs possess self-renewal and differentiation
abilities, which promote tumor progression

and metastasis and are responsible for treat-
ment resistance and cancer relapse [66].

e Following TLR activation, tumor cells can
undergo epithelial-to-mesenchymal transition
(EMT) and epithelial-to-leucocytic transition
(ELT) — by which tumors develop the ability
to activate leucocytic traits otherwise inacces-
sible to epithelial cells — and gain the ability to
(1) evade the immune system at the primary
tumor site, (2) access the lymphatic system,
(3) metastasize through the vasculature, and
(4) avoid destruction by the immune system at
the site of metastasis [67].

e TLR ligands may induce the production of
immunosuppressive cytokines and molecules,
including IL-10, transforming growth factor-f3,
IDO, and iNOS by tumor cells, which can
counteract the activation of innate immunity
[68, 69].

e TLRs can directly regulate cell metabolism
affecting tumor and immune cell behavior and
function in melanoma; prostate, head, and
neck carcinoma; and breast cancer [7].

9.3.4.1 Effects of TLRs on Proliferation
and Apoptosis of Tumor Cells

A primary way to enhance tumor progression is

to induce cancer cell proliferation or inhibit

apoptosis.

* In the majority of gastric cancer patients, ele-
vated TLR2 expression is associated with a
tumor-potentiating gene signature predicting
poor patient outcome. High TLR2 expression
in human and murine gastric cancers corre-
lates with the upregulation of six anti-
apoptotic genes (BCL2AI1, BCL2, BIRC3,
CFLAR, IER3, TNFAIP3) and the downregu-
lation of two tumor suppressor (PDCD4,
TP53INP1) genes [70]. In highly invasive
breast cancer cells (MDA-MB-231), a TLR2
agonist (Porphyromonas gingivalis lipopoly-
saccharides, pg-LPS) promoted cell invasion
and increased NF-kB signaling, IL-6, TGF-
beta, VEGF, and MMP9 secretion, while
TLR2 blockade diminished this outcome [71]
and thus their invasion potential. Highly meta-
static B16 melanoma releases heat shock pro-
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tein 60 (hsp60) that causes persistent activation
of TLR2, increasing their invasion capacity,
and the release of immunosuppressive cyto-
kines and chemokines [72].

e Furthermore, binding of lipopolysaccharide
(LPS) to TLR4 on gastric cancer cells stimu-
lates the generation of mitochondrial ROS
(mROS), the activation of Akt phosphoryla-
tion, and NF-kB p65 nuclear translocation,
which in turn enhances proliferation without
affecting apoptosis [44]. Exposure of human
melanoma cells to hyaluronan fragments
induces TLR4-mediated activation of NF-kB
leading to the enhanced expression of matrix
metalloprotease 2 (MMP2) and interleukin
(IL)-8 — factors that contribute to melanoma
progression [73, 74]. LPS activation of TLR4
promotes production of the immunosuppres-
sive cytokine TGF-beta, pro-angiogenic
VEGF, and chemokine IL-8 by human lung
cancer cells. TLR4 ligation also induces resis-
tance of human lung cancer cells to TNF-
alpha or TRAIL-induced apoptosis [29]. Of
note, LPS stimulation increases the prolifera-
tion of glioma CDI133+ cancer stem cells
(CSCs) isolated from human glioma samples
in a time- and dose-dependent manner [75].

e TLR3 and TLR9Y are expressed in about 90%
of hepatocellular carcinoma tissues. While
stimulation of TLR3 with poly(I:C) activates
the NF-xB pathway without affecting cell via-
bility, stimulation of TLR9 with CpG-ODNs
promotes cell proliferation and reduces cyto-
toxicity of the anti-cancer drug Adriamycin
[76], via upregulation of apoptosis inhibitors
such as survivin, Bcl-xL, XIAP, and cFLIP
[77]. In esophageal carcinomas, high TLR9
expression is positively associated with tumor
size, location, and TNM stage, and the TLR9
ligand, CpG ODN, significantly enhances the
invasion of esophageal cancer cell line, TE10
cells. TLRY activation also leads to NF-kB
activation and enhances expression of pro-
invasive matrix metalloproteinase (MMP)-2,
MMP-7, and cyclooxygenase-2 (COX-2) [47].

e TLR7 and TLR8 stimulation with the agonist
R848 increases proliferation of a human pan-
creatic cancer cell line (PANC1) by inducing

the NF-«xB pathway and COX-2. Furthermore,
high TLR7 and TLR8 expression leads to
increase in PANC1 tumor growth in Balb/c
nude mice [78]. Our team previously showed
that stimulation of human NSCLC cell lines
with TLR7 or TLR8 agonists leads to NF-kB
activation, upregulation of the anti-apoptotic
protein Bcl-2, and increase of tumor cell sur-
vival [79].

TLRs in tumor cells can also directly or indi-
rectly act as a “double-edged sword” (Fig. 9.2).
Several TLR ligands, such as the TLR7 agonist
imiquimod, TLR3 ligand poly(I:C), and TLR9
ligand CpG, can directly induce tumor cell apop-
tosis or enhance the function of tumor-infiltrating
innate cells and tumor-specific T cells. Treating a
human breast cancer cell line (MCF-7) with syn-
thetic commercial agonists, poly(I:C) and imiqui-
mod, decreases growth rate and increases
sensitivity to radiotherapy [80]. However,
poly(I:C) has many disadvantages in addition to
the fact that, besides TLR3, it also triggers cyto-
solic sensors RIG-I and MDA. Its undefined
chemical structure and very poor homogeneity
leading to unpredictable pharmacokinetics and
high toxicity in many clinical trials [81] necessi-
tate careful interpretation of the results.

9.3.4.2 Effects of TLRs on Metastasis
Modulation of the TME and of the tumor cells
themselves is required for tumor cells to metasta-
size to distant sites. Endogenous and exogenous
ligands inducing TLR signaling are implicated
during this process (Fig. 9.2).

e Versican, an extracellular matrix (ECM)-
derived peptide and a DAMP, upregulated in
many human tumors including lung cancer,
activates TLR2/6 on MDSCs to enhance
TNF-a production leading to tumor cell pro-
liferation and metastasis [82].

e Although the chemotherapeutic effect of
paclitaxel treatment is largely efficacious in
controlling TLR4-negative breast cancers,
paclitaxel significantly increased the inci-
dence and burden of pulmonary and lymphatic
metastasis in TLR4-positive breast tumors.
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Fig.9.2 Effects of TLR signaling on the cellular compo-
nents of the TME. In tumor cells, DAMPs and PAMPs
induce TLR signaling leading to enhanced proliferation,
angiogenesis, metastasis, and chemoresistance. In CAFs,
TECs, and MDSCs, TLR signaling also leads to pro-
tumoral effects. Within immune cells, TLR signaling
induces the maturation of DCs and the activation of T and
NK cells resulting in anti-tumoral responses. In macro-
phages, TLR signaling can result in the shift of TAMs

Indeed, TLR4 activation by paclitaxel induces
de novo generation of deep intratumoral lym-
phatic vessels that are highly permissive to
invasion by malignant cells [83].

e Specific stimulation of highly expressed
TLR2, TLR3, and TLR4 on human melanoma
cells induces cell migration [84]. In HCC
cells, LPS significantly enhances their inva-
sive potential and induces EMT with the
upregulation of vimentin, N-cadherin, Snail,
and a-smooth muscle actin (a-SMA) and
downregulation of epithelial markers
(E-cadherin and p-catenin) [85].

e Stimulation with various TLR agonists
(MALP-2 for TLR2/6, LPS for TLR4, and

.h:

[ 4

Immature DC

Mature DC

either into the anti-tumoral M1 phenotype or into the pro-
tumoral M2 phenotype (possibly through acute or chronic
TLR signaling activation, respectively). CAFs cancer-
associated fibroblasts, TECs tumor endothelial cells, NK
cells natural killer cells, DCs dendritic cells, MDSC
myeloid-derived suppressor cells, TAMs tumor-associated
macrophages, TLRs Toll-like receptors, PAMPs pathogen-
associated molecular patterns, DAMPs damage-associated
molecular patterns

poly(I:C) for TLR3) induces mesenchymal
characteristics and invasion potential in
SK-OV-3 cells, a metastatic epithelial ovarian
cancer cell line. TLR-mediated PI3K activa-
tion promotes the secretion of EMT-related
cytokines in SK-OV-3 cells (TGF-p1, TNF-a,
VEGF, IL-6, IL-8, and IL-10). Interestingly,
TLR4-mediated galectin-1 production induces
EMT in SK-OV-3 cells [86].

e TLR7 stimulation results in accelerated
NSCLC growth and metastasis, accompanied
by a gene expression signature linked to
aggressiveness and metastatic dissemination;
tumors expressing high levels of TLR7 dis-
play an EMT phenotype with high expres-
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sion of vimentin and low abundance of
E-cadherin [87].

9.3.4.3 Effects of TLRs on Angiogenesis
Tumor invasion and progression depends on
angiogenesis. Subsets of endothelial cells with
specialized functions exhibit different levels of
TLR expression. TLR2 and TLR4 are ubiqui-
tously present within the vasculature, whereas
TLR7, TLRS, and TLR9 are sparse [88]. Human
primary dermal and lung lymphatic endothelial
cells (LECs) express TLR1-6 and TLR9, but not
TLR7, TLRS, and TLR10 [89]. TLRs and their
ligands contribute to the process of angiogenesis
in different ways:

e Tumor endothelial cells (TECs) interact with
tumor cells by secreting a small leucine-rich
repeat proteoglycan known as biglycan, which
acts as a DAMP binding TLR2 and TLR4 in
neighboring tumor cells. Through the activa-
tion of NF-xB and ERK signaling [90], the
biglycan stimulates tumor cells to metasta-
size, promotes gastric cancer cell migration,
and induces upregulation of VEGF in neigh-
boring TECs, resulting in enhanced capacity
for tube formation, migration, motility, and
proliferation in gastric and colon cancer [91-
93] (Fig. 9.2).

e Peroxiredoxin-1 (Prx1), a chaperone protein
and a DAMP secreted by prostate cancer
cells, activates TLR4 resulting in the secre-
tion of VEGF from tumor cells, macrophages,
and ECs, thus stimulating TECs to prolifer-
ate, migrate, and differentiate [94]. LPS
induces growth and lung metastasis of breast
cancer cells through increased angiogenesis,
vascular permeability, and tumor cell migra-
tion [95].

e In highly vascularized tumors, in both murine
and human melanoma, oxidative stress, exem-
plified by the accumulation of lipid oxidation,
®-(2-carboxyethyl)pyrrole (CEP), is recog-
nized by TLR2 on endothelial cells, leading to
a pro-angiogenic response independent of
VEGEF [96].

e Activation of TLR3 by HSP27 released by
tumor cells induces NF-kB activation leading

to VEGF-mediated cell migration and angio-
genesis [97]. In prostate cancer cell lines (PC3
cells), TLR3 activation leads to the increase of
the specific 1.3 isoform of HIF-1a and nuclear
accumulation of the HIF-1 complex, resulting
in reduced apoptosis and secretion of func-
tional VEGF [98].

e Some studies observe a pro-lymphangiogenic
role of TLR4. TLR4 ligands LPS, HMGBI,
and paclitaxel induce inflammatory lymphan-
giogenesis, while TLR4-deficient mice form
lesser lymphatic vessels as compared to wild-
type mice. TLR4 ligands induce pro-
lymphatic reprogramming of human and
mouse myeloid cells into myeloid/monocyte-
derived lymphatic endothelial cell progeni-
tors (M-LECP) responsible for the formation
of lymphatic vessels and increased lymphatic
metastasis in a model of breast cancer [99].
Indeed, LPS induces a lymphatic phenotype
in endogenous macrophages in vivo, by
increasing VEGFR-3 expression. These mac-
rophage-derived lymphatic endothelial cell
progenitors (M-LECPs) contribute to new
lymphatic vessel formation [100].

9.3.4.4 TLRs and Resistance to Therapy
TLR ligands can induce resistance to cancer ther-
apy, either directly by acting on tumor cells or
indirectly by inhibiting the immune system
(Fig. 9.2).

1. Paclitaxel is a potent anti-cancer drug com-
monly used for the treatment of advanced
breast cancer and melanoma. However, Toll-
like receptor 4 (TLR4) expression in these
tumors confers resistance to paclitaxel by
promoting the production of pro-inflamma-
tory cytokines (IL-6, IL-8) and the anti-apop-
totic protein XIAP [101]. LPS-induced TLR4
stimulation in ovarian cancer (OvCa) cells
leads to activation of the NF-kB pathway;
promotes IL-8, IL-6, and VEGF secretion;
and confers resistance to paclitaxel-induced
apoptosis [102].

2. In gliomas, LPS-dependent TLR4 stimulation
in CD133+ cancer stem cells (CSCs) induces
resistance to chemotherapy and evasion from
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cytotoxic T lymphocyte-induced cytolysis
[75].

