
Advances in Experimental Medicine and Biology 1223

Alexander Birbrair   Editor

Tumor 
Microenvironment
Signaling Pathways – Part A



Advances in Experimental Medicine 
and Biology

Volume 1223

Series Editors:

Wim E. Crusio, Institut de Neurosciences Cognitives et Intégratives d’Aquitaine, 
CNRS and University of Bordeaux UMR 5287, Pessac Cedex, France
John D. Lambris, University of Pennsylvania, Philadelphia, PA, USA
Heinfried H. Radeke, Institute of Pharmacology & Toxicology, Clinic of the 
Goethe University Frankfurt Main, Frankfurt am Main, Germany
Nima Rezaei, Research Center for Immunodeficiencies, Children’s Medical 
Center, Tehran University of Medical Sciences, Tehran, Iran



Advances in Experimental Medicine and Biology provides a platform for 
scientific contributions in the main disciplines of the biomedicine and the 
life sciences. This book series publishes thematic volumes on contemporary 
research in the areas of microbiology, immunology, neurosciences, 
biochemistry, biomedical engineering, genetics, physiology, and cancer 
research. Covering emerging topics and techniques in basic and clinical 
science, it brings together clinicians and researchers from various fields.
Advances in Experimental Medicine and Biology has been publishing 
exceptional works in the field for over 40 years, and is indexed in SCOPUS, 
Medline (PubMed), Journal Citation Reports/Science Edition, Science Citation 
Index Expanded (SciSearch, Web of Science), EMBASE, BIOSIS, Reaxys, 
EMBiology, the Chemical Abstracts Service (CAS), and Pathway Studio.

2018 Impact Factor: 2.126.

More information about this series at http://www.springer.com/series/5584

http://www.springer.com/series/5584


Alexander Birbrair
Editor

Tumor 
Microenvironment

Signaling Pathways – Part A



ISSN 0065-2598     ISSN 2214-8019 (electronic)
Advances in Experimental Medicine and Biology
ISBN 978-3-030-35581-4    ISBN 978-3-030-35582-1 (eBook)
https://doi.org/10.1007/978-3-030-35582-1

© Springer Nature Switzerland AG 2020
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or 
part of the material is concerned, specifically the rights of translation, reprinting, reuse of 
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, 
and transmission or information storage and retrieval, electronic adaptation, computer software, 
or by similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this 
publication does not imply, even in the absence of a specific statement, that such names are 
exempt from the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors, and the editors are safe to assume that the advice and information in 
this book are believed to be true and accurate at the date of publication. Neither the publisher nor 
the authors or the editors give a warranty, expressed or implied, with respect to the material 
contained herein or for any errors or omissions that may have been made. The publisher remains 
neutral with regard to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

Editor
Alexander Birbrair
Department of Radiology 
Columbia University Medical Center  
New York, NY, USA

Department of Pathology 
Federal University of Minas Gerais
Belo Horizonte, Minas Gerais, Brazil

https://doi.org/10.1007/978-3-030-35582-1


v

This book’s initial title was Tumor Microenvironment. 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: Signaling Pathways - Part A presents 
contributions by expert researchers and clinicians in the multidisciplinary 
areas of medical and biological research. The chapters provide timely detailed 
overviews of recent advances in the field. This book describes the major con-
tributions of different signaling pathways in the tumor microenvironment 
during cancer development. Further insights into these mechanisms will have 
important implications for our understanding of cancer initiation, develop-
ment, and progression. The authors 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 components of the tumor microenvironment in several tissues 
using state-of-the-art techniques. These advantages facilitated identification 
of key targets and definition of the molecular basis of cancer progression 
within different organs. Thus, this book is an attempt to describe the most 
recent developments in the area of tumor biology which is one of the emer-
gent hot topics in the field of molecular and cellular biology today. Here, we 
present a selected collection of detailed chapters on what we know so far 
about the signaling pathways in the tumor microenvironment in various tis-
sues. Eight chapters written by experts in the field summarize the present 
knowledge about distinct signaling pathways during tumor development.

Olivier Meurette from Lyon University discusses how Notch signaling 
shapes the tumor microenvironment. Yaacov Ben-David and colleagues from 
Guizhou Medical University describe the role of erythropoietin signaling in 
the microenvironment of tumors. Stephan Niland and Johannes A. Eble from 
the University of Münster update us with what we know about Neuropilin 
signaling in the tumor microenvironment. Ciuffreda Ludovica and colleagues 
from Regina Elena National Cancer Institute summarize current knowledge 
on mTOR signaling in integrating cues between cancer cells and their 
 microenvironment. Fabian Benencia and colleagues from Ohio University 
address the importance of Toll-like receptors signaling in the cancer microen-
vironment. Marina Pajic and colleagues from the University of New South 
Wales focus on how Rho-ROCK signaling is contributing in the tumor 
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 microenvironment. Gabriela Schneider from the University of Louisville 
introduces our current knowledge about S1P signaling in the tumor microen-
vironment. Finally, Xue-Feng Bai and colleagues from Ohio State University 
give an overview of the CD200-CD200R signaling in the regulation of the 
tumor immune microenvironment.

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 Mr. Murugesan Tamilsevan 
from Springer, who helped at every step of the execution of this project.

Belo Horizonte, Minas Gerais, Brazil Alexander Birbrair 
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Shaping of the Tumor 
Microenvironment by Notch 
Signaling

Olivier Meurette

Abstract
The tumor microenvironment (TME) has 
become a major concern of cancer research 
both from a basic and a therapeutic point of 
view. Understanding the effect of a signaling 
pathway—and thus the effect of its  targeting—
in every aspect of the microenvironment is a 
prerequisite to predict and analyze the effect 
of a therapy. The Notch signaling pathway is 
involved in every component of the TME as 
well as in the interaction between the different 
parts of the TME. This review aims at describ-
ing how Notch signaling is impacting the 
TME and the consequences this may have 
when modulating Notch signaling in a thera-
peutic perspective.

Keywords
Cancer · Notch signaling · Microenvironment 
· Heterotypic interaction · Jag1 · CAF · Stem 
cell · Tumor angiogenesis · Targeted therapy

1.1  Introduction

The Notch signaling pathway is a juxtacrine sig-
naling pathway that mediates cell fate decision 
between neighbor cells. Recent reviews described 
precisely the molecular signaling of Notch path-
way [1, 10, 11]; we will therefore only  briefly 
introduce it. The Notch receptor is a transcription 
factor anchored at the membrane, which is 
released following interaction with a cognate 
ligand. Unfolding of the Notch regulatory region 
(NRR), due to the pulling force exerted by the 
ligand/extracellular part of the receptor endocy-
tosis, unmasks the cleavage sites for ADAM10/17 
and the γ -secretase, allowing the release of the 
Notch intracellular domain (NICD) [2] (Fig. 1.1). 
Stability of NICD is regulated through posttrans-
lational modifications such as ubiquitination [3] 
and phosphorylation [4]. Glycosylation of the 
receptors is also important in the regulation of 
interaction between ligands and receptors [5]. 
The dynamic [6] and strength [7] of NICD pro-
duction depend on the ligands. Cycling or 
 continuous production of NICD can discriminate 
ligands by differently affecting transcription 
 regulation [1, 6]. In the nucleus, NICD forms a 
complex with CBF-1/Su(H)/LAG1 (CSL) tran-
scription factor and induces the recruitment of 
the transcriptional co-activator mastermind- like 
(MAML) [8] (Fig. 1.1). The developmental stage 
and the genetic and epigenetic landscape of the 
receiving cell will also modulate the response to 
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the Notch activation. Ligands expressed by the 
signal-sending cells are transmembrane proteins 
of the Delta/Serrate/LAG-2 (DSL) family. In 
mammals, this family is composed of three delta- 
like ligands (Dll1, Dll3, and Dll4) and two jagged 
ligands (Jag1 and Jag2). Although ligand 
expressed in the signal-receiving cell might acti-
vate signaling (cis-activation) [9], it is widely 

accepted that they have an inhibition ability 
(referred to as cis-inhibition) which maintain the 
different fate of the signal-sending and the signal- 
receiving cells. Four receptors (Notch1–4) have 
been described in mammals and can mediate the 
canonical signaling [10].

Extensively studied for its important role in 
cell fate decision during development, the 

Fig. 1.1 Juxtacrine Notch signaling. Notch signaling is 
initiated in a juxtacrine manner between a signal-sending 
cell expressing the ligands (DSL ligands, Jag1–2, Dll1, 
Dll3 or Dll4) activating the receptor of a neighboring cell 
expressing the receptor (Notch 1–4). Ligand expressed on 
the signal-sending cell inhibits signaling through the 
receptor expressed on the same cell (cis-inhibition). 
Epsin-dependent pulling force exerted by ligand endocy-

tosis is inducing transconformation of the NRR (Notch 
Regulatory Region) allowing exposure of S2 and next S3 
cleavage sites. These two sequential cleavages mediated 
by ADAM (S2 cleavage) and γ-secretase (S3-cleavage) 
leads to the release of the Notch intracellular domain 
(NICD). Upon translocation into the nucleus, NICD 
recruits Mastermind-like (MAML) and CSL to activate 
transcription

O. Meurette
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 implication of Notch signaling is now well 
described in cancers [10–12]. In T-cell acute lym-
phoblastic leukemia (T-ALL), activating muta-
tions in the Notch1 receptor are present in more 
than 50% of the cases [13]. Notch signaling is 
aberrantly activated in different solid tumors, but 
mutations are sparse [10]. This raises the possi-
bility that the Notch receptor is activated upstream 
through ligand interactions [14] and therefore 
implicates a signal-sending and a signal-receiv-
ing cell. Furthermore, Notch ligands and recep-
tors are widely expressed in the different 
compartments of the tumor microenvironment 
(TME). Occurrence of heterotypic activation 
between distinct cell populations is thus likely. 
For example, in small cell lung cancers, Notch 
signaling maintains heterogeneity between dif-
ferent populations of tumor cells, and Notch acti-
vation presents a salt and pepper pattern [15]. 
Although the view that cancer is a dynamic struc-
ture evolving through interaction between the 
altered cells and their environment emerged a 
century ago, the field of TME research exploded 
in the 1970s with the study of the role of angio-
genesis and the immune system [16]. It is now 
well accepted that to have a therapeutic action on 
cancers, one must have a comprehensive under-
standing of all its components. It was proposed to 
define the tumor environment in six different lay-
ers from the tumor cell-only environment, the 
niche, the confined, proximal, peripheral and 
organismal environment [17]. We focus here on 
the modulation of Notch signaling by the interac-
tion between cells belonging to the confined 
environment, knowing that modulation of Notch 
signaling in the different tumor compartments 
will participate in shaping all the layers of the 
tumor environment. Notch signaling has been 
described to regulate angiogenesis, activation of 
fibroblasts, maintenance of the stem cell niche, 
the immune infiltrate and may also be regulated 
by physical and chemical heterogeneity in the 
TME (Fig. 1.2). We will first look at the expres-
sion of Notch ligands and receptors in the TME 
and address their regulation through cross talk 
with other signaling pathways. We will then arti-
ficially separate the TME according to cell types, 
treating the role of Notch signaling in the vascu-

lature, the cancer stem cell niche, the metastatic 
niche, the immune infiltrate. We will then discuss 
how one should take these data in consideration 
when inhibiting Notch in cancers and finally sug-
gest open questions and new avenues.

1.2  Notch Receptors and Ligands 
in the TME

As Notch receptors and ligands are widely 
expressed in the different compartments of the 
TME, heterotypic interactions involving different 
cell types have been described [18] (Table 1.1). 
A striking fact is that every type of cells compos-
ing the microenvironment expresses ligands 
and  receptors, which allow Notch signaling 
to  participate to many features of the TME 
(Fig. 1.2). We also observe that Notch signaling 
can be activated from the stroma toward the 
tumor, from the tumor toward the stroma and also 
between stromal cells. It is interesting to note that 
regarding endothelial cells (as discussed in more 
details in the next section) many studies describe 
a role of ligands expressed by endothelial cells in 
activating Notch receptors in cancer cells. 
Regarding stroma/stroma and cancer cell/cancer 
cell interactions, few studies described a role for 
Notch signaling in this context. Whereas in dif-
ferent situations, specific ligands and/or recep-
tors may be expressed in different parts of the 
TME, an extensive literature search reveals that 
the expression of Notch ligands and receptors in 
every component of the TME is a general obser-
vation. It is also to be noted that looking at ligand 
expression at a specific time does not describe the 
dynamic regulation of ligands and receptors in 
the TME.  Indeed, Notch pathway members are 
regulated though cross talks with the other TME- 
regulated pathways.

1.3  Regulation of Notch Ligands 
and Receptors in the TME

Notch receptors and ligands can be regulated by 
characteristics of the TME. This is an important 
point that emphasizes the potential dynamic 
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 regulation and activation of Notch signaling in 
the microenvironment. Inflammatory cytokines 
have been described as major regulators of Notch 
ligands. NF-κB activation leads to Jag1 expres-
sion in triple negative breast cancer cells [19]. 
Cancer cell-derived IL1-β mediates Jag1 upregu-
lation through NF-κB in astrocytes [20]. Jag1 is 
also regulated by TGF-β [21] and by IL-6, 
secreted by cancer cells in breast cancer [22]. 
The IL6/STAT3/Notch axis is important in com-
munication between cancer cells and CAFs in 
HCC [23], between mesenchymal stem cells and 

cancer cells in colon cancer [24], and between 
myeloid-derived suppressor cells (MDSC) and 
cancer cells [25]. Notch signaling also regulates 
IL6 secretion which has been shown to activate 
Notch signaling in multiple myeloma participat-
ing to remodeling the bone marrow niche [26]. 
Wnt signaling is also an important cross-talk 
partner of Notch signaling both in development 
and in disease [27]. Jag1 is a target of Wnt onco-
genic activation in breast and colon cancers [28, 
29]. In Chronic lymphocytic leukemia (CLL), 
Notch2 expression in mesenchymal stromal 

Table 1.1. Heterotypic induction of Notch signaling in the confined TME

Signal-sending cell Signal-receiving cell
Ligand/
receptor Function in the TME Tumor type References

Stroma toward tumor communication
Endothelial cells Cancer cells Dll4/Notch3 Dormancy escape T-ALL [48]
Endothelial cells Cancer cells sJag1 

(soluble 
Jagged-1)/
ND

Cancer stem cell 
phenotype

Colorectal cancer [46]

Endothelial cells Cancer stem cells Jag1/Notch1 Cancer stem cells  
self-renewal

Glioblastoma [47]

Endothelial cells Cancer cells Jag1/Notch2 Resistance and 
aggressiveness

B cell lymphoma [31]

Endothelial cells Cancer cells Dll4/Notch1 Cancer cell survival Ovarian cancer [45]
Endothelial cells Cancer cells Dll4/Notch1 Metastasis formation Colorectal cancer [49]
CAF (Cancer 
Associated 
Fibroblasts)

Cancer stem cells ND/Notch3 LDS1-dependent 
increase of stem cells

HCC [58]

Fibroblasts Cancer cells Jag1/Notch3 Resistance to 
chemotherapy

Breast cancer [34]

Astrocyte Cancer cells Jag1/Notch1 Cancer stem cells 
self-renewal

Breast cancer 
brain metastasis

[20]

Cancer cell toward stroma communication
Tumor cells Stroma Jag1/ND Stroma activation Prostate cancers [42]
Tumor cells Bone marrow 

stromal cells
Jag1/ND Differentiation of 

bone marrow 
stromal cells into 
CAFs

Colon cancer [56]

Tumor cells Mesenchymal 
stromal cells

Jag1, Jag2, 
Dll1/Notch2

Activation of wnt 
pathway in CLL

CLL [30]

Tumor cells Endothelial cell Dll4, Jag1/
Notch1

EC senescence and 
increased metastasis

Lung, ovary, 
breast cancers

[44]

Tumor cells Osteoblasts Jag1/ND Increased metastasis Breast cancer [68]
Cancer cell toward cancer cell
Tumor cells Cancer stem cell Jag1/ND Stem cell phenotype TNBC [19]
Neuroendocrine 
tumor cells

Non-neuroendocrine 
tumor cells

Jag1, Jag2, 
Dll3/Notch1, 
2 and 3

Intra-tumoral 
differentiation

SCLC [15]

ND not determined
CAF Cancer Associated Fibroblasts; sJag1 soluble Jagged-1; EMT epithelial to mesenchymal 
transition, TNBC triple negative breast cancer, SCLC small cell lung carcinoma, CLL chronic 
lymphocytic leukemia, HCC hepato cellular carcinoma

O. Meurette
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cells is responsive to ligands expressed by CLL 
cells to activate Wnt signaling [30]. In B-cell 
lymphoma, FGF4 secretion by cancer cells 
induces Jag1 expression in neighbor EC that in 
turn activates Notch2 in lymphoma cells [31]. In 
breast cancer, fibroblast-derived CCL2 induces 
Notch1 in breast cancer cells [32]. Notch ligands 
and receptors are also modulated in the immune 
infiltrate [33], and this will be discussed in a ded-
icated section.

Atypical activation of Notch signaling through 
exosomes and microvesicles may also regulate 
the TME. Stromal cells-derived exosomes foster 
notch activation though activation of STAT1 [34]. 
Notch activation may also be mediated through 
plasma-derived extracellular microvesicles con-
taining Notch2 receptor [35].

1.4  Notch-Mediated Regulation 
of the Tumor Vasculature

1.4.1  Regulation of the Tip/Stalk 
Ratio

The tumor induces sprouting of existing vessels, 
recruiting vessels which supply the tumor cells 
with nutrients. Sprouting angiogenesis depends 
on the regulation of the endothelial cells (EC) 
phenotype. Upon stimulation with pro- 
angiogenic factors, EC adopt a tip cell pheno-
type, which enable initiation of new vessels [36]. 
Notch signaling is determinant in the control of 
this balance between tip and stalk cell. Indeed, 
Dll4 is expressed in tip cells and activates Notch 

Fig. 1.2 The varied roles of Notch signaling in the tumor microenvironment

1 Shaping of the Tumor Microenvironment by Notch Signaling
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signaling in stalk cell inducing downregulation 
of VEGFR2 and therefore preventing the cell to 
respond to VEGF stimulation [37]. Interestingly, 
Jag1 has the opposite effect, probably acting as a 
competitive inhibitor of Dll4-Notch interaction 
[38]. This mechanism is regulated in the context 
of the tumor where the balance between endo-
thelial expression of Dll4 and Jag1 has a major 
impact on the tumor vasculature architecture. 
Indeed, high Jag1 levels may lead to poorly per-
fused and chaotic angiogenesis by destabilizing 
the tip/stalk phenotype [39]. It was observed 
using endothelial specific manipulation of Jag1 
levels that Jag1 overexpression in endothelial 
cells (EC) favors tumor vasculature. In contrast, 
a loss of function of Jag1 in EC leads to decreased 
vasculature and tumor growth [40].

1.4.2  Regulation of the Vasculature 
through Ligands Expressed 
by the Tumor

As endothelial cells are susceptible to Notch acti-
vation, ligands presented by other cells can affect 
vascularization. In particular, Jag1 expressed by 
tumor cells has an important impact on promoting 
tumor vascularization [41–43] (Table 1.1). It was 
first described that overexpressing Jag1 in cancer 
cell induced an increased tumor growth and 
microvessel density when co-injected with EC 
[43]. Tumor-derived Jag1 can also limit EC cell 
death, which could account for this effect [41]. 
Jag1 overexpression by prostate cancer cells has 
also been shown to increase tumor vascularization 
[42]. Tumor-induced Notch activation in the 
endothelium can also lead to endothelial cells 
senescence through Notch1 activation in EC by 
tumor and myeloid cells that induces inflamma-
tion and increases metastasis [44]. Many studies 
point to a role of Jag1 expressed by tumor cells in 
controlling the vasculature. Other ligands are 
expressed by tumor cells, but no reports of their 
role in activating Notch signaling in the vascula-
ture has been described.

1.4.3  Regulation of Notch Signaling 
in the Tumor Compartment 
by EC-Derived Ligands

Notch ligands are expressed by EC, and these 
ligands can also affect Notch signaling in the 
tumor compartment (Table  1.1). For example, 
specifically targeting mouse Dll4  in xenograft 
model reduces Notch activity in cancer cells, 
showing that Dll4 expressed by EC activates 
Notch signaling in adjacent cancer cells [45]. It 
has also been shown in glioblastoma that Notch 
activity in cancer cells is higher at proximity of 
EC [46, 47]. This has been demonstrated in many 
different cancer types and may involve different 
Notch receptors and ligands. For example, Dll4 
expressed by endothelial cells activates Notch3 in 
T-ALL cells allowing dormancy escape [48]. In 
colon cancer, Notch activation in cancer cells by 
adjacent blood vessel cells has also been shown 
to increase trans-endothelial migration and 
metastasis [49]. It was also demonstrated that 
expression of Jag1 by EC activates Notch signal-
ing in  local pericyte precursor cells to induce 
their differentiation [50]. Endothelial cell- 
expressed ligands can also regulate cancer stem 
cell traits, which will be discussed later in this 
review. Many aspects of the tumor vasculature 
are thus regulated by Notch signaling which con-
trols differentiation and survival of EC, through 
intrinsic mechanisms or through heterotypic 
interactions with the tumor.

1.5  Notch-Mediated Regulation 
of Cancer-Associated 
Fibroblasts

Notch signaling is also involved in regulating 
fibroblast activation, another major determinant 
of the TME. Indeed, the loss of CSL specifically 
in mesenchymal cells induces dermal atrophy 
and inflammation leading to multifocal keratino-
cytes tumors in mice [51]. Alteration of Notch 
signaling in the stroma is thus sufficient to 

O. Meurette



7

induce tumors. CSL directly represses fibroblast 
senescence and CAF activation [52]. Notch1 is a 
major regulator of the senescence-associated 
secretory phenotype (SASP) in fibroblasts [53] 
and is implicated in secondary senescence [54]. 
Loss of Notch1 may orientate the senescence-
associated secretory phenotype (SASP) toward a 
pro- inflammatory one, promoting tumor initia-
tion. Fibroblasts are also involved in cross talk 
with the epithelial compartment since epidermal 
Notch1 loss is associated with non-cell autono-
mous change in the stroma showing an increase 
in immune infiltrate associated with the activa-
tion of dermal fibroblasts which express α-SMA, 
as well as fibroblast-derived epidermal mitogens 
[55]. In other models, activation of Notch rather 
than its loss leads to activation of fibroblasts. In 
colon cancer, Notch signaling mediates activa-
tion of bone marrow-derived stromal cell 
(BMSC) into activated fibroblasts [56]. In a 
prostate cancer model, Jag1 expression by can-
cer cells promoted an increase in activated fibro-
blasts expressing α-SMA and development of a 
reactive stroma with increased tenascin-C and 
collagen [42].

CAF may also activate Notch signaling in the 
cancer cells. For example, in breast cancers, para-
crine secretion of IL6 by CAF induced Notch 
activation in breast cancer cell lines [57], and 
CAF can also promote the cancer stem cell phe-
notype by secreting CCL2 [32]. CAF can also 
induce Notch3 leading to increased cancer stem 
cell phenotype in hepatocellular carcinoma 
(HCC) [58]. The Notch-mediated interaction 
between cancer cells and the mesenchymal com-
partment is also involved in resistance to chemo-
therapy. In breast cancer, fibroblasts express 
Notch ligand Jag1 that can interact with Notch3 in 
breast cancer cells and regulate resistance [34].

Notch signaling-mediated communication 
between CAFs and cancer cells is thus involved 
in controlling the inflammatory environment in 
cancer initiation and participates in mediating 
resistance and regulating stem cell in cancer 
progression.

1.6  Notch Signaling in the Stem 
Cell Niche

As it is the case for stem cells in normal tissues, 
the cancer-associated stem cells (cancer stem 
cells) are localized in specific niches. The role of 
Notch signaling in cancer stem cell maintenance 
has been well described and participates to the 
interest of targeting Notch in cancers [59]. Among 
DSL ligands, Jag1 has been extensively described 
as an important cue in the stem cell niche. In glio-
blastoma, Notch signaling is activated in cancer 
cells by ligands presented by the vascular niche 
[47, 60], and coculture of cancer cells with endo-
thelial cells increases the population of cancer 
stem cells in a Notch-dependent manner [61]. In 
B-cell lymphomas, the vascular niche is impli-
cated in presenting Jag1 to cancer cells [31]. In 
human colorectal cancers, N1ICD colocalized 
with CD133 marker of stem cells, at proximity of 
CD31 expressing endothelial cells and a soluble 
form of Jag1, secreted by endothelial cells, favors 
cancer stem cell self-renewal in  vitro [46]. In 
vivo, in APC-deficient model of intestinal can-
cers, Jag1 is also involved in niche formation and 
stem cell proliferation [62]. In head and neck can-
cer cell lines, K lf 4 expression is regulated by 
Jag1 leading to the stem cell phenotype [63]. 
Therefore, among Notch ligands, Jag1 was 
described to be involved in maintaining the stem 
cell phenotype. Other ligand might be involved, 
but this still need to be confirmed. The stem cell 
phenotype is maintained in breast cancer through 
Notch1 induced by fibroblast-derived CCL2 [32]. 
Extra-cellular matrix proteins have also been 
shown to regulate Notch signaling in the stem cell 
niche. In breast cancer, tenascin-C has been 
shown to favor establishment of lung metastasis 
by stimulating the stem cell phenotype [64]. 
Tenascin-C has also been shown to be important 
in inducing the tumor-initiating cell phenotype in 
glioma through Notch activation [65].

As described, endothelial cells, to a lesser 
extent fibroblasts and the extracellular matrix, are 
thus involved in shaping the stem cell niche 
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through activation of Notch signaling. In physio-
logical conditions, immune cells have been 
described to regulate the stem cell compartment 
through Notch signaling. It is the case of hair fol-
licle stem cells that are maintained by Jag1 
expressed by Tregs [66]. In the normal mammary 
gland, macrophages secrete Wnt ligands in 
response to mammary stem cells- expressed Dll1, 
which maintains the stem phenotype in the niche 
[67]. There is therefore evidence that Treg and 
macrophages can regulate the stem pool in nor-
mal organs. Assessing the role of immune cells in 
maintaining the pool of cancer stem cells still 
needs to be studied.

1.7  Notch-Mediated Shaping 
of the Metastatic Niche

Establishment by cancer cell of a favorable envi-
ronment is crucial for the spreading of the disease 
and colonization of metastatic sites. The role of 
Notch signaling is here also of major importance in 
different metastatic contexts. Concerning the bone 
metastatic niche, cancer cell-derived Jag1 induces 
osteoclast differentiation through Notch activation 
in osteoblasts [68]. As already mentioned, interac-
tion with tenascin-C is also important in the estab-
lishment of lung metastasis by breast cancer cells 
through activation of Notch signaling in the meta-
static niche [64]. In brain metastasis, breast cancer 
cell secretion of IL-1β induces Jag1 expression in 
astrocytes, which then activates Notch signaling in 
cancer cells [20]. By regulating the tip/stalk ratio, 
Notch is also implicated in regulating the escape 
of metastasizing cancer cells from dormancy, as 
tip cells are associated with this process [69]. 
Notch is therefore not only involved in shaping the 
TME of the primary cancer site but also partici-
pated in the establishment of a favorable environ-
ment for metastatic spreading.

1.8  Notch-Mediated Shaping 
of the Tumor Immunity

The revolution of immunotherapies has shed new 
light on the importance of the tumor infiltrate in 
the treatment of cancers. It is now well accepted 

that many tumors elicit a specific anti-tumor 
response that is inhibited by the tumor through 
establishment of an immunosuppressive environ-
ment [70]. The tumor infiltrate is composed of 
both anti-tumor cells (cytotoxic T cells, M1 mac-
rophages) and immunosuppressive cells 
(myeloid-derived suppressor cells (MDSC), 
Treg, M2 macrophages). In cancer, Notch signal-
ing is determinant both in myeloid and lymphoid 
lineages [33, 71] and may have anti- and pro- 
tumor action questioning the effect of Notch tar-
geting on the immune infiltrate [72]. Although 
the role of Notch signaling in the immune system 
has been well documented [73], its activity in 
regulating the tumor immunity is more difficult 
to study. We will in the following section discuss 
current data first on the regulation of the anti- 
tumor infiltrate by Notch and secondly its role in 
the regulation of the immunosuppressive envi-
ronment (Fig. 1.3).

Notch signaling is regulating differentiation 
and activity of the cytotoxic CD8+ T cells (cyto-
toxic T cell (CTL)) [74, 75]. In the context of 
cancer, anti-tumor CTL response was shown to 
depend on Notch2 expression by T cells [76]. In 
the same study, dendritic cells overexpressing 
Dll1 increased the anti-tumor response. Further 
supporting a role for Dll1  in this context, treat-
ment using multivalent Dll1 elicited lymphocyte 
T differentiation and enhanced antigen-specific 
cytotoxicity [77]. Triggering Dll1-Notch path-
way in bone marrow precursors restores T-cell 
function and restores immunosurveillance [78]. 
These data therefore demonstrate that Notch 
activity is in favor of cytotoxic T-cell activation. 
It has to be noted that Notch may in some context 
upregulate PD-1 expression and therefore inhibit 
CTL [79].

Regarding the immunosuppressive cells, 
tumor-associated macrophages (TAMs) express a 
transcriptomic signature showing activation of 
the Notch pathway [80]. The deletion of CSL in 
monocyte lineages blocked TAM-associated 
immunosuppressive functions [80]. TAM may be 
activated through heterotypic interaction in the 
TME since Jag1 expression by therapy-resistant 
cells could increase TAM markers in macro-
phages [81]. However, other studies showed that 
CSL was necessary for the induction of M1 versus 
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M2 phenotype in response to LPS stimulation 
[82]. In the same line, forced activation of Notch 
signaling by expressing N1ICD in macrophages 
abrogated TAM function and reduced tumor 
growth [83]. Notch activity is thus controlling 
macrophages polarization and interactions with 
other cell types expressing Notch ligands in the 
TME could play a role. Given the ambivalent 
effect of CSL deletion and N1ICD overexpres-
sion, it is possible that the level of Notch activity 
controls TAM differentiation. Myeloid-derived 
suppressor cells (MDSC) are also important 
mediators of the tumor immunosuppressive envi-
ronment in which Notch signaling plays an 
important role [33, 71]. Indeed, Notch may also 
be important for the expansion of MDSC [84].

Regarding the role of Notch in regulatory T 
cells (Tregs), activating Notch signaling may 
reduce their fitness [85] and therefore limit their 
immunosuppressive function. Tregs have also 
been shown to regulate normal stem cells in the 
hair follicle, through Jag1-mediated activation of 
Notch signaling [66]. A similar role in cancer 
stem cell could be investigated. Finally, CSL- 
deficient dendritic cells are less prone to induce 
Tregs differentiation [86], suggesting that Notch 
activity may favor DC activation of Treg.

Notch signaling thus regulates the immuno-
suppressive environment by acting on macro-
phages and MDSCs and is also implicated in 
anti-tumor response by directly modulating the 
cytotoxic ability of CD8+ T cells.

1.9  Can we Predict the Effect 
of Notch Inhibition 
in the TME?

A whole panoply of Notch signaling inhibitors 
has been developed, targeting every step of Notch 
signalization: γ-secretase inhibitors (GSI), anti-
bodies targeting ligands or receptors [10, 59] as 
well as compounds targeting transcription activa-
tion [87, 88], receptor glycosylation [89], or 
Notch trafficking [90] (Fig.  1.4a). Anticancer 
therapies are designed either to target the cancer 
cell-specific alterations through targeted thera-
pies or to target the microenvironment with anti-
angiogenic therapies or CAF-directed therapies. 
In an era of “precision medicine” and “targeted 
therapy,” targeting pathways that are activated in 
different parts of the TME will have pleiotropic 
effect that one must aim at understanding. We 
have shown that Notch signaling is regulating 

Fig. 1.3 Pleiotropic roles of Notch signaling in the tumour immunity. Notch signaling is regulating many features of 
tumor immune infiltrate including anti-tumor as well as immunosuppressive immune functions
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each component of the microenvironment. It is 
therefore logical that inhibiting Notch signaling 
will affect many different aspects of the microen-
vironment (Fig. 1.4b). Many in vitro and in vivo 
studies showed the effect of Notch inhibition on 
cancer cell proliferation, migration, and reduc-
ing stem cell phenotype [91] (Fig.  1.4b). 
Regarding the effects on the TME, the best-
characterized effect of inhibiting Notch signal-
ing on the TME is the effect on the tumor 
vasculature. Indeed, anti-Dll4 antibodies induce 
massive  non- productive angiogenesis [92]. GSI 
also affect angiogenesis, but the effects are trick-
ier to decipher, as GSI will target all Notch/ligand 
interactions. We, and others, showed that GSI 
treatment targeted EC and decreased tumor 
angiogenesis [41, 61, 93]. It has to be mentioned 
that the effect of GSI on vasculature will depend 
on the level of Jag1 and Dll4 in tumors since Jag1 
and Dll4 have opposite effect on sprouting angio-

genesis [38]. Regarding the effect of Notch inhi-
bition on the immune infiltrate, the effect might 
be pro- or anti-tumoral (Figs. 1.3 and 1.4). First, 
Notch signaling is important for cytotoxic activ-
ity of T cells. Inhibiting Notch signaling might 
therefore inhibit the anti-tumor activity of these 
cells. Furthermore, infiltrating immune cells 
showed reduced expression of Notch receptors 
and ligands which may participate to immuno-
suppression [33]. In line with this, restoring 
Notch signaling in T cell bypassed tumor-induced 
suppression [94]. Restoring Notch expression by 
T cells might therefore be an interesting strategy. 
Triggering Notch signaling by multivalent Dll1 
has also been shown to stimulate anti-tumor T 
cells [77]. Notch has been shown to limit Tregs 
function in different context [85, 95]. Inhibiting 
Notch signaling might therefore enforce Tregs 
function. On the other hand, several studies using 
different Notch inhibiting strategies showed a 

Fig. 1.4 Notch targeting strategies (a) and effect of Notch inhibition on the TME (b). *compounds under clinical 
trials
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reduction in the immunosuppressive environment 
[94, 96]. It has also to be noted that inhibiting 
Notch signaling may also limit M1 macrophages 
polarization and therefore limit tumor growth 
reduction [82].

The effects of Notch inhibition on the TME 
are thus complex and may be pro- or anti-
tumoral. Given the existence of cross talk 
between the different compartments of the TME, 
more studies are needed to understand the over-
all effects and the contribution of Notch modula-
tion in the different compartments.

1.10  Open Questions and New 
Avenues

1.10.1  Notch Regulation 
in the Physical and Chemical 
Tumor Environment

We would like to address in this section the poten-
tial impact of all the physical and chemical cues 
that influence the phenotypic diversity in the 
TME.  Hypoxia is a common feature of solid 
tumors and is correlated with poor prognosis [97]. 
Regulation of Notch signaling by HIF pathway 
has been described at different steps of Notch sig-
naling: production of NICD by potentiating 
γ-secretase activity through a direct interaction 
between HIF1-α and the γ-secretase complex 
[98], stabilizing NICD [99]. Notch activation pat-
tern will therefore depend on the repartition of 
hypoxia in the tumor. For example, local hypoxia 
has been shown to regulate Notch signaling in the 
lung [100]. Tumors are also characterized by an 
abnormal acidic extracellular milieu [101], and 
this may affect receptor/ligands interactions. 
Another unexplored area is the impact of tumor 
mechanics on Notch signaling. Alteration of tis-
sue stiffness is important in controlling tumor 
progression [102]. As Notch receptors are mech-
anosensors [2, 103], stiffness heterogeneity and 
force repartition in the TME may affect Notch 
signaling activation. Furthermore, remodeling 
of the ECM, which participates to mechanics 
alteration, has a major impact on tumor progres-
sion [104, 105], and Notch signaling is responsive 

to the ECM composition [106]. The influence of 
the ECM, the repartition of forces, and the stiff-
ness of the TME on the Notch activation pattern in 
the tumor may be of interest. Indeed, these roles 
may be of major importance when considering the 
therapeutic targeting of Notch signaling in cancer. 
Notch receptors glycosylation is a major determi-
nant of Notch activation by ligands and induces a 
bias in different ligands [103]. The TME-induced 
change in glycosylation is impacting tumor pro-
gression [107], this may therefore affect Notch 
signaling [5] and need further investigations.

1.10.2  Improving the Study of Notch 
Signaling in the TME

Interpreting the effect of manipulating Notch sig-
naling in the TME is not straightforward. Indeed, 
given the cross talk and interdependence of the 
different component of the TME, an endpoint 
effect on angiogenesis or on the immune infiltrate 
may in part be due to an indirect consequence of 
affecting other component of the TME. The first 
step to better understand the role of Notch in the 
TME is to describe, in each specific context, the 
expression pattern of Notch signaling compo-
nents. Analysis of transcriptomic data from bulk 
tumors has proven efficacy, but cell type decon-
volution should be applied and emergence of new 
technologies such as single cell sequencing could 
be of use to better describe the Notch activation 
pattern in the TME. Expression of Notch ligands 
and receptors in each compartment of the TME is 
mandatory to understand the role of Notch sig-
naling. Antibodies directed against NICDs are 
also interesting to characterize the activation and 
contribution of specific Notch receptors. N1ICD- 
specific [108] and more recently N3ICD-specific 
antibodies [109] have been developed and vali-
dated. N2ICD and N4ICD would also be of great 
interest. In order to better characterize Notch 
activation pattern in the TME, reporter mouse 
expressing fluorescent proteins under the control 
of Notch target genes promoter gives relevant 
information. The study of Lim and colleagues 
[15] very elegantly used the HES-1 GFP mouse 
model to sort Notch active and Notch inactive 
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cells from small cell lung cancers. This kind of 
approach could also enable to examine the topol-
ogy of Notch activation in the TME. Regarding 
the effect of Notch modulation in the initiation 
and progression of cancers, using transgenic 
expression of NICD gave important foundation 
to the field of Notch in cancer but regarding 
study in the TME, it does not allow to study the 
dynamic involvement of receptor–ligand interac-
tion. Furthermore, to study the involvement of 
specific Notch ligands and receptors in different 
compartment of the TME, specific deletion of 
Notch signaling component using CRE expres-
sion in a specific part of the TME is of major 
interest. Given the importance of Notch signal-
ing in regulating the function of the immune 
infiltrate, syngeneic graft or genetically engi-
neered mouse models should be favored instead 
of xenografts.

1.10.3  Specific Targeting of Notch 
in the TME

Notch targeting specificity should aim at target-
ing specific Notch pathway component as well as 
specific cell types in the TME. Indeed, targeting 
specific components of the TME may limit toxic-
ity. Nanoparticles encapsulating GSI have already 
been used to target GSI in tumors through 
enhanced permeability and retention effect [110]. 
Delivering GSI or antisense oligonucleotides 
directed against specific cell population by 
antibody- conjugated nanoparticles may be an 
interesting approach. Antibody directed against 
tumor endothelium [111], CAF, TAM, or cancer 
stem cell-specific markers could be used to 
achieve this aim. Tools targeting specific mem-
bers or signaling step of the Notch signaling axis 
are now available, and combining these 
approaches with approaches targeting a specific 
cell population may be the avenue for a safe and 
efficient targeting of Notch signaling in cancer. 
In order to develop these strategies, it is neces-
sary to study, as mentioned before, the expression 
pattern of Notch ligands and receptors in the 
TME in each context and is a prerequisite to bet-
ter understand data from preclinical and clinical 
models.

1.11  Conclusion

Notch is a major determinant of all aspects of the 
TME. Notch receptors and ligands are expressed 
in every component of the TME and dynamically 
regulated by signaling pathways involved in 
modeling the TME.  We described the role of 
Notch pathway in shaping the tumor vasculature, 
controlling CAF activation, and modulating both 
the anti- and pro-tumor immune cells. The onco-
genic role of Notch signaling in the cancer com-
partment is not to be underestimated and has 
been extensively reviewed. Our aim here was to 
insist on heterotypic Notch activation and regula-
tion in the TME.  Both approaches need to be 
merged to improve our understanding and 
develop new therapeutic strategies modulating 
Notch signaling in the TME.
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Abstract
Erythropoietin (EPO), the primary cytokine of 
erythropoiesis, stimulates both proliferation 
and differentiation of erythroid progenitors 
and their maturation to red blood cells. Basal 
EPO levels maintain the optimum levels of 
circulating red blood cells. However, during 
hypoxia, EPO secretion and its expression is 
elevated drastically in renal interstitial fibro-
blasts, thereby increasing the number of ery-
throid progenitors and accelerating their 
differentiation to mature erythrocytes. A tight 
regulation of this pathway is therefore of para-
mount importance. The biological response to 
EPO is commenced through the involvement 
of its cognate receptor, EPOR. The receptor–
ligand complex results in homodimerization 
and conformational changes, which trigger 

downstream signaling events and cause acti-
vation or inactivation of critical transcription 
factors that promote erythroid expansion. In 
recent years, recombinant human EPO (rEPO) 
has been widely used as a therapeutic tool to 
treat a number of anemias induced by infec-
tion, and chemotherapy for various cancers. 
However, several studies have uncovered a 
tumor promoting ability of EPO in man, 
which likely occurs through EPOR or alterna-
tive receptor(s). On the other hand, some stud-
ies have demonstrated a strong anticancer 
activity of EPO, although the mechanism still 
remains unclear. A thorough investigation of 
EPOR signaling could yield enhanced under-
standing of the pathobiology for a variety of 
disorders, as well as the potential novel thera-
peutic strategies. In this chapter, in addition to 
the clinical relevance of EPO/EPOR signal-
ing, we review its anticancer efficacy within 
various tumor microenvironments.
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2.1  Introduction

Erythropoietin is the chief controller of erythro-
poiesis, and its expression and functions are 
important for oxygenation of cells during 
steady- state and hypoxic conditions. Until 2001, 
the chief purpose of erythropoietin was consid-
ered to be in “erythropoiesis,” where EPO binds 
to its receptor (EPOR), expressed on erythroid 
precursor cells, to stimulate the proliferation 
and differentiation of hemoglobin-containing 
erythrocytes [1]. However, Yasuda et  al. [2] 
demonstrated the expression of mRNA as well 
as the presence of EPOR protein in murine 
embryos at the premature postimplantation 
stage. At this developing stage (6–7  days of 
pregnancy), the murine embryo grows extremely 
rapidly by accelerating the doubling time to 
around 4.8–8.1 h [3]. These findings led to the 
hypothesis that the EPO–EPOR interactions 
could be involved in carcinogenesis. As antici-
pated, the EPO–EPOR signaling was found to 
be highly prevalent in malignant reproductive 
organs [4], breast [5, 6], prostate [7], and cervi-
cal cancers [8]. Intriguingly, most cancers 

express EPO as well as EPOR, regardless of 
their cellular origin. Moreover, studies validated 
that EPO–EPOR signal inhibition impaired the 
cancer cell proliferation and the cancer-associ-
ated blood vessels [9]. Despite this evidence, 
multiple studies also demonstrated the tumor 
inhibitory effect of EPO in erythroleukemia and 
multiple myeloma [10–16]. These studies 
emphasize the controversial role of EPO in can-
cer, which highlights the need for further dis-
cussion and investigation.

2.1.1  EPO and the EPO Receptor

Genomic EPO was initially cloned after purifi-
cation by Miyake et al. [17], who isolated it from 
an aplastic anemic patient’s urine. Structurally, 
EPO is located on chromosome 7q22 and con-
sists of four exons (Fig. 2.1). EPO is transcrip-
tionally regulated under the control of a variety 
of transcriptional factors, including the activator 
hypoxia-inducible factor 2-alpha (EPAS1) and 
suppressor GATA-binding factor 2 (GATA2) 
[18, 19]. During healthy oxygen conditions (nor-
maxia), the expression of HIF2α is dramatically 
reduced by a VHL-specific E3-ubiquitin com-
plex, which leads to the suppression of the EPO 
transcription (Fig.  2.2). Conversely, in condi-
tions of low oxygen availability (hypoxia), 
HIF2α, which is constrictively expressed, trans-
locates to the nucleus and forms a heterodimer 
with the aryl hydrocarbon receptor nuclear trans-
locator (ARNT2). The HIF2α-ARNT2 heterodi-
mer complex then interacts with the critical 

Fig. 2.1 Structure of the EPO gene. The exon-intron 
structure of the human EPO gene. Binding sites for 
transcription factor GATA2 and HIF2α are shown on 

the EPO promoter. Translation of the EPO gene results 
in the generation of a 34 kDa EPO protein
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transcription initiation factors such as CREB-
binding protein (CBP) and p300. This complex 
subsequently binds to the promoter of EPO and 
initiates transcription [20].

EPO is a glycoprotein protein which is pre-
dominately produced in (and secreted by) the 
kidney and embryological liver cells [21–23]. 
The corresponding gene encodes a 193-amino 
acid polypeptide chain, but further processing 
results in the production of a mature 166-amino 
acid protein, which is secreted into the circulat-
ing blood [24] (Fig. 2.3). Mature EPO gets heav-
ily glycosylated on its three N-linked and one 
O-linked acidic oligosaccharide side chains [25]. 
The glycosylated chains are responsible for its 
stable biological activity and receptor interaction 
[26, 27]. Indeed, rEPO has great clinical utility in 
the treatment of anemia through the promotion of 
red blood cell production [28].

EPOR is EPO’s primary receptor, whose bind-
ing induces the activation of a defined signal 

transduction pathway. EPOR is a typical type-I 
cytokine receptor, where the ligand interacts with 
the extracellular domain (Fig. 2.4). Its transmem-
brane region spans the phospholipid bilayer and 
its tail portion contains eight tyrosine 
 phosphorylation sites, which serve as locations 
for signaling adaptors. EPOR itself lacks an 
intrinsic kinase activity and thus recruits many 
kinases and adaptor molecules to initiate the sig-
nal [23, 30].

After maturation in the endoplasmic reticu-
lum, EPOR is translocated to the Golgi appara-
tus. During this process, a minor section of the 
receptor is processed by heavy chain glycosyl-
ation to a mature form, which is transported to 
the plasma membrane (Fig. 2.4). Under stimulus- 
free conditions, mature EPOR expression on the 
plasma membrane is relatively low, having <100 
receptors available at any one moment in time 
[23, 30]. The receptor transportation and its mat-
uration procedure are reliant on communication 

Fig. 2.2 Regulation of the EPO gene by HIF-2. During 
normoxia, the E3-ubiquitin ligase complex, consisting of 
VHL, RBX1, Cult1, ElonginB (EloB), and ElonginC 
(EloC), specifically binds to PHD-induced hydroxylated 
HIF2α. The C-terminal α-domain of HIF2α then links 
VHL to the E3-ligase via EloC to initiate ubiquitination 
and proteasome-mediated degradation. Under hypoxia 
when level of O2  is low, the E3-ubiquitin complex remains 

inactive. HIF-2α, which is constitutively expressed, is no 
longer degraded; it translocates to the nucleus where it 
forms heterodimer with the aryl hydrocarbon receptor 
nuclear translocator (ARNT). HIF-2α/ARNT heterodi-
mers bind to the HIF consensus binding site 5′-RCGTG-3′ 
in the EPO gene promoter and increase EPO transcription 
in the presence of transcriptional coactivators, such as 
CREB-binding protein (CBP) and p300
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with Janus Kinase 2 (JAK2) [31]. JAK2 is the 
chief effector kinase of the EPO/EPOR signaling. 
Binding of the ligand to the receptor induces con-
formational changes and homodimerization of 
EPOR, which results in the autophosphorylation 
of JAK2. The autophosphorylation in turn causes 
phosphorylation of the cytoplasmic receptors to 
recruit a numeral mediator, leading to the produc-
tion of erythrocytes.

EPOR signaling can be regulated by several 
negative-feedback inhibitors, including negative- 
regulating phosphatases, suppressor of cytokine 
signaling (SOCS) proteins, receptor internaliza-
tion or ubiquitination as well as proteasome deg-
radation in its lysine (K) residues [32]. The 
subtilty of the interplay between EPOR matura-
tion and turnover is remarkable in the sense that 
they result in fine regulation according to exter-
nal stimulus. Thus, alterations in this tight regu-
lation pathway can result in defects that lead to 
fluctuations in the total red cell mass and in turn 
blood disorders [33].

2.2  Erythropoietin and Stem Cell 
Factor

Directional migration of healthy red blood cells to 
various vital organs is controlled in and around 
bone marrow niche through multifaceted mecha-
nisms including the interaction of cytokines, che-
mokines, and growth factors with their cognate 
receptors. As a consequence of hypoxia, injury, or 
pathogen insult, there is an increased flow of 
hematopoietic and non-hematopoietic cells into 
the circulatory system, which triggers further tran-
scriptional activation of EPO/EPOR to encourage 
erythropoiesis [34]. Accordingly, Rankin et  al. 
[34] have recently shown that augmentation of 
HIF signaling can cause higher expression of EPO 
in osteoprogenitors of the bone marrow, resulting 
in higher numbers of hematopoietic stem cells/
progenitors and subsequently increased erythroid 
differentiation. This effect of EPO on bone forma-
tion has been further confirmed by others [35]. 

Fig. 2.3 Structure of the EPO. The primary structure of 
EPO and its amino acid sequence. Sites of glycosylation, 
ligation sites (red circle), and disulfide bonds (red dotted 

lines) (Permission for publication received by http://
advances.sciencemag.org)

W. Liu et al.
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The binding of the cytokine “stem cell factor” 
(SCF also known KITLG) to its receptor KIT, 
which is caused by stress signals, also results in 
proliferation and differentiation of hematopoietic 
stem cells, resulting in the migration of new ery-
throid progenitors to blood stream [36].

As shown in Fig. 2.4, the homodimerization 
of EPOR molecules, which as a part of its sig-
nal initiation, causes transactivation of JAK2 
molecules that bind to its intracellular domain 
[37]. Upon its phosphorylation, JAK2 triggers 
the activation of various receptor tyrosine 
kinases (RTKs) [such as Src homology-2 (SH2) 
domain-containing proteins, STAT1/3/5] and 
subsequently stimulates downstream mediators 
of erythroid differentiation [38, 39]. The JAK/
STAT phosphorylation triggers activation of 
many other signaling pathways, including the 
phosphatidylinositol-3 kinase (PI3K)/AKT 

pathway, extracellular signal- related kinase 
(ERK) 1/2 pathway, and the mitogen-activated 
protein kinase (MAPK) pathways, which ulti-
mately leads to enhanced cell survival/prolif-
eration [40, 41].

In addition to its role as a hematopoietic fac-
tor, EPO has also been documented as a potent 
chemotactic agent. It can readily persuade direc-
tional migration of mesenchymal stem cells to 
the tumor microenvironment in organs [42, 43]. 
This process is mainly due to elevated levels of 
stromal cell-derived factor-1 (SDF1), which is a 
known ligand of bone marrow-derived C-X-C 
chemokine receptor type 4 (CXCR4). Injury in 
major vital organs such as the kidney and heart 
can cause elevation in the concentrations of 
SDF1, which are sufficient to attract CXCR4- 
expressing cells to the site of injury. Due to this 
chemotactic property, the cytokine-induced infil-

Fig. 2.4 Summary of the signal transduction pathways 
activated by EPO. Three different signal transduction 
pathways are predominantly activated after binding of 
EPO to its receptor: JAK2/STAT5, PI3K/AKT and 

RAS/RAF/MAPK, which are associated with cell pro-
liferation, survival, and migration, respectively 
(Permission for publication received by Vazquez-
Mellado et al. [29])
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tration is attributed in hypoxia-induced pulmo-
nary hypertension [44] in ischemic heart disease 
[45]. Interestingly, EPO was also shown to block 
the endothelial differentiation capacity of cardiac 
progenitors to prevent heart failure during anti-
cancer therapy [46]. Therefore, it would be inter-
esting to show if this action is also mediated 
through SDF1 regulation by EPO.

EPO synergistically works with SCF to moni-
tor erythropoiesis inside the bone marrow micro-
environment. The SI locus on human chromosome 
12 produces a precursor of the 248-amino acid 
membrane-bound homodimeric SCF [47]. The 
membrane-bound SCF undergoes posttranscrip-
tional proteolytic cleavage at a specific site to 
yield a monomeric, soluble 165-amino acid SCF; 
although both forms of SCF can serve as KIT 

ligands, the dimeric form is more active [48] and 
offers prolonged receptor activation, while the 
soluble counterpart causes a transient KIT activa-
tion and promotes its rapid degradation [49].

KIT is a class III RTK and belongs to the 
PDGFR family. It is produced as a glycosylated 
protein (Fig.  2.5) with five immunoglobulin-
like repeats in its extracellular domain, a trans-
membrane region, followed by an autoinhibitory 
domain as well as two intracellular tyrosine 
kinase domains [50]. The binding of KIT to its 
ligand SCF causes homodimerization and acti-
vation of its enzymatic activity thorough auto-
phosphorylation in signal-transducing proteins 
containing SH2 domains. This in turn triggers 
downstream signaling pathways [51], including 
JAK/STAT and RAS/ERK (Fig. 2.6).

Fig. 2.5 Structure of KIT. KIT is located on chromosome 
4q12 in man and contains 21 exons. After translation, KIT 
forms a 145-kDa (976 amino acids) transmembrane 
RTK.  KIT is structurally characterized by five 
immunoglobulin- like subunits in its extracellular domain 
(ECD) that contain a ligand binding site (SCF) for KIT 
and a dimerization site, which are linked to a cytoplasmic 
region by a single transmembrane helix. The cytoplasmic 
region of KIT consists of an autoinhibitory juxtamem-
brane domain (JMD) and a kinase domain (KD), which 

are arranged in a proximal (N-) and a distal (C-) lobe, and 
linked by a hinge region. The C-lobe of type III RTKs 
include a large kinase insert domain (KID) of ~60–100 
residues. The red star represents the position (amino acid 
816) where an Asp to Val point mutation (KIT D816V) is 
found in 48% of adult systemic mastocytosis patients 
[29]. The EPOR receptor is presented in its monomeric 
form, whereas a dimer is formed from SCF ligation. 
TMD, transmembrane domain. (Permission for publica-
tion received by Vazquez-Mellado et al. [29])

W. Liu et al.
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Directional cell migration is closely moni-
tored by the activities of SCF and KIT molecules. 
Both proteins are expressed during embryogene-
sis in migratory pathways and homing sites for 
melanoblasts, germ, and hematopoietic cells 
[52]. It is suspected that SCF/KIT interaction 
activates capillary tube formation in adults, 
though this was demonstrated using human 
umbilical vein endothelial cells [53]. More 
recently, it was reported that cardiac stem cells 
expressing KIT were able to migrate in response 
to SCF.  This migration was facilitated by the 
ability of SCF-induced chemotaxis to induce the 
PI3K/AKT signal activation process, which can 
upregulate the expression of matrix metallopro-
teinases 3 and 9 [54]. Accordingly, results from 
Cervi et  al. [12] suggest that the treatment 
HB60–5 leukemic cells with the anti- 
inflammatory drug Celebrex reduces KIT expres-

sion as well as EPOR phosphorylation, which in 
turn causes apoptosis. KIT overexpression does 
indeed enhance survival by up to twofold after 
treatment with Celecoxib.

2.3  Erythropoietin: Role 
in Proliferation and Migration 
in Various Cancer Types

The physiological significance of the EPO/EPOR 
expression in cancer cells was originally considered 
controversial due to the lack of a specific antibody 
to detect EPOR in the pioneering studies [55, 56]. 
However, very recently, specific anti- EPOR anti-
bodies were developed, which have revealed the 
specific expression of this receptor in tumor cells. 
For instance, Cy5.5 (a near- infrared dye) conju-
gated rEPO was used as a probe to monitor EPOR 

Fig. 2.6 Summary of signal transduction pathways activated by SCF/Kit regulation. (Permission for publication 
received by Vazquez-Mellado et al. [29])
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expression noninvasively by fluorescence-mediated 
tomography [57]. Likewise, by coupling Ga-DOTA 
to the carbohydrate side chain of recombinant EPO, 
a radiotracer was developed for monitoring EPOR 
status in developing tumors in vivo using PET (pos-
itron emission tomography) imaging [58]. Some 
studies demonstrated EPOR expression as a factor 
for the promotion of cancer cell proliferation, 
whereas in others rEPO suggested opposite results. 
Examples of EPO/EPOR signaling and their func-
tions in both tumor promotion and suppression are 
given below.

2.3.1  Breast Cancer

• Quantitative reverse transcription-PCR 
(RT- PCR) analysis revealed the presence 
of EPOR as between 104 and 1608 copy 
numbers/10  ng of RNA in many breast 
cancer cell lines [59].

• Um et  al. [60] projected that around 50 
high- affinity EPO binding sites were opti-
mum for EPO-mediated signal activation in 
cancer cells.

• Breast cancer-derived cell lines MDA468, 
SKBR3, MCF7, and MDA453 produce and 
discharge EPO into the extracellular matrix, 
promoting the autocrine/paracrine EPO/
EPOR in the cells. Further study on the 
SKBR3 cell line coupled with siRNA- 
mediated downregulation of EPO revealed 
that the expression of this hormone regu-
lates cell proliferation, migration, invasion, 
and stemness [61].

• In a recent study, Pradeep et al. [62] identi-
fied the Ephrin receptor B4 (EphB4) as a 
new receptor for EPO. In human breast and 
ovarian cancer, the binding or EPO to 
EPHB4 stimulated the phosphorylation and 
activation of STAT3, causing tumor pro-
gression (Fig. 2.7; [62]).

Fig. 2.7 Summary of signal transduction pathways activated by STAT3. (Permission for publication received by 
Pradeep et al. [62])

W. Liu et al.



25

2.3.2  Ovarian Cancer

• A restriction digest of semiquantitative RT- 
PCR products and DNA sequencing con-
firmed the expression of EPOR in CaOV, 
SKOV, OVCAR-3, and A2780 human ovar-
ian cancer cell lines [63].

• Inhibition of EPOR by a neutralizing anti-
body was able to block cell proliferation 
in A2780 cells. Moreover, fluorescence 
microscopy  discovered the presence of 
EPOR in A2780 cells [64].

2.3.3  Lung Cancer

• Following bronchoscopy, EPOR transcrip-
tion was detected by quantitative RT-PCR in 
stage III–IV non-small cell lung adenocar-
cinoma [65]. The study also demonstrated 
that 33.45% of the tumors had an elevated 
expression of EPOR, which was associated 
with a good prognosis. Moreover, rEPO and 
gemcitabine treatments increased the prolif-
eration on endothelial as well as H1975 
xenograft tumors (Fig. 2.8).

2.3.4  Cervical Cancer

• Autocrine activation of the EPO/EPOR 
signaling in cervical cancer cells was 
shown to be mediated through the JAK/
STAT pathway, resulting in increased cell 
proliferation [8].

• EPO induced the growth of xenograft cervi-
cal cancer tumors in vivo and activated the 
phosphorylation of JAK1 (pJAK1), JAK2 
(pJAK2), JAK3 (pJAK3), STAT1 (pSTAT1), 
STAT3 (pSTAT3), and STAT5 (pSTAT5) in 
the cells implanted with 1 × 105 HeLa and 
SiHa cells, after 15  days. Phosphorylation 
levels were evaluated in mice treated with 
EPO or vehicle by Western blot [8].

2.3.5  Leukemia

• In multiple melanoma (MM), rEPO treat-
ment blocked the proliferation of MM cell 
line MOPC-315  in culture, as well as its 
progression in a mouse xenograft model 
[66]. EPO- induced tumor regression was 
later shown to be associated with a gain of 
immunity against MM cells, and also bone 
density loss [13, 14]. The importance of 
EPO as a therapy for multiple myeloma was 
later shown by other groups [15, 16].

• In erythroleukemia cell lines induced by 
friend murine leukemia virus (F-MuLV), 
EPO expression was detected in many cell 
lines. In some cell lines, this expression was 
associated with rearrangement of the epo 
genetic structure [67]. epo expression in 
these cells was shown to promote EPO-
dependent proliferation in culture [68]. 
Despite this, in erythroleukemias induced by 
F-MuLV, rEPO, treatment of leukemic mice 
delayed significantly the disease progression 
via a compensatory erythropoietic response 
in combination with natural killer cell action 
[11]. In this and a subsequent study, both 
VEGF and EPO were shown to induce a 
condition in mice akin to normoxia, in con-
trast to hypoxia, which can block leukemia 
progression in vivo [11, 69, 70].

• Additionally, the rEPO administration into 
leukemic mice induced a polycythemia-like 
condition with an expansion of SCA1+/
KIT− progenitors, causing immune cell pro-
gression and reduction of leukemia. This 
study suggested that the combination ther-
apy efficacy of SCA1+/KIT− progenitors 
could present an alternative therapeutic 
strategy for leukemia [71].

• Ectopic FLI1 expression in an erythroblastic 
cell line developed EPO-induced prolifera-
tion, rather than differentiation. This was 
made possible through the activation and 
inactivation of many downstream target of 
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the transcription factor FLI1 [72, 73]. 
Despite this, leukemias carrying an activated 
FLI1 can still be inhibited with EPO therapy 
[11, 69]. These results suggest that EPO 
may induce the activation of immune system 
surrounding the tumor microenvironment to 
block leukemia progression, a notion that 
may require future investigation.

2.4  Clinical Significance 
of Erythropoietin Signaling

Even though cancer-associated anemia is geneti-
cally multifactorial, it may worsen after chemo-
therapy and radiotherapy. Statistics claim that 
around 40.7% of cancer patients show anemic 
symptoms at their treatment time [74]. Cancer-

Fig. 2.8 The tumor and 
endothelial cells in 
rEPO-treated and 
control H1975 tumors. 
(a) Control untreated 
and rEPO-treated. 
Tumor sections are 
stained for the 
endothelial marker, 
CD31 (green), the 
proliferation-associated 
marker, BrdU (red) and 
for TOTO-3 (blue) 
highlighting EC as well 
as tumor cell nuclei. 
Arrows in (b) point at 
proliferating endothelial 
cells. (Permission for 
publication received by 
Rozsas et al. [65])

W. Liu et al.
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associated anemia is therefore treated with rEPO 
in most cases. Administration of EPO is indeed 
reported to cause a progression- free tumor micro-
environment and increase the overall survival 
times of cancer patients [33]. However, in some 
other clinical trials, the outcome of EPO admin-
istration was negative [75]. This may be due to an 
excessively high red blood cell level induced 
after high exogenous EPO administration, which 
could cause thrombosis in some patients [76, 77]. 
These results also raised the possibility that EPO 
administration may be beneficial for some types 
of cancer and harmful for authors. It is also pos-
sible that the inhibitory effects of EPO may work 
in early/medium stage tumors; yet not in late-
stage cancers. Furthermore, the genetic situation 
with the tumors (i.e., activation/inactivation of 
additional oncogene\suppressor genes) may 
override EPO’s tumor inhibitory effects and 
result in a greater proliferation. It is also possible 
that some types of cancer, such as Leukemia, are 
more responsive to the tumor inhibitory effect of 
EPO than solid tumors. Thus, it is critical to 
uncover the mechanism of tumor inhibition and 
progression ability of EPO to identify biomark-
ers for the response to this cytokine.

2.5  Concluding Remarks

EPO is primarily known for its role as a hormone, 
which stimulates the generation of red blood cells. 
However, the expression of EPOR was also iden-
tified in many studies outside the hematopoietic 
tissues, indicating a role for this hormone in non-
hematopoietic cells. The expression of EPO is 
indeed found in various non-hematopoietic cells 
and more abundantly in various cancer types. Due 
to this expression pattern, the EPO/EPOR signal-
ing was also connected to tumor microenviron-
ment, causing changes in biological activities 
such as the immune system, migration, and tumor 
progression. In the clinic, EPO is widely used to 
overcome anemia, yet its administration in cancer 
patients has been associated with both tumor inhi-
bition and progression. Understanding how EPO 
affects non- hematopoietic tissue as well as its 
underlying mechanism of action in cancer cells 
may result in the development of a better strategy 

for the treatment of cancer-related anemia and 
potentially even the use of this hormone (alone or 
in combination with other factors) for the treat-
ment of some cancers.
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Neuropilin:  
Handyman and Power Broker 
in the Tumor Microenvironment
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Abstract
Neuropilin-1 and neuropilin-2 form a small 
family of transmembrane receptors, which, due 
to the lack of a cytosolic protein kinase domain, 
act primarily as co-receptors for various 
ligands. Performing at the molecular level both 
the executive and organizing functions of a 
handyman as well as of a power broker, they 
are instrumental in controlling the signaling of 
various receptor tyrosine kinases, integrins, and 
other molecules involved in the regulation of 
physiological and pathological angiogenic pro-
cesses. In this setting, the various neuropilin 
ligands and interaction partners on various cells 
of the tumor microenvironment, such as can-
cer cells, endothelial cells, cancer- associated 
fibroblasts, and immune cells, are surveyed. 
The suitability of various neuropilin- targeting 
substances and the intervention in neuropilin-
mediated interactions is considered as a pos-
sible building block of tumor therapy.

Keywords
Cancer cell · Endothelial cell · Neuropilin 
interacting partners · Neuropilin ligands · 
Neuropilin signaling · Semaphorin · Tumor- 

penetrating peptides · Tumor angiogenesis · 
Tumor microenvironment · Tumor stromal 
cell · Vascular endothelial growth factor

Abbreviations

3′-UTR 3′-Untranslated region
ADAM A disintegrin and metallopro-

teinase domain containing 
protein

ADAMTS A disintegrin and metallopro-
teinase with thrombospondin 
motifs

AGO Argonaute
AKT Protein kinase B
ALK Anaplastic lymphoma kinase
ALK1 Activin receptor-like kinase; 

ser ine/ threonine-protein 
kinase receptor R3

ALK5 Activin receptor-like kinase; 
TGF-β receptor 1

BMP Bone morphogenetic protein
BRAF Rat/rapidly accelerated fibro-

sarcoma, isoform B
CAF Cancer-associated fibroblasts
CD Cluster of differentiation
CendR Carboxy-terminal end rule
CSC Cancer stem cell
CUB domain Cubilin homology domain
DDR Discoidin domain receptor
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Dlg domain Discs large domain
EC Endothelial cell
ECM Extracellular matrix
EGF(R) Epidermal growth factor 

(receptor)
EMT Epithelial to mesenchymal 

transition
EphA2 Erythropoietin-producing 

human hepatocellular (EPH) 
receptor A2

ER Endoplasmic reticulum
ErbB Erythroblastosis oncogene B
ERK Extracellular-signal-regulated 

kinase
FAK Focal adhesion kinase
FGF(R) Fibroblast growth factor 

(receptor)
Frzb Frizzled-related protein
GAIP G alpha interacting protein
GAP GTPase activation protein
gC1qR Globular head of complement 

factor C1q binding protein/
receptor

GEF Guanine nucleotide exchange 
factor

GIPC GAIP interacting protein, 
C-terminus

GIPC1 GIPC PDZ domain contain-
ing family member 1, 
synectin

GLI1 Glioma-associated oncogene 
homolog 1

GLUT1CBP Glucose transporter 1 
C-terminal binding protein

Her2 Human epidermal growth 
factor receptor 2

HGF(R) Hepatocyte growth factor 
(receptor)

HH Hedgehog
IGF1R Insulin-like growth factor 1 

(IGF-1) receptor
IIP1 Insulin-like growth factor-1 

receptor-interacting protein 1
Jnk c-Jun N-terminal kinase
KRAS Kirsten rat sarcoma
L1CAM L1 cell adhesion molecule
LAMC2 Laminin subunit γ2

lncRNA Long noncoding RNA
LRP5 Low-density lipoprotein 

receptor related protein 5
MAM domain Meprin/A5-protein/PTPmu
MAP(K) Mitogen-activated protein 

(kinase)
MET Mesenchymal-epithelial 

transition factor (MET) 
proto-oncogene

miR microRNA
MMP Matrix metalloproteinase
NIP Neuropilin-1 interacting 

protein
NRP Neuropilin
p130Cas CRK-associated substrate
PDGF(R) Platelet-derived growth factor 

(receptor)
PDZ Postsynaptic density/discs 

large/zonula occludens-1
PI3K Phosphoinositide 3-kinase
PKC Protein kinase C
PlGF(R) Placenta growth factor 

(receptor)
PSD-95 domain Postsynaptic density protein 

95 domain
PTEN Phosphatase and tensin 

homolog
PTPmu Protein tyrosine phosphatase μ
RAS Rat sarcoma
RhoGEF Rho guanine nucleotide 

exchange factor 1
RTK Receptor-type tyrosine kinase
SAPK1 Stress-activated protein 

kinase 1
SEMA Semaphorin
SEMCAP1 Semaphorin 4C (SEMA4C)-

interacting protein 1
SMAD sma(ll) and Daf-4 homolog
sNRP Soluble neuropilin
Src Sarcoma
Syx Synectin-binding GEF
TAM Tumor-associated macrophage
TEC Tumor endothelial cell
TFPI1 Tissue factor pathway 

inhibitor
TGF-β(R) Transforming growth factor-β 

(receptor)
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TIE Tyrosine kinase with 
immunoglobulin- like and 
EGF-like domains

TIP2 Tax-interacting protein 2
TORC2 Rapamycin-sensitive TOR 

complex 2
Treg Regulatory T cell
uPA Urokinase plasminogen 

activator
VCAM-1 Vascular adhesion protein-1
VEGF(R) Vascular endothelial growth 

factor (receptor)
VM Vasculogenic mimicry
WIF1 Wnt inhibitory factor 1
Wnt Wingless-related integration 

site
YAP1 Yes-associated protein 1
ZO-1 domain Zonula occludens-1 domain

3.1  Introduction

The two types of neuropilins, NRP1 and NRP2, 
form a small family of transmembrane receptors 
with a broad tissue distribution, which, due to the 
lack of a cytosolic protein kinase domain, act pri-
marily as co-receptors for various ligands [1–3]. 
At both molecular and cellular level, they per-
form the executive and organizing functions of a 
handyman as well as of a power broker. They are 
instrumental in controlling the signaling of vari-
ous receptor tyrosine kinases, integrins, and other 
molecules involved in different cells and tissues 
in the regulation of physiological and pathologi-
cal angiogenic processes. As pleiotropic co- 
receptors, NRPs are thus involved in various 
canonical and alternative signaling processes that 
are important for a wide variety of processes, 
such as cell proliferation and survival, cell adhe-
sion and migration, matrix remodeling, and 
endothelial to mesenchymal transition. This book 
chapter is a revised and updated version of an 
earlier review of neuropilins in a tumorbiological 
setting [4], with a special focus on the multifac-
eted functions of neuropilins in the tumor micro-
environment. In this setting, the various 

neuropilin ligands and interaction partners on 
various cells of the tumor microenvironment, 
such as cancer cells, endothelial cells, cancer- 
associated fibroblasts, and immune cells, are sur-
veyed. Based on this situation, the suitability of 
various neuropilin-targeting substances and the 
intervention in neuropilin-mediated interactions 
is considered as a possible building block of 
tumor therapy.

3.2  Molecular Structure 
of Neuropilins

Neuropilin-1 and -2 represent a small family of 
evolutionarily conserved transmembrane glyco-
proteins with a broad tissue distribution in adult 
vertebrates [1, 2]. The genes NRP1 and NRP2 at 
chromosome loci 10p12 and 2q34 encode a 120- 
kDa and 112-kDa protein, respectively [1, 5–9]. 
Alternative splicing and optional insertion of 5, 
17, or 22 amino acids C-terminal to amino acid 
808 in the membrane-proximal part of the NRP 
ectodomain yields different membrane-bound 
and soluble variants (Fig. 3.1) [10–14].

The extracellular part of the NRPs comprises 
two cubilin homology (CUB) domains (a1/a2), 
two FV/VIII domains (b1/b2), and a MAM (c) 
domain [2]. The CUB domains are homologous 
to the complement factor C1s/C1r, the bone mor-
phogenetic protein 1 (BMP1), and tolloid pro-
teins, while the FV/VIII domains show homology 
to coagulation factor FV/VIII, a tyrosine kinase 
DDR, and discoidin-1. The c- or MAM domain 
structurally resembles the proteins meprin, A5 
(former name of NRP) and receptor protein tyro-
sine phosphatases μ and κ (PTPμ, κ) [15, 16]. The 
soluble NRP variants sNRP1 and sNRP2 consist 
only of the tandem domains a1/a2 and b1/b2 and 
lack the MAM domain as well as the transmem-
brane and cytoplasmic domains. The ectodomain 
is linked by a single-pass transmembrane domain 
to a short cytoplasmic region comprising 44 
amino acids in NRP1 and 42 and 46 amino acids 
in NRP2A and NRP2B, respectively, and lacking 
tyrosine kinase activity [2, 10]. NRP1 and 
NRP2A, but not NRP2B, have a  PSD-95/Dlg/
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ZO-1 (PDZ) binding motif at the intracellular 
carboxyl terminus [2].

Both NRP proteins can be glycosylated differ-
ently, especially in different cell types [17–19]. 
NRP1 is predominantly N-glycosylated and/or 
carries a chondroitin sulfate on Ser612 in vascular 
smooth muscle cells [19], while on endothelial 
cells (ECs) NRP1 is glycosylated with chondroi-
tin sulfate and heparan sulfate chains [17]. NRPs, 
especially NRP2, is one of the few proteins that 
can be polysialylated to regulate, for example, 
trafficking of dendritic cells to secondary lym-
phoid organs and their interaction with T cells 
[20–22].

The structural diversity of NRPs in ECs is fur-
ther enhanced by ADAM9- and ADAM10- 
mediated proteolytic processing leading to 
membrane-anchored NRP isoforms lacking the 
extracellular a1/a2 and b1/b2 tandem domains, or 
even the MAM domain [23].

NRP homodimerizes in particular by interac-
tion of the α-helical transmembrane domains and 
presumably also the MAM domains [24–26]. 
In addition, NRP1 and NRP2 can also form 
heterodimers [27]. Whether dimers are formed 
immediately after translation into the ER or 

during vesicular transport to the cell surface is 
not yet known.

3.3  Neuropilin Signaling

3.3.1  Neuropilins Associate 
with Other Receptors 
into Functional Holoreceptors

Due to their modular structure, NRPs have 
defined, not necessarily overlapping binding sites 
for miscellaneous soluble ligands and, moreover, 
can interact with different receptors to form holo-
receptor complexes of various functions (Fig. 3.2) 
[28]. For example, Nrp1 homodimers preferen-
tially bind SEMA3A, whereas NRP2 homodi-
mers interact with SEMA3F to subsequently 
form supramolecular holoreceptor complexes in 
the plasma membrane [29, 30]. As NRPs lack an 
intracellular kinase domain, they transmit stimu-
latory or inhibitory signals by recruiting various 
receptor kinases, which are chosen in response to 
the particular extracellular ligand.

Fig. 3.1 Neuropilins have a modular domain structure to 
perform diverse functions. The extracellular part of NRP1 
comprises two CUB domains (red), designated as a1 and 
a2, and two factor V/VIII homology domains termed b1 
and b2 (green), that are connected via a short linker to a 
c- or MAM domain (blue). A single-pass transmembrane 
domain (TM, yellow) connects the extracellular moiety to 
a C-terminal PDZ binding domain motif (orange) with the 
characteristic amino acid sequence SEA.  Semaphorin 
binding requires the a1/a2 tandem domain together with 

the b1 domain, while VEGF binds to the b1/b2 tandem 
domain. The MAM domain mediates NRP oligomeriza-
tion. The four known soluble NRP1 isoforms (sNRP1) are 
truncated at the C-terminus of the b2 domain. Despite dif-
ferent amino acid sequence, NRP2 has the same domain 
structure as NRP1 except for an insertion of five amino 
acids between the MAM and TM domain, while soluble 
NRP2 (sNRP2) differs by a truncated b2 domain and nine 
additional C-terminal amino acids
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3.3.2  Ligands of Neuropilin- 
Containing Signaling 
Complexes

VEGF-A is the best-understood binding partner 
of NRP1-containing signaling complexes forming 
the basis for the development of drugs that target 
the binding of VEGF-A to the NRP1/VEGFR2 
complex [33, 34]. In this way, such drugs can 
inhibit tumor angiogenesis in cancer therapy as 
well as angiogenesis in other diseases where 
neovascularization also plays a key role, such as 
age-related macular degeneration, rheumatoid 

arthritis, psoriasis, diabetes-induced neovascular-
ization of the eye, inflammatory diseases, isch-
emia/reperfusion injury, infant hemangioma, and 
atherosclerosis [35].

VEGF-A is encoded at the chromosomal locus 
6p21.1, and all six splice variants are encoded by 
the first five exons containing the amino acids 
required for binding to the VEGF receptors 
VEGFR1 and VEGFR2 [35, 36]. The amino acid 
residues relevant for binding to NRP1 are 
encoded in exons 7 and 8a [35], which is why 
NRP1 can bind the VEGF-A splice variants 
VEGF-A165 and VEGF-A189, but not the 

Fig. 3.2 NRP is a pivotal component of various holore-
ceptor complexes. For clarity, receptor and co-receptor 
molecules are shown as monomers only, although they 
actually exist as dimers. In signaling, an NRP dimer binds 
a likewise dimerized ligand and then interacts with a pair 
of receptor-type kinases or plexin receptors. Soluble 
sNRP isoforms may interfere with the signaling of NRP- 
containing holoreceptors. Physiological NRP ligands rel-
evant to angiogenesis and tumor angiogenesis, vascular 
branching and maturation, and cardiovascular develop-
ment include VEGF-A165, VEGF-A121, VEGF-B167, 
VEGF-C, VEGF-D, VEGF-E, and PIGF-2. Among the 
semaphorins important for the nervous system, the 
secreted SEMA3A and SEMA3F as well as the membrane- 

bound SEMA3C and SEMA3D are also of great impor-
tance in the tumor vasculature. SEMA3E is an exception 
in that it binds plexinD1 directly and independently of the 
NRP to modulate vascular patterning, although the extra-
cellular domain of NRP1 can modulate SEMA3E-induced 
plexin D1 signaling [31, 32]. In addition to ipsilateral 
interactions, NRP is also capable of trans-cellular interac-
tions. Tumor-penetrating peptides interact with the 
arginine- binding pocket within the b1 domain of NRP, to 
which also the snake venom-derived rhodocetin αβ binds, 
thereby recruiting NRP1 to the hepatocyte growth factor 
(HGF) receptor, MET.  The color-coding of the NRP 
domains corresponds to the information in Fig. 3.1
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smaller variants with a length of 145, 121, or 120 
amino acids [1, 37–41]. Furthermore, the amino 
acid residues relevant for the binding of VEGF to 
glycosaminoglycan chains of extracellular matrix 
proteins (ECM proteins), however, are encoded 
in exons 6 and 7 [35]. Accordingly, NRP1 can 
bind only the longer splice variants VEGF-A165 
and VEGF-A189 but not the shorter forms 
VEGF-A145, VEGF-A121, and VEGF-A120 
[1, 37–41], while NRP2 can bind VEGF-A165 
and VEGF-A145 but not VEGF-A121 [42]. 
VEGF-A, dimerized by two disulfide bridges, 
binds to a holoreceptor complex of a NRP1 
homodimer and a likewise homodimeric receptor, 
VEGFR1 or VEGFR2, forming a ternary 
VEGF-A/VEGFR/NRP1 complex with a putative 
2:2:2- stoichiometry [35, 43, 44]. Here, two not 
directly adjacent arginine and glutamate residues 
near the C-terminus of VEGF-A are responsible 
for the high affinity of binding to VEGFR.  Not 
immediately adjacent to each other are two argi-
nine and two glutamate residues near the 
C-terminus of VEGF-A, which are responsible for 
its high-affinity binding to VEGFR [33–35, 45]. 
In particular, the C-terminal arginine residue of 
VEGF-A165 fits perfectly into a pocket within the 
NRP1-b1 domain formed by the side chains of 
residues Y297, Y353, D320, and S346 [33, 34]. 
The finding that various other NRP1 ligands also 
possess such a C-terminal arginine residue led to 
the concept of the carboxy- terminal end rule 
(CendR), according to which peptides with a 
C-terminal arginine residue preferentially bind to 
the binding pocket of the NRP b1 domain [46].

Dimerized VEGF-A165, which, in contrast to 
its shorter splice variant VEGF-A121, can simul-
taneously bind with its C termini to both the 
VEGFR2 ectodomain and the NRP1 b1/b2 tan-
dem domain, was first identified as a ligand for 
NRP1 [1, 37–41]. Thus, a ternary signaling com-
plex is formed in which all partners interact with 
one another, mainly to promote angiogenic 
sprouting of arterial ECs [47, 48]. In contrast, 
VEGF-A121, although capable of binding 
directly to NRP1, does not induce the formation 
of a NRP1/VEGFR2 holoreceptor [49].

NRP2 binds not only VEGF-A145 but also 
VEGF-C and can form a ternary complex together 

with the latter and VEGFR3 on lymphoid ECs to 
promote lymphangiogenesis [50, 51].

Meanwhile, other soluble ligands and other 
receptors for which NRP1 acts as a co-receptor 
have been described, demonstrating the versatil-
ity with which NRP1 is involved in the regulation 
of various signaling pathways. In each case, 
NRP1 acts as a co-receptor for a particular growth 
factor receptor by binding the respective growth 
factor and promoting the formation of a ternary 
signaling complex. Thus, NRP1 regulates the sig-
naling of the following growth factors and their 
respective receptors: placenta growth factor 
(PlGF) and its receptor PlGFR [52, 53], hepato-
cyte growth factor (HGF) and its receptor MET 
[54, 55], as well as fibroblast growth factor-2 
(FGF-2) [56], keratinocyte growth factor (KGF) 
[57], platelet-derived growth factors C and D 
(PDGF-C and PDGF-D) [58–60], tumor growth 
factor-β (TGF-β) [61–63] and their respective 
receptors. Although NRP1 itself does not bind to 
epidermal growth factor (EGF), it is involved 
with its extracellular domain in ligand-mediated 
EGFR oligomerization and endocytosis [64].

All NRP1-recruiting growth factor receptors, 
with the exception of the SMAD2 and SMAD3 
activating receptor-type serine kinases TGF-βRI 
and TGF-βRII, are receptor-type tyrosine kinases. 
By acting as a mediator within the holoreceptor, 
NRP affects the interaction of the growth factors 
and their corresponding receptors, which auto-
phosphorylate themselves after agonistic stimu-
lation and recruit adapter proteins, thereby 
triggering an intracellular signaling cascade [63]. 
Thus, for example, the functional SEMA3A 
receptor in ECs consists of a ternary complex of 
NRP1 with plexin A1 and plexin D1, in which all 
three components are dimerized [65, 66]. In the 
same way, other members of the semaphorin 
family, as physiological mediators of antiangio-
genic signals, also bind to NRPs and, similar to 
their effect as soluble chemorepellents in neuro-
nal development, inhibit tumor angiogenesis and 
tumor growth [28, 67, 68].

Besides PlexinD1, ECs also express the other 
three A-plexins, albeit to a less extent [31, 65]. 
Holoreceptor complexes containing plexin A or 
plexin D in conjunction with NRP1 or NRP2 
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regulate tumor angiogenesis as well as various 
developmental processes, depending on the bind-
ing to class 3 semaphorins, SEMA3A-G [69, 70]. 
While SEMA3A binds to NRP1 and SEMA3F to 
NRP2-containing holoreceptors, promoting 
tumor cell normalization and inhibiting metasta-
sis [71, 72], the affinities of SEMA3C for NRP1 
and NRP2 are very similar [73].

While semaphorin binds SEMA3A to the 
NRP1 a1/a2 tandem domain, NRP interacts with 
plexin mainly via motifs within the transmem-
brane domains [74] and also via juxtamembrane 
regions of NRP, including the MAM domain [2], 
causing collapse and retraction of the nerve 
growth cone [75]. In a 2:2:2 complex of Sema3A, 
NRP1 and plexinA1, the contact area between 
the chains of an unbound SEMA3A dimer formed 
by the upper surface of the 7-sheet β-propeller 
domain (SEMA domain) is disrupted, and instead 
of a homophilic interaction within the dimeric 
SEMA3A, this dimer opens, allowing access of 
the NRP a1/a2 tandem domain to the top of its 
SEMA domains [66]. The interaction of both 
plexin A1 molecules, which also interact with 
more membrane-proximal domains of dimerized 
NRP1, with the SEMA domains of NRP1-bound 
SEMA3A leads to a conformational change and 
exposure of autoinhibitory contact sites, which 
ultimately triggers the signal for growth cone col-
lapse in neurons [76]. Accordingly, NRP1 is not 
only the matchmaker between semaphorin ligand 
and plexin receptor but also a helper protein, sup-
porting the switch from a homophilic SEMA 
domain interaction within the SEMA3A dimer to 
a heterophilic interaction between the SEMA3A 
and plexinA1 SEMA domains.