3. In NSCLC cell lines, A549 and H1299,
Pellino-1, a critical mediator for NF-xB acti-
vation in TLR3 and TLR4 signaling, is upreg-
ulated following the treatment with TLR
agonists conferring chemoresistance to cispla-
tin or paclitaxel and increased cell viability.
The upregulation of cIAP1 and cIAP2 by
Pellino-1 reduces cisplatin-induced cleavage
of caspase-3, caspase-7, and PARP account-
ing for the chemoresistance [103].

4. TLR7 or TLRS stimulation induces chemore-
sistance to 5-fluorouracil in human pancreatic
cancer cell line (PANC1) [78]. In a cohort of
NSCLC patients, high expression of TLR7 on
tumor cells is associated with poor clinical
outcome in patients treated or not with neoad-
juvant chemotherapy. TLR7 expression on
tumor cells is a marker of chemoresistance to
cisplatin combined with gemcitabine or
vinorelbine [49].

5. Co-treatment with LPS and cisplatin induces
immunosuppressive tolerogenic DCs via
abundant IL-10 production, thereby skewing
T helper cell differentiation toward Th2 and
Trl cells. Together, this may provide cancer
cells with an opportunity to evade the immune
system [104].

9.3.5 TLRs and Tumor Cell
Metabolism

In the TME, tumor cells preferably use aerobic
glycolysis instead of OXPHOS (the Warburg
effect) to meet their demands for growth and
proliferation, especially for rapid ATP genera-
tion and biosynthesis [7]. The excess nutrient
consumption and waste excretion by tumor cells,
in addition to insufficient oxygen delivery in
TME, result in dysfunction and loss of potential
anti-tumor activity of tumor-infiltrating immune
cells [105]. TLRs can directly regulate cellular
metabolism by affecting tumor cell function.
TLRs are also redox-sensitive receptor proteins
and are implicated in the response to oxidative
stress [106].

Stimulation with the TLR3-specific ligand
poly(A:U) dsRNA promotes metabolic repro-
graming of head and neck carcinoma cells, result-
ing in increased tumor growth. TLR3 stimulation
enhances the capacity of carcinoma cells to
switch from OXPHOS to anabolic glycolysis,
accompanied by the upregulation of the tran-
scription factor HIF-1a enabling better adapta-
tion to hypoxia and oxidative stress in the TME
[107].

In patients with breast carcinoma, TLR9 regu-
lates lipid peroxidation by trace elements (sele-
nium, copper, zinc, magnesium, and iron) in
response to oxidative stress [106].

TLR signaling not only impacts directly on
tumor metabolic reprograming and tumor growth
but also indirectly influences the anti-tumor
immune responses in the TME by modulating
cancer cell metabolites. TLR2, 3, 4, 5, 7, and 9
activation in tumor cells induces T-cell senes-
cence in naive/effector T cells by releasing cyclic
adenosine monophosphate  (cAMP) [108].
However, activation of TLRS signaling in tumor
cells downregulates cAMP, thereby reversing the
immunosuppression of senescent naive/effector T.

TLRs can modulate cancer cell metabolites by
inducing indoleamine 2,3-dioxygenase (IDO)
and induced nitric oxide synthase (INOS).
Intratumoral administration of the TLR7 agonist,
imiquimod, significantly increases IDO and
iNOS expression in tumor-draining lymph nodes,
leading to the inhibition of the tumor antigen-
specific Thl response [68, 109, 110]. Inhibition
of IDO or iNOS enhances the therapeutic effi-
cacy of TLR agonists via the increase of the Thl
immune response [68, 109, 110].

9.4  Effects of TLR Signaling

in Immune Cells in the TME

TLRs on immune cells play a major role as initia-
tors of the innate immune response to defend
against pathogens and are also required for an
effective secondary immune response. Following
pathogen recognition by TLRs, antigen-
presenting cells (APCs), such as macrophages
and dendritic cells (DCs), are activated [111]
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inducing a program of maturation that leads to
the migration of APCs into lymph nodes and the
release of pro-inflammatory cytokines such as
TNFa, IL6, IL12 (that directs the T-cell response
toward a Thl phenotype), and IFNs, which are
crucial for the activation of NK cells and cyto-
toxic T lymphocytes (CTLs) [112]. The idea of
inciting an immune response to fight cancer dates
back to more than a hundred years, when Dr.
William Coley in the late nineteenth century
showed that crude microbial extracts (killed
Streptococcus pneumoniae and Serratia marces-
cens, commonly known as Coley’s toxin) can
promote an anti-tumor response in different types
of cancers [5]. The same principle is still applied
today in the form of bacillus Calmette-Guérin
(BCG), which is used for the treatment of bladder
cancer [113]. It is likely that these agents trigger
an immune response through multiple TLRs to
promote anti-tumor immunity. However, the
impact of TLR signaling in the TME is more
complicated and illusive today than what Coley
imagined.

9.4.1 TLRs and Macrophages

During tumor progression, the TME often
induces the shift of tumor-associated macro-
phages (TAMs) from their protective classically
activated M1 phenotype to pro-tumorigenic alter-
natively activated M2 subtype. Within the TME,
M2 macrophages are associated with tumor
growth and progression by impacting on inflam-
mation, immune regulation, angiogenesis, inva-
sion, and metastasis. The interaction between
macrophages and tumor cells results in an auto-
crine/paracrine loop that enhances their pro-
tumorigenic properties [114]. The impact of TLR
stimulation in TAMs is controversial, as different
studies report different outcomes. However, it
seems that the duration of TLR stimulation can
explain the different outcomes (Fig. 9.2).

e On the one hand, upon LPS treatment, TAMs
from ascites of ovarian cancer patients polar-
ize toward an M1-like phenotype as demon-
strated by  the  disappearance  of

membrane-bound IL-18 and upregulation of
CD80 and CCR7. The LPS-activated TAMs
release immunostimulatory cytokines (IL-12,
soluble IL-18) that efficiently trigger the cyto-
lytic activity and IFN-y release of co-cultured
NK cells [115]. Intratumoral administration of
poly(I:C) in mice bearing colon adenocarci-
noma tumors triggers an IFN-af-dependent
(MC38) reversion of M2 macrophages to the
M1 phenotype and leads to tumor regression
[116].

e On the other hand, chronic TLR signaling
plays a role in the conversion of macrophages
from the M1 to the M2 phenotype in the
TME. The DAMP HSP27 released from lung
cancer cells is recognized by TLR3 in mono-
cytes and inhibits their differentiation into
DCs while skewing them toward M2 macro-
phages [97]. Tumor cell-derived extracellular
vesicles (TEVs) can bind to TLRs in immune
cells and activate them in a paracrine loop
leading to the production of cytokines that
increase cell proliferation and metastatic
potential. TEVs carry cargo containing
NSCLC tumor-associated miR-21 and miR-
29a that bind to TLR7 and TLRS8 in immune
cells including macrophages, activating
NF-kB and triggering a pro-metastatic inflam-
matory response [117].

Stimulation of murine macrophages
(BMDM) with Pam3CSK4 (TLR1/2), poly(I:C)
(TLR3), LPS (TLR4), and CpG DNA (TLR9)
induces a transcriptomic profile that shows a
robust activation of known inflammatory
genes, including IL6, TNF, and chemokines
[41]. However, re-stimulation 24 h later of the
macrophages with the same doses of previous
TLR agonists induces TLR tolerance shifting
away from a pro-inflammatory response toward
a pro-resolution and anti-inflammatory
response [41].

9.4.2 TLRs and Dendritic Cells (DCs)

DCs are professional APCs that play a pivotal
role in the link between innate and adaptive
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immunity. Two major subtypes of DCs are recog-
nized in mouse and human tissues: conventional/
myeloid DCs (¢cDCs/mDCs) and plasmacytoid
DCs (pDCs). ¢cDCs encompass several subsets:
c¢DC1 (which express CD141) and ¢cDC2 (which
express CDIc), in addition to monocyte-derived
DC (Mo-DCs) [118]. While ¢DC subtypes pro-
duce large amounts of pro-inflammatory cyto-
kines, including IL-12, and induce strong Thl
and CTL responses, pDCs produce large amounts
of type I IFN in response to viral and bacterial
stimuli [119]. Different DC subsets exhibit dis-
tinct TLR repertoires; pDCs selectively express
endosomal TLR7 and TLR9 [120], cDC2 express
all TLRs except TLR9 and, cDC1 highly express
TLR3, TLRY, and TLR10, in addition to low
expression levels of TLR1-2, TLR6, and TLRS8
[121].

Within the TME, heterogenous DCs are fre-
quently recruited by tumor-derived and stroma-
derived factors. However, DCs often show
impaired maturation, differentiation, and func-
tion, resulting in DC-mediated tolerance, immune
suppression, and deficient anti-tumor immune
responses [122]. Following long exposure with
TLR3 and TLR4 ligands, bone marrow DCs
(BMDCs) downregulate MHCII and co-
stimulatory molecules CD40 and CD86, as well
as the cytokines IL-12, TNF-alpha, and IL-6.
Tumor cells induce inhibitory molecules (B7-
DC, B7-H1, and CD80) on spleen DCs in vivo
and on BMDCs, even in the presence of TLR
ligands. This has implications for the develop-
ment of DC-based cancer immune therapies
using TLR ligands as adjuvants [123, 124].

TLRs appear to play an important, yet contro-
versial, role in the development of an anti-tumor
immune response.

* On the one hand, specific interaction between
TLRs and their ligands (Table 9.1) results in
DC maturation (Fig. 9.2), which boosts
MHC-I cross-presentation [12]. In glioblas-
toma multiforme (GBM), intratumoral deliv-
ery of adenoviral vectors (Ad) expressing the
DC-differentiation cytokine Fms-like tyrosine
kinase 3 ligand (FIt3L) and thymidine kinase

(TK) results in infiltration of mDCs, a clonal
expansion of anti-tumor T cells, and an induc-
tion of an effective anti-GBM immune
response in a TLR2-dependent manner. In
fact, HMGBI1, an alarmin protein released
from dying tumor cells, is recognized by Toll-
like receptor 2 (TLR2) and is responsible of
tumor regression observed in this murine
model [125]. Recognition of HMGBI1 by
TLR4 in DCs increases their maturation, pro-
cessing, and cross-presentation of tumor anti-
gen released from dying tumor cells during
radio and chemotherapy [126] enhancing the
infiltration and clonal expansion of T cells and
tumor killing. HSP70, released from tumor
cells, activates tumor cells through TLR4 to
produce chemokines that attract DCs and T
cells [127]. In addition, repeated intratumoral
injections of poly(A:U), a TLR3 agonist, acti-
vate CD103+ cDCI1 cells inside murine B16-
OVA melanoma resulting in  higher
tumor-specific immunity, with an increase in
infiltrating granzyme B+ CD8+ T cells and a
decrease in IL-10-producing M2-like macro-
phages, impacting on the ability of the immune
system to control tumor growth [128].

On the other hand, studies have found pro-
tumoral effects for TLR signaling in DCs in
the TME. Murine and human tumors secrete
TLR2 ligands, such as versican, that promote
differentiation of IL-10-producing cDCs. DCs
become more responsive to IL-6 and IL-10
stimulation, following TLR2 ligation, by
increasing the activation of STAT3. TLR2
blockade using anti-TLR2 antibodies in vivo
improves intratumor DC function and
enhances anti-tumor CTL and the efficacy of
immunotherapy [129]. Matrix metalloprotein-
ase 2 (MMP-2), another DAMP, interacts with
TLR2 resulting in an increase in tumor
angiogenesis and dampening of the immune
response. Activating TLR2 by MMP-2 upreg-
ulates an immunoregulatory receptor OX40L
on DCs and leads to the secretion of inflam-
matory cytokines that polarizes T cells to an
immunosuppressive Th2 phenotype [130].
Finally, intratumoral Mo-DCs express high
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levels of TLRs (except TLR3) in metastatic
breast cancer patients with circulating tumor
cells (CTC), compared to CTC-negative
patients [131].

9.4.3 TLRs and Myeloid-Derived
Suppressor Cells (MDSCs)

MDSCs are immature and pathologically acti-
vated cells that have potent immune suppressive
activity in tumors. MDSC can also support tumor
progression by promoting tumor cell survival,
angiogenesis, invasion, and metastasis. MDSCs
are classified into two different types, as identi-
fied in mice and humans: polymorphonuclear
MDSCs (PMN-MDSC) are morphologically and
phenotypically similar to neutrophils, whereas
monocytic MDSCs (M-MDSC) are similar to
monocytes [132]. The effect of TLR stimulation
in MDSCs is controversial and requires further
investigation.

e TLR 7/8 agonists reverse the suppressive
activity of human blood MDSC from cancer
patients inducing their differentiation into
tumoricidal M1-like macrophages. In con-
trast, agonists targeting TLR 1/2 cause
M-MDSC to mature into immunosuppres-
sive M2-like macrophages [133].

¢ On the other hand, our team demonstrated that
TLR7 stimulation of tumor cells results in the
recruitment of MDSCs to the TME, leading to
accelerated tumor growth and metastasis.
Depleting MDSC indicated that these cells are
involved in the pro-tumoral effect of TLR7
stimulation [134] (Fig. 9.2). In addition,
tumor-derived exosomes (TDEs) activate
human MDSCs and trigger their suppressive
function in an Hsp72/TLR2-dependent man-
ner [135].

9.4.4 TLRsand NK Cells

In solid malignancies, tumor-associated NK
cells (TA-NK cells) in peripheral blood and
tumor-infiltrating NK (TI-NK) cells display

phenotypes of anergy or reduced cytotoxicity
[136]. Besides their well-established anti-tumor
effect, NK cells may support cancer both by
immunosuppression and by supporting tumor
angiogenesis [137]. Considering that almost all
TLRs can be expressed on human NK cells
[138], many TLR agonists stimulate NK cell
function directly or through accessory cells in a
cytokine- or contact-dependent  manner
(Fig. 9.2).

Poly(I:C) through TLR3 can directly acti-
vate human NK cell lines, NK92, YTCI2, and
YTS [139] promoting the secretion of IFN- y
and CXCL10 and upregulating the cytotoxic
activity of NK cells against human erythromy-
eloblastoid leukemia and B-lymphoblastoid
cell lines, which do not express the major histo-
compatibility complex class I (MHC-I) [139].
Poly(I:C) impairs the internalization of TLR3
and leads to the activation of NK cells within
the head and neck squamous cell carcinoma
(HNSCC) microenvironment [140]. In addi-
tion, TLR7/8 stimulation indirectly promotes
NK cell activation and production of IFN-y,
granzyme B, and perforin exerting powerful
anti-tumor immunity in melanoma and HNSCC
tumors [141, 142].

9.4.5 TLRandT Cells

Certain TLRs are expressed in T lymphocytes,
and their ligands can directly modulate T-cell
function (Fig. 9.2). The activation of the Toll-
like receptor-myeloid differentiation factor 88
(TLR-MyD88) signaling in CD8+ T cells
enhances proliferation, cytotoxic function, and
survival and makes them resistant to MDSC-
mediated suppression [143]. TLRS8 signaling
reverses tumor-induced T-cell senescence by
blocking cAMP production in tumor cells
[144].

In human yd T cells, TLR 3 and 7 agonists
increase CD54 expression and the lysis of pan-
creatic adenocarcinoma cells [145].

In addition, TLR2, TLRS5, and TLR8 agonists
inhibit the suppressive activity of natural
CD25(+)CD4(+) regulatory T cells [146].
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9.5 Effects of TLR Signaling
on Cancer-Associated

Fibroblasts (CAFs)

Cancer-associated fibroblasts (CAFs) are the
most abundant cell type within the active stroma
of many cancer types [147]. CAFs trigger pro-
tumorigenic signals accompanied by disruption
of the normal tissue architecture creating an opti-
mal niche for tumors to progress [148]. They
induce  therapy  resistance, epithelial-to-
mesenchymal transition (EMT), and survival or
stemness-related programs and metabolically
reprogram tumor cells [149]. CAFs secrete sev-
eral cytokines and chemokines that are immuno-
suppressive (IL-6, TGF-p, IL-1p, IL-10, IDO,
and PGE2), recruit inflammatory cells (CXCLI,
2,5,6,9,10,12,CCL2, 3, 5, 7, 20, and 26), and
are pro-angiogenic (VEGF, CXCLS8, and FGFs)
[150, 151].

Despite the fact that all ten TLRs are constitu-
tively expressed and functional (except TLR10)
in fibroblasts [152], few studies investigate the
impact of TLR stimulation in CAFs on tumor
progression. TLR4 in CAFs is associated with a
high rate of tumor recurrence and a shortened
overall survival, particularly in colorectal cancer
patients [153] (Fig. 9.2).

In a cohort of luminal breast cancer patients,
high TLR4 expression associates with more
LC3II (a marker of autophagosomes) in CAFs
and correlates with aggressive relapse rates and
poor prognosis [154]. Intestinal mesenchymal
cells (IMCs) and CAFs are activated by innate
TLR4/MyD88-mediated signals that promote
spontaneous intestinal tumorigenesis in mice.
Similar TLR4/MyD88-regulated gene signatures
also exist in human CAFs [155].

On the contrary, breast carcinomas with high
TLRO expression in fibroblast-like cells are asso-
ciated with low probability of metastasis [156].
The polysaccharide MPSSS triggers the TLR4-
NF-kB pathway and reduces the inhibitory effect
of prostate CAFs on CD4+ and CD8+ T-cell pro-
liferation [157] (Table 9.2).

Table 9.2 Summary of the effect of TLR signaling in the
TME

Cell
component

Effect

Pro-tumoral (enhance proliferation,
angiogenesis, metastasis, resistance to
chemotherapy)

Tumor cells

Macrophages | Controversial (anti-tumorigenic via
M1 phenotype or pro-tumorigenic via

M2 phenotype)

DCs Mainly anti-tumoral (TLR2 signaling
could be pro-tumoral)
MDSCs Mainly pro-tumoral
NK cells Anti-tumoral
T cells Anti-tumoral
CAFs Mainly pro-tumoral
9.6 TLR-Based Treatment

Strategies in Cancer Therapy

Based on the importance of TLR signaling in the
TME, numerous studies and clinical trials have
investigated the use of TLR ligands as potential
treatments for cancer. Using TLR ligands to incite
a powerful humoral and cellular immune response
against tumors has seemed very promising.
However, most TLR ligands used as single thera-
pies to stimulate the immune system were not suc-
cessful in preclinical studies or in clinical trials.
The complex nature of the TME, the fact that TLR
agonists can elicit pro-tumoral effects in tumor
cells, and the diverse consequences in immune and
stromal cells can explain why the majority of acti-
vating TLR-based single therapies failed.

Various strategies either stimulating TLRs
inciting their adjuvant effect or blocking TLR
signaling have been tried with some showing
promising outcomes. In addition to many pre-
clinical studies, ten clinical trials investigating
the safety and therapeutic efficacy of TLR ligands
or their adjuvant impact in cancer patients have
been completed. However, the majority of these
studies completed between 2016 and 2019 have
not been published yet.

To date, only three TLR agonists are approved
by FDA for use in humans: the bacillus Calmette-
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Guérin (BCG), monophosphoryl lipid A (MPL),
and imiquimod. BCG is used during immuno-
therapy in non-invasive transitional cell carci-
noma of the bladder, as an agonist for multiple
TLRs: TLR2, TLR4, and TLR9. MPL (derived
from the LPS of Salmonella minnesota) that sig-
nals through TLR2 and TLR4 is included in the
formulation of Cervarix®, a vaccine against
human papillomavirus-16 and human papilloma-
virus-18 that are strongly associated with cervi-
cal carcinoma. Imiquimod (a synthetic TLR7
agonist) is routinely used for the treatment of
actinic keratosis, superficial basal cell carcinoma,
and external genital warts [158, 159].
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Fig. 9.3 TLR-based treatment strategies in cancer ther-
apy. An up-to-date illustration of seven TLR-based treat-
ment strategies used in preclinical models and clinical
trials. NK cells natural killer cells, DCs dendritic cells,

9.6.1 TLR Ligands as Stimulators

of the Inmune System

Some TLR ligands show a preferential stimulat-
ing effect of the immune system in some types of
cancer. This could be explained by the relative
abundance of the corresponding TLRs in immune
cells compared to the absence/low expression or
non-functionality of these receptors in tumor
cells. However, further studies are required to
explore the exact molecular mechanisms involved
in this impact. TLR ligands in preclinical cancer
models and clinical trials have shown diverse
outcomes (Fig. 9.3).

TLRs Toll-like receptors, PAMPs pathogen-associated
molecular patterns, DAMPs damage-associated molecular
patterns, MHC-I major histocompatibility complex — class
1, Ag antigen
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e Imiquimod 5% cream tested as a therapy for
high-grade squamous intraepithelial lesions
and anal cancer resulted in complete or partial
response in 45% and 66% of patients, follow-
ing 16 and 32 weeks of consequent treatment
[160]. Imiquimod treatment recruits cutane-
ous effector T cells from the blood; stimulates
IFN-y, granzyme, and perforin production;
lowers IL-10 and TGF-B production; and
inhibits tonic anti-inflammatory signals within
the tumor [161].

e OM-174, a lipid A analogue (region of LPS)
that is considered as a TLR2/4 agonist, reduces
tumor progression and prolongs survival in
mice with subcutaneous B16 melanoma.
These effects are mediated by an increase of
the absolute numbers and the activation of
natural killer (NK) cells and cytotoxic T lym-
phocyte (CTL) [162]. Additionally, in a Phase
I study, OM-174 shows a good safety profile
for its use in patients with refractory meta-
static solid tumor [163], and it is currently
under development as a cancer immunothera-
peutic agent (Phase Ib clinical trials). In a
model of PROD colon cancer in rats, OM-174
induces complete regression in about 90% of
cases. Since OM-174 is not directly toxic to
tumor cells, the observed effect involves the
host-mediated anti-tumor reaction [164].

e Immunomax, a plant-derived TLR4 agonist,
eliminates micro-metastatic disease in the
post-resection model of 4T1 mouse breast
cancer. By stimulating tumoricidal NK cells,
Immunomax prolonged overall survival and
cured 31% of mice [165].

e SMP-105, a cell wall skeleton preparation of
M. bovis BCG, has anti-tumoral effects in a
model of subcutaneous murine NSCLC. By
activating the NF-kB promoter in a TLR2-
dependent manner, SMP-105 leads to a
T-helper (Th) I type immune response and the
proliferation of cytotoxic T lymphocytes
(CTL) [166].

e Intratumoral injection of acGM-1.8 — a modi-
fied polysaccharide that activates TLR2 — sup-
presses the growth of two murine tumors,
S180 sarcoma and B16 melanoma, and dem-

onstrates higher safety than four classical TLR
agonists: LPS, MPLA (agonist of TLR4),
poly(I:C)(TLR3), and Pam3CSK4 (TLR1/2).
The anti-tumor activity was mediated through
a TLR2-mediated switch of macrophages
from an M2, pro-tumor phenotype to an M1,
anti-tumor phenotype [167].

9.6.2 Inhibition of TLR Expression
Small interfering RNA (siRNA) to inhibit TLR
expression, mainly on tumor cells, has been tried
as a strategy for cancer therapy. Even though
such therapy lacks the ability to specifically tar-
get tumor cells in vivo, few studies show encour-
aging results.

e Silencing TLR4 in human prostate cancer
cells (PC3) using small interfering RNA
(siRNA) results in a dramatic reduction of
tumor cell viability, migration, and invasion.
In a mouse prostate cancer model, siRNA
against TLR4 inhibited established tumor
growth and survival [168]. Similarly, in breast
cancer cells and NSCLC cells, silencing TLR4
with siRNA inhibits proliferation and survival
of tumor cells and drastically decreases
inflammatory cytokine secretion, such as IL-6,
TNF-a, and IL-8 [43, 169].

e Knockdown of TLR2 by intratumoral injec-
tions of siRNA drastically reduces the size of
human liver tumors transplanted in nude mice
[170].

Although targeting TLR expression in tumor
cells is beneficial, the lack of specificity and the
difficulty to perform intratumoral injections for
many tumor types hinder its use in humans.

9.6.3 Blocking the Recognition
of TLR Ligands by TLRs

Using antibodies to block the interaction between
cell surface TLRs and their ligands is an effective
strategy in some cancers (Fig. 9.3).
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Activation of TLR2 with a yeast-derived
ligand of TLR2, zymosan, promotes head and
neck squamous cell carcinoma (HNSCC)
organoid formation in an ex vivo model of
tumor growth, while blockade with anti-TLR2
antibodies inhibits organoid formation. TLR2
blockade also inhibits growth of human xeno-
grafted HNSCC tumors in immunodeficient
mice [171].

In a mouse model of B16 melanoma, anti-
TLR2 antibodies markedly reduce pulmonary
metastases and increase the survival of mice
by reversing the immunosuppressive microen-
vironment and restoring anti-tumor CD8+ T
cells and M1 macrophages [172].

In a model of prostate cancer, anti-TLR4 anti-
bodies inhibit the pro-tumoral effects of LPS
that include immune escape, tumor progres-
sion, and metastasis by inducing immunosup-
pressive  TGFPBl and the pro-angiogenic
cytokine VEGF [173].

Eritoran, which blocks TLR4, abrogates the
enhanced migration of human esophageal
cancer cells and colorectal cancer (CRC) and
hepatic metastases in NSCLC induced by the
administration of heat-inactivated E. coli and
LPS [174-176].

9.6.4 Blocking TLR Signaling

TAK-242 (resatorvid), a selective inhibitor of
the TLR4-NF-xB signaling pathway, sup-
presses inflammatory mediators and inhibits
growth, invasion, and metastasis of hepatocel-
lular carcinoma (HCC) [177] (Fig. 9.3).
Luteolin, a suppressor of the TRIF signaling
pathway, reduces the volume and weight of
prostate tumors in a xenograft mouse model,
by targeting angiogenesis, reducing cell via-
bility, and inducing apoptosis in cancer cells
[178]. Similarly, luteolin decreases invasive-
ness and MMP secretion and reverses IL-6-
induced epithelial-mesenchymal transition in
pancreatic cancer cell lines [179].