NRP2 was originally described as a receptor 
for SEMA3F (formerly called Sema IV), which 
mediates a repulsive effect on growing neurons 
and can heterooligomerize with NRP1 [30]. Its 
repertoire of semaphorin ligands partially over-
laps with that  of NRP1 and includes SEMA3F 
and SEMA3G, as well as the semaphorins 
SEMA3B, SEMA3C, and SEMA3D, which can 
interact with both NRPs [77].

In addition, NRPs can interact with members 
of the family of integrin cell adhesion molecules, 
each consisting of an α and a β subunit, both of 

which span the cell membrane with an α-helical 
transmembrane domain [48, 78–83]. Both integ-
rin subunits together form an extracellular head 
domain capable of binding ECM molecules, 
which is linked to a small cytoplasmic domain by 
a stalk and transmembrane domain of each sub-
unit. Like the NRPs, both integrin subunits lack a 
kinase activity [82–86]. Ligand binding to the 
head domain causes a drastic change in the con-
formation of an integrin, its arrangement in dis-
tinct adhesome complexes, and signal 
transduction between ECM and the cell by 
recruitment of cytoskeletal adapter proteins and 
signaling molecules [83, 87–90].

NRPs appear to influence integrin function in 
several ways. In addition to a lateral interaction 
of NRP2 with integrin α6β1 on cancer cells and 
an interaction of integrin α5β1 with an NRP1- 
VEGF complex on ECs resulting in remodeling 
of the fibronectin matrix [48, 78–81, 91], NRP2 
on ECs can promote the spread and metastasis of 
adjacent cancer cells through trans-interaction 
with integrins α5β1 and α9β1 on the latter [92, 
93]. Although NRPs are present in integrin- 
containing adhesomes, direct contact, as in the 
complex formation of NRPs with receptor 
kinases, has not yet been observed between 
NRP1 and integrins [48, 81, 91]. The presence of 
NRPs in adhesomes explains their regulatory 
effects on integrins, such as the upregulation of 
the collagen-binding integrin α2β1 upon stimula-
tion with the NRP1 agonist SEMA3A [94] and 
the binding of integrin αvβ3 to the adhesion- 
modulating ECM protein tenascin C in breast 
cancer cells [95], the expression of αvβ3 integrin 
upon blockage of NRP1 [96], and, conversely, 
the inhibitory sequestration of NRP1 from NRP1- 
VEGFR2 signaling complexes by αvβ3 integrin 
in ECs [97].

In addition, NRP1 can interact with L1 cell 
adhesion molecule (L1CAM), belonging to the 
immunoglobulin superfamily, in both cis and 
trans-cellular manner and, thereby, regulate inter-
cellular contacts between neurons [98, 99]. The 
association of NRP1 to a holoreceptor complex is 
likely mediated by the respective α-helical trans-
membrane domains [74], and it causes disassem-
bly of adhesomes and growth cone collapse due 
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to recruitment of FAK and activation of MAPK 
signaling [100].

During tumor progression, proteolytic cleav-
age of chromogranin A, a circulating vasoregula-
tory neurosecretory protein, yields a 
proangiogenic fragment that efficiently binds to 
the VEGF-binding site of NRP1 [101]. Cleavage 
of chromogranin A in tumors and subsequent 
removal of the NRP1-binding fragment in the 
blood represent an important “on/off” switch 
regulating tumor angiogenesis and, hence, may 
be a novel therapeutic target [101].

Moreover, by forming a SEMA3A holorecep-
tor complex with the p75 neurotrophin receptor 
on neurons, NRPs can also regulate neuronal 
apoptosis and inhibit myelin growth [102].

In addition, heparin and heparan sulfate have 
been described as neuropilin ligands [1]. From a 
minimum chain length of eight monosaccharide 
units, heparin is capable of binding directly to 
NRP1, and with a chain length greater than 20–24 
monosaccharides, it significantly enhances the 
binding of VEGF-A165 and PlGF-2 to the b1b2 
tandem domain of NRP1 and, thus, regulates 
their effects in ECs [53]. With its “heparin- 
mimetic” site, NRP1 can also interact with the 
heparin-binding site of other proteins, such as 
FGF-2 and HGF, thereby regulating the activity 
of these heparin-binding proteins [56].

Since cell surfaces bear heparan sulfates 
instead of heparin, heparin-binding VEGF-A iso-
forms, for example, can regulate angiogenesis via 
NRP1-VEGFR signaling by being differentially 
retained at or released from heparan sulfate pro-
teoglycans of the ECM to bind to heparan sulfate 
proteoglycans on the EC surface [103–107].

In addition, NRP1 is also a target of soluble 
toxins, such as the αβ subunit of rhodocetin, a 
venom component derived from the Malayan pit 
viper (Calloselasma rhodostoma). The C-type 
lectin-related protein rhodocetin αβ (RCαβ) is the 
first known nonenzymatic protein from a snake 
venom that binds to the b1/b2 tandem domain of 
NRP1 on ECs. On endothelial and tumor cell 
membranes, it induces the formation of a ternary 
complex with the hepatocyte growth factor, MET 
[108]. Like the physiological MET ligand, 
HGF, rhodocetin-αβ induces a restructuring of 

adhesomes and thereby increases cell mobility 
[108, 109]. Furthermore, rhodocetin-αβ causes 
inflammatory activation of coherent ECs via 
NRP1- MET signaling [110].

NRPs mostly interact with co-receptors in the 
plasma membrane of the same cell, but, as in the 
case of NRP1 and VEGFR2, are also able to 
interact with receptors of adjacent cells [111, 
112]. A similar trans-interaction of NRP1 and 
membrane-bound SEMA4A plays a major role in 
the immune synapse between tightly interacting 
antigen-presenting dendritic cells and Treg cells 
[113, 114]. Via a similar immune synapse, NRP1 
can also be transferred from ECs to T lympho-
cytes, causing the T cells to express VEGF-A165, 
which in turn amplifies NRP1-VEGFR2 signal-
ing in ECs during inflammation [115].

3.3.3  Signaling of Neuropilin- 
Containing Complexes

NRPs are versatile non-tyrosine kinase co- 
receptors for VEGF, TGF-β, and semaphorins that 
affect various growth-promoting signal transduc-
tion pathways regulating axonal guidance, tumor 
cell proliferation, angiogenesis, and cell survival 
(Fig.  3.3) [99, 100, 116]. As matchmakers and 
effectors, NRPs can affect the specificity and 
affinity of various holoreceptors through their 
extracellular domains by binding different growth 
factor receptors and their respective ligands. In 
addition, they influence the way in which ligand–
receptor interaction sites are presented, such as 
the SEMA3A-1 and plexin A1 SEMA contact sur-
face. Furthermore, NRP affects trafficking of 
VEGFR and sequestering of its ligand VEGF-A 
by interacting with them through its extracellular 
domains [117, 118]. The cytoplasmic domain of 
NRP1, on the other hand, does not appear to be 
critical for triggering NRP1- autonomous signal-
ing, as knock-in mice with cytoplasmic domain-
deficient NRP1 show only minor vascular defects, 
whereas a global knockout of the entire NRP1 
molecule causes severe vascular malformations 
and lethality.

NRP1 modulates VEGF signaling as a co- 
receptor of VEGF receptors -1 and -2 and imparts 
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Fig. 3.3 Neuropilin, as partner in several receptor com-
plexes, affects various signaling pathways in the tumor 
microenvironment. The NRPs are part of different recep-
tor/co-receptor complexes and are therefore involved in 
many signaling events, thereby affecting a variety of cel-
lular processes. In functional holoreceptor signaling, 

dimerized ligands bind to an NRP dimer interacting with 
a pair of receptor kinases or plexins. Activating signals are 
indicated by green arrows and inhibiting signals by red 
bar-headed lines, while white arrows indicate the resulting 
effects. (Modified from [4, 119])
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the chemorepulsive activity of semaphorins in a 
VEGF-receptor-independent way as a co- 
receptor of plexin A [1, 120]. Cancer cells of 
solid tumors probably bind VEGF-A mainly via 
NRP, as they express different levels of VEGFR1, 
but hardly VEGFR2 and -3 [117, 118, 121, 122]. 
Whether ECs are capable of VEGFR-independent 
NRP1/VEGF-A signaling is still unknown [105, 
106]. Probably, signaling is triggered by mutual 
phosphorylation and thus activation of the cyto-
plasmic kinase domains of the two VEGFR2 
receptor molecules within the trimeric NRP1/
VEGFR2/VEGF-A complex, thereby activating 
downstream signaling molecules of the two 
major activation axes via PI3-kinase, including 
protein kinase B (AKT), and via PLCγ, including 
RAS-RAF-ERK [48, 106]. However, skin cancer 
cells, prostate cancer cells, and glioblastoma 
cells have a high deficiency of VEGF receptors -1 
and -2 so that VEGF-A-induced RhoA activation 
in these cells is mediated mainly by NRP1 [121]. 
The binding of VEGF-A to NRP1 induces the 
interaction of NRP1 with the scaffold protein 
GIPC1 (also known as NIP, SEMCAP1, Synectin, 
IIP1, TIP2, and GLUT1CBP), thereby promoting 
the formation of a molecular complex of GIPC1 
with the guanine nucleotide exchange factor 
(GEF) for RhoA, Syx, which consequently 
increases the GTP-bound active form of RhoA 
[121, 123]. In contrast, NRP1-mediated RhoA 
activation stimulates EC motility via the PI3K 
pathway [124]. Intervention in the VEGF-A/
RhoA signaling may be promising for cancer 
therapy [123] because RhoGEF expression of 
ECs is dependent on VEGF-A in the tumor 
microenvironment [125], and increased levels of 
active RhoA and ROCK due to impaired sensing 
of mechanical forces between tumor ECs and 
their surrounding ECM affect tumor vasculariza-
tion [126]. VEGF-C-induced activation of AKT 
requires formation of a VEGFR3/VEGFR2/
NRP1 complex, while activation of ERK1/2 
occurs predominantly without the involvement of 
NRP [127].

NRP1 not only induces the expression of EGF 
in tumor cells but may also form a complex with 
EGFR, which, also known as Her2 and ErbB2 

(erythroblastosis oncogene B), is overexpressed 
and active in many cancer cells [128–130].

EGFR, the eponymous member of the EGFR 
family of RTKs, is a co-receptor for EGFR, 
ErbB3, and ErbB4 holoreceptors [131]. 
Remarkably, the ectodomain of NRP1 can selec-
tively trigger the phosphorylation of EGFR with-
out affecting receptor activation by EGF [64]. 
EGF and TGF-β each trigger AKT signaling by 
inducing NRP1-dependent clustering and endo-
cytosis of EGFR, in which the latter is controlled 
independently from tyrosine autophosphoryla-
tion by NRP1-mediated receptor oligomerization 
and clustering [64]. However, anti-EGFR therapy 
in the context of cancer treatment may show car-
diotoxic side effects because EGFR, which is 
normally involved in EGF/neuregulin signaling, 
can also form a holoreceptor with NRP1, which 
then triggers dysfunctional, repulsive SEMA3D 
signaling in venous ECs [132].

Surface expression of EGFR on cancer cells 
and EGF-mediated signaling as well as response 
to EGFR-targeted therapy also depend on NRP2 
[133]. NRP2 decreases the amount of EGFR on 
the cell surface, thereby slowing down tumor 
growth and suppressing an EGFR “rescue” path-
way of cancer cells, which they activate as a pro-
tective response to MET-directed tumor therapy 
[133]. Conversely, in developing resistance to 
MET-directed therapy, the expression of NRP2 is 
lost and the NFκB signaling pathway is activated, 
while the EGFR-associated protein cell migra-
tion inducing hyaluronidase 1 (CEMIP, 
KIAA1199), which inhibits the degradation of 
activated EGFR kinase, is upregulated [133].

Whether and to what extent NRP1 functions 
as a co-receptor for FGFs in (tumor) vessels is 
not yet known. Although NRP1 can bind various 
FGFs [56], it does not affect FGF-2-induced pro-
liferation of HUVECs, while in contrast, 
SEMA3A inhibits FGF-2-induced proliferation- 
promoting ERK1/2 activation downstream of 
RTKs in ECs [29].

At the epithelial-to-mesenchymal transition 
(EMT) of cancer cells, the interaction of NRP1 
with PDGF-A and -B seems to be involved 
[117, 134]. Independent of GIPC1, PDGF, as 
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well as VEGF and HGF, stimulates cell motility 
by  phosphorylation of p130Cas involving the 
cytoplasmic domain of NRP1 [19, 134–138]. 
Moreover, in fibrotic processes and various can-
cers, binding of PDGF to a holoreceptor consist-
ing of NRP1 and PDGFRβ stimulates cell 
proliferation [124, 139–141]. Such a PDGF-D-
induced interaction between NRP1 and PDGFRβ 
is also possible in trans between ECs and peri-
cytes [60]. PDGF-D attenuates VEGFR2 signal-
ing by transferring NRP1 into intercellular 
junctions, independently of PDGFRβ [60].

On ECs, NRP1 and NRP2 are involved in the 
binding of HGF as co-receptors of the hepatocyte 
growth factor receptor/scatter factor receptor 
MET [55, 142]. HGF stimulates motility and pro-
liferation of these cells via NRP1 and tyrosine 
phosphorylation of p130Cas [138]. NRP1 is also 
involved in the activation of tumor growth and 
invasiveness-promoting signaling pathways via 
p38MAPK, Src, and PI3K, as well as in the inter-
nalization of NRP1/Met complexes in carcinoma 
cells [54].

Although showing no homology to HGF, the 
snake venom component rhodocetin αβ (RCαβ) 
binds to NRP1 on tumor cells and ECs, inducing 
the formation of a ternary complex with MET, 
which leads to its phosphorylation at Y1234/1235 
and subsequent paxillin phosphorylation at Y31 
[108]. As a result, cell-matrix anchoring com-
plexes of focal adhesions are rearranged into 
focal contacts and the actin cytoskeleton is reor-
ganized, thereby reducing cell adhesiveness and 
increasing cell motility [108, 109]. In this way, 
blood vessels in the tumor tissue, but not in nor-
mal tissues, are destroyed by RCαβ in in  vivo 
tumor models by triggering responses of the 
tumor cells and subsequently of nearby ECs in 
the tumor microenvironment [109].

Frequently oncogenes become essential regu-
lators of proliferation and survival of tumor cells 
by redirecting signaling pathways, which is 
referred to as oncogene addiction [143]. For 
example, an EGFR-dependent resistance to tar-
geted therapies arises from downregulation of 
NRP2 in MET-addicted cancer cells and conse-
quent compensatory enhancement of EGFR 

signaling [133]. NRP1 may be a useful target to 
inhibit oncogene addiction, tumor angiogenesis, 
and proliferation of cancer cells because its 
depletion or inactivation would inhibit various 
signaling pathways such as those initiated by 
VEGFR2, EGFR, or MET. The feasibility of this 
strategy is substantiated by the fact that in a xeno-
graft mouse model of gastric cancer, NRP1 
depletion causes upregulation of p27 and down-
regulation of both cyclin E and cyclin-dependent 
kinase-2 (CDK-2) resulting in cell cycle arrest in 
G1/S phase [144]. Similarly, NRP1 upregulates 
EGFR and IGF1R as alternative tumor- promoting 
effector kinases via a c-Jun N-terminal kinase 
(JNK)-dependent signaling cascade, which is 
why a reduction in NRP1 levels counteracts the 
adverse effects of acquired resistance to, for 
example, EGFR, MET, or BRAF (rat/rapidly 
accelerated fibrosarcoma, isoform B) inhibitors 
[145]. While expression of NRP1 is generally 
induced by growth factors via the RAS/MAPK 
pathway [129, 146, 147], a de novo expression of 
NRP1  in BRAF-dependent melanoma cells sig-
nificantly contributes to the development of sec-
ondary drug resistance by altered gene expression, 
such as an upregulated expression of EGFR [145, 
148, 149].

In addition, NRP1 is capable of forming holo-
receptors for TGF-β with the TGF-β receptors I, 
II, and III, thereby controlling angiogenic sprout-
ing independently of VEGFR2 [62, 150–152]. 
NRP1 has a negatively charged cleft in its b1 
domain, to which various ligands such as TGF-β 
can bind [16, 61]. On breast cancer cells, NRP1 
shows high affinity for both latent and active 
TGF-β1 [61]. In addition, TGF-β promotes a 
myofibroblast phenotype via NRP1 [61, 150], 
whereas downregulation of NRP1 decreases 
TGF-β-induced SMAD2/3 phosphorylation in 
stromal fibroblasts, thereby reducing their expres-
sion of smooth muscle α-actin [62, 150]. TGF-β1 
and Ras signaling converge and act on NRP1 
expression, with reduced NRP1 expression in 
KRAS-transformed cells resulting in decreased 
SMAD2 phosphorylation and increased tumor 
growth [63, 153]. In addition, microRNA (miR)-
206 negatively regulates TGF-β levels and down-
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stream expression of NRP1 and SMAD-2  in 
breast cancer cells, while overexpression of miR- 
206 inhibits EMT, migration, and invasion of 
breast cancer cells [154]. On the other hand, 
TGF-β1 inhibits miR-196a-3p, resulting in acti-
vation of NRP2 and thus promoting a metastatic 
phenotype of breast cancer cells [155].

Class 3 semaphorins appear to counteract the 
binding and signaling of VEGF and related 
growth factors. Additionally, soluble NRP iso-
forms modulate these signaling events [2]. 
Although NRP1 is considered a specific 
SEMA3A ligand, it cannot transduce SEMA3A 
signals on its own because of its short intracellu-
lar domain and has to form a complex with 
PlexinA receptors for this purpose [156]. Upon 
binding of SEMA3, the intracellular plexin 
domain can inactivate small GTPases such as 
R-Ras, thus promoting integrin-mediated cell–
matrix interaction [69, 157].

SEMA3C binds to NRP1 and plexinD1  in 
ECs, thereby inducing internalization of 
VE-cadherin and shutdown of VEGF-triggered 
signaling via AKT, FAK, as well as p38MAPK 
and causing disassembly of EC junctions and 
focal adhesions together with respective cyto-
skeletal rearrangements [158]. Normally, 
SEMA3C signaling can thus induce EC apopto-
sis and inhibit pathological angiogenesis, 
whereas in cancer, SEMA3C and its receptors are 
frequently highly expressed and associated with 
invasion and metastasis [158, 159]. Hence, 
SEMA3C is discussed as a potential target of 
cancer therapeutics [160].

SEMA3A acts as an endogenous angiogenesis 
inhibitor on ECs of premalignant lesions, but its 
expression is lost as the cancer progresses [73]. 
Because NRP2 inhibits tumor development and 
metastasis through a strong antiangiogenic cas-
cade, SEMA3F overexpressing melanoma cells 
form poorly vascularized tumors [161, 162]. 
NRP2 signaling increases Jagged1 levels and 
promotes tumor angiogenesis in pancreatic ade-
nocarcinoma, while overexpression of Jagged1 in 
cancer cells similarly leads to neovascularization 
and growth of experimental tumors in mice 
[163, 164], in particular, because Jagged1 is an 
important regulator of tip-cell differentiation in 

angiogenic endothelia, by modulating delta-like 
4 (Dll4)-mediated Notch signaling [165].

For the development, stabilization, and matu-
ration of the vasculature, recruitment of pericytes 
to nascent vessels is essential and is mediated 
among others by the SEMA3A/NRP1 signaling, 
[166–170]. Compared with normal blood vessels, 
the tumor vasculature has fewer pericytes, which 
is one of the causes of its leakiness [171]. Invasive 
cancer cells recruit fewer pericytes than non- 
invasive cancer cells in tumor angiogenesis 
in vitro [137]. In addition, NRP1, as a PDGF-B 
co-receptor, is involved not only in the recruit-
ment of pericytes but also in their differentiation 
of mesenchymal stem cells [137]. The inadequate 
pericyte coverage can be normalized by expres-
sion of SEMA3A, which also reduces angiogen-
esis and tumor growth [169, 172].

3.3.4  NRP-Triggered Signaling 
Pathways

Although NRPs lack a kinase domain for signal 
transduction, they are relevant to diverse signal-
ing pathways because of their versatility in inter-
acting with different signaling receptors. 
Moreover, the effect of their signaling depends 
on other signaling cascades that integrate NRPs 
into an intricate network of interdependent sig-
naling pathways, such as integrin- and galectin- 
related, as well as Wnt, Hedgehog (HH), and 
Sonic hedgehog (SHH) signaling cascades.

Integrins that, similarly to NRPs, lack an 
intracellular signaling domain can be activated 
by interaction with NRPs and associate in adhe-
somes with various kinases, such as members of 
the Src family and focal adhesion kinase (FAK) 
[67, 97, 173, 174]. The inside-out signaling of β1, 
β3, and β5 integrins is mediated via the PI3K/
AKT/PTEN signaling axis with NRP1 acting as 
VEGFR2 co-receptor [175]. Not only can β1 
integrins interact directly with NRPs, but both 
NRP1 and NRP2 can control the activity of vari-
ous integrins contributing to tumor initiation and 
progression, such as integrins α2β1, α5β1, and β3 
[81, 91, 116, 176]. Via NRP1, an autocrine feed-
back loop activates the serine/threonine kinase 
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GSK-3, thus inhibiting the expression of integrin 
α2β1 and attenuating migration and invasion of 
SEMA3A-expressing breast cancer cells [94]. 
Similar inhibitory autocrine SEMA3 feedback 
loops tweak cell adhesion to the ECM via integ-
rins α5β1 and αvβ3, thereby conferring the 
required flexibility and mobility to ECs during 
angiogenesis [176]. The interaction between 
NRP1 and a5β1 ensues in ECs by binding GIPC1 
to PDZ binding motifs in the cytoplasmic tails of 
both receptors [78]. SEMA3A binds to an NRP1/
plexinD1 holoreceptor, thereby controlling the 
activity of integrin α5 in integrin-containing focal 
complexes at dynamic cell protrusions during 
cell migration [78, 176]. By means of its intracel-
lular GTPase-activating protein domain (GAP 
domain), plexinD1 activates the small GTPase 
Rap1 (Ras-related protein), which then imple-
ments the conformational activation of integrins 
during cell migration via RIAM1 and talin [177]. 
By recruitment of NRP1 by β3 integrins, angio-
genesis can also be controlled by the number of 
NRP1/VEGFR2 holoreceptors available for 
VEGF-A signaling [97].

In breast cancer and prostate cancer cells, inte-
grin α6β1 modulates NRP2-mediated VEGF sig-
naling that activates TORC2/PKC and FAK 
signaling by activating integrin a6β1, possibly by 
phosphorylation of the integrin α6 subunit, and 
promoting its association with F-actin, which 
results in formation of focal adhesions and allows 
signaling through them [116, 178–180]. In addi-
tion, NRP1, GIPC1, and integrin α6β4 together 
can form a ternary receptor for VEGF-A in epi-
dermal cancer stem cells, which triggers FAK/
Src signaling to stabilize YAP1/ΔNP63α, thus 
promoting survival, invasiveness, and tumor 
angiogenesis [177].

Further, the endocytic adapter protein GIPC1 
is able to bind to the cytoplasmic SEA motif (Ser- 
Glu- Ala) of NRP, thereby inducing internaliza-
tion of integrin α5β1  in Rab5-positive early 
endosomes [78]. This GIPC1 integrin α5β1 com-
plex also promotes the adhesion of ECs to fibro-
nectin via motor protein myosin-VI and 
endocytosis of integrin α5β1 [78]. Binding to 
corresponding docking sites of NRPs, GIPC1 
thus regulates recycling of clathrin-coated vesi-

cles [2, 181–183]. In this way, NRP1 is also 
involved in nutrient uptake by tumor cells, with 
its surface expression inversely correlated with 
nutrient supply [184]. Like other cells, tumor 
cells can take up nutrients and drugs through 
NRP1-mediated endocytosis (micropinocytosis 
and a similar, but different, method) [184], in 
which the drugs, interestingly, need not be cova-
lently coupled to an NRP targeting structure, but 
can be taken up in passing [184, 185].

Membrane trafficking is a general principle 
for the regulation of signaling pathways [186]. 
Accordingly, endocytosis of NRP1/plexin holo-
receptors with bound SEMA3A in conjunction 
with L1-CAM occurs in neuronal as well as in 
other cells [99]. In addition, NRP1-directed 
endosomal translocation of VEGFR2 in ECs sig-
nificantly regulates VEGF-A-induced ERK1/2 
activation [187, 188], and stimulation of p38 
MAPK also depends on endosomal NRP signal-
ing [189]. Moreover, incorporation of trans- 
standing NRP1 into holoreceptor complexes 
prevents endocytosis of VEGF-A–VEGFR2 
complexes, thereby controlling angiogenesis, 
tumor initiation, and tumor angiogenesis [111, 
112].

Galectins are mostly angiostimulatory 
β-galactoside binding proteins, presumably 
because of their involvement in receptor endocy-
tosis [190, 191]. Unlike galectin-3 binding 
VEGFR, NRP1 directly binds galectin 1, which 
is overexpressed in tumor-associated capillary 
ECs in squamous cell carcinoma [192]. This 
enhances the phosphorylation of VEGFR2, which 
triggers signal transduction via the MAP kinases 
SAPK1 and Jnk, thereby increasing proliferation 
and adhesion of ECs and, together with VEGF, 
promoting cell migration [192].

After binding of VEGF, NRP1 triggers RAS 
activation followed by phosphorylation of 
ERK1/2 and AKT [193]. In tumors where NRP1 
has tumor-promoting properties, wild-type 
KRAS is often present, whereas in tumors where 
NRP1 acts as a tumor suppressor, oncogenic 
KRAS mutations are often found [194]. 
Oncogenic KRAS and TGF-β signaling cause a 
transcriptional downregulation of E-cadherin by 
induction of the major transcription factor Snail 
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[63, 195]. In addition, NRP1 is downregulated by 
TGF-β at both transcriptional and translational 
levels in cells with oncogenic, but not wild-type 
KRAS, which reduces SMAD2 phosphorylation 
and stimulates tumor growth of oncogenically 
KRAS-transformed cells [153].

NRPs can promote intracellular signaling in 
cancer cells that protect them from cytostatic 
drugs and apoptosis-inducing drugs. For exam-
ple, NRP1 and NRP2 are important positive regu-
lators of the Hedgehog (HH) signaling pathway, 
which is not only important for angiogenesis and 
wound healing but also promotes survival of 
EMT and cancer stem cells (CSC) as well as 
tumor growth [117, 196–198]. In addition, NRPs 
also affect the activity of other signaling path-
ways, such as Wnt/β-catenin, Notch, and TGF-β 
via HH signaling, and, in a positive feedback 
loop via HH signaling, induce NRP1 transcrip-
tion and, as a consequence, further activate HH 
target genes [100, 197]. The SEMA3-enhanced 
direct binding of phosphodiesterase 4B (PDE4D) 
to NRP increases the hydrolysis of cAMP at the 
plasma membrane, which in turn inhibits protein 
kinase A (PKA) and thus controls the HH signal-
ing pathway [199]. While Smoothened, the 
canonical activator of HH signaling, is poorly 
expressed in the majority of lung adenocarcino-
mas and especially in their CSC compartment, 
GLI1, a downstream effector of HH signaling, is 
non-canonically activated in these malignancies 
via the MAPK/ERK pathway, which is triggered 
by KRAS mutation and stimulation of NRP2 
with VEGF that, presumably, is auto- or para-
crinely derived from CSCs or stromal cells [200]. 
In turn, GLI1 upregulates the important stem cell 
factor BMI-1 in breast cancer, thereby enhancing 
the expression of integrins α6β1 and NRP2 in an 
autocrine loop [81].

Tumor-derived Sonic hedgehog (SHH) 
increases PlGF production in the cerebellar 
stroma in medulloblastoma, thereby abetting 
tumor cell survival through NRP1 without 
involvement of VEGFR1 [201]. However, most 
medulloblastomas with constitutively active 
Wnt signal do not express NRP1 due to strong 
expression of miR-148a, which downregulates 
NRP1 by binding to its 3′-untranslated region 
(3′-UTR) [202].

In contrast, Wnt/β-catenin signaling increases 
NRP1 expression in both mammary stem cells 
and mouse mammary tumor virus (MMTV)-
Wnt1 tumor xenografts [146]. By activating Wnt/
β-catenin signaling, VEGF-A-bound NRP1 
promotes in breast cancer a CSC phenotype and 
the formation of aggressive and highly vascular-
ized tumors [119]. NRP1 expression of vascular 
progenitor cells similarly depends on Wnt and 
BMP4 signals, intercellular contacts, hypoxia, 
and hemodynamic stimuli [203]. Wnt and PI3K 
signaling is also associated with tumor angiogen-
esis in biliary tract cancer with strong expression 
of NRP1 and NRP2 [204]. In addition, Wnt sig-
naling in colorectal CSCs is triggered by 
myofibroblast- secreted HGF, thus contributing to 
maintaining their stemness [205].

Although NRP2 is normally present only in 
small amounts in carcinomas, it is involved in their 
metastatic progression [206]. In a gastric cancer 
cell line, silencing of NRP2 that is found in gastric 
cancer resulted by Wnt/β-catenin signaling in a 
decreased expression of the metastatic mediator 
S100A4 and of anti-apoptotic B-cell lymphoma 2 
(Bcl-2), while pro-apoptotic caspases -3 and -7 
were upregulated [207]. Presumably, paracrine 
VEGF here causes NRP2 to trigger TGF-β1 or 
β-catenin/Wnt signaling [81, 208]. NRP2 expres-
sion is important for the recruitment of HUVECs 
by osteosarcoma cells and can be downregulated 
by overexpressed soluble LRP5, Frzb, or WIF1 as 
antagonists of Wnt signaling [209].

The binding of VEGF and related growth fac-
tors to NRPs and the corresponding signaling 
appears to be counteracted by class 3 semaphorins 
as well as soluble NRP isoforms [2]. sNRP1, lack-
ing an MAM dimerization motif, inhibits tumor 
angiogenesis and tumor progression by acting as 
an antagonist that competes with membrane- 
bound receptors for binding of VEGF-A165 
[10, 11]. Conversely, dimerized sNRP1 delivers 
VEGF-A165 to ECs, which express VEGFR2, and 
thereby promotes angiogenesis [12]. Furthermore, 
a soluble splice variant of NRP2, s9NRP2, cap-
tures VEGF-C and thus inhibits VEGF-C/NRP2 
signaling in prostate cancer, which is why s9NRP2 
could be  therapeutically useful in the treatment of 
tumors whose survival strongly depends on 
VEGF-C/NRP2 signaling [210].
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3.3.5  Regulation of NRPs 
at the Posttranscriptional 
Level

The majority of genes are subject to posttran-
scriptional regulation in that small noncoding 
RNA molecules or microRNAs (miRNAs) bind 
specifically to the 3′-UTR of an mRNA they reg-
ulate, either inhibiting their translation or initiat-
ing their degradation [211]. NRP1 plays a pivotal 
role in this type of gene regulation by efficiently 
binding Argonaute2 (AGO2) and AGO2/miR 
complexes without the involvement of its VEGF- 
binding site and by internalizing them to promote 
cellular processes such as proliferation, migra-
tion, and angiogenic tube formation, and also to 
regulate intercellular communication critical for 
the development and progression of many malig-
nancies [212]. Long noncoding RNAs (lncRNAs) 
play an essential role in all stages of tumorigen-
esis and metastasis due to their ability to interact 
with miRs, among others [213]. Thus, miR-206 
inhibits tumor growth and invasion in colorectal 
cancer by downregulating the long noncoding 
RNA lnc00152, thereby increasing NRP1 expres-
sion and promoting EMT [214]. As an example 
of mutually regulating miRNAs, miR320b in 
competition with miR320a abolishes in meta-
static colorectal carcinoma downregulation of 
NRP1, β-catenin, and Rac-1 [215].

The expression of, inter alia, miR338-p, which 
inhibits the expression of NRP1 by phosphoryla-
tion of ERK1/2, MAPK, and AKT in gastric and 
oral squamous cell carcinoma, is induced by the 
transcription factor SOX10 [216, 217]. Due to 
the action of SOX10/miR-338, transcription of 
NRP1 is barely detectable in melanoma cells, but 
this downregulation of NRP1 may be reversed in 
response to a targeted therapy and results in drug 
resistance formation, whereas in carcinoma cells 
lacking the SOX10/miR-338 regulatory mecha-
nism, miR-338 seems not to be associated with 
drug resistance [145]. In non-small cell lung can-
cer, miR338-3p binds to the 3′-UTR and directly 
controls NRP1, thus affecting EGFR tyrosine 
kinase inhibitor-mediated drug sensitivity [218]. 
miR148a in medulloblastoma cells and miR- 
152  in non-small cell lung cancer inhibit the 
translation of NRP1  in a similar fashion to 

miR338  in melanoma cells [202, 219], while 
miR320 reduces NRP1 expression in cholangio-
carcinoma [220]. Likewise via downregulation of 
NRP1, miR320 also regulates the proliferation 
and migration of vascular smooth muscle cells as 
well as neointimal formation of blood vessels 
[221]. Cancer-associated fibroblasts induce a 
downregulation of miR-1247  in prostate cancer 
cells, thereby increasing the expression of NRP1, 
which, functioning as a co-receptor of EGFR, 
promotes EMT, invasiveness, and cancer stem 
cell characteristics [222]. Furthermore, by down-
regulating the expression of NRP1, miR-376a, 
competing with the RNA binding protein PUM2 
for binding to the 3’-UTR of the NRP mRNA, 
inhibits the Wnt/β-catenin signaling axis in breast 
cancer cells and hence their proliferation, migra-
tion, and invasion, and promotes apoptosis [223, 
224]. Likewise, miR-124-3p as a further suppres-
sor of NRP1 promotes in glioblastoma multi-
forme proliferation and migration of tumor cells 
and tumor angiogenesis via PI3K/AKT/NFκB 
signaling pathways [225]. In contrast, loss of 
miR-331-3p expression results, by upregulation 
of NRP2, in increased proliferation and clono-
genic growth of glioblastoma cells [226]. In turn, 
expression of NRP2 is downregulated by miR- 
15b, resulting in decreased MEK/ERK signaling 
and correspondingly reduced angiogenic tube 
formation in L9 rat glioma cells [227]. miR- 
486- 5p also reduces the expression of NRP2 and 
thus acts as a tumor suppressor in colorectal car-
cinoma [228].

3.4  Neuropilins on Cells 
of the Tumor 
Microenvironment

3.4.1  Neuropilins on Tumor Cells

Cancer cells create a microenvironment that pro-
motes their growth and drives tumor progression. 
NRP expression levels correlate with tumor 
growth, invasiveness, angiogenesis and poor 
prognosis [28]. In various cancers, NRPs are 
attributed different functions. In melanoma, 
NRP1 promotes metastasis, and in renal cell 
carcinoma and breast cancer, it stimulates the 
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dedifferentiation of cells and even causes CSCs to 
retain their stem cell properties [146, 196, 229]. 
When NRP1 binds VEGF-A, it promotes growth 
and metastasis of solid tumors, whereas SEMA3A 
binding generally leads to better prognosis due to 
less migration and invasion of tumor cells [230, 
231]. This antagonism of SEMA3A and VEGF-A 
is also evident in leukemia cells, where NRP1 
preferentially binds to SEMA3, versus the com-
peting VEGF [232].

Additionally, NRP1 increases cell migration 
and invasion, both of which contribute to metas-
tasis, by stimulating TGF-β, HH, and HGF/Met 
signaling, thus promoting EMT [117, 233]. 
NRP2 as a receptor for SEMA3F is upregulated 
by TGF-β1 and significantly promotes TGF-β1- 
induced EMT in lung cancer [234]. In addition, 
TGF-β-induced migration and invasion of non- 
small cell lung cancer cells in vitro and metasta-
sis in  vivo are stimulated by NRP2B [235]. In 
addition, NRP2B enhances HGF-induced AKT 
phosphorylation independent of its binding to 
GIPC1 and recruitment of PTEN, whereas inhibi-
tion of MET reduces tumor cell migration [235].

3.4.2  Neuropilins on Resident 
Tumor Stroma Cells

While cancer cells have been in the scientific and 
therapeutic focus of cancer biology and treatment 
for long [236], in the last two decades, the scien-
tific view of solid tumors has expanded also other 
cell types, such as resident stromal fibroblasts, 
resident and invading immune cells, and ingrow-
ing ECs which, together with the tumor-typical 
ECM, form the tumor-supportive tumor microen-
vironment [236–242]. Under the influence of 
adjacent tumor cells, such cells develop from 
bystanders into highly active and tumor 
progression- promoting cells, such as cancer- 
associated fibroblasts (CAFs) whose strength-
ened actomyosin system exerts higher forces on 
the stromal ECM, after their differentiation from 
normal fibroblasts [239, 243–247]. CAFs resem-
ble myofibroblasts, which contribute to the 
regeneration of wounded tissues; therefore, the 
presence of CAFs in tumors has prompted tumors 
to be regarded as “wounds that never heal” [241, 

248, 249]. The mutual interaction between tumor 
cells and CAFs is characterized by soluble growth 
factors and immobilized ECM proteins, includ-
ing their stiffening by cross-linking and cell- 
mediated tension [239, 241, 250–252]. In CAF 
differentiation, soluble TGF-β, which is tethered 
to the ECM and tension-dependently released, 
plays a key role, whereupon CAFs produce addi-
tional growth factors, synthesize and deposit 
ECM proteins, and control the metabolic milieu 
of the extracellular space within a tumor mass by 
absorbing metabolic waste products and buffer-
ing protons, thus promoting survival and prolif-
eration of cancer cells [247, 253, 254]. In addition 
to establishing the tumor microenvironment that 
determines the tumor differentiation state by 
tumor cells, CAFS and other non-tumorigenic 
cells, CAF-deposited ECM molecules promote 
tumor cell invasion and metastasis [255]. 
Increased deposition of fibronectin, which is 
integrin- dependently assembled by CAFs follow-
ing NRP1 stimulation, contributes to tumor- 
specific desmoplasia by increasing ECM 
stiffness, whereas knockout of NRP1 in CAFs 
slows tumor progression [80].

3.4.3  Neuropilins on Infiltrating 
Angiogenic Tumor Vessels

ECs that grow into solid tumors are another type 
of cell that interacts with itself and with tumor 
cells in a variety of ways via NRPs. These are 
involved in the (patho) physiological regulation 
of (lymph) angiogenesis, with tumor angiogene-
sis and the formation of tumor-specific vasculo-
genic mimicry vessels (VM), which contribute 
significantly to the resistance to antiangiogenic 
therapy, of particular interest [229, 256].

In vasculogenic mimicry, ECs are partially or 
completely replaced by tumor cells or transdif-
ferentiated CSCs with increased cell plasticity. 
Such VM conduits support blood perfusion of 
tumor tissue, especially in hypoxic areas. They 
increase the risk of metastasis [257–259]. 
Although VM channel-lining tumor cells pheno-
typically mimic ECs, they differ from normal 
ECs in the expression of NRP1, TIE-1, VEGF-C, 
endoglin, TFPI1, LAMC2, and EphA2, as well as 
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in the inexistent expression of TIE-2, VEGFR1, 
VEGFR2, P-selectin, VCAM-1, and CD31 [257]. 
Like the invasiveness of tumor cells, VM corre-
lates with increased NRP1 expression due to 
upregulated VEGF-A, increased matrix metallo-
proteinase (MMP) -2 and -9 secretion, as well as 
integrin αvβ5 activation [58, 260]. In addition, in 
melanoma, VM is promoted by NRP1 and PlGF 
independent of VEGFR1 [229].

NRP1 is critical for VGFA-induced angio-
genic signaling in ECs and tumor cells and is par-
ticularly important for the morphology of the 
tip-cells during sprouting angiogenesis [1, 261]. 
Selection of either tip- or stalk-cells is controlled 
via Notch-promoted expression of NRP1, with 
the effect of NRP1 going beyond its function as a 
VEGFR co-receptor [152]. The tip-cell pheno-
type is promoted by NRP1-mediated suppression 
of the stalk-cell phenotype, in which TGF-β and 
Bmp9/10-induced Smad2/3 phosphorylation by 
the activin receptor-like kinases ALK1 and ALK5 
is inhibited, whereas the stalk-cell phenotype is 
promoted by Notch signaling and activation of 
ALK1 and ALK5 resulting in downregulation of 
NRP1 [152]. Activation of ALK receptors, 
together with Notch, enhances expression of 
HES and HEY, which promote the tip-cell pheno-
type through the control of tissue-specific tran-
scription factors [44, 152, 262]. Because tumor 
angiogenesis requires the formation of tip-cells, 
which is essentially controlled by collaborating 
Notch and NRP1-mediated Smad2/3 signaling, 
inhibition of NRP1 appears attractive to curb 
tumor angiogenesis [152].

While PlexinD1 mediates signals of Sema3E, 
-A, and -F in murine developmental angiogenesis 
[69], NRP/SEMA3 signaling also plays a major 
role in tumor (lymph) angiogenesis and metasta-
sis [263, 264]. Essential for the stabilization of 
the lymphatic vessel wall by pericytes is the bind-
ing of EC-produced SEMA3A to NRP1 on lym-
phatic pericytes [265]. Such pericyte-EC 
interactions can be disturbed by tumor cells, thus 
promoting their metastasis [171]. Expressed in 
ECs, SEMA3A endogenously inhibits angiogen-
esis by signaling via NRP1 and plexinA1/A4 
[73], but SEMA3A is lost during tumor progres-
sion. Reintroduction of SEMA3A in a murine 
tumor model results in vessel normalization with 

reduced vascular density and enhanced pericyte 
coverage of tumor blood vessels and concomitant 
inhibition of tumor growth by triggering apopto-
sis in ECs and subsequently in tumor cells [73].

SEMA3C released from pericytes and SMCs 
impairs immature vessel sprouts in pathological 
angiogenesis, but not quiescent ECs in estab-
lished vessels, by thwarting angiogenic VEGF- 
triggered signals [158, 266]. This selective 
pruning of immature vessels is due to a different 
composition of SEMA3C holoreceptors and 
strong expression of NRP1 and plexinD1 in ECs 
of immature vascular sprouts, suggesting that 
tumor angiogenesis could be inhibited by specific 
plexinD1 ligands [266].