Inhibiting TLR7 and TLRO signaling using a
specific antagonist (IRS-954) or chloroquine
reduces hepatocellular carcinoma prolifera-

tion in vitro and inhibits tumor growth in a
mouse xenograft model [180].

9.6.5 TLR Ligands in Therapeutic
Combinations

Different combinations of TLR agonists and
immune checkpoint inhibitors have been investi-
gated in preclinical models and clinical trials
(Fig. 9.3).

* A combination of intratumoral injections of
the TLR1/2 ligand, Pam3CSK4, and anti-
CTLA-4 antibody enhances anti-tumor
immune responses by mediating the depletion
of regulatory T cells in a murine melanoma
model [181].

¢ In murine models of melanoma (B16.F10) and
colon adenocarcinoma (MC38), a combina-
tion of R848-loaded p-cyclodextrin nanopar-
ticles (CDNPs) and anti-PD-1 synergistically
results in tumor shrinkage, a stable and
homogenous anti-tumor response, and pro-
tects the mice from a tumor rechallenge by
triggering anti-tumor memory [182]. In
colorectal cancer (CRC), a combination of
Taxol and R848 results in better control of
tumor growth than single treatments and other
combinations [183].

e Combining imiquimod, a TLR7 agonist, with
1-methyl-d-tryptophan, an IDO inhibitor, or
with an iNOS inhibitor induces a Th1 response
and slows the growth of established murine
tumors in both thymoma (EG7) and colon car-
cinoma (C26)-bearing mice, while single
treatments don’t have any therapeutic effects
[109, 110].

e Combining IL-10 blockade with imiquimod
results in long-term survival of mice with
spontaneous breast tumors, while imiquimod
alone doesn’t show any efficacy [184].

e Inacombined chemotherapy Phase II clinical
trial, patients with treatment-refractory breast
cancer chest wall metastases treated with a
TLR7 agonist (imiquimod), a TLR4 agonist,
and chemotherapy (plus albumin-bound
paclitaxel) showed disease regression with an
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overall response rate of 72%, and 92% of
adverse events were low grade (1 and 2).
However, the responses were short-lived
(4-28 weeks) [185].

* A Phase II study examining the combination
of an anti-CTLA-4 monoclonal antibody with
the TLR9 agonist (SD-101) in patients with
recurrent low-grade B-cell lymphoma showed
that the combination did not constitute a
promising therapeutic option [186].

9.6.6 TLR Ligands in Cancer Vaccine

TLR ligands have been extensively explored as
vaccine adjuvants in preclinical and clinical stud-
ies (Fig. 9.3).

e In patients with high-risk myelodysplastic
syndrome (MDS), a Phase I study investigat-
ing an NY-ESO-1 vaccine containing
(PolyIC:LC), TLR3 agonist, showed the
induction of an antigen-specific CD4+ and
CD8+ T-cell immune response associated
with a detectable population of CD141" con-
ventional dendritic cells [187].

* A vaccine of glioma-associated antigen pep-
tides and PolyIC:LC tested in a pilot study
for pediatric recurrent low-grade gliomas
was well tolerated but showed low immuno-
logical and clinical activity in 4 out of 14
kids [188].

e The safety and tolerability of a DC-based
vaccine in combination with (PolyIC:LC)
tested in a Phase I study in patients with
locally advanced unresectable pancreatic
cancer showed that, despite the good safety
of the vaccine, the treatment elicited specific
T-cell responses in only three of eight
patients, with a median overall survival of
7.7 months [189].

e Oxaliplatin-based chemotherapy administered
alone or combined with the poly(A:U), TLR3
agonist, failed to hamper the progression of
murine subcutaneous melanoma (B16-OVA).
However, a vaccine composed of the antigen
(OVA) plus the adjuvant CpG-ODN, TLR9

agonist, given prior to oxaliplatin and
poly(A:U) retarded tumor growth [190].

o Targeted delivery of tumor antigen to DCs, in
addition to adjuvants (poly(I:C) and R848,
TLR3 and 7/8 agonist), by encapsulating them
in DC-targeting nanoparticles, enhances the
maturation of DCs, the production of immune
stimulatory cytokines, and the antigen-specific
activation of naive CD8+ T cells. Remarkably,
such delivery reduces the serum cytokine
storm and related toxicity that is associated
with administration of soluble TLR ligands
[191]. Using biodegradable, polymer mic-
roparticles, targeted delivery of triple adjuvant
combination (TLR4/TLR7/TLR9) in murine
tumor models results in increased antigen-
specific antibody titer with an overall balanced
Th1/Th2 response [192]. However, evaluating
the anti-tumor efficacy of these vaccines in
tumor models is yet to come.

9.6.7 Targeted Delivery of TLR
Ligands

To avoid undesired effects of TLR ligands and to
reduce acute toxicities that result from systemic
diffusion of soluble TLR-based adjuvants, a new
strategy that aims to deliver TLR ligands to the
targeted cell type in the TME gives encouraging
results (Fig. 9.3).

e Targeted delivery of a 50bp dsRNA TLR3
agonist (Riboxxol) conjugated to anti-prostate
stem cell antigen (PSCA) single chain anti-
body — termed “Rapid Inducer of Cellular
Inflammation and Apoptosis” (RICIA) — in
PSCA-positive bladder cancer xenograft mod-
els (HT1376) induces a type I interferon
response and apoptosis of target cells.
Although treatment in immune-deficient mice
did not induce adverse effects, tumor growth
was only modestly inhibited as compared to
controls [193].

e Loading B-cyclodextrin nanoparticles
(CDNPs) — which exhibit affinity to macro-
phages — with R848, an agonist of TLR7/8,



164

M. Angrini et al.

Table 9.3 Summary of TLR-based treatments of cancer in preclinical and clinical trials

TLR-based strategy Treatment Cancer type
Stimulation of the immune system Imiquimod Skin cancers (BCC and
SCC)
OM-174 Melanoma and colon cancer
Immunomax Breast cancer
SMP-105 NSCLC
acGM-1.8 Sarcoma and melanoma
Inhibition of TLR expression siRNA for TLR4 Prostate and breast cancers
siRNA for TLR2 Liver cancer

Blocking the recognition of TLR ligands by
TLRs

Anti-TLR2 antibodies

HNSCC and melanoma

Anti-TLR4 antibodies

Prostate, esophageal, and
CRC

Blocking TLR signaling

TAK-242 (resatorvid)

HCC

Luteolin Prostate and pancreatic
cancers
IRS-954 or chloroquine HCC
TLR ligands in therapeutic combinations Pam3CSK4 + anti-CTLA-4 Melanoma

R848 + anti-PD-1

Colon cancer

Imiquimod + IDO/iNOS
inhibitors

Thymoma and colon cancer

Imiquimod + IL-10 blockade

Breast

Imiquimod + paclitaxel

Refractory breast cancer

SD-101 + anti-CTLA-4

Low-grade B-cell lymphoma

TLR ligands in cancer vaccine

NY-ESO-1 vaccine (PolyIC:LC)

MDS

Glioma-asso. antigen
(PolyIC:LC)

Pediatric gliomas

DC-based vaccine (PolyIC:LC)

Advanced pancreatic cancer

OVA vaccine (CpG-ODN)

Melanoma

Targeted delivery of TLR ligands

Riboxxol conjugated to
anti-PSCA
CDNPs + R848

HT1376 bladder cancer cells
Multiple murine tumor
models

alters the tumor immune microenvironment in

multiple murine tumor models toward an M1
phenotype, leading to controlled tumor growth
[182] (Table 9.3).

9.7  Future Perspectives

Despite advances in understanding the dual role
of TLR signaling in the TME, many questions
are yet to be answered. The difference between
inflammation that induces tumor progression
and inflammation that causes tumor regression is
still unclear. Though both exogenous and endog-
enous TLR ligands are involved in TLR activa-
tion in tumor cells, their relative contribution to
tumorigenesis remains unknown. In fact, despite
the existence of natural TLR ligands, most

experiments that investigate the role of TLRs in
cancer use synthetic TLR ligands. While DAMPs
released from dead tumor cells incite pro-
tumoral effects in tumor cells and diverse effects
in immune cells, PAMPs from microbiota or
exogenous pathogens (bacteria, virus, parasites)
can also impact on the TME and tumor progres-
sion, especially in mucosal organs. Another
intriguing question is why activation of different
TLRs leads to different outcomes in the same
tumor, even though most TLRs share the same
signaling pathways and molecules. The answer
could lie in the integration of signals of the dif-
ferent cells in the TME that can sense and
respond to the ligands present. The outcome of
activating TLR signaling in a given tumor
depends on the nature of the cells that succeed to
exploit it the most.
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Considering that most TLR ligands have an
anti-tumoral role when they activate cDCs and
NK cells, and an pro-tumoral role when they acti-
vate tumor cells, looking for TLR ligands that
can preferentially activate DCs and NK cells
while sparing tumor cells is likely to be an effec-
tive strategy to enhance the anti-tumor response.
Also, targeted delivery of TLR ligands to specific
cell types using antibodies is a promising strategy
to avoid off-target effects.

Tumor cells express more TLRs than their
normal epithelial counterparts. In addition, some
studies show that tumor cells can be more suc-
cessful in sensing TLR ligands, than immune
cells in the TME, considering the pro-tumoral
outcome of TLR agonist treatment.

The use of synthetic TLR agonists to explore
the effect of TLR signaling in the TME impedes
the comprehension of the role of the TLRs. Some
TLR agonists are not specific to the TLR studied
activating multiple TLRs. It is possible that syn-
thetic TLR agonists have a tropism to TLRs
expressed in particular types of cells, which may
not mimic the impact of natural DAMPs or
PAMPs. This can explain the limited success of
TLR agonists in clinical trials despite promising
results in preclinical experiments.

TLR signaling can modulate the metabolic
program in tumor cells, stromal cells, and
immune cells. It also regulates metabolites pro-
duced by tumor cells, such as cAMP and IDO,
which are potent immune suppressors, thus main-
taining the tumor-suppressive microenvironment.
Identification of selective TLR agonists that spe-
cifically inhibit tumor metabolism and/or regu-
late tumor-derived metabolites is needed for
better TLR-based tumor vaccines and therapy.

Since TLR polymorphisms can play important
roles in tumorigenesis and influence outcomes of
therapeutic interventions, analyzing TLR expres-
sion and determining polymorphisms in patients
can not only be used as prognostic marker but
also opens new avenues for the use TLR ligand-
based therapies in personalized medicine.

TLR-mediated reprogramming of T-cell
metabolism is a novel and feasible strategy for
tumor immunotherapy. Developing effective
strategies targeting TLR-mediated metabolic

switches to appropriately activate macrophages
and DCs in the TME is a promising future thera-
peutic approach.

Though TLR agonists as a single agent anti-
tumor drug have yielded limited success in clini-
cal trials, combining TLR-based cancer treatment
with immune checkpoint inhibitors has given
encouraging results supporting growing evidence
that combination drugs are the future of cancer
therapy.

9.8 Conclusion

TLRs are widely expressed in tumor cells, stro-
mal cells, and tumor-infiltrating immune cells
and are involved in the regulation of tumor
pathogenesis and in anti-tumor immune
responses. Increasing evidence strongly indi-
cates that TLRs can be activated in various cells
within the TME and can thereby modulate the
microenvironment. Like the dragon in the fan-
tasy TV series Game of Thrones, TLR signaling
is a war-changing weapon that can be exploited
either by tumor cells or by immune cells, to con-
trol the TME.

A better understanding of the mechanistic
effects of TLR signaling in different cells within
the tumor-suppressive microenvironment will
enable the development of novel strategies via
TLR-mediated cancer therapies.
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Abstract

The tumor microenvironment (TME) is an
evolutionally low-level and embryonically
featured tissue comprising heterogenic pop-
ulations of malignant and stromal cells as
well as noncellular components. Under
radiotherapy (RT), the major modality for
the treatment of malignant diseases [1],
TME shows an adaptive response in multiple
aspects that affect the efficacy of RT. With
the potential clinical benefits, interests in RT
combined with immunotherapy (IT) are
intensified with a large scale of clinical trials
underway for an array of cancer types. A
better understanding of the multiple molecu-
lar aspects, especially the cross talks of
RT-mediated energy reprogramming and
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immunoregulation in the irradiated TME
(ITME), will be necessary for further
enhancing the benefit of RT-IT modality.
Coming studies should further reveal more
mechanistic insights of radiation-induced
instant or permanent consequence in tumor
and stromal cells. Results from these studies
will help to identify critical molecular path-
ways including cancer stem cell repopula-
tion, metabolic rewiring, and specific
communication between radioresistant can-
cer cells and the infiltrated immune active
Iymphocytes. In this chapter, we will focus
on the following aspects: radiation-repopu-
lated cancer stem cells (CSCs), hypoxia and
re-oxygenation, reprogramming metabo-
lism, and radiation-induced immune regula-
tion, in which we summarize the current
literature to illustrate an integrated image of
the ITME. We hope that the contents in this
chapter will be informative for physicians
and translational researchers in cancer radio-
therapy or immunotherapy.
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10.1 Frameworks of Multiple

Aspects of ITME

Artificial radiation was invented about 120 years
ago and was almost immediately applied in can-
cer treatment [1]. Compared to other anticancer
modalities such as chemotherapy, RT has demon-
strated the clinical benefits of local control with
relatively less systematic side effects. In the past
two decades, RT efficacy has been improved with
the many technological advances, including
in vivo imaging and precision of tumor dose
delivery. However, the overall efficacy of
RT-mediated long-term cancer control remains to
be further improved [2]. Accumulating new evi-
dence demonstrates that multiple adaptive
responses are induced in ITME. The mechanistic
insights of such radiation-induced adaptive tumor
microenvironment, especially the communica-
tion between tumor and stromal cells such as the
cross talk between tumor cells and the infiltrated
immune active cells, are to be further revealed
[3]. On the tumor side, tumor heterogeneity has
been linked to the repopulation of resistant can-
cer cells such as CSCs [4, 5] and adaptive tumor
radioresistance.