In contrast to SEMA3C, which inhibits lym-
phangiogenesis and metastasis of tumors, its 
furin-cleaved form p65-SEMA3C is, at least 
in  vitro, tumor-promoting in NRP2-expressing 
cancer cells, which is likely due, at least in part, 
to its direct binding to plexin B1 [267–271]. In 
lymphatic ECs, class 3 semaphorin holoreceptors 
consist of NRP2 and plexins A1 and D1, respec-
tively [77]. In lymphatic ECs, VEGF-C-mediated 
signaling and proliferation as well as 
M2-macrophage-assisted angiogenesis are inhib-
ited by furin-resistant SEMA3C, whereas 
caspase- 3-independent apoptosis is promoted by 
it [267, 272]. ADAMTS-1 (a disintegrin and a 
metalloproteinase with thrombospondin motifs) 
also stimulates tumor cell migration by cleavage 
of SEMA3C, suggesting that proteolytic cleav-
age is a general principle for controlling sema-
phorin signaling [266, 273].

In tumor treatment, normalization of the 
tumor vasculature appears to be more important 
than inhibition of angiogenesis, to reduce hypoxia 
and improve perfusion, so that drugs can better 
reach the tumor [274, 275]. To increase the effi-
cacy of cancer therapies by vascular normaliza-
tion, the modulatory effects of SEMA3 in various 
cell types within the tumor vasculature and the 
tumor microenvironment can be utilized [69]. 
While secreted SEMA3, by binding to NRP1, 
induces the formation of plexin containing holo-
receptor/ligand complexes that promote vessel 
normalization [69, 73, 176, 276], binding of 
SEMA3 to NRP1, however, also adversely 
increases vascular permeability and attracts 
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tumor-promoting macrophages [277, 278]. A 
parenterally administrable SEMA3A point 
mutant (A106K_ΔIg-b) that unlike its wild-type 
form does not bind to NRP1, binds strongly to 
plexin A4, thereby reducing vascularization, 
inhibiting tumor growth and metastasis, and 
improving the accessibility and effect of conven-
tional chemotherapy with gemcitabine 
(2′,2′-difluoro-2′-deoxycytidine) in pancreatic 
carcinoma and RIP-Tag2 mouse models, while 
inhibiting retinal neovascularization in a mouse 
model of age-related macular degeneration [279].

NRP1 on non-ECs can block, by trans-cellular 
interaction, receptor internalization and thus sta-
bilize signaling of, for example, VEGFR2, 
thereby inhibiting tumor angiogenesis and reduc-
ing initiation of tumor growth [112]. Moreover, 
vessel branching and proliferation of tumor cells 
are reduced in pancreatic duct adenocarcinoma 
as well as in murine fibrosarcoma by formation 
of such NRP1/VEGFR2 trans-complexes [111]. 
This mechanism may also explain why in appar-
ently healthy individuals, microscopic tumors 
and dysplastic foci do not develop without angio-
genesis for many years [280].

3.4.4  Neuropilins on Immune Cells 
Within the Tumor 
Microenvironment

As a consequence of neoplastic growth along 
with tissue hypoxia and necrosis, there are always 
numerous immune cells in the tumor microenvi-
ronment. In such cancer-associated inflamma-
tion, NRP plays an essential role as a component 
of semaphorin receptors [281]. Dendritic cells 
and other antigen-presenting cells that also 
express NRPs monitor the tumor tissue without, 
however, triggering a major immune response 
because immunosuppressive cytokines, TGF-β 
and IL-10, which support the differentiation of 
the anti-inflammatory phenotype M2 of macro-
phages, are typically found in the tumor microen-
vironment [21, 282]. M2 macrophages, also 
called tumor-associated macrophages (TAMs), 
express both NRPs. Their NRP2 expression 
correlates with their ability to efferocytose, viz. 

to engulf apoptotic cells, e.g., tumor cells, with-
out eliciting inflammation or a potential immune 
response against tumor cell components [283]. 
Furthermore, NRP1, which is upregulated in cer-
vical cancer cells in a hypoxic tumor microenvi-
ronment, correlates with TAM infiltration and 
causes recruited macrophages to adopt an M2 
phenotype [284]. In addition to M2 macrophages, 
which NRP2-dependently facilitate tumor pro-
gression, other NRP-expressing myeloid cells, 
such as myeloid suppressor cells, also contribute 
to the immunosuppressive conditions of the 
tumor microenvironment [21]. M2 macrophages 
support the differentiation of CAFs and M2 mac-
rophages themselves by secreting anti- 
inflammatory cytokines, such as IL10, IL4, and 
TGF-β, and foster regulatory T cells (Tregs, 
CD4+ CD25+ Foxp3+ T cells). Bearing SEMA4D 
on their surface, they can activate other cells that 
express NRP1, such as ECs and Tregs in the 
tumor microenvironment [21, 285, 286]. 
Interaction of SEMA3A and plexinA4 with 
NRP1 additionally adds to immunoinhibitory 
signaling [129, 287, 288]. Tregs interact with dif-
ferent cells of the innate and adaptive immune 
system via NRPs and thus orchestrate immuno-
suppressive processes [289]. Increased  expression 
of NRP, as found in the vast majority of tumor-
infiltrating Treg cells, correlates with poor prog-
nosis, presumably due to its immunosuppressive 
effect on other CD4+ T helper cells, CD8+ cyto-
toxic T cells, and natural killer cells [114, 290]. 
Therefore, a strategy for cancer immunotherapy 
could be developed that relies on alleviation of 
these NRP-mediated immunosuppressive condi-
tions in the tumor microenvironment in combina-
tion with recently developed immune checkpoint 
inhibitors [291].

3.5  Targeting Neuropilins 
for Pharmacological 
Intervention in the Tumor 
Microenvironment

NRPs control a range of pivotal mechanisms in 
the tumor microenvironment in order to escape 
cytotoxic stress and therapeutic attacks and, thus, 
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are potential predictive biomarkers of drug 
response and possible targets in combination 
with other anticancer therapies [292]. Cancer 
cells often become “addicted” to certain onco-
genes that activate various signal cascades, sug-
gesting a therapeutic inhibition of precisely this 
signaling [293]. Unfortunately, such targeted ther-
apies quickly become ineffective because cancer 
cells can evade such an attack by upregulating 
alternative survival- and proliferation- promoting 
signaling pathways [294]. Accordingly, to escape 
attack, tumor cells increase the expression and 
activity of RTKs such as EGFR, MET, and FGFR 
by cytokines and growth factors in the tumor 
microenvironment [295]. Since NRPs can form 
holoreceptors with the majority of these different 
receptors, they are promising tumor therapeutic 
targets, and specific and highly potent NRP1 
inhibitors are of outstanding interest [296, 297].

While, for example, in colon cancer, an 
increased NRP1 expression is associated with a 
less-severe prognosis [298] and NRP1 in PANC-1 
pancreas adenocarcinoma cells is tumor suppres-
sive [299], NRP1 is usually considered a tumor- 
promoting co-receptor [299]. In light of this 
prevailing view of NRP1 being a tumor promoter, 
it has been tested as a therapeutic target in several 
studies [63]. In patients treated with the tyrosine 
kinase inhibitor tivozanib, low NRP1 levels are 
associated with better progression-free survival 
[300]. However, regarding the potential suitabil-
ity of NRP1 as a biomarker assessing VEGF and 
VEGFR targeting therapies [301], there is no sig-
nificant association between the expression of 
NRP1 and the response to treatment with VEGF 
antibody, bevacizumab, or the survival of patients 
with astrocytoma or ovarian cancer [302, 303].

Soluble sNRP as a decoy receptor damages 
blood vessels and causes severe bleeding as well 
as apoptosis of tumor cells in animal models of 
rat prostate carcinoma cell tumors [11]. 
Likewise, sNRP1 inhibits tumor angiogenesis 
and tumor growth in granulocytic mouse sar-
coma (chloroma) [304]. Furthermore, dimerized 
sNRP1 decreases in a mouse model of systemic 
leukemia the number of circulating leukemia 
cells, reduces infiltration in liver and spleen, and 
results in reduced bone marrow neovasculariza-

tion and cellularity, significantly prolonging 
survival time [304].

In murine tumor models, monoclonal antibod-
ies against NRP1 or its b1/b2 domain inhibit EC 
migration and tumorigenesis and decrease the 
density of the network of tumor vessels lacking 
pericytes, thus delaying tumor growth if in com-
bination with anti-VEGF therapy. When used 
alone, NRP1 antibody-based therapy was inef-
fective, suggesting that NRP1 antibodies enhance 
the efficacy of anti-VEGF therapy on tumor vas-
culature [40, 75]. However, the organism rapidly 
eliminates an anti-NRP1 antibody, thereby reduc-
ing its effect on tumor cells, as NRP1 is not only 
overexpressed by angiogenic ECs of tumor vas-
culature and various tumor cells [305–307] but 
also occurs on various cells in many tissues 
whose physiological functions are inevitably also 
affected by it [308].

Blocking NRP1/VEGFR2-mediated signaling 
with bevacizumab and the RTK inhibitor suni-
tinib to inhibit tumor angiogenesis resulted in 
toxic hematological and vascular side effects and 
hypertension in renal cancer patients [309]. 
Likewise, concomitant blockade of NRP1 and 
VEGF may be limited due to their toxicity [310]. 
Although a phase I study with a human monoclo-
nal IgG1 antibody (MNRP1685A) against the 
VEGF-binding domain of NRP1 was promising, 
another phase Ib study on concomitant inhibition 
of NRP1 and VEGF in combination with chemo-
therapy showed unexpectedly high levels of pro-
teinuria and toxicity [311, 312].

NRP1-specific tumor targeting peptides medi-
ate tumor specificity and enhance the uptake of 
various therapeutic agents by tumor cells by vir-
tue of an NRP1 binding motif [313]. Like the 
first-developed NRP-specific peptide inhibitor 
EG00229 (HY-10799), the small molecule pep-
tide inhibitor A7R (ATWLPPR) specifically 
binds to NRP1 and thus inhibits VEGFR/NRP1 
signaling-mediated tumor angiogenesis and 
tumor growth in vivo [119, 314, 315]. Similarly, 
the synthetic peptide EG3287 induces apoptosis 
of NRP1-expressing tumor cells by specifically 
binding to NRP1 and thereby blocking VEGF 
signaling [316]. Furthermore, the cyclic peptides 
vasotide (a retro-inverted peptidomimetic, 
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DCLPRC), DG1 (CRRPRMLTC), and DG2 
(CRSRRIRLC) inhibit angiogenesis and tumori-
genesis or invasion in preclinical mouse and pri-
mate models of human retinal diseases and 
non-small cell lung cancer [317, 318]. EG00086, 
which corresponds to the 28 C-terminal amino 
acids of VEGF-A and is derivatized with octa-
noic acid at its N-terminus, also binds to NRP1, 
thus efficiently inhibiting it [319]. The low 
molecular weight inhibitor EG01377 selectively 
binds to the arginine-binding pocket of NRP1 
without binding to NRP2, thus inhibiting in vivo 
VEGF-A-induced angiogenesis, cell migration, 
and melanoma cell invasiveness, as well as Treg 
cell activation [320].

Most NRP1-specific peptides correspond to 
the so-called C-end rule (CendR) with the con-
sensus sequence R/KXXR/K and have optimal 
binding affinity to NRP1 when two nonbasic 
amino acids are flanked by R and K, respectively 
[46, 321]. An N-terminal fragment of FGF2, 
LD22–4, inhibits in  vitro migration of ECs, 
tumor cells, and fibroblasts and in  vivo tumor 
angiogenesis and growth in animal models of 
breast, prostate, and lung carcinomas without 
cytotoxic or adverse effects by binding to NRP1 
with its C-terminal CendR motif (KDPKR) 
[322–324]. An immunoglobulin-Fc-fused tumor 
tissue-penetrating peptide, Fc-TPP11 
(HTPGNSKPTRTPRR), binds 1000-fold more 
effectively to the VEGF-binding site of NRP1 
than that of NRP2, and after its NRP1-mediated 
internalization it downregulates VE-cadherin, 
thus increasing vascular and paracellular perme-
ability in tumors and suppressing VEGF- 
dependent angiogenesis and tumor growth [325]. 
Similarly, Fc-TPP11 enhances the efficacy of 
coadministered doxorubicin, and when coupled 
to the monoclonal EGFR antibody Cetuximab 
(Erbitux), Fc-TPP11 significantly enhances its 
tumor penetration and accumulation without 
affecting its serum half-life [325].

Branched pentapeptides derived from the 
inhibitory CendR peptide KPPR by extension of 
its lysyl side chain with homoarginine inhibit the 
interaction of NRP1 with VEGF-A165 up to 30 
times more effectively than the ATWLPPR pep-
tide mentioned above [314, 315, 326]. Its plasma 

half-life significantly increases to 34 or 41 h by 
replacement of the first P with L-2,3- 
diaminopropionic acid or L-2,4-diaminobutyric 
acid, and peptidotriazoles derived from such 
branched peptides are remarkably resistant 
toward proteolysis in plasma [326, 327]. 
Interestingly, another peptide, pTM-NRP, inter-
acts with the transmembrane domain of NRP1, 
thereby inhibiting tumor growth and metastasis 
in breast cancer and acting antiangiogenically in 
a mouse model of glioma [328, 329].

Systematically administered tumor- 
penetrating peptides home and penetrate the 
tumor tissue in consecutive steps [330]. Following 
integrin αvβ3- and αvβ5-mediated binding to 
tumor ECs and tumor cells, respectively, and sub-
sequent proteolytic unmasking of the CendR 
motif by tumor-associated urokinase plasmino-
gen activator (uPA), they bind to NRP1 and, 
mediated by micropinocytosis and a subsequent 
transcytosis cascade, penetrate deep into the 
tumor parenchyma [184]. In addition, NRP 1 
colocalizes with the macropinocytosis marker 
SNX5 but not with CLCa that is involved in 
clathrin-mediated endocytosis [331].

Moreover, the cell-surface protein p32/gC1qR 
can be used as a target on tumor-associated lym-
phatic vessels and tumor cells. In addition to the 
tumor-homing peptide LyP-1 (CGNKRTRGC) 
[332], the disulfide-bridged TT1 (CKRGARSTC) 
and its linear analogue LinTT1 (AKRGARSTA) 
bind to p32/gC1qR on breast cancer and perito-
neal carcinoma cells from stomach, ovary, and 
colon in murine models and in clinical explants 
of peritoneal carcinoma. After subsequent pro-
teolytic exposure of its NRP1 targeting CendR 
motif, TT1 mediates vascular exit and tumor pen-
etration, thus increasing the antitumor effect of 
coadministered therapeutics [333–335].

Irinotecan-loaded, gold-labeled silica 
nanoparticles coadministered with iRGD pass in 
transcytotic vesicles from the blood stream into 
perinuclear regions of cancer cells, thus reducing 
metastasis and enhancing survival in an ortho-
topic mouse model of pancreatic duct adenocar-
cinoma [336]. Obviously, penetration of drugs or 
nanoparticles into TEC and tumor cells is facili-
tated by triggering the CendR signaling pathway 
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by coupling to or coadministering with tumor- 
permeable peptides [185, 337]. Bispecific pep-
tides such as RGD-ATWLPPR, which binds to 
NRP1 and integrin αvβ3, both overexpressed in 
the tumor microenvironment, accumulate more 
strongly than simple NRP1 or integrin ligands in 
the tumor, thereby reducing both the internaliza-
tion of NRP1 and its turnover [338]. Since this 
year, a phase 1 clinical trial on the integrin- 
binding tumor-homing peptide CEND-1 (i.e., 
iRGD, CRGDKGPDC) in combination with 
nanoparticle albumin-bound (nab) paclitaxel and 
gemcitabine in metastatic pancreatic exocrine 
cancer is underway [339].

Docetaxel-loaded nanoparticles targeting both 
NRP1 and CD44 with the tLyP-1 peptide 
(CGNKRTR), and hyaluronic acid are taken up 
by metastatic tumor cells and metastasis- 
supporting neovasculature, thereby inhibiting 
tumor cell invasion and lung metastasis in three 
mouse models of triple negative breast cancer 
[340]. In addition, NRP1-coated magnetic 
nanoparticles may be helpful to diagnose and 
treat gliomas [341]. Because also nanoparticles 
from self-assembled amphiphilic peptides are 
taken up in cells via an NRP1-mediated co- 
endocytosis pathway, they as well may be valu-
able for diagnosis and therapy of NRP1-positive 
tumors [342].

Lipid microbubbles conjugated to peptides 
CRPPR and ATWLPPRD, respectively, specifi-
cally bind to NRP1-expressing cells, thus 
enhancing diagnostic ultrasound imaging of 
angiogenic tumors [307]. Polysiloxane nanopar-
ticles, featuring the NRP1 targeting motif 
KDKPPR, a magnetic resonance imaging (MRI) 
contrast agent, and a photosensitizer, can be used 
theranostically, as they accumulate in the wall of 
glioma neovessels, where they develop cytotoxic 
effects when exposed to light during photody-
namic therapy [343].

In addition to NRP1, CendR peptides also 
bind to NRP2, although with lower binding 
capacity, and are subsequently internalized [344]. 
tPlP-1, a short noncyclic tumor-homing peptide 
that binds to both NRP1 and NRP2, enhances the 
extravasation of co-injected nanoparticles into 
tumor tissue and may be useful for directing 

diagnostic and therapeutic agents to breast cancer 
cells [344].

Since tumor-penetrating peptides used to 
improve drug permeation reduce rather than 
enhance metastasis, the risk of facilitating the 
spread of metastatic cells by increasing the per-
meability of tumor vessels tends to be rather low 
[313, 345, 346]. In addition, there is no indication 
that the vascular system of normal tissues is com-
promised by systemically administered tumor- 
penetrating peptides [313].

In addition to normalizing the tumor vascula-
ture to reduce intratumoral hypoxia and increased 
oncotic pressure, as well as to improve accessi-
bility to chemotherapeutic agents, tumor-specific 
vessel disruption in combination with chemo-
therapeutic agents also appears to be viable in 
some cancers. In mouse models of fibrosarcoma 
and epidermoid carcinoma, intravenous adminis-
tration of NRP1-specific rhodocetin αβ selec-
tively destroys the tumor vasculature causing 
hemorrhage in tumors only without compromis-
ing normal vessels of healthy tissues [109].

In tumors, NRP1 occurs on the basolateral 
side of TECs that form intrinsically leaky tumor 
vessels [109]. In addition and in contrast to nor-
mal arteries, NRP1 is exposed to the bloodstream 
in composite vessels of tumors on the apical sur-
face of tumor cells that have acquired an EC-like 
phenotype and replace ECs to varying degrees. 
This is even more pronounced in some cancers 
showing vasculogenic mimicry, where vessel- 
like tubes completely lined by tumor cells sup-
port the blood supply of the tumor. Because such 
VM vessels as well as composite vessels present 
NRP1 on the apical, bloodstream-facing side, 
they are susceptible to NRP1 targeting com-
pounds [109]. Only in cells where NRP1 is 
exposed to the bloodstream, intravenously 
administered rhodocetin αβ can bind to the b1/b2 
domain of NRP1 and trigger NRP1/MET signal-
ing, suggesting the development of novel NRP1- 
targeting lead structures starting from the C-type 
lectin-related rhodocetin-αβ [108, 109]. 
Furthermore, lebein, a disintegrin from the 
venom of the blunt-nosed viper (Macrovipera 
lebetina), reduces the expression of both NRP1 
and VEGF in an embryonic quail chorioallantoic 
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membrane system and in a human colon adeno-
carcinoma xenograft mouse model. Thus, it 
inhibits tumor angiogenesis [347].
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Abstract
The mammalian target of rapamycin (mTOR) 
represents a critical hub for the regulation of dif-
ferent processes in both normal and tumor cells. 
Furthermore, it is now well established the role 
of mTOR in integrating and shaping different 
environmental paracrine and autocrine stimuli in 
tumor microenvironment (TME) constituents. 
Recently, further efforts have been employed to 
understand how the mTOR signal transduction 
mechanisms modulate the sensitivity and resis-
tance to targeted therapies, also for its involve-
ment of mTOR also in modulating angiogenesis 
and tumor immunity. Indeed, interest in mTOR 
targeting was increased to improve immune 
response against cancer and to develop new 
long-term efficacy strategies, as demonstrated 
by clinical success of mTOR and immune 
checkpoint inhibitor combinations. In this chap-
ter, we will describe the role of mTOR in modu-
lating TME elements and the implication in its 
targeting as a great promise in clinical trials.

Keywords
mTOR pathway · mTORC1 · mTORC2 · 
Cancer · TME · Tumor–stroma interactions · 
Targeted therapy · Combination therapy · 
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4.1  Introduction

mTOR is an evolutionarily conserved serine/
threonine protein kinase that regulates several 
anabolism processes thus promoting protein, 
nucleotide, and lipid synthesis. Dysregulation of 
mTOR signaling is associated with diverse path-
ological conditions including a variety of human 
malignancies [1, 2].

mTOR forms two multi-protein complexes, 
mTOR complex 1 (mTORC1) and 2 (mTORC2), 
each of them performs specific roles in cellular 
regulation (Fig. 4.1) [1].

Both complexes share the catalytic subunit 
mTOR, the mammalian lethal with Sec13 protein 
8 (mLST8), the DEP domain-containing mTOR- 
interacting protein (DEPTOR), and the Tti1–Tel2 
complex. mLST8 binds the catalytic domain of 
mTOR and is required for interaction between 
mTOR/Rapamycin-sensitive companion of mTOR 
(Rictor), but not for the  mTOR/Regulatory-
associated protein of mammalian target of rapamy-
cin (Raptor) [3]. DEPTOR interacts with mTOR, 
thereby inhibiting its kinase activity, whereas 
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Tti1–Tel2 complex is involved in functional 
assembly of the mTOR complex [4, 5].

mTORC1 also includes Raptor, the proline- 
rich AKT substrate 40 kDa (PRAS40), whereas 
Rictor, the mammalian stress-activated map 
kinase-INteracting protein 1 (mSIN1), and the 
protein observed with Rictor (Protor) 1 and 2 are 
specific of mTORC2 complex. While Raptor is 
involved in amino acid sensing, assembly, sub-
strate recognition, and phosphorylation of 
mTORC1 downstream proteins, DEPTOR acts as 
negative regulator of mTORC1 [4, 6]. Rictor and 
mSIN1 stabilize mTORC2 and decrease in Rictor 
expression levels results in reduced mSIN1 levels 
and vice versa [7–9].

mTORC1 and mTORC2 are triggered by 
nutrients and growth factors and inhibited by 
stress to ensure cellular homeostasis [10]. 
Specifically, mTORC1 regulates cell growth 
through protein anabolism, nucleotide biosynthe-
sis, autophagy, glycolysis, and lipogenesis, 
whereas mTORC2 regulates apoptosis, glucose 

metabolism, lipogenesis, and the rearrangement 
of actin cytoskeleton (Fig. 4.2) [11–14].

Over recent years, scientific and clinical inter-
ests in mTOR-dependent regulation of TME shed 
light on its regulatory role in a wide range of stro-
mal cells, including T and B cells, macrophages, 
and tumor fibroblasts [15, 16].

In this chapter we will summarize the current 
knowledge on the functional role of mTOR sig-
naling in TME characterization and function; 
moreover, we will briefly discuss relevant issues 
and future perspectives regarding mTOR target-
ing as TME modulator and its possible contribu-
tion in immunotherapy.

4.2  mTOR in TME Elements

The tumor mass consists of not only cancer cells 
but also several resident and infiltrating host 
immunity cells, which constitute the cellular frac-
tion of TME.  It is now well established that the 

Fig. 4.1 Structural characteristics of mTOR protein. 
mTOR is composed of 2549 amino acids, divided into dis-
tinct protein domains: a FAT-carboxy terminal domain 
(FAT domain) which mediates interactions with other pro-
teins; a FRAP-ATM-TTRAP domain (FATC domain) 

which senses cytosolic potential and regulates mTOR 
degradation; a FKBP12-rapamycin binding domain (FRB 
domain); a Huntingtin-Elongation factor 3-regulatory 
subunit A of PP2A-TOR1 repeats (HEAT repeat) which 
mediates protein–protein interactions
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interactions and cross talk between tumor cells 
and elements of TME orchestrate tumor 
progression.

TME is composed by cytokines/chemokines, 
extracellular matrix (ECM) whose main constitu-
ents are collagen and hyaluronic acid, lymphatic 

Fig. 4.2 Activation and functions of mTOR pathway. 
Several external cues activate intracellular mTOR signal-
ing, through different membrane receptors. According to 

mTOR complex-specific activation, different biological 
mechanisms are activated in order to regulate tissue 
homeostasis

4 Translational Landscape of mTOR Signaling in Integrating Cues Between Cancer and Tumor…
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vessels, and the stromal cells which include vas-
cular endothelial cells, cancer-associated fibro-
blasts (CAF), adipocytes, and immune cells 
(Fig. 4.3) [17].

Several researches have highlighted the 
mTOR involvement in regulation of several 
cancer and stroma cells functions, including 
shaping immune response. Moreover, mTOR is 
involved in the modulation of several factors of 
TME including cytokines, chemokines, growth 
factors, and metabolites, as demonstrated by 
enhancement of specific cytokines/chemokines 
expression after mTOR hyperactivation [15, 
18, 19].

CAF are important components of TME and 
act as promoter of tumor angiogenesis and metas-
tasis, by both their ability to modify the ECM and 
the production of cytokines and growth factors 
that modulate activity of other stromal and cancer 
cells. CAF play a leading role in stroma-rich 
tumors like pancreatic cancer, where the stroma 
constitutes more than 80% of the tumor mass 
[20]. A recent study has suggested that mTOR is 
responsible for drug resistance by upregulating 
interleukin (IL)-6 protein synthesis in CAF, in 
pancreatic ductal adenocarcinoma nude mice 
xenografts. In the same study, Duluc and collabo-
rators showed that somatostatin receptor inhibi-
tor abolishes mTOR/IL-6 axis, thus reducing 
pancreatic tumor chemoresistance [21].

Emerging evidence suggests that upon antigen 
stimulation, mTOR regulates the differentiation 
into two distinct CD4+ subsets: follicular helper 
(Th) and regulatory T cells (Treg) [22, 23]. 
Delgoffe and coworkers have shown that mTOR 
inhibition blocks the differentiation of CD4+ T 
cells into Th1, Th2, and Th17, through the dele-
tion of Rheb, a specific mTORC1 activator. This 
effect is principally due to the decrease in STAT 
phosphorylation that in turn leads to the inability 
of inducing the expression of lineage-specific 
transcription factors [24]. Conversely, Rictor 
deletion causes the failure of CD4+ T-cell differ-
entiation into Th2 cell type, but not into Th1 and 
Th17. This evidence shows that mTORC1 and 
mTORC2 play a specific role in lineage differen-
tiation of CD4+ T cells [24, 25]. Recent rapamy-
cin studies have shown that mTOR activity 
reduction induces the development of Treg cells 
from naïve T cells, consistently with the ability of 
AKT to inhibit Treg development [26, 27]. 
Moreover, cell-specific PTEN deletion decreases 
Treg stability and function [28]. Zeng and col-
laborators have demonstrated that mTORC1 
activity is essential for Treg function: indeed, 
deletion of Raptor and the consequent mTORC1 
inactivity lead to the loss of Treg cells suppres-
sive function and autoimmunity [29].

CD8+ T cells, also called cytotoxic T lympho-
cytes, are the most important anticancer elements 

Fig. 4.3 Outline of the 
TME elements. TME 
contains different cell 
types including 
fibroblasts and 
infiltrating immune cells 
as well as their derived 
soluble factors (e.g., 
cytokines). All these 
elements and cancer 
cells influence each 
other’s functions
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of the immune system. Indeed, they are able to 
target and kill cancer cells and enhance memory 
response. Recent evidence has confirmed that 
mTOR is an important regulator of memory 
CD8+ T-cell differentiation: indeed, TSC2 
deletion- mediated constitutive mTORC1 activity 
increases of highly glycolytic CD8+ T effector, 
thus rendering these cells unable to transition 
into memory CD8+ T state [30, 31].

Same results were observed by enhancing 
mTORC1 activity through either IL-12 addition 
or PTEN downregulation; these mechanisms of 
mTOR activation lead to a reduced number of 
memory CD8+ T cells [32, 33]. Moreover, Polizzi 
and colleagues have demonstrated that mTORC1 
and mTORC2 regulate distinctly CD8+ T-cell dif-
ferentiation. Indeed, while mTORC1 influences 
CD8+ T-cell effector responses, the genetic dele-
tion of Rictor in CD8+ T denotes that mTORC2 
inactivity results in metabolic reprogramming, 
which increases the generation of CD8+ memory 
cells [34].

Myeloid-derived suppressor cells (MDSC) 
represent another important TME immune cell 
populations and comprise monocytic and poly-
morphonuclear MDSC [35]. Granulocyte colony- 
stimulating factor (G-CSF) has been described to 
play a critical role in differentiation and recruit-
ment of MDSCs within tumors; Welte and col-
leagues demonstrated that mTOR signaling 
promotes accumulations of these suppressor cell 
subsets by stimulating the production of 
G-CSF. Genetic and pharmacological inhibition 
(i.e., rapamycin treatment) of mTOR reduces 
G-CSF levels [36].

Tumor-associated macrophages (TAM) are 
present at different stages of tumor progression, 
recruited to tumor site by chemokines and 
growth factors, and are generally classified into 
M1 and M2. M1 macrophages promote antitu-
mor response by inducing phagocyte-dependent 
inflammation, whereas M2 macrophages 
increase antibody response and inhibit phago-
cytic functions. As M2 is the predominant phe-
notype among TAM, they are considered as 
tumor promoters [37]. Recent evidence has dem-
onstrated that mTOR also modulates TAM acti-
vation and differentiation. Indeed, the loss of 

mTOR activity through genetic or pharmacolog-
ical inhibition results in modifications of macro-
phage inflammatory response toward M1-like 
phenotype due to the decreased cytokines pro-
duction (e.g., IL-4) [38–40].

4.3  Implication of mTOR 
Signaling in Angiogenesis 
and Immunotherapy

Along with its involvement in immune system, 
mTOR signaling plays a key role also in tumor- 
related vascular formation: in keeping with all 
these observations, mTOR blockade has clinical 
implications both alone (Table 4.1) and in combi-
nation with TME-targeted agents (Table 4.2).

Angiogenesis is a physiological process that 
induces the formation of new vessels from the 
existing ones; nevertheless, cancer cells stimu-
late angiogenesis by releasing pro-angiogenic 
signals, thereby provoking not only tumor 
growth and progression through the distribution 
of nutrients but also spread metastasis process 
[41]. Different angiogenesis genes are princi-
pally regulated by hypoxia-inducible factors 
(HIF) which are induced by the low quantity of 
oxygen; indeed, hypoxia is one of the first step in 
vascular development [42]. The O2 deprivation 
and hypoxic chemoattractant factors gradient 
(e.g., vascular endothelial growth factor (VEGF) 
and endothelin) are the major triggers of TAM 
recruitment: in this context, mTOR inhibition is 
responsible for TAM polarization into M1 phe-
notype, M2 apoptotic cell death, and angiogen-
esis blockade [15, 38, 43]. Consistent with these 
observations, it is indisputable that mTOR repre-
sents a significant hub in tumor microenviron-
ment angiogenesis regulation with a great 
therapeutic potential. From several years, it is 
indeed well known that the inhibition of ribo-
somal protein S6 kinase 1 (p70S6K1) by either 
PI3K or mTOR inhibitors impairs different pro-
cesses in endothelial cells, such as proliferation 
and DNA synthesis as well as the synthesis of 
cyclin D1, one of the master regulators of cell 
cycle G1 phase [18, 44]. These results are con-
sistent with the observation that the lacking of 
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mTORC1 negative regulator TSC1 induces the 
development of lymphangiosarcomas, signifi-
cant increase in HIF-1α expression, and subse-
quent upregulation of VEGFA production [45].

Given the role of mTOR in stimulating VEGF 
production is not surprising that the use of evero-
limus reduces VEGF production [18, 46]. 
Nevertheless, the single mTOR inhibition is not 
sufficient to completely reduce angiogenesis, 
mainly due to the compensatory hyperactivation 
of other signaling pathways, such as MAPK: 
these cross talks put the biological rationale for 
new combination strategies [47–49]. For this rea-
son, Wagle and collaborator demonstrated that, in 
a phase I trial, not only the presence of mTOR 

activating mutations (i.e., mTORE2419K and 
mTORE2014K) makes tumor cells more sensitive to 
everolimus but also the combination of everoli-
mus and pazopanib (a VEGF receptor inhibitor) 
results in an outstanding response in advanced 
solid tumors [46].

Different studies highlight the interaction 
between mTOR and HIF-1α. For example, 
HIF-1α is translationally increased with an acti-
vated mTORC1, thanks to the phosphorylation of 
4E-BP1; moreover, HIF-1α protein is more 
exposed to degradation after rapamycin  treatment 
[47, 50]. Similar to mTORC1, mTORC2 is impli-
cated in the angiogenesis induction through the 
stimulation of VEGF and stromal cell-derived 

Table 4.1 mTOR targeting in modulating TME features

Target Drug Effects on TME Clinical implication
PI3K Wortmannin; 

Ly294002
↓ DNA and cyclin D1 synthesis, endothelial 
cells’ proliferation

↓ Angiogenesis

IC87114 ↓ Treg population ↑ Tumor regression
AKT MK22–06 ↓ PD-L1 expression ↑ Antitumor adaptive immune 

responses
↓ Treg population ↑ Tumor regression

AKT inhibitor X ↑ MDSC differentiation
↑ DC

↑ Antitumor immune response

mTOR Rapamycin ↑ M1 TAM polarization, M2 apoptotic cell 
death

↓ Angiogenesis

↓ DNA and cyclin D1 synthesis, endothelial 
cells’ proliferation
↑ HIF-1α polarization
↓ DKK2 and lactate production ↓ Endothelial cells’ growth
↓ PD-L1 expression ↑ Antitumor adaptive immune 

responses
Everolimus ↓ VEGF and CXCL12 production ↓ Angiogenesis
Everolimus/
rapamycin

↓ T-cell proliferation
↓ PD-1-competent CD8 or CD4

↑ Immunosuppressant response

Table 4.2 Combinatorial strategies with both mTOR and TME targeting: implications in immunotherapy

mTOR drug TME targeting Effects on TME Clinical implication
Everolimus RTKi Sunitinib ↓ PDGFR and VEGFR activity in stromal 

cells
↓ Tumor growth and 
angiogenesis

INK-128 αPD-1 ↓ Proliferation and clone formation in HCC 
cells
↓ p70S6K and eIF4E phosphorylation

↓ Tumor growth

Rapamycin αCTLA-4 ↑ CD8+ cells
↑ Effector cytokines productions

↓ Tumor growth

Vistusertib αCTLA-4/PD-1/
PD-L1

↑ Th1 polarized T-cells
↓ Tumor infiltrating lymphocytes

↓ Tumor growth
↑ Survival

AZD80550 αCD40 ↑ CD8+, NK, mature macrophages, DC ↑ Immune response
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factor (SDF)-1. Indeed, the absence of mTORC2 
leads to deficiency in vascular development, and 
the use of mTOR inhibitor everolimus results in a 
reduction of blood vessels strengthening in cell 
lines with different histological origin [51]. 
Furthermore, it is actually known that platelet- 
derived growth factor (PDGF) stimulates VEGF 
expression in kidney cells, thus leading to angio-
genesis induction through both autocrine and 
paracrine stimulation [52]. Kitano and coworkers 
recently showed that the use of a multiple tyro-
sine kinase inhibitor sunitinib acts in the modula-
tion of stromal reactions by inhibiting PDGF and 
VEGF receptors. In this way, the combination of 
everolimus with sunitinib copes to significantly 
reduce tumor growth and angiogenesis in renal 
cell carcinoma (RCC) [53].

The role of mTOR in metabolism and angio-
genesis modulation was also demonstrated by 
Bruning and collaborators. In this study they 
illustrate that the malonylation of mTOR at 
Lys1218 contributes to mTOR-reduced activity: 
indeed, fatty acid synthase inactivation results in 
increased malonil-CoA production and conse-
quent mTOR malonylation. This regulation leads 
to the arrest of endothelial cell proliferation 
which in turn halts the process of vessel sprout-
ing [54]. The stimulation of endothelial cells’ 
development is also mediated through the pro-
duction of lactate by aerobic glycolysis induced 
by DicKKopf-associated protein 2 (DKK2). 
Deng and collaborators showed that DKK2 
induces the formation of endothelial cells by acti-
vating PI3K/mTOR pathway; the use of rapamy-
cin, indeed, reduces the DKK2 downstream 
activation and the subsequent lactate production, 
highlighting the role of mTOR also in modulat-
ing angiogenesis independently from VEGF/
VEGF receptor axis [55].

Recently, several studies highlighted the role of 
immunotherapy as an important component of sin-
gle and combined treatment of multiple advanced 
cancer types. Indeed, affecting host immunity 
improves the clinical success, by regulating immu-
nological components of TME and different pro-
cesses, such as immune evasion [56, 57]. mTOR 
signaling plays a pivotal role also in the balance 
between immune activation/suppression. Immune 

suppression is another therapeutic strategy, and it is 
mediated by cellular subpopulation recruitment, 
such as Treg and MDSC, involved in immune cells 
regulation [58, 59]. Consistently, treatment with 
PI3K or AKT inhibitors causes inhibition of Treg 
population, which results in tumor regression [59]. 
Likewise, AKT inhibition limits the differentiation 
of the MDSC, but not of the advanced differenti-
ated MDSC cells, in vitro [60].

Given the role of PI3K/AKT/mTOR pathway 
in regulating not only immune cells proliferation 
but also their immune surveillance activities, it is 
expected that targeting this signaling pathway 
could represent a winning therapeutic approach to 
counteract resistance mechanisms [61]. One of the 
most promising strategy of immunotherapy 
involves immune checkpoints and their markers, 
often expressed by tumor cells: in particular differ-
ent studies showed the clinical benefit obtained by 
targeting the negative T-cell regulators pro-
grammed death (PD)-1/PD-ligand (PD-L)1 and 
cytotoxic T-lymphocyte protein (CTLA)-4 [62]. 
However, it was observed that only a small per-
centage of patients respond to single-agent anti- 
PD- 1 therapy [63]. Given the importance of the 
immune system treatment in therapy and the role 
of mTOR in regulating the immune components, it 
could be fundamental to study the mechanisms of 
interaction between mTOR and the immunity, to 
explore in-depth the new therapeutic strategies.

The involvement of PI3K pathway in immune 
system is associated with PD-L1-specific expres-
sion, through the posttranscriptional regulation: 
indeed, the PI3K pathway hyperactivation, due to 
PTEN loss or knockdown, correlates with an 
overexpression of PD-L1 [64, 65]. Consistently, 
Mittendorf and her collaborators demonstrated 
that in PTEN-mutant triple-negative breast can-
cer, the use of AKT or mTOR inhibitors (MK- 
2206 and rapamycin, respectively) decreases 
PD-L1 expression [66].

It is actually known that PD-1 is physically 
associated with the major downstream effectors 
of mTORC1, p70S6K1 and eIF4E, thus in turn 
inducing their phosphorylation and the subse-
quent mTOR pathway activation [52]. 
Moreover, mTOR inhibition reduces not only 
T-cell proliferation but also the percentage of a 
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specific subgroup of CD4+ and CD8+ lympho-
cytes characterized by the expression of PD-1 
receptor [67, 68]. This tight connection between 
mTOR and PD-1 results in tumor growth 
decrease after PD-1 and mTOR inhibitor com-
bination, as shown by Li and colleagues [52].

While the specific anti-PD-1 treatment leads 
to an increase in the CD8 T population in tumor 
tissue, the inhibition of CTLA-4 immune check-
point induces the proliferation of these effectors 
in secondary lymphoid organ [56]. Pedicord and 
her collaborators have demonstrated that during 
the T-cell priming, the use of an mTOR inhibitor, 
such as rapamycin, combined with anti-CTLA-4 
inhibitor causes the expansion of CD8+ memory 
T cells and this could, in turn, have different 
implications in cancer immunotherapy [69].

More recently, the combinatorial benefit 
between mTOR and immune checkpoints inhibi-
tors was preclinically validated using vistusertib, 
an mTORC1/2 inhibitor, in combination with 
either αPD-1 or αPD-L1 or αCTLA-4. The single 
use of vistusertib induces the production of Th1- 
promoting IL-12 cytokine and reduces the 
immune inhibitory IL-10 cytokine; the combina-
tion increases the frequency of intratumoral Th1 
activation, thus resulting in synergistic tumor 
growth inhibition [70].

As opposite to negative regulators reported 
above, CD40 is a tumor necrosis factor (TNF) 
receptor family member involved in promoting 
T-cell-mediated immunity, and several agonistic 
αCD40 antibodies were developed as mimic of the 
natural ligand CD154. Jiang and colleagues dem-
onstrated the synergistic interactions between 
AZD80550 and αCD40  in inhibiting tumor 
growth, as compared to head-to-head treatment of 
single agent. Indeed, this combination causes the 
activation and proliferation of CD8+, natural killer, 
mature macrophages, and dendritic cells, thus 
leading to an increased immune response [71].

4.4  Commentary

As we highlighted above, mTOR signaling is 
involved in many aspects of TSI in each steps of 
carcinogenesis. In cancer, mTOR pathway 

hyperactivation often occurs by the loss of the 
negative regulator PTEN, which affects the 
response to not only the targeted therapy but also 
immunotherapy. Indeed, several studies demon-
strated the tight connection between PTEN and 
PD-L1 expression: Song and collaborators 
showed that PTEN loss correlates with high lev-
els of IFN-γ- independent PD-L1  in colorectal 
cancer samples, whereas Parsa et al. highlighted 
that PTEN-loss status induces immunoresistance 
through PD-L1 upregulation [65, 72]. Thus, 
switching off hyperactivated pathway could pro-
mote signaling through other molecular cas-
cades, and this mechanism could be used to 
improve drug response. Indeed, the inhibition of 
PD-L1 causes tumor growth arrest and PTEN 
reactivation in mice [73].