In contrast, in the stromal side, experimental
and clinical data have revealed many previously
unknown features in TME, such as reprogram-
ming cellular energy metabolism and immune
active cells under radiation with a revived con-
cept of the abscopal effect [6]. In this chapter, as
illustrated in Fig. 10.1, the following fundamen-
tal issues in the TME under therapeutic ionizing
radiation will be discussed: repopulation of
CSCs, hypoxia in ITME, radiation-associated
reprogramming cellular energy metabolism, and
the potential pro- and anti-immune regulation.
Further elucidating the mechanistic insights of
the multiple aspects of tumor radiation response,
notably, the mechanisms in charge of the com-
munications among the cells in different catego-
ries of the ITME, as illustrated in Fig. 10.1, will
be highly appreciated. These studies could be
able to define dynamical alternations of intrinsic
tumor gene expression conjugated with their sur-
face immunogenicity, which will provide valu-

Anti-tumor
immune
factors

Fig. 10.1 Categorized essential adaptive rewiring TME
under radiotherapy, including repopulation of CSCs,
hypoxia and re-oxygenation, pro- and anti-tumor immune
factors, and reprogramming energy metabolism

able information for inventing more effective
approaches in RT and RT combined with meta-
bolic and immune-adjusting targets.

10.2 The Cancer Stem Cells
in Irradiated TME

10.2.1 Repopulation of Cancer Stem
Cells

Cancer stem cells (CSCs, also termed as stem-
like cancer cells, tumor-initiating cells) are origi-
nally identified in myeloid leukemia with specific
surface markers [4, 7], and then an array of solid
human tumors [8-14] are linked with tumor
resistance to radiotherapy and chemotherapy [15,
16]. CSCs have the capacity of self-renewal,
capable of giving rise to heterogeneous lineages
in the solid tumor [17, 18]. CSCs are thus loosely
divided into two major subpopulations: normal
and slow growth; the latter contains quiescent or
dormant tumor cells [19]. Accumulating bio-
markers are applied to identify and isolate CSCs
revealing that CSCs can be enriched in a fraction
of cancer cells that survive therapeutic radiation
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[20-22], thereby being radioresistant, and may
account for the failure of RT [23-25]. It has been
assumed that due to unstable genomic dynamics,
different subclones of CSCs with various sets of
mutations and genomic alterations are present in
the tumor with specific cell surface biomarker
such as breast cancer with CD44+/CD24~"°% [5]
as well as with enhanced aldehyde dehydroge-
nase (ALDH) activity [26, 27] although non-CSC
tumor cells were reported to be transferred to
CSCs via radiation-induced dedifferentiation
[28]. CD133 + lung cancer cells were shown to
be radioresistant than CD133— cells [29].
Accumulating evidence suggests that CSCs are
linked with recurrence, aggressiveness, and ther-
apy resistance, such as enhancing DNA repair
capacity and forming a  pro-survival
microenvironment — ITME.

10.2.2 Enhanced DNA Repair
Capacity in CSCs

It has long been proposed that a balance between
the degree of DNA damage and activation of pro-
survival signaling pathways determines the fate
of an irradiated cell [30-34]. CSCs are shown to
be equipped with increased capacity of DNA
damage repair [35-37]. The increased capacity of
CSCs for DNA repair [38] accounts for their low
rate of apoptosis in response to cancer treatment.
Glioma stem cells are capable of promoting
radioresistance by enhancing DNA damage
repair and reducing the rate of apoptosis follow-
ing the repopulation of CD133* tumor cells after
irradiation [20]. CD133* glioma cells are shown
to survive radiation by preferentially activating
DNA damage checkpoints, repairing the
radiation-induced DNA damage more effectively
and thus undergoing apoptosis less frequently
than CD133~ cells [20]. It may be that the tran-
sient activation of the DNA checkpoints leads to
cell cycle arrest, a critical step for the initiation of
DNA repair. An interesting conclusion derived
from these studies is that increased activation of
checkpoint proteins, with no associated change in
protein expression, is detected in cancer stem

cells in response to radiation-induced DNA dam-
age. This suggests the involvement of other
mechanisms in regulating the checkpoint activity
and the survival of the CSCs [39]. Some irradi-
ated cells are also able to increase their survival
rate by reducing or repairing radiation-induced
damage via the activation of stress-responsive
signaling networks controlled by several
radiation-inducible transcription factors [40—45].
For instance, interleukin family member 6 (IL-6)
signaling promotes DNA repair and prevents
apoptosis in CD133+ stem-like cells of lung can-
cer after radiation [46]. It is recently further evi-
dent that the basal expression of DNA damage
sensor proteins, including ataxia-telangiectasia
mutated (ATM), H2A histone family member X
(H2AFX), and poly(ADP-ribose) polymerase 1
(PARP1), is increased in CSCs, indicating an
increased DNA damage response in CSCs [35].

10.2.3 The Irradiated TME May Favor
the Repopulation of CSCs

CSCs in an array of solid human solid tumors
show radioresistant and chemoresistant proper-
ties. To improve the efficacy of current anticancer
therapeutics, the cross talk between CSCs and the
ITME is to be further investigated. Using a mam-
mary chimera model in which an irradiated host
is transplanted with oncogenic tumor protein 53
(Trp53) null epithelium, Nguyen et al. show that
radiation enhances the development of aggres-
sive tumors that show different molecular signa-
tures compared to tumors arising in nonirradiated
hosts, indicating that the irradiated microenviron-
ment affects tumor phenotype [47]. ITME is also
indicated to enhance the radioresistance of CSCs.
To mimic ITME, Chan et al. have developed an
in vitro three-dimensional (3D) NSCLC model of
color-coded tumor tissue analogs (TTA) com-
prised of human lung adenocarcinoma cells,
fibroblasts, endothelial cells, and NSCLC cancer
stem cells maintained in low oxygen conditions
(5% 02) to recapitulate the physiologic condi-
tions in tumors. A single dose of 5 Gy increases
the expression of cytokines and cell proliferative
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factors without delaying TTA that contains CSCs
[48]. Glioblastoma multiforme (GBM) cells
could autocrine abundant transforming growth
factor-beta (TGF-beta), a pleiotropic cytokine
that promotes effective DNA damage response,
promoting self-renewal and effective DNA dam-
age response. The usage of TGF-beta inhibitors
with radiation could improve therapeutic
response in vitro and in vivo [49]. Tumor-
associated macrophages (TAMs), myeloid-
derived suppressor cells (MDSCs), follicular
dendritic cells (DCs), and regular T cells have
been reviewed to have the capacity to regulate
cancer stem cell maintenance and tumorigenesis
through various cytokines, such as milk fat
globule-EGF factor 8 (MFG-ES), IL6, IL17, and
TGFp1, or anchoring the ephrin type-A receptor
4 (EphA4), which in turn activates NF-kB and
Src signaling pathways in CSCs [50]. The mes-
enchymal stem/stromal cells (MSCs) in TME
play a pro-tumor function. MSCs can decrease
the antitumor T cells due to MSC-released TGF-f3
[51, 52]. Cuiffo et al. demonstrated that the inter-
action between breast cancer cells and MSCs
could enhance CSC function via miRNA regula-
tion [51]. In addition, cancer-associated fibro-
blasts (CAFs) in non-small cell lung cancer were
found to trigger the insulin-like growth factor 1
receptor (IGF1R) pathway, leading to increased
stemness marker Nanog expression and a greater
level of sphere formation in vitro and metastasis
in vivo [53]. In hepatocellular carcinoma, CAFs
are shown to secrete hepatocyte growth factor
(HGF) to enhance the self-renewal capacity of
tumor cells [54]. CAFs have also been shown to
help maintain the stemness in gastric cancer,
glioblastoma, and leukemia through secretion of
TGF-f, STAT1, and NF-kB [48, 55]. The poten-
tial communication between CSCs and astrocytes
in the tumor microenvironment is illustrated in
breast cancer brain metastasis [56]. A recent well
review on DNA repair related to CSCs has
addressed on high inter- and intratumoral hetero-
geneity, the plasticity of CSCs, and
microenvironment-stimulated tumor cell repro-
gramming [57]. These results demonstrate that
the communication of CSCs in ITME contributes
to the adaptive response of tumor microenviron-

ment stressed  with
conditions.

frequent  genotoxic

10.2.4 Targeting CSCs
in Radiotherapy

CSCs have been extensively studied for therapeu-
tic targets [58, 59], although there is a relatively
small portion of reports indicating no enhanced
radioresistance in radiation-surviving tumor cells
and tumors (probably enriched with CSCs) [60].
It has been reported that carbon ion radiation is
more efficient to eliminate CSCs than x-ray, and
the potential therapeutic synergy of radiosensitiz-
ing microRNAs and carbon ion beam has been
reviewed [61], and hyperthermia combined with
6 MeV electron radiation is shown to enhance the
inhibition of the clonogenicity of prostate CSCs
[62]. An array of CSC targets are being tested for
the elimination of CSCs based on inhibition of
CSCs biomarkers and downregulation of stem
cells’ self-renewal genes such as Nanog, Sox-2,
and Rex-1 [130]. Histone deacetylase inhibitors
(HDACISs) inhibit CSC biomarkers and CSC-
induced epithelial-to-mesenchymal transition
(EMT) [63]. Using a radioresistant head and neck
squamous cell carcinoma SQ20B cell line, UCN-
01, a checkpoint kinase (Chkl) inhibitor,
enhances the radiosensitivity of SQ20B-CSCs
and further synergizes radiosensitivity with all-
trans retinoic acid (ATRA) [64]. Honokiol, a
biphenolic compound that has been clinically
used in traditional Chinese medicine for treating
various ailments, is shown to reduce CSC bio-
markers and synergize tumor radiosensitivity
[65]. Salinomycin is found to inhibit pancreatic
CSCs and CD133+ persistence, and salinomycin-
loaded nanomicelles showed enhanced efficiency
in head and neck CSCs [66]. Graphene oxide,
also a nano-compound to target CSCs, is illus-
trated to convert CSCs into non-CSCs via sup-
pressing the Notch, WNT, and STAT signaling
pathways [67]. Interestingly, epigallocatechin
gallate (EGCG), a polyphenol ingredient of green
tea, induced programmed cell death in the
CD133+ and ALDHI1 glioma CSCs. EGCG sub-
dued P-glycoprotein in CSCs and consequently



10  Multiple Dynamics in Tumor Microenvironment Under Radiotherapy

179

enhanced its sensitivity to temozolomide [68]. In
addition, some newly developed drugs such as
BBI608 (inhibitor of STAT3 and f-catenin path-
ways), vismodegib, R04929097, and glycogen
synthase kinase 3 (GSK3) inhibitors are also
being tested in clinical trials [69]. Increasing
interests are on the potential combination of tar-
geting CSCs with immunotherapy [70].

Antibodies to CD44 are tested for an array of
solid tumors combined with radiation to enhance
tumor response [21, 71]. Additional CSC anti-
bodies, including demcizumab (anti-Notch
ligand DLL4 antibody and nanobody) [72, 73],
OMP-18RS5 (anti-Wnt receptor FZD monoclonal
antibody), and OMP-52 M51 (anti-Notch1), have
been generated and are under tests. Regulation of
immune cells to target CSCs also holds great
potential for generating clinical benefits. J.C. Sun
et al. applied dendritic cell-based vaccines, which
were treated with antigens from CD133+ hepato-
cellular carcinoma cells to activate specific cyto-
toxic lymphocytes and therefore destroy
hepatocellular carcinoma CSCs. HER2-specific
chimeric antigen receptor (CAR) T cells have
effectively abrogated the survival of HER2
expressing glioblastoma cells, including CD133+
and CD133— carcinoma cells [74]. AC133 (an
epitope of CD133)-specific CAR T cells are
shown to eliminate CD133+ glioblastoma CSCs
[75].

10.3 Dynamics of Hypoxia
and Re-oxygenation

10.3.1 The Hypoxia and HIF-1-
Mediated Gene Expression

Oxygen present on the earth surface has been
linked with the biological evolution from single-
to multiple-cell organisms and is an indispens-
able substrate to participate in the aerobic
respiration of all mammalian cells that is required
to maintain critical physiological activities [76].
The eukaryotes featured with their adaptive
capacity in oxygen-independent energy metabo-
lism indicate that they arose a long time before
the oxygen levels reached the current level on

earth [77-79]. Cells in the lowered oxygen situa-
tion, termed hypoxic condition, or hypoxia, exist-
ing in multicellular systems such as human tissue
and organs as well as in the solid tumors, may
reflect the ancient lifestyle of original biological
units. It is thus reasonably assumed that mamma-
lian cells with stem-like characteristics such as
CSCs are evolutionally able to benefit from such
hypoxic conditions.

The hypoxic region within a solid tumor is
radioresistant and linked with failure of growth
control and metastasis [80-82] since oxygen
enhances ROS formation that increases DNA
damage [83, 84]. HIF-1a, a key transcription fac-
tor, promotes the expression of many effector
genes to reduce cell proliferation and survive
under hypoxia, a known phenomenon of tumor
dormancy. Radiation is shown to be able to re-
oxygenate the hypoxic areas [85], and tumor
metabolism is also linked with the hypoxic and
nonhypoxic regions within the tumor as well as
the surrounding stroma [86]. Such a dynamic fea-
ture of hypoxic/oxygenated status is reflected by
growing evidence that radiation can cause vascu-
lar dysfunction in the tumor microenvironment,
especially the application of doses delivered with
less fractionated high doses, including the dosage
used in stereotactic body radiotherapy (SBRT)
[87-90]. Data from Oberley-Deegan’s group has
identified that MnTE-2-PyP (manganese (III)
meso-tetrakis-(N-ethylpyridinium-2-yl)) with 5
plus charges being able to scavenge ROS is
shown to reduce histone acetylation of HIF-1
effector gene PAI-1 to inhibit prostate cancer
growth [91], indicating different target genes
regulated by hypoxic conditions. For instance,
HIF-1 is shown to regulate CD47, causing immu-
notolerance of breast cancer cells [92]. Future
research should attempt to unearth the missing
links between HIF and cancer metabolism or
immune escape.

10.3.2 Hypoxia in Radiation-Induced
CSC Repopulation

Hypoxia-inducible factors (HIFs) and reactive
oxygen species (ROS) coordinately play a role in
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CSCs [93] since CSCs favor the hypoxic condi-
tion, whereas oxygen seems to change the stem
status for cells. This could be a critical mecha-
nism underlying radiation-induced dynamics of
CSCs repopulation. Hypoxia-induced biological
changes are able to promote CSCs in discrete
regions of the tumor [17], and HIF is shown to
enhance CSCs specification and maintenance
[94]. The hypoxic microenvironment is shown to
be necessary for maintaining the stem-like phe-
notype of glioma stem cells [95]. Ovarian cancer
spheroid cells with stem features contribute to
therapy resistance through hypoxia-resistant
metabolism [96]. Lowered ROS levels are associ-
ated with less DNA damages and metastasis of
breast cancer [97]. Blazek et al. showed that
CD133* cancer cells are enhanced by hypoxia
[98]. Increased CD13 is indicated with reduced
ROS and enhanced survival of liver CSCs [99].
The redox modulator NRF2 and ROS-related
microRNA have been identified as potential regu-
lators of CSCs [100-102], indicating that redox
imbalance plays a critical role in the regulation of
CSCs [103]. Thus, the coordinative mechanisms
underlying hypoxia and ROS in CSC radioresis-
tance are to be further investigated. In this regard,
hypoxia-responsive miR-210 is found to drive the
metabolic reprogramming and self-renewal activ-
ity of CSCs. In this study, HIFI1A-induced
expression of miR-210-3p can reduce TCA cycle
activity and repress OXPHOS, suggesting a met-
abolic shift with increased lactate production for
self-renewal capacity of CSCs [104].

10.3.3 Tumor Hypoxia and CSC
Dormancy

Tumor dormancy is a recognized clinical phe-
nomenon in which disseminated tumor cells
remain occult and undetectable over a prolonged
period of time [105, 106]. Such dormant cancer
cells are less sensitive to clinical therapy than the
cancer cells in the proliferative stage. The rea-
sons for this may not be limited to their non-
cycling stage but may be associated with their
unique metabolism and low oxygen microenvi-
ronment [107, 108]. Several groups have

observed the existence of dormant cells in
hypoxic areas of TME. These hypoxia-resistant
tumor cells or hypoxia-favored cancer cells dem-
onstrate the dormant status characterized by
reduced proliferation and metabolism without
significant cell death. However, the dormant state
can be reversibly switched to active status with
high mitochondrial respiration in an optimal cell
culture condition [109, 110]. Additional experi-
mental and clinic data also indicate that the dor-
mant tumor cells could be enhanced by current
anticancer modalities [111, 112]. Radiation is
well-demonstrated to be able to modify the dor-
mant status of a solid tumor. For instance, the
quiescent neural stem cells (NSCs) can exit the
dormant stage 2 days after irradiation [113]. The
intrinsic molecular pathways in CSCs contribute
to such therapy-mediated refactorization of can-
cer cells in the dormant stage. Hypoxia-induced
specific factors such as leukemia inhibitory factor
receptor (LIFR) are required for the dormancy in
breast cancer cells metastasized in the bone mar-
row [114]. Conley et al. found that antiangio-
genic agents increase breast cancer stem cells via
the generation of tumor hypoxia. In agreement,
the population of CSCs can also be increased in
breast cancer xenografts with increased tumor
hypoxia by antiangiogenic agents due to HIFI-a
activation, which may compromise the efficacy
of antiangiogenic agents [115]. As illustrated in
Fig. 10.2, the dynamics or imbalance in dormant
vs. proliferative cancer cells could be a critical
factor in RT-mediated CSC repopulation and lack
of tumor responsiveness to RT due to the recy-
cling of self-renewal-repopulation-dormancy. In
addition, results reported by Smilowitz et al. sug-
gested that immunotherapy efficacy can be
enhanced by increased radiation dose with pro-
longed tumor dormancy [116]. Therefore, two
opinions seem to be produced on tumor dor-
mancy in radiotherapy. One is that RT or RT
combined with immunotherapy should enhance
the duration of tumor dormancy to increase
disease-free survival, and the other is that treat-
ment strategy should be applied to reduce the
pool of dormant tumor cells so as to become pro-
liferative status to increase the therapy response.
However, it is highly risky to make dormant
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Fig. 10.2 Enhanced repopulation of CSCs due to
radiation-induced hypoxia in ITME. In addition to
radiation-induced re-oxygenation, which increases tumor
responsiveness, radiation-induced vascular injuries and

tumor cells become proliferative status because
uncontrolled aggressive tumor cells lead to dis-
ease progression and failure of treatment. Thus, a
conceivable strategy is to find potential molecu-
lar pathways to eliminate the dormant cancer
cells at a quiescent state (by potential metabolic
targets) or to reprogram or block the dormant
microenvironment to limit its ability to reactivate
itself [117].

10.3.4 Targeting Hypoxia
for Enhancing Tumor
Responsiveness

It has been long observed that tumor hypoxia is
linked with radioresistance, and a great effort has
been exerted to enhance tumor response under
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. cancer stem cells
. lactate

» chemokines
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Self-renewal
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Upopulation

thus local hypoxia may build a hypoxic niche that favors
the cycle of dormancy-self-renewal-repopulation and
local tumor radioresistance

radiotherapy [85, 118, 119]. However, a precise
in vivo monitoring of the hypoxic/oxygenated
dynamics has been a challenge which is neces-
sary to enhance tumor responsiveness by adjust-
ing the radiation dose. Grimes et al. utilized
avascular tumor models to mimic tumor dynam-
ics, and spheroids exhibit a similar sigmoidal
growth curve as in situ tumors [ 120]. Great efforts
have been dedicated to the clinical hypoxia imag-
ing to personalize radiotherapy [121-123]. White
et al. described an oxygen-enhanced magnetic
resonance imaging (OE-MRI) approach as a
prognostic biomarker of tumor radiation response
[124]. Such OE-MRI techniques were evaluated
as potential noninvasive predictive biomarkers.
In addition, semiquantitative blood oxygen level-
dependent (BOLD) and tissue oxygen level-
dependent (TOLD) contrast and quantitative
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responses of relaxation rates to an oxygen breath-
ing challenge during hypofractionated radiother-
apy were applied. A recent study aiming to
calculate doses required in hypoxic subareas sug-
gests that fractionation of radiation doses is
linked to the heterogeneous and dynamic tumor
oxygenation [125], whereas vascular damage
induced by high radiation doses may reduce the
therapeutic efficacy due to enhancing the hypoxic
region [89]. Many approaches have been tested to
adjust tumor hypoxia, among which, the nitro-
imidazoles are well-studied in an array of solid
tumors with limited effects in clinical trials [126,
127]. A limited therapeutic benefit for tumor
radiosensitization was observed by the applica-
tion of carbogen (95% O2 and 5% CO2) or miso-
nidazole [128]. Additional approaches are aimed
to reduce tumor oxygen consumption and
hypoxia [129]. It is estimated that a 30% reduc-
tion of O, consumption can decrease the hypoxic
fraction in the tumor from 37% to 11% [130]. A
group of bioreductive agents has been tested in
clinic trails as hypoxic cytotoxins [131].
Metformin that is able to reduce O, consumption
and tumor hypoxia is also tested for the radiosen-
sitization of hypoxic tumors [127, 132]. Another
major approach to reduce tumor hypoxia in
radiotherapy is to target the aberrant vasculature
in ITME [133], which aims to prevent revascular-
ization after therapy. Results from Dewhirst’s
group further demonstrate that hypoxic condition
enhances the secretion of lactates that could be
taken by nearby aerobic cells for mitochondrial
respiration; thus blocking lactates may eliminate
such lactate-fueled respiration to block tumor
growth [134]. Managing the hypoxic condition in
ITME, especially its correlation with reprogram-
ming metabolism and immune regulation,
remains as a critical topic in the tumor radiobiol-
ogy area.

10.3.5 Pericytes in ITME

Pericytes are the multifaceted cells associated
with endothelial cells with varied biological
functions arranging from tissue regeneration and

development of diseases [135]. There are two
types of pericytes, type 1 and type 2, which can
differentiate, respectively, into fat and muscle
cells. The major function of pericytes is to regu-
late endothelial cell differentiation for angiogen-
esis, which plays a critical role in tumor
development. As a critical component in the
tumor microenvironment, pericytes contribute to
the constant aggressive phenotype, metastasis,
and potential immunotolerance [136]. Birbrair
et al. reported that although both type 1 and type
2 pericytes can attach to blood vessels in vivo,
only type 2 pericytes enhanced endothelial cells
to form new vessels and can be recruited during
tumor angiogenesis [137]. Although the precise
mechanism of radiation-induced pericyte toxicity
is to be investigated, researchers have identified
that tumor blood volume was expressively
reduced with significant loss of both endothelial
cells and pericytes [138]. However, in the TME
treated by high-dose radiation, mesenchymal
stem cells (MSCs) were shown to be recruited to
the irradiated site to help pericyte recovery and
tumor recurrence [139, 140]. These studies fur-
ther demonstrated that the migration of MSCs
was guided by HIF-1a-SDF-10/CXCR4 path-
way, and as a result, MSCs can differentiate into
pericytes to sustain tumor endothelial cells [139,
140].

10.4 Metabolic Reprogramming

10.4.1 Pro- and Anti-Warburg Effects
in Stress-Induced Cell
Metabolism

The evolutionary progression from single cells
to the metazoan is paralleled with the appear-
ance of oxidative phosphorylation from glycol-
ysis, reflecting the flexible nature of cell energy
metabolism. Cancer metabolism has been exten-
sively studied in cancer biology and therapeutic
potential [141] [141, 142]. Enhanced lactate in
tumor cells with aerobic glycolysis was termed
as Warburg effect, and mitochondrial deficiency
was designated as a metabolic mark of
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transformed cells, and cancer cells were mistak-
enly assumed as a result of damage of mito-
chondrial respiration. Although
glycolysis-mediated ATP generation is not effi-
cacious compared to oxidative phosphorylation
(OXPHOS), it is believed that glycolysis-medi-
ated factors are required for cellular function
and proliferation such as pyruvate and nicotin-
amide adenine  dinucleotide  phosphate
(NADPH) [143-145]. However, increasing
results have challenged the Warburg effect
[146-150], indicating that cancer cells remain
intact structure and functional mitochondria
[151]. Early studies demonstrated that forced
overexpression of manganese superoxide dis-
mutase (MnSOD) that detoxifies superoxide in
the mitochondria to protect and maintain mito-
chondrial homeostasis enhanced the survival of
breast cancer cells treated by radiation [45,
152]. On the other hand, pharmacological gly-
colysis inhibitors such as 2-deoxyglucose
(2-DG) did not generate in vivo therapeutic ben-
efits on tumor inhibition [153, 154]. In consis-
tence, OXPHOS-related genes were found to be
enhanced in a study with over 2000 breast can-
cer patients [155]. Increased mitochondrial bio-
energetics was linked with CSCs [156—-160] and
lymphoma cells [159, 161]. An abundant amount
of NADPH was detected in the mitochondria
and the cytosol in cancer cells to keep the
enhanced capacity of antioxidant activity and
prevent the buildup of potentially detrimental
ROS [162] [163]. Together, it is now generally
accepted that cancers with Warburg effect still
retain functional mitochondrial respiration
[164]. However, the mechanisms responsible
for shifting the different metabolic pathway
remain to be elucidated. It is reasonable to pro-
pose that cancer cells have a pluripotent capac-
ity of adaptive energy metabolism including
OXPHOS so as to be able to adjust varied mech-
anisms to timely and efficiently provide the cel-
lular fuels for the energy consumption [165,
166] and adaption of metabolic stress such as
nutrient deficiency and hypoxia [167, 168].
Such plasticity in adjusting mitochondrial bio-
energetics of tumor cells challenges the efficacy
of cancer radiotherapy.