These cross talks allow the biological ratio-
nale for combination approaches, and due to the 
limited clinical efficacy of rapamycin and rapa-
logs, new second- and third-generation mTOR 
inhibitors were developed and investigated in 
several clinical trials [1]. Even if combination 
therapy could result in synergistic effects on 
tumor growth, drugs are usually more toxic and 
expansive than monotherapy: thus, the identifica-
tion of molecular contexts in which combinations 
are effectively synergistic is an urgent need for 
personalized cancer treatments. For example, 
SDF-1/α-CXCR4 axis causes temsirolimus resis-
tance through VEGF signaling in pancreatic can-
cer. Consistently, combination of temsirolimus 
with the CXCR4 inhibitor AMD3465 results in 
synergistic effect on tumor growth arrest in xeno-
graft models [74]. The cross talk between CXCR4 
and mTOR signaling is well established also in 
metastatic RCC, as demonstrated by mTOR inhi-
bition following the treatment of CXCR4 and 
CXCR7 antagonists. Combination between 
CXCR4/CXCR7/mTOR inhibitors results in 
additive effects in reducing migration and cell 
growth [75].

In summary, due to the highlighted involve-
ment of mTOR in immunomodulation and angio-
genesis, investigating the mTOR pathway 
reactivation feedback loops is still necessary to 
significantly improve personalized cancer 
therapy.
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Toll-Like Receptors Signaling 
in the Tumor Microenvironment

Kelly D. McCall, Maria Muccioli, 
and Fabian Benencia

Abstract
The involvement of inflammation in cancer pro-
gression is well-established. The immune system 
can play both tumor-promoting and -suppressive 
roles, and efforts to harness the immune system 
to help fight tumor growth are at the forefront of 
research. Of particular importance is the inflam-
matory profile at the site of the tumor, with 
respect to both the leukocyte population num-
bers, the phenotype of these cells, as well as the 
contribution of the tumor cells themselves. In this 
regard, the pro- inflammatory effects of pattern 
recognition receptor expression and activation in 

the tumor microenvironment have emerged as a 
relevant issue both for therapy and to understand 
tumor development.

Pattern recognition receptors (PRRs) were 
originally recognized as components of 
immune cells, particularly innate immune 
cells, as detectors of pathogens. PRR signal-
ing in immune cells activates them, inducing 
robust antimicrobial responses. In particular, 
toll-like receptors (TLRs) constitute a family 
of membrane-bound PRRs which can recog-
nize pathogen-associated molecular patterns 
(PAMPs) carried by bacteria, virus, and fungi. 
In addition, PRRs can recognize products gen-
erated by stressed cells or damaged tissues, 
namely damage-associated molecular patterns 
or DAMPS. Taking into account the role of the 
immune system in fighting tumors together 
with the presence of immune cells in the 
microenvironment of different types of 
tumors, strategies to activate immune cells via 
PRR ligands have been envisioned as an anti-
cancer therapeutic approach.

In the last decades, it has been determined 
that PRRs are present and functional on nonim-
mune cells and that their activation in these 
cells contributes to the inflammation in the 
tumor microenvironment. Both tumor- 
promoting and antitumor effects have been 
observed when tumor cell PRRs are activated. 
This argues against nonspecific activation of 
PRR ligands in the tumor microenvironment as 
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a therapeutic approach. Therefore, the use of 
PRR ligands for anticancer therapy might ben-
efit from strategies that specifically deliver 
these ligands to immune cells, thus avoiding 
tumor cells in some settings. This review 
focuses on these aspects of TLR signaling in 
the tumor microenvironment.

Keywords
Toll-like receptors (TLRs) · Pathogen- 
associated molecular patterns (PAMPs) · 
Damage-associated molecular patterns 
(DAMPs) · Pathogen recognition receptors 
(PRRs) · Inflammation · Growth factors · 
MDA5 · RIG-I · Cancer · Tumor microenvi-
ronment · Cancer therapy · Inflammation · 
Macrophages · Dendritic cells · 
Ismmunosuppression

5.1  Introduction

Toll-like receptors (TLRs) are a particular type 
of pathogen recognition receptor (PRR) charac-
terized by their association to either the plasma 
or the endosomal membranes of both immune 
and nonimmune cells. Originally described in 
immune cells, their expression has also been 
identified in nonimmune cells, and, in particular 
in the context of the present review, in cancerous 
cells. TLRs act as sensors of infection when acti-
vated by pathogen-associated molecular patterns 
(PAMPs) carried by microbes and are also acti-
vated by damage-associated molecular patterns 
(DAMPs) produced by stressed eukaryotic cells. 
TLR activation can lead to the production of 
cytokines, chemokines, and growth factors that 
can have an autocrine effect and can also help 
induce immune responses or shape the cellular 
microenvironment. Their expression in cancer 
cells has been associated with both beneficial 
and deleterious outcomes. As such, strategies to 
target these molecules for anticancer therapeutic 
approaches have been devised or are under study.

In this chapter, we will discuss the relation-
ship between inflammation and cancer; how anti-
tumor immune responses are elicited; the general 
characteristics of PRRs with special emphasis in 
TLRs; the contribution of TLR signaling in the 
tumor microenvironment to antitumor immune 
responses; and the negative consequences of TLR 
signaling in tumor cells.

5.2  Inflammation and Cancer

Inflammation is a broad and complex process that 
can have a multitude of physiological effects 
depending on the specific signaling pathways 
involved. The main function of the immune sys-
tem is to recognize and clear invasion by patho-
gens via specific inflammatory responses. 
However, the immune system also plays an 
important role in numerous aspects of cancer ini-
tiation and progression [1–5]. Broadly, the 
immune response can be categorized into two 
parts: innate and adaptive immunity. Initially, 
invading pathogens (specifically, conserved 
pathogenic signatures, which can be protein, 
DNA, or RNA) are recognized by the innate 
immune cells, and signaling cascades are trig-
gered to facilitate the eventual activation of the 
adaptive immune response [4]. Thus, innate 
immunity is primarily responsible for pathogen 
recognition and helping to mount a more specific 
antimicrobial response by activating the adaptive 
immune system [6–8]. Upon recognition of the 
pathogen, innate immune cells release pro- 
inflammatory cytokines, which help trigger the 
maturation of professional antigen-presenting 
cells (APCs), such as dendritic cells (DCs). APCs 
serve to engulf pathogens and then display them 
on the major histocompatibility (MHC) mole-
cules, special surface proteins that allow for the 
presentation of processed foreign antigens to T 
cells. T cells are able to recognize and bind to 
specific epitopes displayed on the APCs in the 
context of their MHC–antigen complex, which 
elicits further signaling that propagates the matu-
ration and expansion of microbe-specific T cells 
and later B cells. Activated cytotoxic T lympho-
cytes (CTLs) can recognize (via T-cell receptor) 
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and kill infected cells expressing the specific 
antigen using several mechanisms, including the 
perforin/granzyme pathway, as well as by activat-
ing death receptors to trigger apoptosis. 
Activation of B cells can also promote resolution 
of infection in several ways, including opsoniza-
tion, neutralization, and antibody-dependent cel-
lular cytotoxicity. Overall, the inflammatory 
process allows for the mounting of a more spe-
cific adaptive immune response, characterized by 
antibody-producing and memory B cells along 
with pathogen-specific cytotoxic T cells, and typ-
ically results in pathogen elimination.

It has long been known that an intricate rela-
tionship exists between the immune system, 
inflammation, and cancer development, growth, 
and regression, and it has been shown that inflam-
mation can lead to both cancer cell growth and 
cancer cell death [4, 9–15]. The tumor microenvi-
ronment is defined by numerous factors, such as 
the tumor cells themselves, as well as by other 
cells at the site, including epithelial cells, fibro-
blasts, immune cells, and extracellular matrix 
(ECM) components [5, 16–21]. Altogether, the 
factors released by these cells dictate the nature 
of the tumor milieu. In fact, the tumor microenvi-
ronment is extremely important to consider when 
assessing cancer prognosis or individualized 
treatment options for immunotherapy.

In the tumor microenvironment, different cyto-
kines and chemokines can lead to opposing out-
comes in cancer progression, depending on the 
type of inflammation at the site. Some cytokines 
are immunostimulatory, while others are immu-
nosuppressive, and oftentimes inflammatory 
responses that lead to immunosuppression can 
favor tumor growth. In this regard, an “immuno-
suppressive” state is characterized by immune 
cell populations that attenuate inflammation (e.g., 
T-regulatory or myeloid-derived suppressor cells), 
whereas an “immuno-stimulatory” state would 
tend to have more active immune cells, such as 
APCs and CTLs. Furthermore, the activation of 
these immune cell populations is crucial to proper 
function, and the tumor environment often exhib-
its aberrantly activated or dysfunctional immune 
cells [4, 5, 16, 19, 20, 22–24]. Thus, certain com-
binations of cytokines and chemokines may 

recruit and activate immune cell populations that 
are favorable for tumor eradication, whereas oth-
ers may result in leukocyte infiltration character-
istic of a tumor-favoring environment.

5.3  Antitumor Immune 
Responses

The immune system is known to have protective 
effects against cancer [14]. In fact, observations 
of cancer regression in patients following infec-
tion have been recorded for hundreds of years 
[11]. During the last few decades of the 1800s, 
American surgeon William Coley purposefully 
infected cancer patients with combinations of 
bacterial cocktails, following similar observa-
tions, which produced mixed and inconsistent 
results [11, 25]. At the time it was unclear how 
these infectious agents were able to sometimes 
trigger tumor regression, but today, it is known 
that the immune system can protect against cancer 
by recognizing specific “danger signals” on tumor 
cells, and swiftly eliminating them. However, 
cancer cells are sometimes able to escape this 
kind of immunosurveillance, a phenomenon that 
has been termed “immuno- evasion” [9, 14].

Oftentimes, tumor cells express markers on 
their surface that can be recognized by immune 
cells (danger signals) [9]. Sometimes, these “dan-
ger signals” are specific surface molecules that 
are upregulated in tumor cells, whereas in other 
cases the cancer cells can be recognized due to the 
loss of MHC molecules at their surface [by 
Natural Killer (NK) cells in particular] [26–28]. 
Once tumor cells are recognized, an inflammatory 
response is triggered, and destruction of the can-
cer cells occurs, thereby inhibiting further growth. 
Specifically, the pro-apoptotic immune response 
is typically characterized by immunostimulatory 
cytokines, such as IL-12 and IL-23, and leads to 
the activation of NK cells and cytotoxic T lym-
phocytes (CTLs). These activated leukocytes (i.e., 
CTLs) can directly attack and kill the tumor cells 
[9, 14]. Such findings have triggered a keen inter-
est in natural immune responses against cancer in 
interests of exploiting such pathways to develop 
novel anticancer treatments. As inflammatory 
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pathways have a profound effect on the tumor 
microenvironment that can affect cancer progres-
sion, ways to modulate immune components of 
this environment to favor tumor eradication are 
rapidly being explored as we and others have 
shown [9, 10, 15, 29–43].

5.4  Tumor-Promoting Immune 
Responses

In addition to our understanding of how the 
immune system can inhibit cancer growth, it has 
also become clear that long-term (chronic) 
inflammation is associated with a higher risk of 
numerous cancers [1, 5, 13, 16, 23]. This has 
been particularly well-documented in the 
increased incidence of lung cancer among long- 
term cigarette smokers and liver cancer (follow-
ing inflammation from “fatty liver disease”), 
among other types of cancers in heavy alcohol 
consumers [44–47]. It is noteworthy to comment 
that hepatocellular carcinoma can also occur in 
nonalcoholic fatty liver disease from chronic 
inflammation due to obesity.

The chronic inflammation often seen in can-
cers typically renders a tumor microenviron-
ment characterized by immunosuppressive 
immune cells. Pleiotropic cytokines, such as 
TNF-α, CCL5, and IL6, can stimulate the 
recruitment of DCs, macrophages, and other 
leukocytes to the tumor site [13, 16]. In fact, the 
type of chronic inflammatory conditions often 
observed in cancers has leukocytes that tend to 
produce factors that can facilitate angiogenesis, 
the development of novel vasculature at the 
tumor site, thereby promoting cancer growth 
and potentiating metastasis. For instance, we 
have previously reported that tumor-infiltrating 
DCs contribute to this process in the presence 
of vascular endothelial growth factor (VEGF) 
[48, 49]. Thus in a scenario where chronic 
inflammation yields a particular cytokine pro-
file, inflammation can contribute to tumor 
growth in several ways. Indeed, certain immune 
cell populations infiltrating the tumor environ-
ment are associated with more aggressive dis-
ease progression. Immunosuppressive cells that 

can repress leukocytes that may otherwise fight 
the tumor include T-regulatory (Treg) cells and 
myeloid-derived suppressor cells (MDSCs). 
Furthermore, anergic or dysfunctional white 
blood cells, including DCs, T cells, and macro-
phages, have been reported [19, 24, 33, 42, 48, 
50–57]. Interestingly, it has been demonstrated 
that mouse ovarian cancer cells cocultured with 
macrophages actually shift the leukocytes to a 
phenotype resembling tumor-associated macro-
phages (TAM) [54]. These studies highlight the 
importance of the effects of the cancer cells 
themselves on the infiltrating immune cell pop-
ulation, as well as on the activation of these 
leukocytes.

Specific mechanisms by which leukocytes 
become attracted to the tumor in different can-
cers remain to be fully investigated. One impor-
tant inflammatory switch that can trigger the 
recruitment of proangiogenic leukocytes to the 
tumor site is nuclear factor kappa B (NF-κB), a 
family of transcription factors that regulate the 
production of cytokines, chemokines, and anti-
apoptotic and stress response factors [3, 4, 58–
60]. Constitutive NF-κB activation has been 
regarded as a “master switch” associated with 
cancer progression and has therefore been 
explored as a therapeutic target [59]. 
Specifically in ovarian cancer, it has been 
shown that NF-κB activity increases the aggres-
siveness of ovarian cancer growth [58, 61]. 
However, since NF-κB downstream proteins 
participate in many critical cell cycle functions, 
the broad-scale disruption of NF-κB pathways 
for therapeutic purposes can lead to a multitude 
of undesired physiological effects. It is there-
fore necessary to investigate specific regulators 
of NF-κB in hopes of developing more targeted 
cancer treatments.

Potential regulators of NF-κB include the 
activation of PRRs, including the TLR protein 
family, innate immune system proteins that rec-
ognize pathogens and trigger inflammation by 
activating signaling pathways leading to the 
production of inflammatory molecules and 
growth factors among other molecules (Fig. 5.1), 
among others. When expressed in certain can-
cers, these pathways may thus contribute to 
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tumor progression as we and others have shown 
[15, 43, 62–66]. Interestingly, TLRs have been 
reported to have differential effects on tumor 
growth, depending on the specific TLR and the 
type of cancer under consideration, as well as 
the type of cell it is expressed in (tumor cells or 
leukocyte) [15, 29, 32, 43, 62, 64, 65, 67–74]. 
Furthermore, other PRRs appear to exhibit nota-
ble cross talk with established TLR signaling 
pathways, underscoring the need of additional 
characterization of these processes, as they hold 
potential for novel cancer immunotherapies [41, 
75–77]. Specifically, it is critical to investigate 
signaling pathways and downstream events in 
different cancer cell types as well as in immune 
cells to determine the overall effect of PRR-
mediated signaling in the tumor environment of 
cancer development, as well as employ animal 
models to evaluate their physiological 
significance.

5.5  Pattern Recognition 
Receptors

As discussed above, the innate immune response 
begins with the recognition of the foreign organism 
or virus, where conserved PAMPs are ligated by 
PRRs, proteins typically expressed in various 
immune cells (and also found in other cell types, 
including tumor cells, as well as normal cells) [35, 
65, 77–82]. PAMPs are nonspecific molecules, 
including common bacterial or viral components, 
such as lipopolysaccharide (LPS), DNA, or 
RNA. After PAMP binding to the PRR, signaling 
pathways ensue that further the immune response 
and facilitate the clearance of the pathogen. As 
depicted in Fig. 5.1, PRRs include the TLRs, RIG1-
like receptor (RLR), NOD-like receptor (NLR), and 
C-type lectin receptor (CLR) families of proteins 
[75–77, 83]. TLRs reside in the plasma (TLR2, 
TLR4, TLR5) or endosomal (TLR3, TLR7, TLR9) 

TLRs CLRs

NLRsRLRs

TLRs

PAMPs

DAMPs

ER
Golgi

Cytokines
Growth factors

Endosome

Fig. 5.1 Pattern recognition receptors activate signaling 
pathways resulting in activation of transduction factors. 
The intermembrane TLRs and C-lectin-type receptors 
(CLRs) along with the cytoplasmic NOD-like and RIG1- 

like receptors (NLRs, RLRs) recognize PAMPs or 
DAMPS and elicit signaling pathways converging on the 
activation of transduction factors, resulting in the upregu-
lation of numerous inflammatory factors
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membranes, recognizing microbial components, 
including bacterial LPS (TLR4), viral dsRNA 
(TLR3), viral and bacterial ssDNA (TLR7/8), CpG-
DNA (TLR9), and flagellin (TLR5), among others. 
Conversely, NLRs and RLRs are cytoplasmic fac-
tors that sense bacteria and RNA viruses, respec-
tively, while CLRs are present in the plasma 
membrane and sense fungal components.

As recently reviewed by Roh and Sohn (2018), 
DAMPS are mainly cellular components released 
by apoptotic, necrotic, or dead cells. They provide 
information regarding tissue damage and therefore 
activate the immune system to fight possible infec-
tions or to participate eventually in tissue repairing 
processes. They are regarded as endogenous danger 
signals. DAMPS include products of extracellular 
matrix, proteins present in the cytosol, the nucleus, 
mitochondria, granules, or plasma membrane of 
eukaryotic cells. Several PRRS are involved in 
DAMP recognition. For example, TLR2 is able to 
recognize versican (extracellular matrix compo-
nent), Heat shock proteins, or histones among other 
molecules. TLR4 is able to recognize fibronectin, 
fibrinogen, heat shock proteins, histones and 
HMGB1 (high mobility box 1, a nuclear protein), 
and syndecan from the plasma membrane among 
other DAMPs. TLR 9 is able to interact with nuclear 
D and mitochondrial DNA, while TLR3, 7, 8, RIG-
I, and MDA5 can interact with nuclear RNA [84].

In the last decades, the interest in PRRs with 
respect to cancer research has heightened, as it 
has been consistently demonstrated that PRRs 
are expressed and functional not only in immune 
cells but also in numerous cancer types. 
Furthermore, it appears that PRR signaling (by 
both immune and tumor cells) can significantly 
affect disease outcome as it has been extensively 
reviewed by us and others [1, 2, 4, 35, 41, 62, 63, 
79, 85–89]. Interestingly, it is the combinational 
effect of PRR activation in immune cells (DCs, 
macrophages, T and B cells, etc.) and PRR- 
activated signaling in the tumor cells themselves 
(i.e., ovarian epithelial cells, thyroid cancer cells, 
pancreatic cancer, melanoma, breast, colon, pros-
tate, and lung cancers, among others) that help 
determine the overall effect of the inflammatory 
profile at the tumor site with regard to cancer pro-
gression or regression.

5.6  Toll-Like Receptors

TLRs are type I intermembrane proteins, contain-
ing a leucine-rich domain (that recognizes the 
PAMPs) and an intracellular domain that activates 
signal transduction (Fig. 5.2) [63, 90–92]. First dis-
covered in Drosophila, ten TLRs have been identi-
fied to date in humans. As discussed, they help 

Membrane

TIR
(Signal 

Transduction 
Domain)

LRR
(Recognition 

domain)

PAMPs; 
DAMPs

Fig. 5.2 Toll-like receptor (TLR) structure. TLRs are 
transmembrane receptors that reside at the cell surface or 
in the endosomal membrane. TIR  =  Toll-interleukin 1 
receptor. The signaling cascades via the TIR domains are 
mediated by adaptor molecules including MyD88, TIRAP, 

TRIF, and TRAM, among others. The extracellular 
domain contains typically between 16 and 30 leucine-rich 
repeat (LRR) modules. LRRs are responsible for the inter-
action with PAMPs or DAMPs
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serve as the first line of defense against foreign 
organisms, with different TLRs recognizing spe-
cific PAMPs, such as bacterial LPS or viral dsRNA, 
or DAMPs, and initiating an innate immune 
response and subsequent adaptive immune 
responses against infection or tissue damage. As 
depicted in Fig.  5.3, this response results in 
increases in many inflammatory cytokines and che-
mokines, antigen presentation molecules [e.g., 
major histocompatibility (MHC) genes], and co-
stimulatory molecules which are critical for anti-
gen-specific adaptive immunity [92].

In short, the signaling pathways of TLRs 
intersect and result in the activation of pro- 
inflammatory transcription factors such as 
NF-κB and interferon regulatory factors (IRFs) 
that activate the production and subsequent 
secretion of multiple inflammatory cytokines 
and chemokines. Distinct TLRs use different 
adaptor molecules at their intracellular signaling 
domains (MyD88, TRIF, TRAM, TIRAP) upon 

PAMP recognition as shown in Fig.  5.3. 
Interestingly, TLR signaling pathways have been 
implicated in multiple types of cancers as well as 
numerous autoimmune and chronic inflamma-
tory diseases, including Crohn’s disease, 
Hashimoto’s thyroiditis, and Type 1 Diabetes, 
among others [15, 43, 65, 66, 81, 93–96].

5.7  dsRNA-Activated Receptors

The receptors activated and pathways triggered 
by dsRNA have been characterized in immune 
cells. Four receptors are known to recognize 
dsRNA: TLR3, MDA5, RIG1, and PKR. TLR3 is 
an endosomal receptor, MDA5 and RIG1 are 
cytosolic helicases, while PKR is a protein kinase 
activated by dsRNA and also resides in the cyto-
sol [75–77, 83, 97]. TLR3 signaling, in particu-
lar, has been well-characterized in immune and 
nonimmune cells. TLR3 binds to dsRNA of dif-

TLR1,2
TLR5

TLR3

TLR9

TLR8

TLR7

TLR4

NF-kBIRF3

MyD88

MyD88

TRIF

TIRAPTIRAP
TLR4Endosome

Type I IFNs
Inflammatory 

cytokines 

Fig. 5.3 TLR signaling pathways. TLRs reside in the cellular or endosomal membrane, recognize specific pathogen- 
associated molecular patterns (PAMPs), and activate pro-inflammatory transcription factors (NF-ΚB and IRF) [85]

5 TLR Signaling in the TME



88

ferent sizes, with some redundancy, and initiates 
inflammatory signaling cascades (Fig. 5.4). The 
signaling pathways downstream of dsRNA rec-
ognition converge and can activate pro-apoptotic 
(IRF3), as well as pro-tumorigenic NF-κB and 
growth-promoting AP1 transcription factors. 
Therefore, treatment of cells expressing func-
tional dsRNA receptors with synthetic dsRNA 
would be expected to induce pro-inflammatory 
cytokine secretion (as a direct result of NF-κB/
AP1 activation and indirect result of type I inter-
feron production/signaling), and type 1 interferon 
secretion and apoptosis [91, 98]. Thus, these sig-
naling pathways can have a multitude of down-
stream effects, ranging from cytotoxic T 
lymphocyte and natural killer cell activation, to 
differential leukocyte recruitment to areas of 
infection/damage, to autophagy and apoptosis, to 
pro-inflammatory cytokine upregulation capable 
of potentiating angiogenesis and thereby favoring 
tumor growth. As such, it is of utmost importance 

to further explore the effects of these pathways in 
specific tumor types.

5.8  TLR Signaling in the Tumor 
Microenvironment 
Contributes to Antitumor 
Immune Responses

TLR activation in tumor cells has been targeted as 
an anticancer therapy both in preclinical models 
and in clinical trials. Indeed, as described by the 
American Cancer Society, Bacillus 
 Calmette- Guerin (BCG) is the most common 
intravesical immunotherapy for treating early-
stage bladder cancer. The bacterial components 
are able to activate TLRs in the tumor microenvi-
ronment, prompting a localized immune response. 
Furthermore, the discovery that poly (I:C) treat-
ment of tumor cells leads to apoptosis prompted 
the use of this TLR3 agonist in clinical trials in 

TRIF

TLR3

dsRNA

Endosomal 
membrane

Cytoplasm

Nucleus

TRAF6
TBK1

IKKs

IkBα

P

NF-kB

AP1

AP1

MAPKs

IKKƐ

IRF3/7

IRF3/7

IRF3/7

NF-kB

IkBα

RIPKs

Fig. 5.4 TLR3 signaling pathway. TLR3 resides in the 
endosomal membrane and senses dsRNA. Upon ligating 
dsRNA (e.g., from viral infection or cellular debris), 

TLR3 utilizes the adaptor TRIF and initiates a signaling 
cascade that results in the activation of NF-ΚB, IRF3/7, 
and also AP1 via the MAPK signaling pathway [85]
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past decades, but resulted in high toxicities that 
prevented its translation to a clinical setting [99, 
100]. Since then, several other TLRs have been 
investigated for their ability to hinder tumor prog-
ress or as targets for anticancer therapies. In fact, 
the last decade has proven to be groundbreaking in 
TLR-targeting immunotherapeutic trials for 
numerous types of neoplasms, as we have previ-
ously reviewed [85, 87].Indeed many TLRs have 
already been targeted for cancer therapy in clinical 
trials, including for advanced- stage and treatment-
resistant patients, mainly as adjuvants, in combi-
nation with standard-practice treatment [32, 89, 
101]. For example, it has been demonstrated in a 
preclinical model that poly[I:C] can potentiate 
BCG immunotherapy for bladder cancer [102].

Regarding the use of TLR ligands on immune 
cells for anticancer purposes, different strategies 
have been investigated. APCs such as DCs can be 
activated in  vitro with TLR ligands to induce 
maturation for use as live vaccines. For example, 
recent interest has been focused on the use of 
TLR7 and 8 ligands to prepare human DC vac-
cines [103]. Interestingly, by using a humanized 
mouse model, activation of CD141 and CD1c 
DCs was obtained in vivo via TLR3/8 combined 
ligation [104]. This opens the door for in vivo tar-
geting of DCs in a cancer patient, eliminating the 
need for preparing expensive and GMP-approved 
DC vaccines. In this context, recent preclinical 
studies have investigated the efficacy of generat-
ing tumor antigens fused with TLR2 ligands to 
promote antitumor immune responses [105].

The focus on activating APCs in the TME is a 
matter of current interest. For example, it has 
been shown that intratumoral administration of 
TLR3 ligands can activate tumor-associated DCs 
[106]. In addition, intratumoral administration of 
the TLR9 agonist, CpG, has been shown to 
induce antitumor immune responses in mouse 
models of lymphoma and colon carcinoma [107]. 
Similarly, it has been recently reported that intra-
tumoral injection of IMO-2125, a TLR9 agonist, 
expands CD8 T cells in a model of colon cancer 
and induces antitumor immune responses [108]. 
CpG has also been shown, in a preclinical model, 
to affect tumor-associated macrophage metabo-
lism, increasing their ability to phagocytize 

tumor cells and to induce antitumor immune 
responses [109]. Furthermore, delivery of TLR 
ligands to DCs, monocytes, or TAMs in the TME 
microenvironment using nanoparticles has been 
investigated in order to specifically activate these 
immune populations [110, 111].

Recently, the ability of TLR ligands to activate 
NK cells and induce an enhanced killing capacity 
of tumor cells has been investigated. For exam-
ple, it has been shown that the TLR5 agonist 
entomolid, the TLR8 ligand motolimod, or a 
combination of poly[I;C] plus CpG were able to 
activate NK cells to promote antitumor immune 
responses in preclinical models of melanoma, 
colon, lung, mammary, or head and neck cancer 
[102, 112–114].

Recent studies aim to promote in situ tumor 
vaccination by a combination of radiotherapy and 
TLR7/8 ligands. The rationale being that radio-
therapy will induce an immunogenic cell death 
and the TLR ligands will help differentiate the 
tumor-associated DCs that can capture death 
tumor cells into robust activators of the antitumor 
immune response [115–117].

Finally, expression of TLRs in cancer cells 
has been, in some cases, associated with a better 
prognosis. For example, a recent study showed 
that high RNA levels of TLR1–3, 5–8 were 
associated with increased overall survival of 
non- small lung carcinoma patients [118]. 
Similarly, strong TLR2 and 4 expression were 
associated with a favorable prognosis in  local 
pancreatic cancer [119], while low expression 
of TLR4 was associated with a poor prognosis 
in bladder cancer [120].

5.9  TLR Signaling in Tumor Cells: 
Negative Consequences

As described above for several cancer types, TLR 
activation can be of benefit to the patient when 
activated in immune cells or is associated with a 
better prognosis when expressed at high levels in 
some tumors, but in many cases it may be detri-
mental to clinical outcome when these receptors 
are triggered in the tumor cells themselves [15, 
29, 32, 36, 43, 65–71, 73, 93, 101, 121–123].
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With respect to cancer progression, TLRs have 
warranted particular interest, as the signaling 
pathways downstream of their activation can 
result in either pro-apoptotic stimuli or growth- 
promoting inflammatory conditions [68, 71–74, 
86, 121]. While present in immune cells, TLRs 
are also expressed in different tumor cells, includ-
ing pancreatic, breast, and ovarian cancers, and 
can have significant effects on the inflammatory 
profile of the tumor milieu [62–65, 68–71, 79, 80, 
88]. In fact, it appears that tumors can exploit 
TLRs to their advantage via pathways that may be 
in part responsible for the constitutive activation 
of NF-κB frequently seen in cancers [4, 58, 61].

It has been demonstrated that TLR signaling 
pathways in tumor cells can affect cancer pro-
gression [64]. Stimulation of TLRs in tumor cells 
fosters chronic inflammation that drives cancer 
cell proliferation, migration, and angiogenesis, 
and establishes a tumor microenvironment that 
impairs the immune system, thereby allowing 
tumors to establish themselves and to thrive. 
Indeed, some of the foundational studies that laid 
the groundwork for implicating and understand-
ing the role of TLR signaling in nonimmune can-
cer cells (and in nonimmune cells in general) 
were conducted in thyroid cancer. Specifically, 
McCall et al. reported for the first time in 2007 
that functional TLR3 was present in human pap-
illary thyroid cancer (PTC) cell lines at high 
basal levels consistent with its overexpression in 
PTC cells in  vivo and that a novel inhibitor of 
TLR3 and TLR4 signaling, phenylmethimazole 
(C10), inhibited TLR3 expression and signaling 
in these cells along with tumor cell proliferation 
and migration [65]. This study was one of the 
first to implicate aberrant TLR expression and 
signaling in nonimmune cells to play a role in 
tumor progression and was followed by similar 
studies implicating TLR3 and TLR4 expression 
and signaling in the promotion and progression 
of other types of tumors including pancreatic 
cancer, malignant melanoma, and breast cancer, 
to name a few [15]. Moreover, TLR4, perhaps the 
best-studied TLR, has been shown to promote 
cancer growth in human head and neck cancers, 
lung cancers, and ovarian cancers, among others 
[63, 71]. Likely, this is at least in part due to the 

activation of NF-κB-controlled cytokines that 
can promote tumor cell proliferation, induce 
angiogenic factor production by tumor cells, or 
affects immune cells in the TME inducing a pro- 
tumor behavior of these cells. For example, it has 
been recently reported that TLR4 signaling was 
able to induce proliferation of esophageal cancer 
cells in vitro and its expression was with advanced 
stage and poor prognosis in esophageal adeno-
carcinoma [124, 125].

Furthermore, it has been recently shown via 
analysis of human tissues and in vitro studies that 
TLR4 activation can promote angiogenesis in 
pancreatic cancer by inducing VEGF production 
by cancer cells [126]. In addition, it has been 
recently reported that TLR4 activation in tumor 
cells can induce chemotherapy resistance, in par-
ticular resistance to fludarabine in acute myeloid 
leukemia cells and to paclitaxel in human breast 
and melanoma cancer cells [127, 128]. Also, a 
high level of polymorphism in TLR4 and other 
TLRs has been observed in tumor samples recov-
ered from cancer patients [129].

Interestingly, signaling via TLR4  in cancer 
cells and tumor progression can vary within a 
particular type of cancer. For example, it has 
been shown that in the context of ovarian cancer, 
there is an association among MyD88 expression 
and poor survival in high-grade serous ovarian 
carcinoma; in contrast, MyD88 and TLR4 expres-
sion are associated with improved survival in 
low-grade serous carcinoma [130]. Moreover, an 
association between MyD88 and TLR4 levels 
and metastasis was also observed in some types 
of breast cancer [131]. In addition, recent studies 
show a link between HPV subtypes associated 
with cervical cancer and their ability to activate 
TLR4 to induce proliferation or resistance to 
apoptosis, thereby highlighting another link 
between microbial infection and cancer [132].

The effects of other TLRs on tumor develop-
ment are being investigated, and it appears that 
outcomes vary greatly depending on the specific 
TLR and tumor type under consideration [2, 63]. 
In particular, TLR2 overexpression in many 
types of cancers seems to be associated with a 
worse prognosis or tumor cell proliferation. For 
example, it has been recently shown that signal-
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ing through TLR2 induces the proliferation of 
different cancer cell types such as human squa-
mous carcinoma cells, Mantle cell lymphoma 
cells, squamous cell carcinoma cells, colorectal 
cancer cells, and glioma cells [133–137]. In 
addition, TLR2 expression has recently been 
demonstrated to be upregulated and associated 
with a poor prognosis in gastric cancer [138]. 
Furthermore, TLR2 has been proposed as a 
marker of angiogenesis in human medulloblas-
toma [139]. Again, highlighting a link between 
cancer and infection, it has been recently demon-
strated in a preclinical model that NSCL cancer 
metastasis is increased by gram-positive pneu-
monia via TLR2 activation [140].

With respect to TLR3, recent data has shown 
that signaling via this PRR in tumor cells can be 
detrimental to the patients. For example, altered 
expression of TLR3 was found on metastatic 
intestinal epithelial cells [141]. In this case, TLR3 
was observed on the surface of the cells, opposed 
to the membrane of endosomes, which is its typi-
cal location. Furthermore, it has been recently 
shown in vitro that TLR3 signaling can promote 
tumor growth and cisplatin resistance in head and 
neck cancer cells, inducing the Warburg effect on 
these cells and therefore adaptation to hypoxia, 
and that it can contribute to tumor immunoescape 
by inducing PDL1 expression as demonstrated in 
human neuroblastoma cells [64, 142, 143].

Our own studies demonstrate the relevance of 
dsRNA-induced inflammation in both breast and 
ovarian tumor cells, as we found significant 
increases in both pro-tumor and antitumor cyto-
kines such as IL6 and CCL5, respectively, in 
response to the dsRNA analogs poly (I:C) and 
poly (A:U) in several cell lines tested. Furthermore, 
we observed that in addition to TLR3, other 
dsRNA receptors (namely MDA5, RIG1, and 
PKR) may also play a role in this response [38, 
40]. We determined that all of these dsRNA-sens-
ing receptors are involved in the observed dsRNA-
induced cytokine production [38]. Importantly, 
we found distinct differences in the contribution 
of each receptor to this process in the different 
cell lines, further underscoring the need to con-
tinue to characterize these pathways in different 
tumor types and subtypes [38, 40].

Finally, it has also been considered that TLR3 
expression might be detrimental to tumor viro-
therapy by providing resistance to the oncolytic 
virus. Indeed, in a preclinical model it has been 
demonstrated that downregulation of TLR3  in 
colorectal cancer cells allows for a better response 
against oncolytic reovirus [144]. Therefore, 
expression of TLR3  in cancer cells might also 
provide information on the success of oncolytic 
virotherapy in a particular patient subset.

Another TLR investigated for its relevance 
in cancer development is TLR9. For example, 
it has been shown that TLR9 expression is 
upregulated in osteosarcoma as determined by 
an analysis of patient samples [145]. In a pre-
clinical model, it has been reported that expres-
sion of this molecule in prostate cancer cells 
could lead to the accumulation of granulocytic 
MDSCs, which are known suppressors of anti-
tumor immune responses [146]. Finally, it has 
been recently demonstrated that breast cancer 
cells with low TLR9 expression were particu-
larly sensitive to bisphosphonates used for 
bone metastases [147]. In summary, the major 
possible outcomes of TLR activation in tumor 
cells and the subsequent effect on cancer 
growth are summarized in Fig. 5.5. Specifically, 
activation of the transcription factor IRF3 
(downstream of TLR engagement) results in 
the production of type I interferons, induction 
of co-stimulatory molecules, and may also 
activate the caspase cascade leading to apopto-
sis [148]. In this way, IRF3 activation in tumor 
cells may contribute to tumor eradication [90]. 
However, as discussed in the section above, the 
intra-tumoral NF-κB activity resulting from 
TLR stimulation may contribute to cancer pro-
gression, likely via the increased secretion of 
cytokines and chemokines that can recruit 
immunosuppressive and proangiogenic leuko-
cytes to the tumor site. This is due to the pro-
duction of growth factors that induce cancer 
cell proliferation, and by increasing resistance 
to hypoxia or chemotherapy. In this context, 
the use of TLR inhibitors as a therapeutic 
approach to fight certain types of cancer may 
benefit patient survival. As discussed above, 
inhibition of some of these molecules in can-
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Fig. 5.6 Differential effects of TLR signaling in tumor 
cells and immune cells. TLR signaling in immune cells 
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cers cells can lead to a decrease in tumor 
growth and can be used in combinatorial thera-
pies with other anticancer agents.

5.10  Future Trends and Directions

As we have discussed, TLR engagement in tumor 
cells tends to have effects favoring tumor pro-
gression, including increased potential for migra-
tion, immunosuppressive effects, and resistance 
to chemotherapy. However, TLR stimulation in 
certain leukocytes, including macrophages and 
DCs, can help orchestrate antitumor immune 
response. This is illustrated in Fig. 5.6.

Since targeting TLR activity in cancer cells 
and possibly concurrently stimulating them in 
immune cells may be therapeutically beneficial 
in cancer treatment, TLRs have become major 
players in the search for novel antitumor drug tar-
gets as we have presented throughout this review. 
Thus, characterization of specific PRR signaling 
pathways, downstream cytokine secretion, along 
with in  vivo studies examining the effects of 
these pathways on cancer progression, is needed 
to determine the best targets for immunotherapy 
to specific cancer types.
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Abstract
The Rho-ROCK signaling network has a range 
of specialized functions of key biological 
importance, including control of essential 
developmental processes such as morphogen-
esis and physiological processes including 
homeostasis, immunity, and wound healing. 
Deregulation of Rho-ROCK signaling actively 
contributes to multiple pathological condi-
tions, and plays a major role in cancer devel-
opment and progression. This dynamic 
network is critical in modulating the intricate 
communication between tumor cells, sur-
rounding diverse stromal cells and the matrix, 
shaping the ever-changing microenvironment 
of aggressive tumors. In this chapter, we over-
view the complex regulation of the Rho- 
ROCK signaling axis, its role in health and 
disease, and analyze progress made with key 
approaches targeting the Rho-ROCK pathway 
for therapeutic benefit. Finally, we conclude 
by outlining likely future trends and key ques-
tions in the field of Rho-ROCK research, in 

particular surrounding Rho-ROCK signaling 
within the tumor microenvironment.
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6.1  Introduction

The Rho-Rho-associated coiled-coil containing 
protein kinase (ROCK) signaling pathway is 
involved in a variety of key biological processes 
from the earliest stages of development right 
through to retaining important roles in adult 
homeostasis. Important functions of the Rho- 
ROCK pathway include the regulation of the cel-
lular cytoskeleton and various transcription 
factors [1], allowing Rho-ROCK signaling to con-
trol cellular behaviors such as morphology, prolif-
eration, motility, and adhesion [2]. Given its 
biological significance, Rho-ROCK signaling has 
been implicated in a plethora of disease states 
including neurodegenerative disorders [3], car-
diovascular disorders [4], scarring/fibrosis [5–7], 
and various cancers, e.g., [8–11]. Consequently, 
Rho-ROCK signaling has been a hot topic of 
research for several decades, with significant 
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interest in targeting the Rho-ROCK pathway with 
various inhibitors for therapeutic gain [2, 12].

6.1.1  Core Components of the Rho- 
ROCK Pathway

The intricate Rho-ROCK pathway consists of core 
members including the Rho family of small 
GTPases, Rho (A, B, and C), Rac (1, 2, and 3) and 
Cdc42, as well as the serine threonine kinases 
ROCK1/2 [13] (Fig. 6.1). ROCK1/2 are expressed 
in multiple tissues including the lung, liver, spleen, 
kidneys, testes, brain, and heart [14] and can act in 
several subcellular locations [15, 16]. Similarly, 
the Rho and Rac subfamilies of small GTPases 
require tight spatiotemporal control in order to 
elicit their specific intracellular functions [17, 18]. 
RhoA and RhoC are expressed ubiquitously, 

whereas RhoB is unstable with a short half-life 
[19], suggesting the importance of transcriptional 
control in regulating this protein. Rac1 is expressed 
ubiquitously, with Rac2 exclusively expressed in 
hematopoietic cells, and Rac3 most highly 
expressed in the brain [20]. There are two human 
isoforms of Cdc42 arising from alternative splic-
ing with one isoform expressed ubiquitously and 
the other limited to the brain [20]. The Rho and 
Rac small GTPases cycle between active GTP-
bound states and inactive GDP- bound states and 
thus act as molecular switches (Fig. 6.1). This pro-
cess is tightly regulated by guanine nucleotide 
exchange factors (GEFs) and GTPase-activating 
proteins (GAPs) [21]. GEFs and GAPs are also 
implicated in regulating the localization of Rho 
GTPases [22]. RhoA, RhoB, and RhoC are well 
characterized as upstream regulators of ROCK1/2 
activity (Fig. 6.1) as when they are in their active 
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Fig. 6.1 Overview of the Rho-ROCK pathway. Key 
members include upstream activators/regulators of the 
Rho-ROCK pathway such as matricellular proteins, 
ligands/cytokines, and their associated receptors. These 
upstream regulators affect a variety of intracellular pro-
teins (ovals) which either activate (green) or inhibit 

(pink) ROCK.  The major downstream effectors that 
elicit the myriad of cellular functions controlled by the 
Rho-ROCK pathway are also detailed (rectangles). 
Positively regulated ROCK effectors/interactors are 
shown in dark green with negatively regulated targets 
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states they interact with the Rho-binding domain 
of ROCK1/2 to enhance activity [23, 24]. The 
other major non- ROCK effector of the Rho family 
is the mammalian homolog of Drosophila diapha-
nous (mDia) [25]. Conversely, the Rho GTPases 
RhoE, Gem, and Rad reduce ROCK1/2 activity 
[26, 27], but several Rho-independent pathways 
that regulate ROCK have also been described [28, 
29]. Furthermore, there is evidence that Rac1, 
Rac2, Rac3, and Cdc42 can compensate for RhoA 
functions to directly or indirectly affect ROCK1/2 
functions [30].