10.4.2 Rewiring Mitochondrial
Bioenergetics

The mitochondrial antioxidant enzyme MnSOD
has been shown to be necessary for maintaining
mitochondrial homeostasis and in preventing cell
transformation [169, 170]. Enhanced mitochon-
drial functions in response to genotoxic stresses
such as radiation and chemotherapeutic agents
are also linked with tumor resistance [160, 171—
178]. The apparent “quiet” mitochondria in
tumor cells thus may function as a backup energy
supply to meet the increased fuel need under
cytotoxic conditions such as radiation and che-
motherapy. MnSOD-mediated mitochondrial
protection contributes to aggressive behavior and
therapy resistance [179-183]. Mitochondrial
metabolism is linked with metastasis [184—186]
and tumor cell invasion [187, 188], importantly,
with the aggressive phenotype of triple-negative
breast cancer (TNBC) [185]. Cyclin-dependent
kinase 1 (CDK1) is found to relocate to the mito-
chondria to boost OXPHOS for cell cycle G2/M
transition [189] and radiation-induced DNA
repair [190]. Under therapeutic radiation, CDKs
can relocate to the mitochondria to phosphorylate
a cluster of OXPHOS proteins and MnSOD to
boost mitochondrial metabolic functions and
adaptive cellular response [191, 192]. CDK1 is
able to activate sirtuin 3 (SIRT3) and p53 to
enhance mitochondrial energy output and reduce
mitochondrial apoptosis for cell survival [193,
194]. In addition, CDK is also indicated with
Dynamin-related protein 1 (DRP1) regulation
that is actively involved in mitochondrial mor-
phological dynamics [195, 196]. Thus, blockade
of mitochondrial energy reprogramming, such as
CDKI1 mitochondrial relocation, may inhibit the
mitochondrial energy dynamics to enhance tumor
control. In addition, lipogenic phenotype that is
closely linked to the TCA cycle for mitochon-
drial biogenesis has been found to be activated in
cancer cells [197, 198]. For tumor cells to prolif-
erate, fatty acid (FA) synthesis (for membrane
biogenesis) as well as glutaminolysis (for amino
acid precursors) has been reported to be affected
during tumorigenesis [164, 199, 200]. It is no
surprise that lipid metabolism is critical for can-
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cer cell survival, and lipogenic enzyme fatty acid
synthase (FASN) is linked with cancer progres-
sion [197, 198]. The unsaturated fatty acids
(UFAs) have been identified in cancer cells to
survive under O2 deprivation [199]. However, it
is to be further investigated on how such FA
reprogramming is regulated in ITME, especially
in the switching from glycolysis-dominated
metabolism to FA-enhanced mitochondrial
respiration.

10.4.3 Energy Exchange Between
Tumor Cells and Stromal Cells
in ITME

In the solid tumor, hypoxia-induced dynamic
metabolism in tumor and stromal cells can sig-
nificantly affect tumor cells’ behavior in the
microenvironment [201]. Cancer cells and the
surrounding stromal cells, especially immune
functional cells, may adjust their metabolic path-
ways so as to adapt to the hypoxic, acidic, and
low-nutrition microenvironment. For instance,
TAMs tend to be M2 polarized, featured with
upregulated fatty acid -oxidation and synthesis,
whereas the cytotoxic T lymphocytes were fueled
by enhanced OXPHOS with reduced glycolysis.
These results illustrate that a dynamic metabolic
reprogramming occurred in various cells in the
tumor microenvironment. Therefore, further
exploration of metabolic reprogramming in both
tumor and stromal cells in ITME will provide
more details of mechanistic insights regulating
tumor adaptive response and metabolism-
mediated immune regulation. In ITME, adjusted
cellular energy metabolism may also regulate the
survival of immune cells and their ability to pro-
liferate. For instance, the NK cells need cellular
energy to be functional for a prolonged period to
kill the targeted malignant cells [202]. On the
other hand, the adjusted tumor cells may effec-
tively defend themselves to severely compromise
the effects of NK cells, causing less effectiveness
in the cell-based immunotherapies [202]. For
instance, hypoxia in solid tumors can generate
adenosine from the cancer-associated ectoen-
zymes CD39 and CD73 that enhance the immu-

nosuppressive effects on NK cells. Such
immunometabolic targets need to be further elu-
cidated. Radiation-associated immune factors in
ITME are to be discussed in detail in the follow-
ing section.

10.5 Radiation Induced Anti-
and Pro-tumor Immune
Factors

10.5.1 The Antitumor Immune
Regulation

A tumor inhibitory effect observed at a distance
from the tumor site treated by local radiation
therapy has long been noticed and termed as the
abscopal effect [203-206]. Although the absco-
pal effect is rare in clinic radiotherapy, it impli-
cates a potential fundamental mechanism by
which radiation may enhance tumor priming
function and systematic immune regulation in the
ITME [207]. It has been proposed that
RT-mediated tumor control is linked to a balance
between tumor cell proliferation and T-cell-
mediated killing [208]. With the increasing inter-
est in targeted immunotherapy, a bulk of work in
preclinical tumor models, supported by clinical
observations, has further provided the rationale
for the hypothesis that focal RT can transform
cancer cells into an in situ, individualized vaccine
[209]. Clinical studies are currently evaluating
the synergic efficacy of RT, combined with
checkpointinhibitors [210,211]. Characterization
of radiation-induced antitumor immune factors
will deepen our understanding of abscopal effects
and will provide more effective immune targets
in immunotherapy or immunotherapy combined
with RT.
10.5.1.1 Damage-Associated

Molecular Patterns (DAMPs)

In mammalian cells, high physical energy beams,
including ionizing radiation, can generate so-
called endogenous damage-associated molecular
patterns (DAMPs) which include the high-
mobility group box 1 protein (HMGBI1), calre-
ticulin (eat me signaling), and adenosine



10  Multiple Dynamics in Tumor Microenvironment Under Radiotherapy 185

triphosphate (ATP). Such a cluster of tumor-
released molecules has been shown to cause anti-
gen presentation to T cells, thereby activating the
immune system and inducing the abscopal effects
[212-214]. For instance, HMGBI is shown to
enhance the production of cytokines such as
TNFa, IL-1, IL-6, and IL-8 and to mediate a pro-
inflammatory effect [215] and tumor antigen pre-
sentation by interacting with toll-like receptor 4
(TLR4) on DCs. Additionally, the released DNA
fragments from radiation-induced cell death are
also able to stimulate the expression of the inter-
feron genes (STING) in DCs and thus to enhance
DCs’ cross-priming [216]. Additionally, it is
reported that merely a single dose of 0.5 Gy ion-
izing irradiation could recruit NOS2-expressing
macrophages and T cells into the tumors [217],
indicating a potential synergy on tumor control
by RT combined with targeted immunotherapy
mediated by DAMPs.

10.5.1.2 Radiation-Induced
Neoantigen

Some specific gene mutations in tumor cells can
generate immunogenic neoantigens leading to
the infiltration of immune cells. Thus, the so-
called tumor mutation burden (TMB) has been
linked with the response to targeted immunother-
apy [218]. The somatic copy-number alterations
(SCNA) enhanced in tumor cells are linked with
tumor immune evasion and reduced IT respon-
siveness [219]. Radiation and DNA-damaging
chemotherapy are powerful mutagens that may
alter the TMB and SCNA as well as the genomic
instability. Studies by Hallahan et al. have dem-
onstrated that radiation can be used to guide
drugs to specific sites due to radiation-induced
peptides that bind to irradiated tumors [220].
Cancer cells surviving these treatments often
carry new mutations that are required for cancer
cell survival. Such radiation “marked” cancer
cells have been proposed to be an ideal target for
drug delivery and imaging agents. Such peptides
generated by a radiation-induced gene mutation
(radiation-induced neoantigen) on the tumor cells
could be the novel biomarkers and new immune
targets in the radiotherapy combined with tar-
geted immunotherapy. A cluster of such potential

molecules expressed on the surface of tumor cells
induced by radiation is summarized [221]. Tumor
neoantigens are defined as genes with acquired
mutations, and the peptides generated by pro-
teome digestion on the neoantigen-encoded pro-
teins bind to the major histocompatibility
complex class I (MHC-I) molecules to obtain
immunogenic property [222]. Such products of
neoantigens must be sufficiently expressed and
function typically as the key targets for T cells
[223]. An analysis of an NSCLC patient who
showed a well response to RT combined with ipi-
limumab demonstrated the expansion of CD8 T
cells that could recognize a radiation-induced
neoantigen encoded by the KPNA2 gene which
could be enhanced to expression by radiation
[211, 224]. Thus, radiation-induced neoantigens
represent as a strong inducer for systemic immune
surveillance. In the following, some major tumor
antigen presentation pathways, a critical step for
tumor immune surveillance, are derived.

Radiation-induced neoantigens can also be
generated via posttranslational modifications
(PTMs), proteasome splicing, and RNA splicing
or from non-coding regions of the DNA, all of
which are in need of a functional antigen-
presenting cell system. Many of the MHC-I
immunopeptidome are linked to proteasome-
spliced peptides [225], and radiation is able to
induce proteome where newly synthesized pro-
teins are targeted to produce antigens [226]. The
specific peptides generated via PTM which
includes phosphorylation and glycosylation
[227-229] can be presented by MHC to activate
T cells [230]. It has been reported that such phos-
phorylated peptides recognized by tumor-specific
T cells can be shared with different malignancies,
indicating a comparable phosphorylation pattern
in tumors [229, 231]. In addition, radiation-
induced neoantigen can be generated by oxida-
tion due to radiation-induced redox imbalance.
Radiation-specific peptides have been identified
and presented by MHC-I [232].

10.5.1.3 Radiation May Enhance

Tumor Antigen Presentation
The MHC (major histocompatibility complex) is
required to bind to a large scale of antigenic pep-
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tides, including radiation-induced neoantigens,
s0 as to be able to display them on the cell surface
for recognition by the appropriate T cells. In
human, the MHC-related genes are located in
chromosome 6 containing more than 200 genes
that encode many proteins in MHC. The lack of
MHC in many human cancer cells is believed to
contribute to the tumor evasion of immune sur-
veillance. High-dose radiation is shown to
enhance 1.5- to 10-fold MHC-I/II expression on
the cell surface that can last 7-14 days postirra-
diation [233]. In addition, irradiated human sar-
comas induce immune effectors and cancer-testis
antigens with downregulation of immune sup-
pressors [234]. Further studies are in need to
identify that any of the radiation-induced neoan-
tigens can be specifically presented by MHC.

MHC-I Presentation of the specific tumor neo-
antigens by antigen-presenting cells is a critical
stem for tumor immunogenicity. The major histo-
compatibility complex class I (MHC-I) is down-
regulated in many human tumors which is
responsible for the enhanced immune invasion in
cancer cells. It is recently identified that gene
methylation of MHC-I is linked to inhibited
expression [235]. Paulson et al. showed that in
Merkel cell carcinoma cells, radiation enhances
MHC-I expression [236]. Recently, ATR inhibi-
tor AZD6738 shown to sensitize to radiotherapy
combined with fractionated radiation enhances
immune cell infiltration of myeloid cells with
MHC-I induction [237].

MHC-II Although radiation is shown to induce
MHC-II on different cells in vitro and in vivo
tumors, the details underlying the mechanism
and specificity of MHC-II expression in ITME
remain to be elucidated. Unlike MHC-I, MHC-II
is specified to present peptides from proteins that
are degraded in the endosomal pathway [238].
2-DG, as an inhibitor of glycolysis, combined
with radiation, is shown to generate synergism on
tumor inhibition with enhanced mature DC func-
tional markers CD86 and MHC-II [239]. Colon
cancer mouse xenografts treated with FIR (2 x
5 Gy) show enhanced immune cell infiltration,
tumor growth inhibition, and MHC-II expressing

DCs [240]. MHC-II-restricted phosphopeptides
are also reported as relevant targets for human
CDA4 T cells [241]. Peptide splicing by the protea-
some is another mechanism that increases the
diversity of the antigenic peptides presented to
CDS8 T cells [242, 243]. The peptides generated
from gene mutations predicted to bind to MHC-II
are found to be copious in an array of human can-
cers [244], indicating that MHC-II is involved in
presenting a large scale of tumor peptides. Again,
it is not clear what specific radiation-induced
neoantigens are presented and whether such spe-
cific neoantigen could be shared by different
tumors treated under radiotherapy.