6.1.2  Key Functions Regulated 
by Rho-ROCK Signaling

Once activated and translocated to specific sub-
cellular locations, the Rho/Rac proteins cooper-
ate with downstream effectors to activate specific 
signaling networks [31, 32], mostly through 
ROCK1/2. ROCK1/2 act on many shared down-
stream targets, but the two isoforms also have 
some distinct functions (e.g., their distinct and 
opposing effects on vascular smooth muscle cells 
[33]). Key ROCK1/2 substrates include myosin 
light chain (MLC) and the myosin-binding sub-
unit of the MLC phosphatase (MYPT1), the LIM 
kinases (e.g., glial fibrillary acidic protein), the 
ERM (ezrin/radixin/moesin) complex, and inter-
mediate filament proteins (Fig.  6.1) [34]. 
ROCK1/2 also interact with a variety of non- 
substrate proteins, including BRCA2, Dynamin 
I, p120-catenin, and Raf1, which affect the activ-
ity of the ROCK isoforms themselves or the pro-
tein they are interacting with [34]. The 
Rho-ROCK pathway has a key role in actomyo-
sin cytoskeletal remodeling, controlling stress 
fiber formation [35], F-actin stabilization and 
network assembly [36] and microtubule stabili-
zation [37]. As such, Rho-ROCK signaling regu-
lates a plethora of important cellular functions 
including contraction [35], migration [34], cyto-
kinesis [38], centrosome duplication [39, 40], the 
cell cycle [41] and proliferation [42], apoptosis 
[43] and differentiation [44] as well as metabolic 
processes such as glucose uptake [45] and nitric 
oxide production [46].

6.1.3  Regulation of the Rho-ROCK 
Pathway

Given the key role of Rho-ROCK signaling in 
many fundamental biological processes, Rho and 
ROCK are subjected to a variety of regulatory 
mechanisms that control their activation status, 
ultimately influencing the kinase activity of 
ROCK. A key regulatory factor involves the cor-
rect subcellular localization of Rho and 
ROCK.  RhoA, RhoB, and RhoC are highly 
related biochemically but differ in their subcel-
lular targeting due to variations in their 
C-terminus [20, 47]. RhoA is predominantly 
cytosolic with a small fraction also bound to the 
plasma membrane [47]. RhoB is localized to the 
plasma membrane and within endomembrane 
vesicles, with RhoC associating with the cytosol 
and perinuclear locations [47]. The localizations 
of Rac1, Rac2, and Rac3, which are also highly 
structurally similar [20], are also controlled by 
posttranslational modifications to their C-termini 
[48]. ROCK1/2 associate with vimentin [49] and 
stress fibers [50] in the cytoplasm as well as 
locating at the plasma membrane [51].

Upstream regulation of the Rho GTPases is 
achieved via specific cell-surface receptors includ-
ing G-protein-coupled receptors (GPCRs) and 
tyrosine kinase receptors as well as cell–matrix 
adhesion and cell–cell adhesion molecules [52–
55], which can act as inputs to activate Rho pro-
teins (Fig. 6.1). These GTP-bound, activated Rho 
proteins can then interact with multiple effectors 
for signal transduction and inputs into a variety of 
different pathways. Alongside multiple effectors 
binding with these various Rho isoforms, further 
regulation of Rho-ROCK signaling is accom-
plished by the use of multiple contact sites between 
Rho isoforms and their effectors. For example, 
RhoA is commonly thought to act by disrupting 
intramolecular autoinhibitory interactions to 
release functional domains within the effector pro-
tein [1]. This is illustrated by the fact that the 
kinase domain of ROCK is autoinhibited by a 
region of the C-terminus of ROCK that includes a 
Rho-binding domain (RBD) [56]. Therefore, it is 
thought that Rho-mediated activation of ROCK 
may occur via an allosteric binding mechanism 
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whereby Rho binds to the RBD inducing confor-
mational changes that displace the autoinhibitory 
segment of the ROCK C-terminus [1].

While there are several upstream activating 
regulators of Rho-ROCK signaling that are well 
characterized, fewer examples of negative regu-
lation of the Rho-ROCK pathway are known. The 
Rho GTPase-activating proteins (Rho-GAPs) 
and other small GTPases such as Rac1 and Rap1 
are well-known negative regulators of the Rho- 
ROCK pathway [57, 58]. Inhibition of Rho- 
ROCK interaction can also block Rho-ROCK 
signaling. This is achieved by proteins interact-
ing with either RhoA, for example [59, 60], or 
with the kinase domain of ROCK [26, 27]. 
Finally, there is evidence that ROCK1/2 can be 
regulated spatiotemporally by microRNAs 
(reviewed in [36]).

6.2  Rho-ROCK Signaling 
in Development

Rho-ROCK signaling is involved in key develop-
mental progressions, acting to govern the earliest 
stages such as the first cell fate segregations, 
through to later processes such as organ develop-
ment. Here we outline some of these examples in 
order to highlight how errors in the Rho-ROCK 
pathway function can contribute to various dis-
ease states later in development.

6.2.1  Importance of the Rho-ROCK 
Pathway for the Earliest 
Stages of Development

Inhibiting ROCK by pharmacological means 
using Y27632 treatment at the zygote stage of 
mammalian development results in failure of the 
first cleavage, with most embryos arresting and 
failing to develop to the 8-cell stage [61]. Treatment 
with Y27632 at the 8-cell stage leads to embryos 
failing to undergo compaction and not developing 
into blastocysts [61]. During preimplantation 
development of the mammalian embryo, the first 
cell fate segregation produces two lineages known 
as the trophectoderm (TE), an extra-embryonic 

epithelium, and the inner cell mass (ICM), which 
occurs by the early blastocyst stage. The ICM is 
pluripotent and gives rise to the fetal body and the 
extra-embryonic membranes that comprise the 
amniotic sac, whereas the TE is crucial for implan-
tation and placentation [62]. Rho-ROCK signaling 
plays an important role in the establishment and 
maintenance of the TE. Apico-basal cell polarity is 
necessary for establishment of the TE [63], as mis-
localization of polarity proteins results in defects 
in TE formation and function. The Rho-ROCK 
pathway is a well-established regulator of cell 
polarity [64], and recent work has highlighted the 
requirement of RhoA GTPases for retaining the 
gene expression program specific to the TE which 
is necessary at later stages for blastocyst hatching 
and implantation [65]. It was also recently shown 
that inhibition of ROCK by Y27632  in human 
placenta- derived trophoblasts leads to their differ-
entiation [66]. Furthermore, Rho-ROCK signaling 
was demonstrated to play a key role in the survival 
of human embryonic stem cells (hESCs) as ROCK 
inhibition by Y27632 promoted their survival and 
proliferation [67], although the sub- embryonic 
origin (i.e., epiblast-derived versus ICM-derived) 
of the stem cells dictates the importance of Rho-
ROCK signaling for survival [68]. Additionally, 
Rac1 and Cdc42 have been implicated in the main-
tenance of epiblast cells at the blastocyst stage 
[69]. It is therefore apparent that Rho family 
GTPase activity determines the fate of pluripotent 
stem cells within the early developing embryo.

6.2.2  The Role of Rho-ROCK in Germ 
Layer Establishment 
and Maintenance

The formation of the three primary embryonic 
germ layers, the ectoderm, endoderm, and 
mesoderm, is the first step in the generation of 
a multicellular organism and occurs during the 
developmental phase known as gastrulation. 
The ectoderm gives rise to the epidermis, ner-
vous system, and various neural crest-derived 
tissues. The endoderm gives rise to the respi-
ratory, gastrointestinal and urinary systems, 
and endocrine glands, whereas the mesoderm 
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goes on to form the notochord, cartilage, axial 
skeleton, trunk muscles, connective tissue, 
kidneys, and blood [70]. Work from Kim et al. 
suggests that blocking ROCK-dependent myo-
sin-II activity is required for neural crest spec-
ification of hESCs to give rise to neurons, 
osteocytes, chondrocytes, and smooth muscle 
cells [71]. In addition to this, Srinivasan et al. 
have shown that mesenchymal stem cells iso-
lated from the ectoderm change expression of 
“stemness” markers in a Rho- ROCK signal-
ing-dependent manner when cultured on sub-
strates of differing stiffness, affecting their 
adipogenic and chondrogenic differentiation 
potential [72].

ROCK is required for the formation of segre-
gated tissues called the primitive endoderm and 
epiblast in the ICM, as Y27632 treatment leads to 
mingling of the primitive endoderm and epiblast 
populations, with treated blastocysts yielding 
greater fetal loss [73]. Further, the cell shape 
changes that occur during epiblast differentiation 
require ROCK, as pharmacological inhibition with 
Y27632 or H1152 resulted in a loss of epiblast 
polarization [74]. The atypical Rho GTPase, Rhou, 
has been shown to be required for maintaining 
F-actin polarization, epithelial morphogenesis, 
and differentiation of the endoderm, likely via 
activation of JNK-mediated pathways [75].

Prolonged treatment of human-induced plu-
ripotent stem cells (hIPSCs) with Y27632 
facilitated differentiation toward a mesendo-
dermal lineage, accompanied by an increase in 
the expression of epithelial–mesenchymal 
transition (EMT) markers, but had inhibitory 
effects when cells were subjected to ectoder-
mal differentiation [76]. Endothelial cells can 
be obtained from ESC-derived mesodermal 
precursor cells using vascular endothelial 
growth factor-A [77]. The differentiation and 
expansion of these endothelial cells can be sig-
nificantly improved by using Y27632, which 
activates PI3-kinase-Akt signaling to promote 
endothelial cell proliferation [77].

6.2.3  Requirement of Rho-ROCK 
for Migration 
During Development

One of the best-characterized functions of Rho- 
ROCK signaling is its regulation of cell migration 
through reorganization of the actin cytoskeleton 
[78]. Unsurprisingly then, ROCK1/2 appear par-
ticularly important during development where 
cell migration is required for the formation of tis-
sues and organs. The first long-range cell migra-
tion event in the mammalian embryo is the 
movement of endoderm cells from the surface of 
the ICM facing the blastocoel cavity to line the 
inner surface of the trophectoderm. This process 
has been shown to be regulated by planar cell 
polarity acting through Rho-ROCK signaling 
[79]. EMT is the first major change to cell mor-
phology following fertilization [80], and during 
gastrulation, the specification of the embryonic 
axes is accompanied by the occurrence of EMT in 
distinct regions of the embryo. One such region is 
the primitive streak, which demarcates the initial 
site of mesoderm formation resulting from these 
EMT movements. ROCK inhibition in blastocysts 
using Y27632 disrupts primitive streak formation 
due to loss of directional cell movements [80]. 
Neural crest cells derive from the developing neu-
roepithelium to give rise to craniofacial structures 
and the peripheral nervous system [81]. The neu-
ral crest is a population of multipotent progenitor 
cells that arise at the border of neural and nonneu-
ral ectoderm, which undergo EMT and migration 
[82]. EMT is crucial for these neural crest cells to 
delaminate from the neuroepithelium and undergo 
migration, and this process can be perturbed with 
ROCK inhibitors resulting in reduced bleb-based 
motility and EMT [81]. Y27632 can also inhibit 
the migration of the bilateral heart primordia, as 
treatment with the ROCK inhibitor blocked the 
migration of precardiac mesoderm causing a fail-
ure of cardiac tube fusion [83], suggesting that 
ROCK1/2 regulate migration of the cardiac pre-
cursors to the ventral midline [83].
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6.2.4  Rho-ROCK Signaling Has Key 
Roles During Tissue Formation

As discussed above, the Rho GTPases have key 
roles in regulating cytoskeletal organization and 
polarity of epithelial cells, which can impact on 
tissue morphogenesis and cellular differentiation 
[75]. Neural tube closure is a crucial morphoge-
netic event involving marked restructuring of both 
neural and nonneural tissues. Apical actomyosin- 
driven constriction is commonly employed to 
shape and bend epithelia and is a key mechanism 
responsible for neural plate bending [84]. During 
neurulation, RhoA plays an essential role in regu-
lating actomyosin dynamics in the neural epithe-
lium of the elevating neural folds, whereas at later 
steps, Rac1 is required for the formation of cell 
protrusions in the nonneural surface ectoderm 
during neural fold fusion [84]. Apical actomyo-
sin-driven constriction is also employed during 
lens placode invagination during eye development 
[85]. During this process, a region of the ectoderm 
first thickens to form the lens placode followed by 
invagination to form the lens pit [86]. The lens 
placode epithelium remains in close apposition to 
the epithelium of the presumptive retina, and it 
has been demonstrated that mutual antagonism by 
the small Rho GTPases Rac1 and RhoA deter-
mines cell shape and tissue curvature during this 
coordinated invagination [87].

Rho-ROCK-regulated tension is also required 
for coordinated 3D tissue formation and align-
ment of multiple tissues during development, 
such as the eye, with Rho GTPase-activating pro-
tein ARHGAP18 acting as an effector down-
stream of YAP to control tissue tension via the 
cortical actomyosin network [88]. This signaling 
was also shown to be important for fibronectin 
assembly and organization to activate integrin 
signaling for tissue alignment and coordinated 
morphogenesis [88]. Most tissues are subject to 
external mechanical forces throughout their life-
time. Rho-ROCK signaling is an important com-
ponent of the mechanotransduction process, in 
which external forces are converted into bio-
chemical responses in the cell [89]. Compression- 
induced enhancement of actomyosin tension was 
shown to require ROCK activity downstream of 

RhoA, leading to increased proliferation and 
upregulated expression of EMT markers such as 
vimentin, snai2, and zeb1 [90]. YAP is involved 
in mechanotransduction in a Rho- and actomyo-
sin tension-dependent manner based on external 
stimuli such as extracellular matrix (ECM) stiff-
ness and cell spreading [89].

Self-organizing tissues (e.g., the eye cup) have 
been grown from 3D cultures of ESC aggregates 
whereby the initial stages of morphogenesis 
require mechanical apical constriction processes 
that are ROCK inhibitor (Y27632) sensitive [91], 
suggesting a role for the Rho-ROCK pathway in 
generating these shaping forces. Stem cell- derived 
organoids represent promising models for study-
ing development and disease. Great progress has 
been made in generating organoid structures from 
hESC or hiPSC cultures, with one of the key 
extrinsic factors added to the culture media being 
the ROCK inhibitor, Y27632, which blocks disso-
ciation-induced apoptosis and promotes survival 
[68, 92], a complex process at least in part sup-
ported through sustained activity of sterol regula-
tory element binding protein transcription factors 
SREBP1 and SREBP2, and altered cellular lipid 
synthesis and accumulation [93].

6.2.5  Rho-ROCK Pathway in Organ 
Formation

Rho-ROCK signaling is involved in brain mor-
phogenesis governing processes such as axono-
genesis, neuronal development, and neuronal 
migration [94]. The Rho-ROCK pathway acts to 
limit axonogenesis ensuring just one axon forms 
during neuronal polarization [95]. Neuronal pre-
cursor migration determines the cellular architec-
ture of the brain for subsequent neural network 
formation [96]. Shinohara et al. found that Rho 
signaling via mDia and ROCK regulates nuclear 
translocation through F-actin dynamics in tan-
gential neuronal migration, whereas this mecha-
nism is dispensable in radial neuronal migration 
[96]. Furthermore, Rho signaling is crucial for 
synaptic plasticity [94]. Rac and Rho work 
 antagonistically for shaping dendritic spines, 
growth, and shrinkage, with Rac promoting spine 
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formation and Rho preventing it, and ROCK 
mediating the latter Rho action [97]. Neural pre-
cursor cells have shown differential migratory 
and morphological interactions with laminin 
under differing topographical contexts using 
scaffolds that mimic the developing central ner-
vous system [98]. Neural stem cell migration is 
blocked on topographies consisting of large fiber 
structures, which can be reversed by the Y27632 
ROCK inhibitor [98].

The Rho-ROCK pathway has important roles 
in the development of the cardiovascular system 
where ROCK1/2 are ubiquitously expressed, 
including in adult heart tissue, although ROCK2 
expression is higher here suggesting a more 
prominent role for this isoform [99]. At the earli-
est stages of heart development, Rho-ROCK sig-
naling is important for formation of the definitive 
cardiac tube, whereby precardiac mesoderm cells 
migrate toward the midline and fuse [83]. Y27632 
treatment of embryos at this stage results in cardia 
bifida and abnormal looping of the heart tube 
[83]. One later example is the requirement of 
RhoA-ROCK for establishing the right-sided 
sinoatrial node as the definitive pacemaker of the 
heart by restricting pacemaker gene expression to 
the right side of the sinus venosus myocardium 
[100]. In the developing lungs, decreasing cyto-
skeletal tension with Rho-ROCK inhibitors 
blocks basement membrane thinning at the tips of 
growing epithelial buds preventing both epithelial 
budding and branching angiogenesis [101].

hESCs and hiPSCs are potential promising 
sources for regenerative therapies; however, cell- 
replacement therapies are currently limited by 
the ability to differentiate and expand larger 
pools of progenitor cells from these pluripotent 
stem cell sources. It was recently demonstrated 
that ROCK and nonmuscle myosin-IIs (NM-II) 
can inhibit the differentiation of hiPSCs to pan-
creatic endoderm [102, 103], suggesting a 
method to simplify and improve current endo-
derm and pancreatic differentiation protocols for 
potential therapeutic use. Related to this, ROCK 
inhibition by H1152 was recently shown to 
promote the maturation of human pancreatic 
beta- like cells from multiple hPSC lines [104]. 
Specifically, Ghazizadeh et  al. showed that 

ROCK2 inhibition lead to the generation and 
maturation of glucose-responding cells thereby 
providing a possible approach for producing 
human beta-cells for translational use [104].

6.3  Rho-ROCK Signaling 
in Normal Physiology 
and Adult Tissue 
Homeostasis

In this section we discuss some of the adult physi-
ological and homeostatic processes that involve 
the Rho-ROCK pathway for their regulation, again 
with the aim of understanding how deregulation of 
Rho-ROCK signaling contributes to disease.

6.3.1  Homeostasis

The human epidermis is comprised of several lay-
ers of specialized epithelial cells called keratino-
cytes. Epidermal homoeostasis requires tight 
regulation of the balance between keratinocyte 
proliferation and terminal differentiation [44]. 
ROCK1 and ROCK2 were found to play distinct 
roles in regulating keratinocyte-fibronectin adhe-
sion and terminal differentiation of keratinocytes 
for epidermal homeostasis [44]. The role that 
mechanical forces play in regulating tissue homeo-
stasis is becoming increasingly recognized, and 
these mechanotransduction processes must be 
tightly regulated to maintain tissue and cell integ-
rity [105]. This balance between cells sensing and 
responding to external mechanical stimuli is 
known as mechano-reciprocity [106], and has 
been shown to be of importance in regulating skin 
homeostasis, in particular wound healing [105]. A 
key mediator of mechano- reciprocity is the Rho-
ROCK pathway, which acts as a transducer of 
outside-in and inside-out signaling. Kular et  al. 
have demonstrated that mechano-reciprocity dur-
ing wound healing is balanced via a negative feed-
back mechanism that limits excessive ROCK 
signaling to ensure correct ECM deposition and 
remodeling for optimal wound closure by reepi-
thelialization [105]. This negative regulation of 
Rho-ROCK signaling is achieved by 14-3-3ζ, 
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which binds to MYPT1, promoting dephosphory-
lation of activated regulatory myosin light chain 
(pMLC) [105]. EMT is required for regenerative 
processes in epithelial tissues and is influenced by 
mechanical cues from the substrate [107]. 
Markowski et  al. found that substrate-induced 
EMT was dependent on Rho-ROCK signaling in 
lung epithelial cells, as Y27632 blocked EMT 
when RLE-6TN cells were cultured on polyacryl-
amide substrates of varying stiffness [108].

6.3.2  Immunity

Initial studies on the role of Rho-ROCK signaling 
in the immune system examined its requirement for 
development, activation, and migration of lympho-
cytes [54]. Reduced RhoA in T cells significantly 
reduces T-cell receptor-dependent proliferative 
response and T-cell migration [94]. Rho-ROCK 
signaling functions in both the sensitization phase 
and effector phase of Th2- dependent allergic 
inflammation with T-cell-specific deletion of RhoA 
impairing Th2 differentiation in vitro and reducing 
Th2 cytokine production in vivo [109]. The use of 
a ROCK inhibitor mimicked this RhoA deletion 
confirming involvement of the Rho-ROCK path-
way. Deregulated ROCK activity may be involved 
in the pathogenic immune response of myasthenia 
gravis, where treatment with ROCK1/2 inhibitor 
Fasudil restored the balance of Th1/Th2/Th17/Treg 
subsets and ameliorated the severity of this disease 
in an experimental rat model [110]. In clinical trials 
of a ROCK2-specific inhibitor (KD025), secretion 
of IL-21 and IL-17 from activated peripheral blood 
mononuclear cells (PBMCs) was found to be sig-
nificantly reduced ex vivo via a STAT3-dependent 
mechanism [111]. Phase 2 trials of KD025  in 
patients with psoriasis vulgaris normalized skin 
pathology via decreases in plasma levels of IL-17 
and IL-23 [112]. Finally, ROCK2 has been shown 
to contribute to regulation of IFN-γ secretion from 
T cells in rheumatoid arthritis patients [113].

6.3.3  Glucose Transport and Voltage 
Channel Trafficking

Insulin functions to promote glucose transport 
in muscle and adipose cells by stimulating 
translocation of glucose transporter 4 (Glut4). 
This translocation of Glut4 is mediated by actin 
cytoskeleton reorganization [114, 115]. Previous 
studies suggest that ROCK2 plays a pivotal role 
in the regulation of insulin signaling and insulin- 
dependent glucose homeostasis in cells and tis-
sues [116]. More recent examples have shown 
that ROCK1 also has a role in regulating glu-
cose transport as targeted disruption of ROCK1 
causes insulin resistance in vivo [117], although 
the mechanism of ROCK1 glucose transport 
regulation was found to be distinct to that of 
ROCK2 [118].

Rho-ROCK signaling has been implicated in 
regulating both Ca2+ and K+ voltage channels. 
Stirling et al. showed that Rho/ROCK have dual 
roles in regulating trafficking via voltage- 
sensitive potassium channels (Kv), where they 
act by suppressing Kv ionic current through 
modulating channel endocytosis via both clath-
rin- and cholesterol-dependent mechanisms 
[119]. Further, it was recently demonstrated that 
Y27632 inhibits voltage-dependent K+ chan-
nels in coronary arterial smooth muscle cells 
[120]; however, this mechanism was shown to 
be ROCK-independent. RhoA was observed to 
regulate neuronal high-voltage activated Ca2+ 
channels. Data from Rousset et  al. suggested 
that RhoA may govern synaptic transmission 
during development and potentially contribute 
to pathophysiological processes when axon 
regeneration and growth cone kinetics are 
impaired [121]. Ca2+ release from the sarcoplas-
mic reticulum has been shown to invoke depo-
larization-induced Rho-ROCK activation, 
leading to sustained contractile activation in 
smooth muscle cells and subsequently sustained 
arterial contraction [122].
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6.4  Deregulation of Rho-ROCK 
Signaling in Disease

Deregulated Rho-ROCK signaling has been 
implicated in a variety of pathologies other than 
cancer such as neurodegenerative disorders [3, 
123, 124], cardiovascular disorders [125, 126], 
diabetic kidney disease [127], diseases of the 
bone [128], and scarring/fibrosis in multiple tis-
sues/organs [5, 125, 129]. Here we focus on the 
role of the Rho-ROCK pathway in cancer, in par-
ticular highlighting the complexity of dynamic 
Rho-ROCK intercellular communication 
between the tumor and its microenvironment.

6.4.1  The Role of Rho-ROCK 
Signaling in Promoting Cancer 
Initiation and Progression

The role of deregulated Rho-ROCK signaling in 
cancer progression has been a popular area of 
research, and aberrant activation of the Rho- 
ROCK pathway may happen in several ways. The 
HRas, KRas, and NRas GTPases are well known 
to have high frequencies of activating mutations 
in human cancers, effectively resulting in the pro-
tein being in a continuous “on” state [130]. 
Mutations in Rho GTPase family members are 
however rare [131, 132], and aberrant activation 
of this pathway generally occurs through overex-
pression of Rho GTPases or due to changes in the 
levels of regulators of Rho activity, including 
increased activation of GEFs and inactivation of 
GAPs. Recently, large-scale sequencing has 
uncovered gain-of-function and loss-of-function 
mutations in several of the Rho GTPases which 
have been associated with immunodeficiency 
syndromes and cancer [133]. Mutations in Rac1 
and RhoA have been identified in melanomas, 
sarcomas, T-cell lymphomas, neuroblastomas, 
and gastric cancer [134–140]. P29S, N92I, and 
C157Y mutants of Rac1 were shown to exist 
preferentially in the GTP-bound state as a result 
of a rapid transition from the GDP-bound state, 
as opposed to reduced intrinsic GTPase activity 

[136]. In melanoma, Rac1 P29S was shown to 
increase binding of the protein to downstream 
effectors promoting melanocyte proliferation and 
migration [135]. In gastric cancer, RhoA gain-of- 
function occurs via mutational hotspots affecting 
the Tyr42, Arg5, and Gly17 residues, which were 
associated with poorly differentiated adenocarci-
nomas [139]. In addition, over 600 somatic cod-
ing mutations in ROCK1 and ROCK2 have been 
identified in human cancers, plus several thou-
sand single nucleotide polymorphisms (SNPs) in 
ROCK1 and ROCK2 have been identified [141]. 
The role of these mutations and SNPs in cancer 
progression is still emerging, but ROCK1/2 
upregulation has been demonstrated in malignant 
tissues [140, 141]. It remains to be seen whether 
this enhanced ROCK signaling can facilitate cell 
transformation to promote tumor cell survival 
and growth.

Given the roles of Rho GTPases in cell adhe-
sion and migration, Rho-ROCK signaling is 
heavily implicated in the processes that drive 
tumor cell invasion and metastasis (Fig.  6.2), 
which was first demonstrated in an in vivo perito-
neal tumor dissemination model [142]. 
Importantly, in this model, continuous local infu-
sion of Y27632 significantly reduced dissemina-
tion and tumor nodule formation [142], 
confirming a role for ROCK signaling. Actin 
polymerization drives cancer cell motility, and 
tumor cells can migrate as single cells or collec-
tively in a group [143]. For single tumor cell 
migration, distinct methods of migration have 
been observed, and Rho-ROCK plays differing 
roles in these different migration forms (Fig. 6.2). 
Tumor cells in 3D matrices exhibited Rac- 
mediated elongated mesenchymal migration that 
is proteolysis-guided, and ROCK-mediated 
actomyosin- driven rounded amoeboid migration 
[144]. These two migration modes are inter-
changeable and employed by tumor cells in a 
context-dependent manner [144].

There are also differences between RhoA, 
RhoB, and RhoC in how they regulate cancer cell 
migration. Using RNAi approaches in prostate 
and breast cancer cell lines, it was shown that 
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Fig. 6.2 Rho-ROCK signaling in the dynamic tumor 
microenvironment (TME). The Rho-ROCK pathway reg-
ulates a multitude of processes in the dynamic TME that 
drive disease progression, including cancer cell and stro-
mal cell (e.g., fibroblasts and immune cells) behavior as 

well as their cross talk and subsequent modification of 
the TME. Panels detail specific examples of these diverse 
processes, highlighting roles for Rho-ROCK signaling at 
the primary site as well as its role in establishing meta-
static spread
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RhoA depletion induced cell elongation with 
narrow lamellipodia on 2D and 3D substrata 
[145]. This RhoA RNAi-induced elongation may 
 facilitate invasion since RhoA-depleted cells 
invade more competently through matrigel-
coated transwells and into a 3D matrix of matri-
gel versus control cells [48]. Knockdown of 
RhoC increased cancer cell spreading and cells 
presented with a thin lamellipodium around most 
of the cell periphery [145]. Furthermore, RhoC-
depleted cells had reduced migration, chemo-
taxis, and invasion through matrigel-coated 
transwells [145]. Opposite to RhoC depletion, 
RhoB knockdown reduced cell spreading and 
increased cell migration speed on 2D substrata, 
potentially via reduced β1-integrin levels [146]. 
More recent data indicate that RhoB may directly 
drive membrane blebbing, enhancing blebby 
amoeboid 3D-migration of lymphoid, melanoma, 
and lung cancer cells, through a KIF13A-
regulated mechanism of RhoB localization to the 
plasma membrane, and downstream signaling via 
ROCK and myosin-II [147]. Interestingly, Suwa 
et  al. [148] examined RhoA, RhoB, and RhoC 
expression in 33 cases of pancreatic ductal ade-
nocarcinoma (PDAC) and found that RhoC 
expression levels were higher in tumors than in 
nonmalignant tissues and higher in metastatic 
lesions than in primary tumors. Furthermore, 
increased RhoC levels correlated with perineural 
invasion, lymph node metastasis, and poorer 
prognosis, whereas expression of RhoA or RhoB 
showed no correlation with these clinicopatho-
logical findings [148].

6.4.2  What Is the Tumor 
Microenvironment and What 
Is Its Role in Promoting Cancer 
Progression?

The tumor microenvironment (TME) is complex 
and dynamic, consisting of cells such as fibro-
blasts, pericytes, immune cells, adipocytes, lym-
phocytes, and endothelial cells (collectively 

referred to as stromal cells), as well as a noncel-
lular component comprised of ECM (e.g., matri-
cellular proteins such as collagen, laminin, and 
fibronectin). Under healthy conditions, this 
microenvironment plays an important role in tis-
sue homeostasis as discussed earlier. In cancer, 
the TME interacts with cells of the tumor to 
affect cancer initiation, progression, metastasis, 
and chemoresistance (Fig.  6.2). Through these 
interactions, tumor cells are able to hijack the 
functions of normal cells in the TME to drive 
pro-tumorigenic processes such as immune cell 
evasion [149] and the generation of cancer- 
associated fibroblasts (CAFs) [150].

6.4.3  Roles of Rho-ROCK Signaling 
in the TME

Most current therapies involve targeting cell- 
intrinsic functions of tumor cells, such as their 
proliferative capacity or their ability to evade 
apoptosis [151]. Many studies have examined the 
effects of inhibiting Rho-ROCK signaling in can-
cer, using a variety of inhibitors in in vitro and 
in  vivo preclinical models (reviewed in ref. 2). 
The two best-described pharmacological ROCK 
inhibitors are Y27632 and Fasudil (approved for 
clinical use in Japan and China as vasodilators 
[152]). Given the tumor-promoting properties of 
the TME mediated by Rho-ROCK signaling, tar-
geting key factors that are involved in the devel-
opment of this environment, such as 
tumor-promoting CAFs, the ECM, and immune 
cells, are potentially novel approaches to cancer 
therapy. With a number of ROCK inhibitors in 
clinical trials for various pathologies (Table 6.1), 
including the early Phase I safety testing of 
AT13148  in advanced solid cancers 
(NCT01585701), there is significant potential in 
repurposing some of these agents as anti-cancer 
therapies. In support of this, inhibiting the Rho-
ROCK pathway specifically in cancer cells can 
reduce proliferation, invasion, and angiogenesis 
in  vitro, and in  vivo has the effect of reducing 
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tumor growth and metastasis formation [2]. 
Conditional activation of ROCK has been shown 
to promote tumor progression in murine models 
of PDAC [153] and cutaneous squamous cell car-
cinoma [42]. Conversely, the ROCK inhibitors 
Fasudil and Y27632 could decrease the invasion, 
stress fiber organization, and migration of PDAC 
cells in  vivo [154], and breast cancer cells 
(MDA-MB 231) in  vitro [155]. These studies 
suggest an important role for Rho-ROCK in pro-
moting tumor progression via modulation of the 
TME. Here we discuss some general mecha-
nisms by which the Rho-ROCK pathway alters 
the TME, before highlighting distinct roles in 
specific cancer types.

6.4.3.1  Rho-ROCK Regulation of CAFs 
in the TME

CAFs are a mesenchymal cell type present in 
most solid tumors that share some morphological 
and functional properties with normal tissue 
fibroblasts. Activated CAFs display high contrac-
tility, enhanced proliferation, and migration, and 
secrete high levels of growth factors and ECM 
components compared with normal tissue fibro-
blasts [156]. CAFs can be activated by cancer 
cell-secreted factors such as transforming growth 
factor-β (TGFβ), C-X-C motif chemokine 12 
(CXCL12), interleukin-6 (IL-6), platelet-derived 
growth factor (PDGF), and fibroblast growth fac-
tor 2 (FGF-2) [157–160]. CAFs are usually asso-
ciated with disease progression, and CAF content 
within tumors has been shown to correlate with 
patient prognosis [161–163]. CAFs have a sub-
stantial role in cancer cell invasion [164], for 
example, in squamous cell carcinoma, where 
ROCK activity in the CAFs as opposed to the 
tumor cells leads to remodeling of collagen 
matrices to generate tracks for the invading squa-
mous cancer cells [165]. RhoA inhibition reduces 
the expression of alpha-smooth muscle actin 
(αSMA), which is frequently expressed by acti-
vated CAFs [166]. Furthermore, factors secreted 
by CAFs (see below), such as insulin-like growth 
factor-1 (IGF-1), can amplify Rho-ROCK signal-
ing in cancer cells promoting RhoA-dependent 
cancer cell invasion [166]. Indeed, Sanz-Moreno 

et al. found that cytokines in the TME can signal 
through the JAK1 kinase to generate actomyosin 
contractility through ROCK-dependent signaling 
leading to ECM remodeling by CAFS and amoe-
boid migration of tumor cells [167]. Thus, cyto-
kine signaling can generate actomyosin 
contractility in both stromal and tumor cells. 
Interestingly, this study also found that actomyo-
sin contractility positively modulates activity of 
the transcription factor STAT3 downstream of 
JAK1, thereby establishing a positive feedback 
loop within this signaling axis [167].

6.4.3.2  Rho-ROCK Regulation 
of the ECM in the TME

ROCK signaling has been implicated in remodel-
ing the ECM in the TME to facilitate tumor inva-
sion. Loss of normal tissue homeostasis during 
tumorigenesis can lead to stromal remodeling 
and subsequent activation of stromal cell popula-
tions such as CAFs, which can lead to CAFs 
secreting growth factors such as TGFβ, FGF, vas-
cular endothelial growth factor (VEGF) and epi-
dermal growth factor (EGF), chemokines 
(CXCL8 and CXCL12), and cytokines (IL-6) 
[168–172]. These secreted factors can facilitate 
tumor cell growth, motility, invasion, and 
EMT. Activation of CAFs by ECM changes can 
in turn lead to further ECM remodeling since 
CAFs secrete ECM proteins including fibronec-
tin, laminin, collagen, periostin, tenascin C, and 
osteopontin as well as matrix metalloproteinases 
(MMPs) [173]. This CAF-secreted ECM serves 
to function as part of a self-sustaining feedback 
loop which maintains activity of the CAFs [156]. 
These remodeling processes change the mechani-
cal properties of the TME and provide mechani-
cal cues that lead to increased tumor cell growth, 
proliferation, and survival [174]. A further conse-
quence of matrix stiffening is integrin clustering 
which leads to focal adhesion kinase (FAK) and 
Src activation, and subsequently, activation of 
Rho GTPases resulting in increased actin polym-
erization and actomyosin contractility [42, 175]. 
ECM stiffening has been widely demonstrated to 
increase Rho-ROCK-mediated actomyosin con-
tractility in cancer cells via this mechanism [176]. 
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For example, in invasive squamous cell carci-
noma, mechanotransduction mediated by integ-
rin and FAK signaling activates ROCK in both 
cells of the tumor and the TME where it acts via 
GSK3b and the transcriptional coactivator 
β-catenin to promote tumor progression [177]. 
As such, Src signaling in the TME represents an 
attractive therapeutic target [178].

6.4.3.3  Rho-ROCK Regulation 
of Immune Cells in the TME

Immune cells are an abundant and important 
component of the TME, which have garnered 
increasing interest in recent years due to the 
promise of immunotherapies as therapeutic strat-
egies in cancer. Tumor progression requires the 
evasion of immune cells by cancer cells with the 
TME acting in an immunosuppressive manner 
here as well as the desmoplasia of the TME pro-
viding a physical barrier to T-cell infiltration 
[179]. Hyperactive FAK has been demonstrated 
to be an important regulator of the fibrotic and 
immunosuppressive TME [180]. Here we focus 
specifically on T cells and macrophages as they 
make up the bulk of the immune cell population 
in the TME, and the role of Rho-ROCK signaling 
in these populations is better documented.

T lymphocytes are the major adaptive immune 
cell population that infiltrates tumors [181]. 
T-cell migration in the TME is governed by 
attachment of the ligand ICAM to leukocyte inte-
grin LFA-1, which allows T-cell polarization. 
This process is reliant on changes in the actomy-
osin cytoskeleton under the spatially different 
regulation of myosin light chain kinase (MLCK) 
and ROCK [182]. MLCK functions at the leading 
edge of the T cell—blocking its activity causes 
polarized T cells to retract at the front of the cell, 
whereas ROCK and RhoA act at the rear of the 
cell where they prevent detachment of the T-cell 
trailing edge [182]. Another important require-
ment for T-cell movement in the TME is transen-
dothelial migration, the process by which T cells 
cross endothelial barriers during immune surveil-
lance. T cells achieve this by extending lamelli-
podia and filopodia under the endothelium in 
order to transmigrate, a process governed by 

RhoA [183]. RhoA is active at the leading edge 
of lamellipodia and filopodia in transmigrating T 
cells where it acts via mDia for protrusion and 
via ROCK and actomyosin contractility for 
lamellipodial retraction [183].

T-cell function is regulated by T-cell receptor 
(TCR) expression with TCR function being regu-
lated by RhoA which is required for thymocyte 
development [184]. Furthermore, ROCK regulates 
T-cell proliferation and activation via the actomyo-
sin cytoskeleton, which controls gene expression 
and structural rearrangements [185]. Interestingly, 
ROCK1 and ROCK2 appear to have some distinct 
roles in regulating T-cell activity. ROCK1 has 
been implicated in interleukin- 13 and interleu-
kin-5 cytokine production in Type 2 helper cells 
[186], whereas ROCK2 regulates IL-17 and IL-21 
production by T cells via phosphorylation of inter-
feron regulatory factor 4 [187].

Macrophages are another major immune cell 
type present in the TME and have a broad spectrum 
of phenotypes or activation states, with the two 
opposite extremes known as M1 (pro- inflammatory) 
and M2 (anti-inflammatory) [188]. Zandi et  al. 
observed that ROCK2 inhibition decreased M2-like 
macrophages in a mouse model of age-related 
macular degeneration [189]. Monocyte and macro-
phage migration in the TME requires dynamic 
changes to the actomyosin cytoskeleton, with 
Y27632 inhibition decreasing macrophage infiltra-
tion into breast tumor spheroids [190]. Macrophages 
have been documented to infiltrate tissues using 
either the Rho-ROCK- mediated amoeboid migra-
tion mode or the protease- dependent mesenchymal 
migration mode [191]. Strikingly, macrophages 
can alter the invasive migratory mode of tumor 
cells from an MMP-dependent mesenchymal 
migration to an amoeboid mode by remodeling the 
ECM and creating a path for tumor cells [190]. 
Seminal recent work by Georgouli et al. [192] has 
shown that ROCK-myosin-II activity in amoeboid 
invasive melanoma cancer cells directly regulates 
an immunomodulatory secretome, driving the 
recruitment and polarization of tumor-associated 
macrophages (TAMs). This in turn creates a further 
tumor-promoting TME, which is sustained via a 
positive feedback loop between ROCK- myosin- II-
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driven secretion from amoeboid melanoma cancer 
cells and IL-1α/NF-κB signaling (highlighted in 
Fig.  6.2). Of note, blocking ROCK-myosin-II 
activity in melanoma cells in vitro and in vivo using 
pharmacological agents (Y27632, GSK269962A) 
or RNAi leads to reprogramming of macrophages 
from a “tumor- promoting” to “tumor-killing” 
phenotype and reduced tumor growth [192], 
illustrating the multifaceted role for ROCK inhi-
bition in cancer.

6.4.3.4  Rho-ROCK Dynamics in the TME 
of Pancreatic Cancer: 
Implications for Therapeutic 
Targeting

PDAC is a highly lethal malignancy typified by 
poor 5-year survival rates of only 8% and modest 
responses to current standard chemotherapy 
[193, 194], with the early metastatic behavior of 
PDAC [195] being key to this cancer’s lethality. 
PDAC is characterized by tumors with high des-
moplasia consisting of stromal cells and secreted 
ECM components, which occupies the majority 
of the tumor mass [196]. The majority of this 
stroma consists of CAFs, with the major source 
for these myofibroblast-like cells being activated/
differentiated pancreatic stellate cells (PSCs), 
characterized by the marker αSMA [196, 197]. 
These CAFs have been hypothesized to drive 
PDAC progression in an ancillary manner. 
Interestingly, work from Öhlund et  al. recently 
demonstrated the existence of distinct CAF pop-
ulations in PDAC with distinct spatial locations 
and functional roles [198]. ROCK inhibitors 
(Y27632 and Fasudil) have been shown to block 
activation of PSCs in vitro [199, 200], suggesting 
the importance of ROCK signaling for PDAC 
CAF generation and function. In support of this, 
Stylianou et al. have recently demonstrated that 
native pancreatic fibroblasts cultured on increas-
ing collagen concentrations upregulate αSMA, 
have more aligned stress fibers, are mechanically 
softer with increased invasive ability, and have 
reduced expression of RhoA and ROCK [201]. 
These data highlight the role collagen deposition 
can play in creating a fibroblast-transforming 
permissive TME.