CD4 T-Cell Response The so-called CD4 T-cell
responses are indicated to the process by which
neoantigens activate the helper function at the
level of DCs and to increase the antitumor func-
tion of CD8 T cells [245]. The temporary and/or
permanent enhancement of tumor mutation bur-
den (TMB) and somatic copy-number alterations
(SCNA) in ITME may be critical for achieving an
efficient presentation via the endosomal pathway
of antigen-presenting cells (APCs) [246, 247].
Radiation is shown to increase the antigen trans-
fer capacity from cancer cells to the myeloid cells
in ITME [248], leading to T-cell priming and
immune surveillance. A neoantigen encoded in a
gene upregulated by radiation is shown to be
responsible for the rapid expansion of CD8 T
cells in NSCLC patients [211]. It is thus assumed
that radiation-induced mutanome may boost neo-
antigen presentation by MHC-II, enhancing the
activation of CD4 T-cell responses. However, we
propose that such an antitumor immune response
could be severely compromised by a radiation-
induced pro-tumor immune response that is to be
addressed in the following Sect. 10.5.2.

10.5.2 The Pro-tumor Immune
Factors in ITME

10.5.2.1 Immune Checkpoint

Proteins in ITME

CTLA-4/CD80 CTLA-4 (also termed as cyto-

toxic T-lymphocyte-associated protein 4, CD152,
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cluster of differentiation 152), a member of the
immunoglobulin superfamily, plays a critical role
in tumorigenesis and is responsive to radiation
combined with targeted immunotherapy [249].
Although it is unclear how CTLA-4 could be
included by different doses of radiation, CTLA-4
blockade is shown to synergize with RT to
enhance survival in a murine glioma model [250]
and in human cancers [249, 251]. The potential
synergy between RT and IT with anti-CTLA-4 is
recently well-summarized [251, 252], and at least
two signaling pathways for irradiation-induced
upregulation of CTLA-4 expression were
reported, including TNF-a/CD154— NF-kB and
oxidative stress response [253]. CD28 expression
was increased on splenic and thymic lympho-
cytes after low-dose radiation (LDR), while it
decreased after high-dose radiation (HDR), and
CTLA-4 expression showed changes in the oppo-
site direction. The upregulation of CTLA-4 asso-
ciated with the downregulation of CD28 after
HDR led to immunosuppression [254].

PD-1/PD-L1 Comparetd to CTLA-4, pro-
grammed cell death 1 (PD-1) and programmed
cell death 1 ligand 1 (PD-L1) are functioning in
the later phase of the immune suppression pro-
cess [255] and play a key role in tumor immuno-
tolerance. PD-L1 gene expression is indicated to
be sensitive to radiation and chemotherapies,
although different results are reported [256].
Their interaction leads to inhibition of secretion
of TNFa, IFN-y, and TGF-f, thereby favoring
immunosuppression [257]. Besides, PD-1/PD-L1
is thought to have a role in the “adaptive suppres-
sion” of T-cell activation [258]. Like CTLA-4, it
forces T cells to reduce their TCR expression, to
become allergic to locally expressed antigens, to
reprogram the methylation level of their genome,
and to incline to apoptosis as well as in T-cell
exhaustion [259]. Several questions urge to be
solved in such combined therapies, including the
dynamics of PD-1/PD-L1 expression in ITME,
such as irradiated tumor cells and immune cells,
and the timing to apply RT to eliminate a bulk of
tumor cells that lack PD-1 expression. A dose-
dependent manner of PD-L1 enhancement was

reported in glioma cells treated by radiation
[260]. Radiation and a number of chemo drugs
induce PD-L1 expression through different
mechanisms, which are likely responsible for the
immune escape and acquired resistance [261,
262]. Blockade of the PD-1/PD-L1 pathway is
shown to reverse tumor adaptive immune toler-
ance and maintains antitumor immunity [263—
265]. Radiation to the tumor can induce sensitivity
to PD-L1 checkpoint blockade in orthotopic
models of head and neck squamous cell cancer
(HNSCC) [266]. Prior irradiation resulted in sig-
nificantly elevated expression of programmed
cell death protein 1 (PD-1) in both CD4 + and
CDS8 + populations. T cells with elevated PD-1
mostly were either central memory or naive cells.
In addition, the feedback induction of PD-1
expression in activated T cells declined after radi-
ation [267].

CD47 In addition to the above checkpoint pro-
teins, CD47 (cluster of differentiation 47), an
anti-phagocytic signal in cancer cells to evade
from phagocytosis mediated by TAMs, is
becoming one of the key immune targets in can-
cer immunotherapy [268]. CD47 interacts with
signal regulatory protein-alpha (SIRPa) [269-
275] on immune effector cells and generates a
“don’t eat me” signal to escape the immune
attack [276]. Combining CD47 blockade with
irradiation synergistically affected tumor growth
and enhanced tumor sensitivity to irradiation in
syngeneic immunocompetent mice [277].
Transcription of CD47 can be induced by IR
[278], and inhibition of CD47 signaling in nor-
mal cells conferred a survival advantage to irra-
diated normal tissue via promoting the viability
and proliferative capacity in an autophagy-
dependent manner [279]. Enhanced CD47
expression in the tumor microenvironment
could severely hamper tumor radiosensitivity
[277, 280]. IR induces CD47 expression to
make the tumor cell “invisible” for phagocyto-
sis, enabling them to escape immune surveil-
lance, and thus it may severely compromise the
abscopal effect. Data from the author’s lab sup-
port that NF-xB can co-regulate CD47 and
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Fig. 10.3 In addition to radiation-induced tumor immu-
nogenicity that enhances the abscopal effects, radiation
also induces a pro-tumor immunotolerance via upregulat-
ing immune defending receptors such as PD-L1 and
CD47 on the tumor cell surface. Together with the intrin-

HER?2. Co-expression of CD47 and HER?2 is a
key feature of IR-induced adaptive resistance,
as illustrated in Fig. 10.3. Radiation combined
with immunotherapy using anti-CD47 and anti-
HER?2 showed the most synergy in eliminating
clonogenic cancer cells, and local tumor radia-
tion was enhanced by the application of anti-
CD47 antibody (unpublished data). These
results demonstrate the complexity of tumor-
acquired immunotolerance due to activation of
the NF-kB-HER2-CD47 pathway, which may
be a dominant feature in irradiated CSCs. Thus,
dual inhibition of CD47 and HER2 may enhance
the abscopal effect. A recent publication indi-
cates that HER2 mediated STING pathway is
actively involved in the immunotolerance of
breast cancer, and blocking HER2-AKT1 cas-
cade induces apoptotic cell death and STING-

sic radioresistant of radiation-surviving cancer cells,
radiation-induced immune-suppressive factors contribute
to the feature of the aggressive phenotype of radioresistant
cancer

mediated immune surveillance [281]. To further
enhance the therapeutic efficacy of immuno-
therapy or immunotherapy combined with RT,
the cross talk between receptors charging the
tumor immunotolerance and cell proliferation is
to be further investigated.

10.5.2.2 Radiation-Mediated Immune
Suppression in ITME

Accumulating evidence shows that RT is capable
of overcoming tumor-induced immune suppres-
sion in TME [282, 283]. On the dark side, several
reports have indicated that radiation may directly
or indirectly suppress immune cell activity in
ITME. Therefore, such radiation-associated
immune suppression may severely compromise
the efficacy of tumor control treated by the com-
bined modality of RT and IT.
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The Myeloid-Derived Suppressor Cells
(MDSCs)

The immune-suppressive factor indoleamine-
2,3-dioxygenase-1 (IDO1) that inhibits T-cell
function and causes tumor immunotolerance
[284] is indicated in tumor radiation response.
The “rebound immune suppression” describes
the immune-suppressive phenomena of TME
treated by RT and other anticancer modalities
[285, 286]. RT of hypofractionated doses is
shown to induce the rebound immune suppres-
sion in ITME by IDOIl-expressing MDSCs.
IDO1-expressing MDSCs are believed to be rela-
tive radioresistant and thus able to survive and
repopulate in ITME [212, 240]. The recruitment
of MDSCs could also be enhanced by radiation
due to radiation-induced chemokines and vascu-
lature alterations [287]. Using murine and canine
cancer models, Monjazeb et al. have provided
evidence indicating that blocking IDO1-rebound
immune suppression enhanced the efficacy of
radio-immunotherapy [285]. IDOI1 inhibitor
INCBO023843 combined with RT inhibited
MDSC and immune suppression and sensitized
LLC tumors to hypofractionated radiation [288].
Radiation and anti-PD-L1 antibody combinato-
rial therapy induce T-cell-mediated depletion of
MDSC and tumor regression [289]. Lan et al. fur-
ther demonstrated that compared to conventional
fractionated radiation therapy (CFRT), the abla-
tive hypofractionated radiation therapy (AHFRT)
could enhance tumor control via reduction of
MDSCs which synergized anti-PD-L1 immuno-
therapy [290]. Further identification of such
immune-suppressive factors in ITME will help to
visualize the entire immune reactions in ITME
and to invent an immune-regulating cocktail to
maximize the synergetic anticancer efficacy of
RT combined with IT.

Repopulation of M2 M®

M® displays different functions in response to
environmental alternation. Cancer-associated
M® is believed to play a critical role in ITME
[291]. The MO M@ can be polarized into M1 M@
and M2 M® representing anti- and pro-tumor
functions, respectively. All of these three M®ds
can reside in the same region in TME, which can

dynamically change upon the environmental fac-
tor that induces M® polarization via IL-6/JAK/
STAT3 pathway [291, 292]. Interestingly, the
CD11b%"CD68* M® is found to be specifically
enriched in the hypoxic regions of TME, and the
hypoxic environment in ITME seems to favor the
development of M2 [293]. Leblond et al. further
demonstrate that in glioblastoma, reduction of
M® is paralleled with the enhanced number of
M2 M®. Compared to M2 M®, M1 M® was
sensitive to radiation under both in normoxia and
hypoxia, indicating that radiation can repopulate
M2 M® and M2 M® so as to alter tumor immu-
notolerance [294].

Immune-Suppressive Adenosine

The increased ATP concentration due to radiation-
induced cell death is shown to function as an
immune-suppressive factor [295]. Although ATP
helps to recruit and activate dendritic cells (DCs)
contributing to an antitumor environment, ATP
can be quickly catabolized into adenosine in
ITME by CD39 and CD73 on the surface of can-
cer cells, stromal cells, and immune cells as well.
The increased adenosine concentration, in turn,
induces a pro-tumor immune suppression by
inhibiting DCs and CD8 T cells and increasing
Treg proliferation and M2 polarization [296,
297]. Radiation also induces TGF-f expression
[298, 299] resulting in adenosine formation and
suppressive immune environment. In addition,
TGF-B can alter the gene expression profile in
M2 M® and increase the Th17 cells via the
TGFp-STAT3 pathway [300].

10.6 Perspective

10.6.1 Revealing the Energy
Competition Between Tumor
and Immune Cells

Two major aspects of the irradiated TME are the
adaptive tumor energy metabolism and immune regu-
lation, which received considerable attention over the
last several years. Recent reports have revealed that
tumor metabolism is tightly linked with the environ-
ment causing tumor immunotolerance. With contin-
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ued advancement in both of these research disciplines,
the intimate relationship between multifaceted altera-
tions in tumor metabolism and their subsequent influ-
ence on immune regulation has become increasingly
recognized as an important factor contributing to
tumor growth and progression. The global metabolo-
mic profiling that is designed to identify metabolic
factors driving the aggressive phenotype of glioblas-
toma has identified numerous alterations in cellular
metabolism that may play a contributory role in
immune regulation. The metabolic race between can-
cer cells and immune cells is known to cause T-cell
anergy and immune resistance, but the exact interac-
tion and competition for surviving energy in the
ITME are to be further elucidated.

10.6.2 Profiling Pro- and Antitumor
Immune Response in ITME

The inefficiency of the immune checkpoint
inhibitor can be affected by various factors in
TME [218]. One of the unmet tasks is to reveal
the exact different profiles of pro- and antitumor
immune factors that can be instantly or perma-
nently enhanced by radiation in TME. Since the
population of the resistant cancer cells is enriched
with cells expressing CSC biomarkers and
responsible for the failure of treatment, efforts on
immune targeting of these radioresistant cancer
cells are going to continue with or without the
combination of radiation. The challenge for
immune targeting CSCs could be the difficulty of
the delivery of efficient antibody or inhibiting
agents to the local CSCs that are few and resided
in a hard-to-reach area such as the hypoxic envi-
ronment. Therefore, with the advantage of
radiation-mediated re-structuring TME and iden-
tification of the dynamics of surface biomarkers,
it should be expected that radiation-induced spe-
cific and efficient immune targets are to be
invented for the combined RT and IT modality.
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