ROCK1/2 have elevated expression in PDAC 
and are associated with reduced patient survival 
[153, 199, 202]. Disruption of epithelial cell–cell 
adhesions represents an early and important stage 
in tumor metastasis as cells undergo EMT.  In a 
model of PDAC epithelium (HPAF-II cells), acti-
vation of protein kinase C (PKC) was demon-
strated to cause disruption and internalization of 
adherens junctions (AJ) and tight junctions (TJ) 
via ROCK2-dependent activation of NM-II [203]. 
Interestingly, ROCK2 inhibition by Y27632 or 
pharmacological inhibition of NM-II with bleb-
bistatin resulted in attenuation of AJ/TJ disassem-
bly, which was not seen with inhibition of RhoA 
[203]. Antisense morpholino oligonucleotides 
directed against ROCK1 reduced transwell migra-
tion of pancreatic cancer cells (MIA PaCa-2 and 
Panc-1) in vitro [202], with ROCK1/2 activation 
shown to promote invasive growth of mouse 
PDAC cells into 3D collagen matrices by increas-
ing matrix-remodeling activities via upregulation 
of Mmp10 and Mmp13 [153]. In the same study, 
use of the ROCK inhibitor Fasudil improved sur-
vival in the KPC mouse model of PDAC, which 
was associated with increased tumor collagen 
deposition due to a reduction in MMP production/
secretion. Another paper reported positive effects 
on KPC mouse survival following treatment with 
Fasudil, although these mice also received the 
chemotherapeutic Gemcitabine in combination 
[199]. Retroviral overexpression of ROCK1/2 in 
PDAC cells led to an increase in the expression of 
several genes including Ptgs2 (encodes a key 
enzyme in prostaglandin biosynthesis in inflam-
mation and mitogenesis), Tnc (encodes an ECM 
glycoprotein), CD44 (encodes a cell-surface gly-
coprotein involved in cell–cell interactions, cell 
adhesion, and migration), and Cyr61 (encodes an 
ECM protein and is a YAP-target gene) [204]. 
These findings give insights into how actomyosin 
contractility influences gene transcription to mod-
ify cell behavior in pancreatic cancer. Oncogenic 
KRas is one of the major drivers of PDAC [205]. 
Mutational activation of KRas upregulates eIF5A, 
and pharmacological inhibition or genetic knock-
down of eIF5A reduces PDAC cell migration, 
invasion, and metastasis in vitro and in vivo [206]. 
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Fujimura et  al. discovered that RhoA- ROCK 
signaling operates downstream of eIF5A in inva-
sive cancer cells. They demonstrated that eIF5A 
activation controls the protein expression of RhoA 
and ROCK in PDAC cells [206]. Collectively, the 
studies discussed in this section underline the 
importance of Rho-ROCK signaling for PDAC 
progression both within the tumor itself and for 
crosstalk with the stroma/TME, and highlight the 
potential for targeting Rho-ROCK in the TME as a 
therapeutic strategy in pancreatic cancer [207].

Interestingly, ROCK2 expression was 
increased in pancreatic cancer precursor 
lesions known as pancreatic intraepithelial 
neoplasias (PanINs) versus normal tissue 
[153]. Ablation of Rac1 has been further shown 
to delay the formation of PanINs [208], sug-
gesting a role for aberrant Rho-ROCK signal-
ing at the initiating stages of disease. Finally, 
there is evidence to suggest that Rho-ROCK 
signaling also functions at even earlier stages 
of premalignancy, whereby Ras- transformed 
cells are apically extruded from otherwise nor-
mal epithelia in a process involving an EphA2-
EphrinA1-Src-ROCK signaling axis. However, 
it remains to be seen whether this phenomenon 
is tumor-promoting or -suppressive, although 
this is likely context-dependent [209, 210].

6.4.3.5  The Rho-ROCK Pathway 
Functions in the TME of Breast 
Cancer and Represents 
a Potential Therapeutic Target

Breast cancer is characterized by an increase in 
glandular stiffness. Tumor rigidity is likely due to 
a combination of factors such as elevated intersti-
tial tissue pressure and solid stress due to perturbed 
vasculature and tumor expansion [211], increased 
elastic modulus of cancer cells due to altered cyto-
skeletal dynamics [212], and ECM stiffening due 
to fibrosis [213]. Work from Paszek et al. demon-
strated that matrix stiffness perturbs epithelial ten-
sional homeostasis by causing clustering of 
integrins, which results in growth- factor- enhanced 
ERK activation and increased Rho-ROCK-
generated cytoskeletal contractility and focal 
adhesion formation [214]. These mechano- 

changes in turn perturb tissue behavior, pushing it 
toward a malignant phenotype, highlighting the 
role of disrupted tensional homeostasis and Rho-
ROCK signaling in breast tumor initiation.

Calvo et  al. isolated CAFs from different 
stages of breast cancer in the PyMT mouse model 
to analyze their function and gene expression 
[215]. Through global mRNA analysis they 
found that gene expression of yes-associated pro-
tein (YAP), the transcriptional co-activator of the 
Hippo pathway, was significantly upregulated in 
CAFs isolated from all stages of breast cancer. 
Interestingly, their GSEA analysis showed sig-
nificant overlap between their murine CAFs and 
genes of the stroma in human breast cancer [215] 
suggesting the relevance of their approach. YAP 
activation status (i.e., the proportion located in 
the nucleus) correlated with disease stage CAF in 
murine and human breast cancer, as did YAP- 
target gene expression. Depletion of YAP by 
siRNA reduced the ability of CAFs to contract 
collagen-rich matrices, form focal adhesions, and 
promote cancer cell invasion [215]. These obser-
vations were confirmed in several different 
human CAF lines. Interestingly, the study found 
that YAP regulated several well-known cytoskel-
etal regulators including anillin actin binding 
protein (ANLN), diaphanous related formin 3 
(DIAPH3), and filamin A (FLNA) for CAFs to 
remodel the ECM and promote invasion [215]. 
Finally, Calvo et al. observed that matrix stiffen-
ing activated YAP in CAFs via actomyosin con-
tractility and Src function to establish a 
feed-forward self-reinforcing loop. Transient 
ROCK inhibition by Y27632 was able to disrupt 
the feed-forward loop by blocking the nuclear 
translocation of YAP, leading to a long-lasting 
reversion of the CAF phenotype [215], suggest-
ing potential therapeutic approaches for targeting 
the stroma in breast cancer.

A novel potent small molecule inhibitor of 
ROCK1 and ROCK2, named RKI-1447, was 
shown to suppress phosphorylation of the ROCK 
substrates MLC-2 and MYPT-1 in human cancer 
cells, but had no effect on the phosphorylation of 
AKT and MEK, additionally blocking actin stress 
fiber formation [216]. As such, RKI-1447 blocked 

6 Rho-ROCK Signaling in Normal Physiology and as a Key Player in Shaping the Tumor Microenvironment



116

breast cancer cell migration, invasion, and 
anchorage-independent tumor growth. In vivo, 
RKI-1447 inhibited the outgrowth of mammary 
tumors in the MMTV/neu transgenic mouse 
model [216]. The same group also reported on 
another novel ROCK inhibitor, RKI-18, which 
had similar effects to RKI-1447, additionally 
blocking p21-activated kinase-mediated lamelli-
podia and filopodia formation in breast cancer 
cells [217]. RKI-18 was also shown to reduce 
phosphorylation of MLC-2 in human lung, colon, 
and prostate cancer cells and inhibit the migra-
tion, invasion, and anchorage-independent 
growth of human breast cancer cells [217]. These 
two studies suggest the use of RKIs as antitumor 
agents in breast cancer warrant further preclinical 
investigation.

6.4.3.6  Rho-ROCK Signaling in the TME 
of Renal Cancer

Clear cell renal cell carcinomas (CC-RCCs) 
account for 90% of all renal cancer cases, with the 
tumor-suppressor gene, von Hippel-Lindau (VHL), 
being functionally lost in up to 90% of CC-RCC 
tumors [218]. RhoA expression and activity (as 
well as Cdc42 and Rac1) is hypoxia- inducible in 
renal cancer, and Rho-ROCK pathway activity can 
stimulate HIF activity via several mechanisms 
[219]. Furthermore, VHL loss leads to Hypoxia 
Inducible Factor (HIF) upregulation [8]. As such, 
Thompson et al. observed synthetic lethality when 
downregulating ROCK1 by siRNA or using the 
Y27632 inhibitor, reporting reduced colony-form-
ing ability, increased cytotoxicity, and reduced 
migration of CC-RCC cells [8]. The same study 
also showed that Y27632 could reduce subcutane-
ous CC-RCC tumor growth in mice. Interestingly, 
downregulation of ROCK2 had no effect on 
CC-RCC behavior.

6.4.3.7  Rho-ROCK Signaling in the TME 
of Urothelial Cancers

Kamai et al. found that RhoA mRNA levels and 
RhoA protein levels were greater in tumor and 
metastatic lymph node tissues than in matched 
non-tumor tissues in 47 patient samples from 
renal pelvic/ureteric cancer [220]. Taken together, 

these results suggest that the Rho-ROCK pathway 
may be a potential therapeutic target for prevent-
ing cancer invasion and metastasis by inhibiting 
cancer cell migration. Further, primary tumors 
from patients with high RhoA mRNA/protein lev-
els were poorly differentiated and associated with 
muscle invasion. High RhoA levels correlated 
with shorter disease-free and overall survival, 
suggesting RhoA may be a useful prognostic 
factor for this disease [220].

In a similar study, Kamai et al. noted a signifi-
cant correlation between Rho-ROCK pathway 
activity and invasion and metastasis of bladder 
cancer in 107 matched tumor and non-tumor sur-
gical samples [9]. RhoA, RhoC, and ROCK lev-
els were higher in tumors and metastatic lymph 
nodes than in non-tumor bladder and uninvolved 
lymph nodes, and the levels of RhoA and RhoC 
protein correlated positively with ROCK protein 
expression [9]. Again, high RhoA, RhoC, and 
ROCK expression levels were significantly cor-
related with poor tumor differentiation, muscle 
invasion, and lymph node metastasis. Further, 
high RhoA, RhoC, and ROCK protein levels 
were associated with shortened disease-free and 
overall survival [9]. Immunohistochemistry dem-
onstrated that RhoA, RhoC, and ROCK proteins 
were abundantly expressed in tumor cells, with 
the authors concluding the RhoA- and RhoC- 
ROCK pathway is likely to be involved in local 
invasion and lymph node metastasis of tumor 
cells, and that expression of these components 
may serve as a useful prognostic marker in blad-
der cancer. Fasudil treatment of bladder cancer 
cell lines suppressed cell proliferation and migra-
tion and induced apoptosis in a dose-dependent 
manner [221].

6.4.3.8  The Rho-ROCK Pathway 
in Osteosarcoma

Tumors contain populations of cancer stem cells 
(CSCs) which have the ability to maintain pluri-
potency and self-renew. In the context of osteo-
sarcoma, these CSCs are termed osteosarcoma- 
initiating cells (OSi cells) and have been shown 
to be chemoresistant and a major contributor to 
tumorigenesis [222]. The ROCK inhibitor Fasudil 
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was shown to suppress in vitro growth and in vivo 
tumorigenicity of OSi cells by modulating actin 
cytoskeleton dynamics and causing their differen-
tiation toward terminal adipocytes [223]. 
Furthermore, when Fasudil treatment was com-
bined with doxorubicin in a sequential manner, it 
acted synergistically in  vivo to reduce tumor 
growth more significantly than Fasudil or doxoru-
bicin alone [223]. This suggests that a “transdif-
ferentiation” approach may be an effective method 
for targeting CSCs therapeutically.

6.5  Targeting Rho-ROCK 
Signaling in the Cancer TME

Although ROCK inhibitors are not currently used 
as anti-cancer treatments, there is mounting evi-
dence of their potential in this area. Here we 
detail a recent example demonstrating the bene-
fits of such an approach in the PDAC TME.

6.5.1  Targeting Rho-ROCK 
Signaling in the Cancer TME 
of PDAC

There has been much effort to understand how the 
different components of the TME of PDAC drive 
disease progression and contribute to treatment 
failure, with a view to identifying new therapeutic 
targets. However, studies targeting the stroma 
have had somewhat unexpected outcomes. 
Özdemir et  al. published work showing that 
depletion of CAFs in mouse models at the precur-
sor PanIN or the PDAC stage resulted in more 
invasive, undifferentiated tumors that contained 
more CSCs and had elevated hypoxia, and ulti-
mately reduced animal survival [224]. 
Interestingly, this study also noted that CAF 
depletion in combination with immunotherapy 
(anti-CTLA4) led to reversed disease acceleration 
and prolonged animal survival. Rhim et  al. 
showed that deleting sonic hedgehog (Shh) in a 
mouse model of PDAC, which is a soluble ligand 
overexpressed by neoplastic cells in PDAC, leads 
to reduced stromal content as was predicted, but 

unexpectedly resulted in more aggressive, undif-
ferentiated tumors that more readily metastasized 
and caused higher animal mortality [225]. 
Heterogeneity in PDAC CAFs was recently 
shown to exist and has been suggested to be a pos-
sible reason for the differing results obtained 
using stroma-targeting approaches [198]. 
Furthermore, findings by Laklai et al. indicate that 
the genotype driving the PDAC is important in 
stromal–epithelial interactions and affects how 
fibrosis in the TME occurs, and may influence 
how a patient would respond to anti-stromal ther-
apy [226]. They found in PDAC patient biopsies 
that higher matricellular protein and activated 
STAT3 were associated with SMAD4 mutation 
and shorter survival. Using mouse models they 
delineated that STAT3 activation drives ROCK- 
dependent ECM remodeling and stiffening to 
enhance fibrosis and elevate mechano-signaling 
in PDACs [226]. Taken together, this body of 
work emphasizes a need for carefully considered 
approaches when it comes to targeting stromal 
elements in PDAC.

As such, recent efforts have turned toward tar-
geting Rho-ROCK signaling in the TME to 
improve patient outcomes [227]. This approach to 
manipulating the TME can result in the targeting 
of several stromal elements concurrently to elicit 
positive changes to the TME composition that 
improve therapeutic response. Prior to this work, 
little was known about how consecutive dual tar-
geting of tumor tissue tension and vasculature 
prior to chemotherapy could affect tumor 
response. In particular, this work highlighted the 
promise for a “priming” approach in targeting 
Rho-ROCK in the TME in a transient manner to 
manipulate tumor tissue [228, 229]. Intravital 
imaging was used to optimize this transient 
ROCK inhibition using the pharmacological 
ROCK inhibitor Fasudil and to influence cell 
responses to chemotherapy [227]. Combining 
mouse and stratified patient-derived models of 
pancreatic cancer with biosensor FLIM-FRET 
intravital imaging allowed the authors to visualize 
the effects of ROCK inhibition in real time in live 
tissues [227, 230, 231]. Using transient “prim-
ing,” Fasudil was delivered for 3 days prior to che-
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motherapy and resulted in synchronization of the 
cell cycle in pancreatic cancer cells, making them 
susceptible to standard-of-care chemotherapy 
gemcitabine/Abraxane. These effects were seen 
in both the primary tumors and metastatic sites 
[227]. Furthermore, Fasudil priming in the adju-
vant setting disrupted coordinated cancer cell 
movement to impair metastatic colonization of 
the liver. Collective migration was hypothesized 
to be affected due to disrupted durotaxis [232]. 
The authors also found that Fasudil treatment 
increased the sensitivity of circulating tumor cells 
(CTCs) to shear stress that is encountered in the 
blood stream, impeding their ability to extravasate 
and colonize host tissues [227]. ROCK inhibition 
also reduced the ability of metastatic cells to 
remodel host ECM to create a permissible envi-
ronment to support their growth at distant sites, as 
has previously been described [233]. Fasudil 
“priming” reduced ECM remodeling and tumor 
tissue stiffness, thus affecting  integrin signaling 
and ablating mechanical cues normally provided 
by the matrix to cancer cells [227]. This reduction 
in tumor tissue stiffness was accompanied by an 
increase in permeability of the tumor vasculature, 
which may aid drug delivery.

This work strongly suggests that using ROCK 
inhibitors in pancreatic cancer treatment in a 
“priming” regime merits further attention for 
improving chemotherapeutic efficacy in this 
deadly malignancy. In particular, the study by 
Vennin et  al. demonstrates how effective tran-
sient ROCK inhibition can be versus chronic 
treatment, which has a greater potential for 
adverse effects and toxicity. In support of the use 
of ROCK inhibitors as a therapeutic means in 
pancreatic cancer, AT13148, a novel multi-kinase 
inhibitor, which potently blocks ROCK1/2 (but 
also PKA, AKT, and p70S6K; [234]), was 
recently tested in the KPC mouse model and on 
patient-derived pancreatic cancer cell lines. The 
study by Rath et al. demonstrated that AT13148 
induced morphological changes, reduced cellular 
contractile forces as well as reducing motility on 
pliable substrates and impairing invasion into 3D 
collagen matrices [11]. In vivo, AT13148 reduced 
subcutaneous tumor growth and metastasis in the 

KPC mouse model. Another benefit noted by the 
authors was the ability of AT13148 to maintain 
separation between tumor and healthy tissue 
boundaries, suggesting its potential as an adju-
vant treatment for enabling tumor resection [11].

6.6  Conclusions, Future Trends, 
and Directions

Targeting the Rho-ROCK pathway in the cancer 
TME is an emerging and exciting avenue of 
research. Preclinical studies with various ROCK 
inhibitors suggest promise for targeting Rho- ROCK 
signaling therapeutically, not just in cancer but also 
in a range of pathologies, with the two best-charac-
terized ROCK inhibitors being Y27632 and Fasudil. 
Despite this, ROCK inhibitors are not currently 
used as a cancer treatment, largely due to the chal-
lenge of developing anti- metastatic drugs, and 
uncertainties about the cancer types most likely to 
benefit from ROCK inhibitor therapy [228]. 
Furthermore, effective predictive biomarkers of 
treatment response to Rho-ROCK inhibition have 
been lacking. Although recent work from Vennin 
et al. has demonstrated that CD31-based or ECM-
based biomarkers may be a promising avenue [227] 
and collectively, might further facilitate the identifi-
cation of patients who could benefit from a transient 
“priming” stromal targeting regimen prior to che-
motherapy. In future, examining the stroma for fur-
ther potential biomarkers of tumor response to 
Rho-ROCK inhibition may provide additional 
important insights versus searching for responses in 
the tumor itself. Indeed, this will likely also prove 
important for assessing the effects of ROCK inhibi-
tion in primary versus metastatic lesions, as well as 
in precancerous lesions. An interesting challenge 
remains in determining which patients are most 
likely to benefit from therapies targeting Rho-
ROCK signaling in the TME. Work toward this has 
already begun and is highlighted by the recent study 
from Georgouli et  al. [192], where the authors 
delineated a novel role for ROCK-myosin-II 
dynamics in regulating melanoma cancer cell 
behavior aside from intrinsic control of cell motility. 
Inhibition of ROCK- myosin- II activity ablated the 
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invasive amoeboid melanoma cell phenotype they 
saw in human melanoma biopsies and reduced 
secretion of IL-1α by cancer cells, preventing a 
positive feedback loop involving activation of 
NF-κB. Likewise, targeting of NF-κB in melanoma 
cells diminished their amoeboid behavior and their 
secretory profile. However, since NF-κB is difficult 
to target therapeutically [235, 236], this study sug-
gests ROCK inhibitors could be used in the con-
text of melanoma to reprogram the innate immune 
microenvironment, and that melanoma patient 
biopsies could be used to assess patients for 
ROCK pathway activation to identify patients 
that could benefit from such an approach. Indeed, 
the authors propose that following resection of 
the primary lesion, ROCK inhibitors could be 
used to restrict formation/progression of an 
immunosuppressive microenvironment and met-
astatic dissemination [192].

While Fasudil is more selective against 
ROCK, Y27632 is less selective and furthermore, 
Y27632 is not optimal for in vivo use. Therefore 
it seems likely that these ROCK inhibitors may 
still compromise normal cellular functions due to 
both their nonspecificity and because of the plei-
otropy of ROCK [181]. As an example of this, 
ROCK1 has been implicated as the predominant 
cause for the hypotensive effects of pan-ROCK 
inhibitors [2]. One approach to mitigate such 
consequences will be to examine further the 
downstream effector pathways of ROCK that are 
responsible for certain tumor-promoting activi-
ties to further enhance tumor TME-targeting 
strategies by identifying novel effector targets. 
Such strategies may also help to mitigate any 
resistance to specific ROCK inhibition that 
emerges through compensatory expression of 
either isoform when inhibiting these kinases, as 
well as helping to understand isoform-specific 
regulation of cancer cell behavior. Other recent 
efforts to mitigate unwanted effects of chronic 
ROCK inhibition include transient, short-term 
inhibition using “priming” approaches [227], 
which exhibited impressive efficacy in altering 
the TME, paving the way for future clinical 
studies using ROCK inhibitor “priming” 
approaches prior to, or perhaps even in tandem 

with chemotherapeutics to improve their delivery 
and impact on the tumor.

As research in this arena expands, newer, more 
potent and more selective ROCK inhibitors are 
likely to be identified with improved in vivo phar-
macodynamics. Furthermore, identification of the 
tumor types that are most likely to benefit from 
ROCK inhibitor treatment should become clearer. 
As strategies to target the Rho-ROCK pathway in 
the cancer TME develop, these approaches are 
likely to yield tangible benefits, particularly in 
aggressive cancer types where Rho-ROCK signal-
ing drives invasive spread of the disease.
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S1P Signaling in the Tumor 
Microenvironment

Gabriela Schneider

Abstract
Sphingosine-1-phosphate (S1P), together with 
other phosphosphingolipids, has been found 
to regulate complex cellular function in the 
tumor microenvironment (TME) where it acts 
as a signaling molecule that participates in 
cell–cell communication. S1P, through intra-
cellular and extracellular signaling, was found 
to promote tumor growth, angiogenesis, che-
moresistance, and metastasis; it also regulates 
anticancer immune response, modulates 
inflammation, and promotes angiogenesis. 
Interestingly, cancer cells are capable of 
releasing S1P and thus modifying the behav-
ior of the TME components in a way that con-
tributes to tumor growth and progression. 
Therefore, S1P is considered an important 
therapeutic target, and several anticancer ther-
apies targeting S1P signaling are being devel-
oped and tested in clinics.
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7.1  Introduction

The tumor microenvironment (TME) plays an 
important role in cancer biology contributing to 
tumor initiation, progression, metastasis, and 
responses to treatment. Cancer cells within a solid 
tumor influence the surrounding microenviron-
ment through the release of extracellular signals 
in the form of cytokines, chemokines, and lipid 
mediators. These signals work to control immune 
responses, inflammation, as well as angiogenesis. 
Sphingosine-1-phosphate (S1P), a bioactive 
sphingolipid, has emerged over the last few 
decades as a new player in the TME and cancer 
progression. It can be produced and released into 
the TME from cancerous and noncancerous tis-
sues and acts to regulate the interactions between 
tumor, immune, and mesenchymal cells that are 
present within the TME. In this chapter, we sum-
marize the mechanisms through which S1P, pres-
ent in the TME, participates in tumor progression, 
inhibits antitumor immune response, modulates 
inflammation, regulates response to hypoxic con-
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ditions, and facilitates the recruitment of mesen-
chymal cells to increase tumor angiogenesis. 
Additionally, we will discuss therapeutic strate-
gies that target S1P signaling in cancer patients.

7.2  Metabolism of S1P

S1P is generated by the conversion of ceramide 
to sphingosine, which is catalyzed by cerami-
dase, and subsequent phosphorylation of sphin-
gosine by sphingosine kinases (SphK1 and 
SphK2) (Fig. 7.1). SphK1 is localized mainly in 
the cytosol [1], whereas SphK2 can be found in 
the nucleus and internal membranes of the endo-
plasmic reticulum, Golgi, and mitochondria [2, 
3] which suggest the distinct function of gener-
ated S1P.  Both enzymes can be translocated to 
different cell compartments in response to spe-
cific signals. For example, SphK1 can be recruited 
to the plasma membrane in response to growth 
stimulating factors such as epidermal growth fac-
tor (EGF) or phorbol 12-myristate 13-acetate [4, 
5] and targeted to Golgi apparatus by phospha-
tidic acid [6], whereas SphK2 can be translocated 
from the nucleus to the cytoplasm dependent on 
PKD-mediated phosphorylation [7].

Interestingly, S1P levels and SphK1/2 expres-
sion and/or activity were found to be increased in 
distinct cancer types including acute lymphoblas-
tic leukemia [8], astrocytoma [9], breast cancer 
[10, 11], colon cancer [12, 13], gastric cancer 
[14], glioblastoma [15, 16], lung cancer [17], 
non-Hodgkin’s lymphoma [18], prostate cancer 
[19], thyroid cancer [20, 21], and many others 
[22–24]. Several reports also indicate that 
increased expression of SphK1 correlated with 
disease progression, cancer recurrence, and 
reduced patient survival [9, 10, 14, 15, 23, 24] as 
well as invasion and lymph node metastasis [25]. 
In contrast, reduced expression of SphK1 and 
subsequently lower level of S1P in plasma were 
found in prostate cancer patients [26]. Moreover, 
S1P level correlates with patients’ survival, and 
downregulation of SphK in erythrocytes could 
have implication in cancer-induced anemia [26].

It has been shown that S1P can also be gener-
ated by autotaxin (ATX) through hydrolysis of 
sphingosylphosphorylcholine (SPC) [27]; how-
ever, it is uncertain whether this pathway is active 
in vivo. First of all, the reported Km value of ATX 
for SPC (~23  mM) [27] is much higher than 
 normal SPC levels in plasma/serum (0.03–
0.13 μM) [28, 29]. Moreover, in mice with down-
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Fig. 7.1 Metabolism of 
sphingosine-1 phosphate 
(S1P). Enzymes and 
substrates involved in 
the synthesis and 
degradation of 
S1P. Solid lines 
represent confirmed 
pathways, dotted line 
represents the pathway 
identified in vitro but not 
yet confirmed in vivo
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regulated Autotaxin, the level of S1P was not 
changed when compared with wild-type animals, 
in contrast to the main autotaxin metabolite, lyso-
phosphatidic acid, which was decreased by ~50% 
[30]. This suggests that the in vivo contribution 
of Autotaxin to the total pool of S1P is limited.

S1P levels are the result of the balance between 
its synthesis and reversible conversion to sphin-
gosine or irreversible degradation. 
Dephosphorylation of S1P is catalyzed by spe-
cific S1P phosphatases (SPP1 and SPP2), or lipid 
phosphate phosphatases (LPP1–3) and subse-
quent sphingosine conversion to ceramide by 
ceramide synthase [31] or through irreversible 
degradation by S1P lyase (SPL) that cleaves S1P 
to hexadecenal and phosphoethanolamine [32]. 
Similarly to SphK, enzymes responsible for S1P 
degradation were also found to be dysregulated 
in malignant tissues; lower expression of SPL 
was found in colon [33, 34], prostate [35], and 
pancreatic cancers [35], and was shown to have 
implications in chemo and radiotherapy resis-
tance and cancer cells metastasis [35]. 
Downregulation of SPP was found in colon can-
cer [31], gastric cancer [31], and glioblastoma 
[16], and its expression was correlated with 
lymph node metastasis and gastric cancer 
patient’s survival [31].

7.3  Sources of S1P in TME

S1P is present in the components of the TME 
such as blood, lymph, and interstitial fluid. In cir-
culation, S1P is bound to plasma proteins, mainly 
high-density lipoprotein (HDL) [36] apolipopro-
tein M [37], and to a lesser extent to albumin 
[38]. The main source of plasma S1P was thought 
to be platelets, which are characterized by high 
SphK activity and lack of SPL which allows them 
to accumulate large amounts of S1P, up to nine- 
fold more than erythrocytes. Although erythro-
cytes produce less S1P than platelets, at the same 
time they constitute about 95% of total blood cell 
number, thus their contribution to the S1P pool in 
the blood is considerably much higher and is esti-
mated to be 75%. Other important contributors of 
plasma S1P are the vascular endothelium and 

endothelial cells, and in lymph, lymphatic endo-
thelial cells, thus suggesting that stromal cells, 
could synthesize and release endogenous S1P 
also to TME.  Recently, it has been shown that 
cancer cells themselves can also secrete high lev-
els of S1P [39–41] hence contributing to the total 
S1P pool present in TME, which could explain 
high level of S1P in ascites fluids from ovarian 
cancer [42, 43] and additional observation that 
plasma S1P level decrease in patients after ovar-
ian cancer surgery [44]. Moreover, S1P can also 
be released from dying cells (necrotic or apop-
totic) and damaged tissues [45–48]. This can 
have important implication in anticancer thera-
pies since it was shown that S1P levels were 
increased in several organs after γ-irradiation or 
chemotherapy, creating an unwanted prometa-
static environment as a side effect of the treat-
ment [46] (Fig. 7.2).

The structure of S1P and its relatively high sol-
ubility in water unable S1P to diffuse over the 
membranes to the extracellular compartments. 
Therefore to act as a signaling molecule, S1P has 
to be either generated in extracellular compart-
ments directly or synthesized intracellularly and 
transported outside the cells by specific transport-
ers. SphK1 was found to be constitutively released 
from endothelial cells in quantities that allow for 
the synthesis of extracellular S1P and obtain its 
physiologically relevant concentrations [49, 50]. 
Moreover, SphK1 was also found to be released 
from histiocytic lymphoma U937 cells in response 
to stimulation with oxidized LDL immune com-
plexes [51] thus indicating that extracellular syn-
thesis of S1P might be regulated by additional 
signaling factors. Several transporters of S1P that 
allows for the autocrine/paracrine signaling of S1P 
have been identified including Spinster 2 (SPNS2) 
[52, 53] and several members of the ABC-type 
lipid transporters family, namely ABCC1, ABCC2, 
and ABCA1 [54]. This diversity in the type of 
transporters might suggest their importance in the 
regulation of S1P levels in different tissues. 
Indeed, recently, it has been shown that SNPS2 
transporter was necessary for secretion of S1P to 
the lymph, but it did not play an important role in 
the regulation of S1P levels in plasma [53, 55]. 
Moreover, Spns2 is not expressed in murine eryth-
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rocytes, and the level of S1P in the blood is not 
affected in Spns2 knockout mice [56]. On the 
other hand, several in vitro studies have revealed 
that ABC transporters mediate S1P release in dif-
ferent types of cells, including mast cells [57], 
erythrocytes [58], breast cancer cells [59], astro-
cytes [60], and also platelets [61]. Additionally, 
since S1P is present in the circulation, mainly in 
complex with HDL particles [38], it might suggest 
that the S1P export may be coupled with ABCA1-
dependent lipoprotein formation [60].

What is worth to note, changes in SPNS2 
expression were found in non–small cell lung 
cancer (NSCLC) patients’ samples, and in vitro 
studies indicate that the overexpression of SPNS2 
induced apoptosis, whereas its knockdown 
enhanced NSCLC cells migration [62]. Moreover, 
alterations of SPNS2 affected the expression of 
several enzymes involved in S1P metabolism, 
including SphK, SPP, and SPL1 [62], thus indi-

cating a cross talk between the pathways involved 
in S1P synthesis/degradation and extracellular 
transport of S1P.

7.4  S1P Signaling

S1P has been shown to regulate cellular functions 
both via intracellular (Fig. 7.3) and extracellular 
(Fig. 7.4) mechanisms. Intracellular S1P was first 
identified as an activator of intracellular calcium 
channels via an inositol triphosphate- independent 
pathway [63], but a target ion channel has not 
been identified. However, several studies support 
this observation by demonstrating that increased 
level of S1P also upregulates intracellular calcium 
concentrations [64]. In the nucleus, S1P was 
found to play a role in the regulation of gene 
expression by binding to histone deacetylases 
(HDAC1 and HDAC2), and inhibiting their activ-
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Fig. 7.2 Sphingosine-1 phosphate (S1P) plays a role in 
the formation of the prometastatic environment as a side 
effect of radio/chemotherapy. S1P released from damaged 
tissues (malignant and nonmalignant) induces migration 

of tumor cells that survive initial anticancer treatment. 
Such cells metastasize to distant locations where they can 
form secondary tumors
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ity thus regulating transcription of several genes 
including the cyclin-dependent kinase inhibitor 
p21 [65] (Fig. 7.3). In mitochondria, the interac-
tion of S1P with the prohibitin 2 (PHB2) protein 
was found to be important for cytochrome c oxi-
dase assembly and mitochondrial respiration [66]. 
Interestingly, in both cases, SphK2 was found to 
be the main enzyme involved in the synthesis of 
S1P in a particular cellular compartment [65, 66]. 
On the other hand, S1P generated by SphK1 was 
found to act as a cofactor for the TNF receptor-
associated factor 2 (TRAF2) E3 ubiquitin ligase 
complex by which it regulates the activity of the 
nuclear factor-κB (NF-κB) signaling involved in 
inflammatory, antiapoptotic, and immune pro-
cesses [67]. NF-κB activation was observed also 
in response to endoplasmic reticulum (ER) stress 
which resulted in S1P increase and subsequent 
interaction with HSP90 and/or GRP94 protein to 
form a signaling complex with an ER stress 

responsive protein, IRE1α, TRAF2, and RIP1 
[68]. Of note, NF-κB activation may also be 
induced by extracellular S1P [69, 70], suggesting 
that S1P acts upon several stages within the same 
signaling cascade. S1P has also been shown to 
enhance the cellular inhibitor of apoptosis 2 
(cIAP2)-mediated K63-linked polyubiquitination 
of interferon regulatory factor-1 (IRF-1), which is 
essential for IL-1-induced production of chemo-
kines CXCL10 and CCL5 [71]. Moreover, S1P 
interacts with the transcription factor peroxisome 
proliferator-activated receptor γ (PPARγ) through 
which it can regulate angiogenesis [72].

Extracellular S1P acts through binding to 
G-protein-coupled receptors (S1PR1–S1PR5) by 
which it regulates several cell processes, includ-
ing cell survival and migration [73] (Fig.  7.4). 
Expression patterns of S1PRs vary between 
 tissues and can change during development and 
aging. S1PR1–S1PR3 are essentially ubiquitously 
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Fig. 7.3 Intracellular sphingosine-1 phosphate (S1P) 
signaling. Intracellular S1P regulates the nuclear 
factor-κB (NF-κB) signaling pathway by targeting TNF 
receptor- associated factor 2 (TRAF2) or heat shock 
protein 90 (Hsp90)/glucose-regulated protein 94 

(GRP94). In mitochondria, it interacts with prohibitin 2 
(PHB2) thus regulating mitochondrial respiration, 
whereas in the nucleus it regulates the activity of his-
tone deacetylases (HDACs) and nuclear transcription 
factor PPARγ
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expressed, whereas expression of S1PR4 and 
S1PR5 is restricted to distinct cell types [74]. 
S1PRs can activate several different signaling 
pathways. S1PR1 is coupled with Gi protein and 
activates Ras, mitogen-activated protein kinase 
(MAPK), phosphoinositide 3-kinase (PI3K), pro-
tein kinase B (AKT), and phospholipase C (PLC) 
pathways. Both S1PR2 and S1PR3 are coupled to 
Gi, Gq, and G12/13 and can activate Ras, MAPK, 
PI3K, AKT, PLC, and Rho-dependent pathways 
[75]. Through coupling with Gi and G12/13, S1PR4 
mediates cell shape change and motility via a 
Rho-dependent pathway [75], whereas S1PR5 
appears to activate the G12/13 protein and the sub-
sequent Rho/ROCK signaling pathway [76] and 
through coupling with Gi inhibits adenyl cyclase 
(AC) [77]. These studies strongly suggest that 
S1P can mediate diverse functions through acti-
vation of different signal transduction pathways 
in different cell types, as well as within the same 
cell, depending on the patterns of S1PR expres-

sion. What is worth noting, it has been suggested 
that only S1P generated by SphK1 and not SphK2 
can activate S1PRs [78].

7.5  S1P as a Modulator of Cancer 
Biology

Extra- and intracellular S1P can activate various 
signaling cascades that are implicated in cancer 
cell proliferation, survival, migration, inhibition 
of apoptosis, and chemoresistance. SphK1 was 
found to be involved in the regulation of S1P- 
dependent proliferation of several cancers, 
including gastric [79] and colorectal cancers 
[80]. In contrast to SphK1, the role of SphK2 in 
the regulation of cell growth seems to be more 
context-dependent. In some cells, upregulation of 
SphK2 levels was found to cause cell cycle arrest, 
caspase-3 activation, cytochrome c release, and 
thus inhibited cell growth [78, 81]. Whereas in 
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Fig. 7.4 Extracellular sphingosine-1 phosphate (S1P) 
signaling. Intracellularly generated S1P is exported to the 
extracellular compartments by Spinster 2 (SPNS2) and 
members of the ABC transporter family thus allowing for 
autocrine/paracrine signaling of S1P.  Extracellular S1P 

binds to the specific G-coupled S1P receptors designated 
as S1PR1–5, regulating mitogen-activated protein kinase 
(MAPK), Rac, Rho, phosphatidylinositol 3-kinase (PI3K), 
phospholipase C (PLC), and adenyl cyclase (AC) 
pathways
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others, such as glioblastoma, colorectal cancer, 
or prostate cancer, downregulation of SphK2 was 
associated with decreased proliferation of malig-
nant cells in  vitro and in  vivo [82, 83]. 
Surprisingly, a study testing new SphK inhibitors 
on a wide variety of cancer cell lines including 
breast cancer, glioblastoma, melanoma, cervix, 
and colon cancers revealed that SphK activity 
was not required for tumor cell viability both 
in vivo and in vitro [84]. Thus, these discrepan-
cies with opposing findings require further inves-
tigation. Several studies were able to identify 
receptors through which S1P affects cancer cell 
proliferation. In human prostate cancer PC-3 
cells and glioma cells S1P attenuates cell prolif-
eration through activation of S1PR5 [85, 86], 
S1PR2 is involved in growth of hepatocellular 
carcinoma and Willim’s tumor [87, 88], down-
regulation of S1PR1 was associated with 
decreased growth of rhabdomyosarcoma xeno-
grafts [46], whereas in breast cancer higher 
S1PR1 expression correlates with decreased cell 
proliferation [89]. Interestingly, in glioblastoma 
S1PR1–3 were found to be involved in the stimu-
lation of proliferation [90], while activation of 
S1PR5 has an opposite effect [91]. Taken 
together, these observations suggest that both 
exogenous and intracellular S1P are important 
for tumor growth and indicate that attenuation of 
S1P signaling pathway could be a promising 
strategy in cancer treatment.

Extracellular S1P has been found to act a 
potent chemoattractant or chemokinetic factor 
for different types of cancers, including gastric 
cancer [92], leukemia [93], lung cancers [94], 
glioblastoma [95], ovarian cancer [96], or rhab-
domyosarcoma [46], thus indicating the role of 
S1P in tumor metastasis. In the majority of cells, 
S1P stimulates the motility of cancer cells 
through S1PR1 or S1PR3, mainly through activa-
tion of the ERK1/2 signaling pathway. However, 
some evidence also indicates that a S1PR1–
RAC1–CDC42-dependent pathway involving the 
tyrosine phosphorylation of membrane-type 
matrix metalloproteinase 1 might play a role [97, 
98]. Moreover, in some cells, such as ovarian 
cancer, calcium mobilization might accompany 
S1P-mediated invasion [96]. By contrast, S1P 

can inhibit cancer cell motility through a S1PR2- 
dependent regulation of Rho [95]. The specific 
effect of S1P is partially determined by the type 
of the receptors expressed in particular tumors, 
e.g., exposure to S1P of gastric cancer cell lines 
that dominantly expressed S1PR3 induced their 
migration, whereas the opposite effect was 
observed in gastric tumor cells that mainly 
expressed S1PR2 [92]. The effects of S1P on the 
motility of cancer cells can also be context- 
dependent. For example, activation of the S1P–
S1PR2 axis increased glioma invasiveness by 
enhancing the expression of secreted, angiogenic 
matricellular protein CCN1 [99]. The metastatic 
behavior of tumor cells can also depend on S1P 
metabolic enzymes’ pattern of expression. It has 
been found that SphK levels positively correlated 
with migration and invasion of ovarian cancer 
[100], breast cancer, and kidney carcinoma cells 
[101]. In addition to S1P-induced motility of can-
cer cells, this sphingolipid was also found to be 
involved in the regulation of invasion processes. 
S1P was found to induce overexpression of 
MMP-2 through the MAPK/ERK1/2 and NF-κB 
pathways and is responsible for cancer cell inva-
sion in endothelial cells [102]. Upregulation of 
S1P can also lead to overexpression of MMP2, 
which has a major role in initiating cell invasion 
via H-Ras signaling in human breast cancer 
[103]. In the same cells, S1P was also found to 
induce MMP9, and this effect was 
S1PR3-dependent.

Angiogenesis, a process of formation of new 
blood vessels, which is necessary for tumor 
growth and invasion, can also be regulated by 
S1P signaling. Increased angiogenesis in tumor 
tissue can be at least partially explained by the 
S1P-induced migration of endothelial cells [104] 
and vascular smooth muscle cells [105, 106] 
which participate in the formation of new blood 
vessels in cancerous tissue. However, it was also 
shown that cross talk between S1P and VEGF 
signaling can additionally contribute to increase 
angiogenesis. S1P was found to upregulate VEGF 
in human prostate cancer [75] and thyroid cancer 
[107], whereas in bladder cancer, VEGF was 
found to stimulate SphK1 leading to the increase 
of intracellular levels of S1P [107]. S1PR1 was 
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found to be involved in S1P-induced regulation 
of vascularization in thyroid cancer [107], breast 
cancer cells [108], and Lewis lung carcinoma 
[106]. Angiogenesis of tumors was also found to 
correlate with SphK1 level in hepatoma cells 
[109], Lewis lung carcinoma [106], as well as in 
glioma cells [110].

Accumulating evidence indicates that factors 
present in the TME, including S1P, might play a 
role in acquiring of chemoresistance by cancer 
cells. Overexpression of SpK1 was found to be 
associated with the chemoresistance of leukemic 
cells to imatinib [111] and daunorubicin [112], 
prostate cancer to docetaxel [113], renal cancer 
to sunitinib [114], and gastroesophageal cancer 
to oxaliplatin, cisplatin, and docetaxel [115]. It 
has been suggested that at least part of this effect 
is the result of an imbalance between ceramide 
and S1P [116]. Also, other S1P metabolizing 
enzymes were shown to be involved in chemore-
sistance, e.g., overexpression SphK2 has been 
correlated to gefitinib chemoresistance in non- 
small cell lung cancer cells [117] and hormone- 
independent breast cancer [118], whereas 
depletion of SPL caused cisplatin resistance 
[119]. Interestingly, the treatment of prostate 
cancer cells with camptothecin upregulates both 
SK1 and S1P receptors, suggesting that resis-
tance to camptothecin could involve autocrine/
paracrine mechanisms [120]. Some studies also 
indicate the involvement of specific S1P recep-
tors in the acquired chemoresistance of cancer 
cells; for example, the use of S1PR1 antagonist 
was found to sensitize neuroblastoma cells to eto-
poside [121].

Taken together, these data strongly indicate 
that modulation of S1P-related signaling may 
constitute a promising anticancer therapy; how-
ever, due to high heterogeneity between the 
tumors and observed opposing effects in response 
to S1P stimulation, more work has to be done to 
better understand the mechanisms of its action in 
cancer cells.

7.6  S1P as a Modulator 
of the Immune Response

The composition and characteristics of the TME 
vary between different types of tumors, but it is 
crucial in determining the antitumor response. 
Several different populations of immune cells are 
capable of playing a role in antitumor immune 
response, including macrophages, natural killer 
cells (NKs), dendritic cells (DCs), and effector T 
cells. However, at the same time, tumor cells pro-
tect themselves from destruction by induction of 
an immunosuppressive microenvironment, thus 
promoting the development of immunosuppres-
sive cells such as myeloid-derived suppressor 
cells (MDSCs) and regulatory T cells. 
Accumulating evidence indicates that S1P might 
be one of the components of the TME that can 
regulate this interplay between cancer and 
immune cells (Fig. 7.5). The best-studied effect 
of S1P on immune cells includes its role in the 
regulation of migration and polarization of mac-
rophages. Macrophages originate from the 
myeloid lineage and belong to the innate immune 
system. They are derived from blood monocytes 
that migrate into cancer tissue in response to spe-
cific chemokines present in the TME.  One of 
their main functions is the removal of microbes 
and cell debris through phagocytosis, but they 
also play a crucial role in the initiation of inflam-
mation [122, 123]. Based on signals from the 
microenvironment, macrophages can exhibit dif-
ferent phenotypes, and the process of acquiring 
different functional programs is known as polar-
ization. Two major subsets have been proposed: 
M1 and M2 macrophages which correspond to 
the extreme phenotypes of the opposite spectrum. 
M1 macrophages (classically activated macro-
phages) are aggressive and highly phagocytic, 
produce large amounts of reactive oxygen and 
nitrogen species, secrete high levels of IL-12 and 
IL-23, and induce the activation, and clonal 
expansion of T-helpers cells thus contributes to 
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Fig. 7.5 Sphingosine-1 phosphate (S1P) is a key regula-
tor of cell–cell interaction and modulator of the anticancer 
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which in turn secrete growth factors and cytokines that 
stimulate tumor growth. S1P also inhibits cytotoxic activ-
ity of natural killer (NK) cells and promotes regulatory 
T-cell (Treg) expansion, migration, and accumulation in 
malignant tissue which results in immunosuppression of 
anticancer response. In the presence of S1P, NK-mediated 
cell lysis of immature monocyte-derived dendritic cells 

(DCs) is inhibited. Moreover, S1P enhances endocytosis 
and induces migration of mature DCs which could poten-
tially increase immune response toward cancer cells. Mast 
cells respond to S1P stimulation with increased motility 
and degranulation which result in the release of growth 
factors and cytokines that depending on the context can 
stimulate or inhibit tumor growth and progression. 
Similarly, fibroblasts, in the presence of S1P, secrete 
growth factors, proteases, and also S1P that accelerate 
tumor growth, angiogenesis, and invasion. Additionally, 
S1P induces angiogenesis and tumor growth by enhancing 
migration of endothelial cells
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inflammation. In contrast, M2 macrophages 
(alternatively activated macrophages) are anti- 
inflammatory and aid in the process of angiogen-
esis and tissue repair. In the TME, M1 
macrophages are involved in the elimination of 
tumor cells, whereas M2 macrophages stimulate 
tumor growth by releasing angiogenic factors and 
anti-inflammatory cytokines [124]. Tumor- 
associated macrophages (TAMs) display an 
M2-like phenotype, and several studies indicate a 
correlation between TAM density and poor prog-
nosis of cancer patients. Moreover, new evidence 
connect TAMs with chemotherapy resistance.

S1P has been identified to be a potent che-
moattractant for many different types of normal 
and malignant cells. Interestingly, S1P released 
from apoptotic leukemic cells not only was found 
to attract monocytes, but its effect was compara-
ble with monocyte chemoattractant protein-1 
(MCP-1/CCL2) [45]. These results were con-
firmed in several other models including breast 
cancer [47, 48] and acute T-cell leukemia [125, 
126], and more detailed studies indicate the 
involvement of S1P-S1PR1 axis in monocyte 
migration [125]. There are also some suggestions 
that SphKs are involved in the release of S1P 
from apoptotic cells; however, the results are 
contradictory; some studies showed that activa-
tion of SphK1 is necessary to facilitate this pro-
cess [45, 126], whereas the other pointed out to 
the involvement of SphK2 [126].

Accumulating evidence point to a crucial role 
of S1P in macrophage polarization. In several 
models, including breast cancer, S1P was found 
to induce a M2 phenotype in macrophages which 
was characterized by decreased tumor necrosis 
factor (TNF)-alpha, IL-12, and nitric oxide syn-
thase production, but increased formation of 
IL-4, IL-8, IL-10, TGF-β1, and, interestingly, 
SphK1 [47, 48, 127, 128]. More detailed studies 
indicated that this process involved suppression 
of NF-κB, p38 MAPK, and JNK signaling path-
ways [47, 128, 129], as well as activation of tyro-
sine kinase receptor A and ERK1/2 [48, 128]. 
Moreover, S1P activity was dependent on the 
expression of SphK2, S1PR1/3 but not S1PR2 
[47, 126, 129, 130]. Additionally, IL-10, a potent, 
anti-inflammatory cytokine was found to stimu-

late macrophages to secrete prostaglandin E2 
(PGE2) that induced migration of endothelial 
cells and increased angiogenesis, a seal of tumor 
progression [130]. S1P released from cancer cells 
also induced Bcl-X(L) and Bcl-2 upregulation, 
which protected macrophages from cell death 
[126].

The identification of S1P function in mono-
cyte recruitment and polarization of macrophages 
toward the less aggressive M2 phenotype suggest 
that S1P present in the TME can have a positive 
effect on tumor growth not only by direct stimu-
lation of cell proliferation, invasiveness, and che-
moresistance but also by allowing them to evade 
the tumor-killing response elicited by cytotoxic 
macrophages. Therefore, a better understanding 
of S1P role in the regulation of macrophage pro-
duction and polarization could lead to the devel-
opment of new therapies allowing for the 
reprogramming of TAMs toward an M1 pheno-
type and activation of their antitumor response.

Even though most of the literature focus on 
the crucial role of S1P in monocyte/macrophage 
recruitment, survival, and polarization, it was 
also found that this phosphosphingolipid can 
modulate the function of other immune cells 
present in the TME such as regulatory T cells 
(Tregs) or natural killer cells (NK). Tregs are a 
subpopulation of T cells that act to suppress the 
immune response, thus maintaining homeostasis 
and self-tolerance. In cancers, however, their 
suppressive activity toward other immune cells 
promotes tumor progression. S1PR1 was found 
to be involved in the regulation of Tregs functions 
since the permanent deletion of this receptor 
from Treg cells resulted in autoimmunity [131]. 
Moreover, activation of S1PR1 signaling leads to 
Tregs accumulation in cancerous tissues and pro-
motes tumor growth, through activation of STAT3 
[132]. However, in other studies, S1PRs agonist 
FTY720 (fingolimod) was found to inhibit IL-2- 
induced STAT-5 phosphorylation, paralleled by a 
loss of forkhead box protein 3 (FoxP3) expres-
sion, which resulted in decreased Treg cells pro-
liferation, both, in vitro and in vivo [133, 134]. 
FTY720 is an agonist of four S1PRs (S1PR1, 
S1PR3, S1PR4, and S1PR5) [135], therefore the 
discrepancy between studies might indicate that 
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although S1PR1 can stimulate the suppressive 
nature of Tregs, this effect can be counteracted by 
stimulation of other S1P receptors. Therefore 
more studies have to be done to better character-
ize the role of S1P and its receptors in Tregs 
 regulation. Interestingly, S1PR1 present on can-
cer cells was found to regulate a cross talk 
between bladder cancer cells and Tregs. 
Overexpression of this receptor in bladder cancer 
cells promoted the generation of bladder cancer-
induced Tregs by activation TGF-β signaling 
pathway, leading to the secretion of TGF-β and 
IL-10 from tumor cells [134].

Recently S1P was identified as a potent che-
moattractant for natural killers cells (NK) that 
play a crucial role in antitumor immunity [136, 
137]. However, at the same time it was shown 
that S1P stimulation activates the phosphati-
dylinositol 3-kinase (PI3K)-dependent signaling 
pathway, protein kinase A (PKA), protein kinase 
B (PKB/AKT), glycogen synthase kinase-3beta 
(GSK-3beta) and increases the level of cAMP, 
thus inhibiting the cytotoxic activity of NK cells 
[136]. Further studies confirmed that S1P can act 
as an anti-inflammatory molecule that signifi-
cantly reduced the release of IL-17A and IFN- 
gamma from NK cells in an S1PR1-independent 
manner [138]. At the same time, it was found that 
S1P can modulate the interaction between NK 
and tumor cells since activation of S1PR1 on 
human myeloid leukemia K562 cells protected 
them from NK cells-induced lysis [138]. 
Interestingly, S1P was also found to modulate the 
interaction of NK cells with immature dendritic 
cells (DCs) [138]. DCs are antigen-presenting 
cells that play a central role in the initiation of 
adaptive immune responses. In the presence of 
S1P, NK-mediated cell lysis of immature 
monocyte- derived DCs was inhibited, which may 
favor antigen presentation to T cells [138]. 
Moreover, S1P enhances endocytosis and induce 
migration of mature DCs in an S1PR3--dependent 
but not S1PR1-dependent manner [139], which 
could potentially increase immune response 
toward cancer cells. This duality in S1P action 
cells requires more studies to better understand 
the effect of its signaling on migration and phe-
notypic modulation of NK and DCs cells.

One of the best-studied effects of S1P is its 
role in migration and egress of lymphocytes from 
lymphoid organs. However, less attention was 
put in resolving the role of S1P in the regulation 
of B and T lymphocytes in cancer progression. In 
diffuse large B-cell lymphoma (DLBCL) cell 
lines, expression of S1PR2 inversely correlated 
with the oncogenic transcription of FOXP1, 
resulting in reduced tumor growth in S1PR2 
overexpressing cells [140]. Moreover, low S1PR2 
expression was found to be a strong negative 
prognostic factor of patient survival, especially in 
combination with high FOXP1 expression [140]. 
Interestingly, different B-cell populations express 
different combinations of S1PRs; S1PR1 was 
found to promote migration, whereas S1PR4 
modulates and S1PR2 inhibits S1PR1 signals 
[141]. Moreover, the expression of CD69 in acti-
vated B lymphocytes and B cells from patients 
with chronic lymphocytic leukemia (CLL) inhib-
ited S1P-induced migration [141]. Studying 
B-cell lines, normal B lymphocytes, and B cells 
from patients with primary immunodeficiencies, 
Bruton’s tyrosine kinase, β-arrestin 2, LPS- 
responsive beige-like anchor protein, dedicator 
of cytokinesis 8, and Wiskott-Aldrich syndrome 
protein were found to be critical signaling com-
ponents downstream of S1PR1 [141]. S1PR1 is 
expressed at low levels in CLL lymph nodes as 
compared with normal B cells [142], increased 
expression of S1PR1 correlates with STAT3 acti-
vation and survival of B-cell lymphoma cells 
[143]. Furthermore, downregulated expression of 
S1PR1 in CLL B cells impairs their egress from 
the peripheral lymphoid organs and enhances 
their survival [144]. S1P was also identified as a 
molecule that inhibits T-cell proliferation [145].

Mast cells (MCs) are immune cells of the 
myeloid lineage and are present in connective 
tissues throughout the body. The activation and 
degranulation of mast cells modulate many 
aspects of physiological and pathological condi-
tions in various settings [146]. Immuno- 
modulating action of mast cells is related to the 
production and release of several multi-potent 
molecules including S1P [147, 148], 
Interestingly, MCs have been found to act as 
both tumor promotors and tumor suppressors 
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[147, 149, 150], and this effect can differ within 
the same tumor depending on the tissue com-
partment, e.g., in prostate tumors intratumoral 
MCs negatively regulate angiogenesis and tumor 
growth, whereas peritumoral MCs stimulate the 
expansion of  cancer cells [150]. High numbers 
of mast cells have been found in several tumors 
including colorectal [151], pancreatic [152], 
melanoma, [153], NSCLC [154], squamous cell 
carcinomas (SCC) of the esophagus [155], 
mouth [156], and lip [157]. Interestingly, an ele-
vated number of MCs was correlated with good 
[150, 158, 159] and poor prognosis [158, 160]. 
Fr example, in prostate cancer, patients with 
higher MCs counts had a better prognosis than 
the patients with lower MSc counts [159, 160]. 
Moreover, the MCs numbers correlated well 
with the clinical stages of tumors [160]. Similarly 
to other immune cells, S1P was found to stimu-
late motility of MCs [161], and this effect was 
S1PR1-dependent [161]. On the other hand, 
S1PR2 showed an inhibitory effect on MCs 
migration; however, it was necessary for S1P-
induced degranulation [161]. Moreover, SphK1 
but not SphK2 was found to be critical in MCs 
for antigen-induced degranulation, chemokine 
secretion, and migration, while both isozymes 
are essential for cytokine secretion [162]. Studies 
with MCs also led to the discovery that ABCC1 
promotes the export of S1P across the plasma 
membrane independent of MCs degranulation 
[57]. Interestingly, exposure of MCs to S1P can 
lead to increased release of proteinases involved 
in tumor growth and metastasis, as well as pro-
angiogenic VEGF [92, 148].

The complexity of S1P signaling that regu-
lates immune cells in the TME (Fig. 7.5) requires 
further studies especially that not only S1P can 
directly act on different subpopulations of cells 
but also modulate cross talk between immune 
cells and tumor. Nevertheless, some of the stud-
ies indicate that the modulation of S1P-dependent 
signaling to increase the antitumor response of 
the immune system can be a promising target for 
anticancer therapies.

7.7  S1P as a Modulator 
in Inflammatory Pathways

Several studies indicate the involvement of S1P 
or enzymes controlling its metabolism in the reg-
ulation of inflammation. As mentioned earlier, 
intracellular S1P can activate NF-κB; however, 
recent studies indicate that this activation can 
also be mediated by S1PR (mainly S1PR1–3), 
thus involving an extracellular pool of S1P [69, 
163, 164]. Interestingly, some results indicate a 
link between TNF signaling and NF-κB activa-
tion that involves S1P as a signaling molecule 
and/or as a cofactor of TRAF2 E3 ubiquitin ligase 
[67]. In melanoma cells, activation of NF-κB by 
extracellular S1P was found to be irreversibly 
correlated with expression of actin-binding pro-
tein FlnA [164], an interacting partner of SphK1 
[165] and TRAF2 [166]. Moreover, it was also 
found that TRAF-interacting protein (TRIP), a 
binding partner of TRAF2, abrogated TNF- 
induced NF-κB activation by inhibiting binding 
of S1P to TRAF2 and thus suppressing its E3 
ubiquitin ligase activity [67]. In inflammation- 
associated colon cancer, S1P was found to be 
essential for the production of the NF-κB- 
regulated cytokine, IL-6, crucial for persistent 
activation of transcription factor STAT3. This 
leads to upregulation of S1PR1 and reciprocally, 
enhanced S1PR1 expression activates STAT3 and 
upregulates IL-6 gene expression, thus accelerat-
ing tumor growth and metastasis in a STAT3- 
dependent manner [167]. The connection 
between S1PR1 and STAT3 activation was found 
to be crucial in distinct tumors, including lym-
phoma, adenocarcinoma, melanoma, breast, and 
prostate cancers [167] and decreased expression 
of STAT3-regulated genes by targeting S1PR1 
was found to inhibit tumor progression [143]. 
What is interesting is S1P-induced STAT3 activa-
tion in colitis-induced colon cancer was corre-
lated with upregulation of SphK1 or decreased 
level of SPL. A similar association was observed 
in animal models of inflammation, as S1P levels 
were increased in mice with dextran sulfate- 
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induced colitis, but not in mice lacking the SphK1 
gene [168, 169]. The connection between S1P- 
metabolized enzymes and S1P-induced activa-
tion of STAT3 was also observed in 
cholangiocarcinoma cells where inhibition of 
SphK2 abrogated STAT3 phosphorylation and 
decreased cells’ proliferation [170]. Also, in 
ER-negative breast cancer cells, SphK1 knock-
down led to a significant reduction in 
 leptin- induced STAT3 phosphorylation [171]. 
SphK1 and S1P were also found to be required 
for TNF- α- induced cyclooxygenase 2 (COX2), 
and prostaglandin E2 (PEG2) production [172]. 
Additionally, S1P in cooperation with lipopoly-
saccharide (LPS) was found to increase the 
expression of pro-inflammatory molecules such 
as IL-6, cyclooxygenase-2 (COX2), and prosta-
cyclin in human endothelial cells [163]. 
Moreover, S1P was able to induce COX2 expres-
sion in Wilms tumor and this effect was mediated 
by S1PR2 [173].

Increased levels of S1P suggesting its 
involvement in controlling inflammation was 
observed in several nonmalignant conditions 
such as inflammatory arthritis [174, 175] mul-
tiple sclerosis [176], or asthma [177]. In con-
trast, increased expression of SPL and SPP2, 
thus indicating a decreased level of S1P, was 
found in the skin of patients and animals with 
psoriasis [178] and atopic dermatitis [179, 
180], which could suggest that S1P exert anti-
inflammatory actions in the skin. This hypoth-
esis was confirmed in animal models of 
dermatitis or psoriasis, where the topical appli-
cation of S1P reduced skin hyperproliferation 
and swelling [181, 182]. This mechanism of 
suppression involved inhibition of Langerhans 
cells migration to the lymph nodes or reduced 
antigen processing through S1PR2 activation 
[183]. Additionally, in a model of allergic 
asthma, inhalation of S1P suppressed airway by 
altering dendritic cell function [184]. 
Interestingly, only HDL-bound S1P, but not 
albumin-bound S1P, restrained lymphopoiesis 
and neuroinflammation in mice [185]. Although 
the described mechanisms were found in non-
cancerous tissues, one cannot exclude that S1P 
can regulate similar processes in tumors.

7.8  S1P as a Regulator of Cells’ 
Interaction

The role of S1P signaling in the regulation of the 
interaction between tumor and the immune sys-
tem has been described in previous paragraphs; 
however, S1P can also modulate the interaction 
between other cell types present in the TME 
(Fig. 7.5). In S1PR2 knockout mice, the lack of 
this receptor on endothelial, vascular smooth 
muscle, and DC11b-positive bone marrow cells 
resulted in accelerated angiogenesis and growth 
of Lewis lung carcinoma and B16 melanoma 
cells [186]. The opposite effect was observed for 
S1PR1, whose downregulation in endothelial 
cells resulted in inhibited endothelial cell migra-
tion in  vitro and the growth of neovessels into 
subcutaneous implants of Matrigel in vivo, thus 
leading to dramatic suppression of tumor growth 
[106]. In a model of melanoma, inhibition of 
SphK1 activity in dermal fibroblast enhanced 
tumor growth, whereas factors released from 
Sphk1 expressing melanoma cells were neces-
sary for fibroblast differentiation into myofibro-
blasts [67, 187]. Moreover, myofibroblasts were 
found to release S1P and metalloproteinases that 
additionally increased melanoma growth and 
metastasis [67, 187]. Similarly, SphK1 expressed 
in the tumor stroma of serous ovarian cancer was 
required for the differentiation and the tumor- 
promoting function of cancer-associated fibro-
blasts through activation of TGF-β-signaling 
pathways via transactivation of S1PR2 and 
S1PR3 [188]. The importance of stromal 
SphK1 in tumorigenesis was confirmed in vivo in 
SphK1 knockout mice, where reduced tumor 
growth and decreased metastasis were observed 
[188]. S1P also mediate interactions in the pan-
creas between tumor and stromal cells where 
pancreatic cancer cell-derived S1P activates pan-
creatic stellate cells to release paracrine factors, 
including matrix metalloproteinase-9 (MMP9), 
which in turn promotes tumor cell migration and 
invasion, both in  vitro and in  vivo [189]. 
Interestingly, it has been proposed that communi-
cation between the host organism and cancer 
cells in a lung cancer model is transduced by S1P 
generated systemically rather than via tumor- 
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derived S1P, and that lung colonization and can-
cer metastasis requires S1PR2 activation [190]. 
Recently, some additional mechanism has also 
been described where stromal–cancer interaction 
has been facilitating through microvesicles [191]. 
It has been found that S1PR2 can be shed from 
breast cancer cells in exosomes present in condi-
tioned medium. Moreover, when combining with 
fibroblast, S1PR2 was proteolyzed to produce a 
constitutively active form which promoted prolif-
eration of these cells through activation of the 
ERK1/2 pathway [191]. S1PR2 was also found to 
be important in the regulation of epithelial 
defense against cancer (EDAC), a process in 
which epithelial cells eliminate neighboring can-
cer cells [192]. Altogether, these results strongly 
support the hypothesis that S1P in the TME may 
regulate the communication between cancerous 
and stromal cells to enhance tumor development 
(Fig. 7.5).

7.9  S1P and Hypoxia

Hypoxia is a non-physiological low level of oxy-
gen in a tissue, and this phenomenon is observed 
in a majority of malignant tumors. It is the result 
of intensive proliferation and expansion of tumor 
tissue in which oxygen demand is surpassed by 
oxygen supply [193]. Decreased oxygenation 
may lead to either cancer cell death or cancer cell 
survival, and the type of response partially 
depends on the time of exposure to hypoxia 
[193]. Hypoxia induces several intracellular sig-
naling pathways, including the hypoxia- inducible 
factor (HIF) pathway. The SphK1 promoter has 
two hypoxia-inducible factor-responsive ele-
ments (HREs) and both hypoxic-inducible fac-
tors HIF1α and HIF2α have been shown to 
regulate transcription of SphK1 [194, 195] 
(Fig.  7.6). Interestingly, in glioma cells, HIF1α 
and HIF2α had the opposite effect on SphK1 
expression; while downregulation of HIF2α 
decreased expression of SphK1 and S1P levels, 
silencing of HIF1α increased SphK1 synthesis 
[196]. At the same time, both SphK1 and SphK2 
were found to be necessary to stabilize HIF1α in 
normal and malignant cells [197, 198] and SphK1 

was also found to control HIF1α expression 
through a phospholipase D-driven mechanism 
[196]. In lung cancer, hypoxia was found to 
enhance SphK2 activity and lead to sphingosine 
1-phosphate-mediated chemoresistance through 
an autocrine/paracrine mechanism that includes 
activation of S1PR1 and S1PR3  in cancer cells 
[199]. Hypoxia-induced SphK1 also promotes 
endothelial cell migration in [195] and increases 
S1P production and release from glioma cells 
[200]. Additionally, conditioned medium from 
hypoxia-treated tumor cells resulted in neoangio-
genesis in human umbilical vein endothelial cells 
in a S1PR-dependent manner thus providing evi-
dence of a link between S1P production as a 
potent angiogenic agent and the hypoxic pheno-
type observed in many tumors [200]. S1P was 
also found to be involved in the activation of 
HIF1α in macrophages [201], and migration of 
endothelial cells [202]. Taken together, presented 
results indicate that regulation of S1P signaling 
in response to hypoxic conditions could be a 
potential therapeutic target leading to decreased 
angiogenesis in growing tumors.

7.10  S1P-Targeting Anticancer 
Therapies

Several strategies have been applied to the inhibi-
tion of S1P signaling in cancers targeting either 
metabolizing enzymes (mainly SphK1 and 
SphK2), specific S1P receptors, or S1P itself. 
The majority of SphK-targeting inhibitors either, 
rapidly and reversibly, inhibit catalytic activity 
[203] of SphK or induce ubiquitin-proteasomal 
degradation of SphK [204, 205], which results in 
a significant reduction in SphK levels in cancer 
cells. Unfortunately, some of them were found to 
be not isoform-specific, inhibit enzymes other 
than SphK (e.g., protein kinase C and ceramide 
kinase) [206, 207] or, despite showing efficacy in 
cancer models [208–212], were characterized 
with high toxicity [209]. Interestingly, some nat-
ural products like B-5354c [213], S-15183a, and 
S-15183b [214] have been shown to inhibit SphK 
in vitro and were found to reduce tumor growth 
in vivo [120]. Nevertheless, the efficacy and tox-
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icity of three compounds that target SphK have 
been or are being assessed in clinical trials. 
Safingol (L-threo-dihydrosphingosine), which 
decreases the activity of SphK1, but also acts on 
protein kinase C [215], was shown to effectively 
downregulate the levels of S1P.  However, 
although reversible, dose-dependent hepatic tox-
icity was observed. Currently, Safingol is being 
tested in patients with relapsed malignancies. 
Good tolerance and effectiveness in decreasing 
S1P levels were also shown for the selective 

SphK2 inhibitor ABC294640 (YELIVA) in Phase 
I studies in patients with advanced solid tumors 
[216]. Now, YELIVA is being evaluated in Phase 
II studies for the treatment of cholangiocarci-
noma and hepatocellular carcinoma. A third com-
pound, phenoxodiol, which was shown to reduce 
the activation of SphK1 [217] was assessed in 
clinical trials for the treatment of ovarian and 
prostate cancers [218–220]. However, the effect 
of phenoxodiol on SphK is indirect, and it also 
downregulates antiapoptotic proteins, induces 
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Fig. 7.6 Role of sphingosine-1-phosphate (S1P) in 
hypoxia. At the molecular level (lower panel), hypoxia 
induces expression of hypoxia-inducible factor 1α 
(HIF1α) that regulates expression of sphingosine kinase 1 
(SphK1). At the same time, SphK1 stabilizes HIF1α and 
controls its expression through a phospholipase D-driven 
mechanism. At the cellular level (upper panel), S1P 

released from cancer cells promotes endothelial cell 
migration and subsequent angiogenesis. S1P was also 
found to induce TAM/M2 macrophage polarization and is 
involved in the activation of HIF1α in macrophages. 
Moreover, stabilization of HIF1α in macrophages induces 
vascular endothelial growth factor (VEGF) release that 
additionally stimulates angiogenesis
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AKT downregulation, and inhibits topoisomer-
ase II.

Multiple S1PR-selective agents are available 
on the market [135], and although some of them 
were tested in animals models, none of them 
were or are being evaluated in clinical trials as 
anticancer treatments. One of the explanations 
might be the heterogeneous pattern of S1PR 
expression in cancer, which can differ not only 
between the same types of cancer from different 
patients but also between cells within the same 
tumor, thus limiting the efficacy of S1PR 
treatments.

Another approach for inhibition of S1P- 
related signaling includes the development of 
monoclonal antibodies (mAbs) that bind and 
neutralize S1P from blood and other compart-
ments. Sphingomab (LT1009), an S1P-specific 
antibody, was found to reduce tumor progression, 
metastasis and, in some cases, eliminated tumors 
in mouse xenograft and allograft models [221]. 
This effect was attributed to its anti-angiogenic 
properties since in  vitro studies indicated that 
anti-S1P mAbs blocked endothelial cell migra-
tion and resulting capillary formation and in vivo 
observation indicated a reduction in tumor blood 
flow [221]. On the other hand, in in vivo prostate, 
Sphingomab blocked the activity of HIF-1α in 
cancer exposed to hypoxia and modified vessel 
architecture, thus increasing intratumoral blood 
perfusion [222]. This transient vascular normal-
ization of tumor vessels sensitized it to chemo-
therapeutic treatment leading to decreased tumor 
growth and metastasis [222]. Two monoclonal 
S1P-specific antibodies, LT1002 and 
Sonepcizumab (Asonep), a humanized form of 
sphingomab, were shown to have high specificity 
for S1P but not to other structurally related lipids 
[223]. Sonepcizumab has recently completed 
Phase I clinical trials for the treatment of solid 
tumors, but results are not yet available. However, 
results from Phase II clinical study of 
Sonepcizumab in patients with metastatic renal 
cell carcinoma showed encouraging overall sur-
vival and favorable safety profile suggesting fur-
ther investigation of this agent in combination 
with VEGF-directed agents or checkpoint inhibi-
tors [224].

Binding and sequestering of S1P from the 
environment can be also obtained using 
Spiegelmers (Spiegel = German word for mirror) 
which are biostable oligonucleotides made from 
nonnatural mirror-image l-nucleotides that adopt 
complex three-dimensional structures and bind 
targets in a fashion comparable to antibodies 
[225]. NOX-S93, a high-affinity inhibitor of S1P, 
was shown to reduce angiogenesis in in  vitro 
assay [225]. Moreover, in in  vivo experiments, 
administration of NOX-S93 decreased S1P- 
induced spread of rhabdomyosarcoma cells [46].

7.11  Conclusions

There is no doubt that S1P plays an essential role 
in the regulation of the TME and modulates inter-
actions between its components. S1P released 
from tumor cells allows them to inhibit antican-
cer immune response, increase angiogenesis, and 
adapt to hypoxic conditions. Cells stimulated by 
S1P within the TME can, in turn, secrete growth 
factors and cytokines that orchestrate cancer pro-
gression and chemoresistance. Thus, S1P signal-
ing in the TME should be taken into account 
when designing novel therapeutic strategies for 
cancer patients.
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Abstract
Tumor-associated inflammation and immune 
responses are key components in the tumor 
microenvironment (TME) which regulate 
tumor growth, progression, and metastasis. 
Tumor-associated myeloid cells (TAMCs) are 
a group of cells that play multiple key roles 
including induction of tumor-associated 
inflammation/angiogenesis and regulation of 
tumor-specific T-cell responses. Thus, identi-
fication and characterization of key pathways 
that can regulate TAMCs are of critical impor-

tance for developing cancer immunotherapy. 
Recent studies suggest that CD200-CD200 
receptor (CD200R) interaction may be impor-
tant in regulating the TME via affecting 
TAMCs. In this chapter, we will give a brief 
overview of the CD200-CD200R axis, includ-
ing the biology behind CD200-CD200R inter-
action and the role(s) it plays in tumor 
microenvironment and tumor growth, and 
activation/effector functions of T cells. We 
will also discuss CD200-CD200R’s role as 
potential checkpoint molecules for cancer 
immunotherapy. Further investigation of the 
CD200-CD200R pathway will not only 
advance our understanding of tumor patho-
genesis and immunity but also provide the 
rationale for CD200-CD200R-targeted immu-
notherapy of human cancer.

Keywords
CD200 · CD200 receptor · Tumor microenvi-
ronment · Tumor immunity · Tumor- 
associated myeloid cells (TAMCs) · 
Tumor-associated macrophages (TAMs) · 
Myeloid derived suppressor cells (MDSCs) · 
Regulatory T cells (Tregs) · Dendritic cells 
(DCs) · Cytotoxic T lymphocytes (CTLs) · 
Immunotherapy

J.-Q. Liu · F. Talebian · X.-F. Bai (*) 
Department of Pathology, College of Medicine and 
Comprehensive Cancer Center, Ohio State University, 
Columbus, OH, USA
e-mail: Xue-Feng.Bai@osumc.edu 

A. Hu · J. Zhu 
Department of Pathology, College of Medicine and 
Comprehensive Cancer Center, Ohio State University, 
Columbus, OH, USA 

Pediatric Translational Medicine Institute, Shanghai 
Children’s Medical Center, Shanghai Jiao Tong 
University School of Medicine, Shanghai, China 

J. Yu 
Department of Pathology, College of Medicine and 
Comprehensive Cancer Center, Ohio State University, 
Columbus, OH, USA 

Department of Gastroenterology, Guangdong 
Provincial Key Laboratory of Gastroenterology, Nan 
Fang Hospital, Southern Medical University, 
Guangzhou, China

8

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-35582-1_8&domain=pdf
mailto:Xue-Feng.Bai@osumc.edu


156

8.1  Introduction

Tumor-associated inflammation and immune 
responses are major contributors in regulating 
tumor growth and progression and establishing a 
tumor microenvironment (TME) [1]. Tumor- 
associated myeloid cells (TAMCs) are a group of 
cells that play key roles in inducing tumor- 
associated inflammation/angiogenesis [2, 3], 
activating tumor invasion/metastasis [4, 5], and 
regulating tumor-specific T-cell responses [6]. 
Therefore, to better understand cancer pathogen-
esis and pave the way for developing effective 
cancer immune therapy, identification and char-
acterization of key pathways that regulate 
TAMCs in the TME are of critical importance. In 
this regard, accumulating evidence [7–9] sug-
gests that CD200-CD200 receptor (CD200R) 
interaction may be important in regulating the 
TME.  In the past decade, reports suggesting an 
association between CD200-CD200R pathway 
and prognosis in human cancer patients [10, 11] 
have caused an explosion of interest in these mol-
ecules and their interactions. Today, clinical trials 
of patients with advanced cancer are underway 
based on blockade of this pathway using antibod-
ies [12]. In this chapter, we will give a brief over-
view of the biological aspects of the 
CD200-CD200R axis and its role in tumor micro-
environment, tumor growth, T-cell activation, 
and effector functions and its potential role as 
“checkpoint molecules” for cancer 
immunotherapy.

8.2  The Biology of CD200- 
CD200R Axis

CD200 (also known as OX-2) is a member of the 
Ig super family (IgSF) of proteins and shares 
structural similarities with the B7 family of pro-
teins (Fig.  8.1). It contains two extracellular 
immunoglobulin domains and a small 19aa intra-
cellular domain with no known signaling motif 
[13]. CD200 is expressed in a variety of normal 
tissues including B and activated T lymphocytes 
[14–18]. Recent studies have revealed that CD200 
is also overexpressed in a variety of human cancer 

cells including human melanoma [19], ovarian 
cancer [20], myeloid leukemia [11], some B-cell 
malignancies [10], and a majority of endocrine 
malignancies such as small cell lung carcinoma 
[21]. CD200R, the cognate ligand for CD200, is 
also an IgSF protein [22]. The expression pattern 
of mouse and human CD200R is similar, with 
strong expression in macrophages, neutrophils, 
and mast cells [23]. Unlike most of the IgSF 
receptors, CD200R lacks ITIM domains [24]. 
However, its 67 AA cytoplasmic tail contains 
three tyrosine residues, and the third tyrosine resi-
due is located within an NPXY motif, which is 
phosphorylated upon ligation of the CD200R 
[25]. This leads to the recruitment and phosphory-
lation of Dok-2 and 1, which then bind to RasGAP 
and SHIP [25–27]. In macrophages and mast 
cells, this cascade has been shown to inhibit the 
phosphorylation of ERK, P38, and JNK [26], and 
the activation of myeloid cells [28]. CD200R sig-
naling in macrophage appears to limit autoim-
mune inflammation in animal models of multiple 
sclerosis, arthritis [29], and lung injury caused by 
viral infection [30], as CD200-deficient mice 
exhibit hyper active macrophages with significant 
increases in disease severity. Notably, CD200R-
deficient mice were more susceptible to arthritis, 
presumably due to enhanced macrophage func-
tions [31]. These findings suggest that CD200-
CD200R pathway is mainly involved in regulating 
the functions of myeloid lineages of cells. 
Although CD200R expression is mainly found in 
macrophages and neutrophils, further research 
revealed lower levels of CD200R expression in 
dendritic cells (DC) and some subsets of T cells 
[23, 32, 33], suggesting additional functions for 
CD200R signaling in regulating these cell types. 
Some laboratories reported elevated cytotoxic 
T-cell (CTL) responses in CD200−/− mice infected 
with influenza virus [30, 34], while other research 
suggested that autoantigen-specific T-cell 
responses were normal [29, 31]. To make matters 
more complicated, certain studies propose that 
CD200 signaling is required for the induction of 
T-cell tolerance [35, 36]. Although these studies 
yielded conflicting results, they all confer 
 CD200- CD200R signaling contributes to T-cell 
response regulation.
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8.3  CD200-CD200R Interaction 
in Tumor Microenvironment 
and its Impact on Tumor 
Growth and Progression

In the tumor microenvironment, a number of cell 
types express CD200 and/or CD200R (Fig. 8.2). 
CD200 is overexpressed in cancer cells of a vari-
ety of human tumors including melanoma [19], 
ovarian cancer [20], some B-cell malignancies 
[10], and many endocrine malignancies such as 
small cell lung carcinoma [21]. Additionally, 
endothelial cells from tumor blood vessels and 
activated T, B, and myeloid cells in the TME 
express significant levels of CD200. TAMCs, 
including tumor-associated macrophages (TAM), 
myeloid-derived suppressor cells (MDSC), and 
tumor-associated dendritic cells (TADCs), are 
the major lineages of cells expressing CD200R in 
the TME [7]. Other immune cells such as Tregs 
also express significant levels of CD200R.  The 
complicated interactions of CD200-CD200R 
among these cell types can significantly shape 
TME and affect tumor growth and progression 
(Fig.  8.2). This can explain the confounding 
dilemma: Why do studies on the role of CD200 
expression in tumors often lead to controversial 
results?

A human study in 2006 suggested that CD200 
mRNA expression in myeloma cells is associated 
with decreased survival of patients [10]. However, 
this result was later challenged by another report, 
which showed that loss of CD200 protein expres-
sion on myeloma cells is correlated with a clini-
cally more aggressive disease, characterized by 
expression of a 70-gene signature [37]. CD200 
expression in acute myeloid leukemia (AML) is 
associated with poor prognosis [11]. However, a 
more recent study demonstrated that CD200 
expression in chronic lymphocytic leukemia 
(CLL) is actually associated with better prognosis 
[38]. Similarly, CD200 is associated with tumor 
grading and metastasis in bladder cancer [39], 
while in breast cancer, CD200 is mainly present in 
patients with early-stage breast cancer, which does 
not favor nodal metastasis [40]. Thus, it appears 
that tumor CD200 plays differential roles in human 
cancer depending on the tumor type.

In animal studies, CD200 expression was found 
in cancer stem cells of basal cell carcinoma and 
associated with tumor initiation capacity [41] or 
positively correlated with the metastatic capacity 
in squamous cell carcinoma [42]. However, these 
tumor types do not overexpress CD200, and it 
remains unclear if expression of CD200 on cancer 
stem cells is responsible for their capacity in tumor 

Fig. 8.1 CD200-CD200R axis is considered to be a pair 
of checkpoint molecules that regulate tumor-specific 
immune responses. CD200 and CD200R shares similar 

structures with other important immunoglobulin family 
members such as CD47-SIRPa, PD1-PD-L1, and 
CTLA4-B7
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initiation and metastasis. In CD200−/− mice, scien-
tists observed reduced carcinogen- induced tumor 
development [43]. In CD200R-deficient mice, 
decreased growth and metastasis of CD200-
positive EMT6 tumors was observed [44]. 
However, another work showed that 4THM breast 
tumors exhibit accelerated growth and metastasis 
in CD200R−/− mice compared to WT mice [45]. In 
a recent study [9], we found that CD200R-deficient 
mice exhibit accelerated growth only in CD200-
positive B16 tumors (no difference was observed 
in CD200- negative B16 tumor growth). Strikingly, 
CD200R-deficient mice receiving CD200- positive 
B16 cells intravenously exhibited massive tumor 
growth in multiple organs including liver, lung, 
kidney, and peritoneal cavity, while the growth of 
the same tumors in wild-type mice was limited. 
CD200-positive tumors grown in CD200R-
deficient mice contained higher numbers of 
CD11b+Ly6C+ myeloid cells and exhibited 
increased expression of VEGF and HIF-1α genes 
with increased angiogenesis. Based on these 

results, we hypothesize that CD200 expressed on 
tumor cells mainly interacts with CD200R-
positive myeloid cells which inhibits myeloid cell 
expansion within TME (Fig. 8.3). This model may 
explain why tumors exhibit accelerated or reduced 
growth in the absence of CD200-CD200R interac-
tion. Expansion of M2 macrophages and MDSCs 
will enhance tumor- associated inflammation/
angiogenesis [2, 3], leading to tumor invasion/
metastasis [4, 5] while also regulating tumor-spe-
cific T-cell responses [6]. All these events culmi-
nate in enhanced tumor growth. In contrast, 
expansion of M1 macrophages will lead to tumor 
growth inhibition due to their direct antitumor 
effects which include induction of tumor-specific 
T-cell responses [46]. Although this hypothetical 
model remains to be tested in more tumor models, 
current data available in literature does suggest 
that CD200- CD200R pathway differentially regu-
lates tumor growth and progression in different 
tumor models, based on the imbalance of inflam-
mation and immunity of various TMEs [33].

Fig. 8.2 CD200-CD200R interaction in tumor microen-
vironment. In the TME, CD200 is mainly expressed in 
some types of cancer cells, activated immune cells such as 
T cells, and endothelial cells, while CD200R is predomi-
nantly expressed in myeloid cells such as TAMs, MDSCs, 

and DCs. Tregs also express significant levels of 
CD200R. Interactions among these cell types in TME are 
likely to determine the outcome of the tumor-associated 
inflammation and immune response, and subsequently 
affect tumor growth and metastasis
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In addition to cancer cell-expressed CD200, 
endothelial cells from tumor vessels express high 
levels of CD200 [47]. Presently, the significance of 
endothelial CD200  in tumor growth and progres-
sion remains unclear. It is suggested that endothelial 
cell CD200 is important for immune cell–endothe-
lial cell interactions [48] and suppresses immune 
cell functions [47]. It is possible that endothelial 
CD200 may also affect the recruitment of CD200R-
positive myeloid cells into tumors, thereby affecting 
tumor growth and progression. Today we know that 
some CD200R- positive myeloid cells also express 
CD200 upon activation [49]. The significance of the 
CD200- CD200R interactions among these cell 
types remains to be determined.

8.4  CD200-CD200R Interaction 
in Regulating Activation 
and Effector Functions 
of Tumor-Specific T Cells

Dendritic cells play key roles in the induction of 
T-cell responses including antitumor T-cell 
responses. Since CD200R is expressed in DC, 

some types of cancer cells constitutively express 
CD200, and activated T cells upregulate CD200; 
it is expected that CD200-CD200R interaction 
plays a role in the induction of antitumor T-cell 
responses. Figure 8.4 outlines the possible check-
points where CD200-CD200R interaction may 
regulate DC induction of an antitumor T-cell 
response. First, in TME, CD200-positive tumor 
cells or their debris are captured by DCs. This 
affects uptake of tumor antigen by DCs and sub-
sequently DC differentiation. This process may 
also affect DC expansion in TME. At this time, 
no data concerning how CD200-CD200R inter-
action affects DC uptake of antigen is available. 
Second, after tumor antigen capture, DCs migrate 
to lymph nodes and present tumor antigens to T 
cells. After activation, T cells upregulate CD200, 
which in turn may affect DC function through 
CD200R and thereby influence T-cell activation. 
In this regard, Xiong et al. recently showed that 
tumor-derived vaccines containing CD200 indeed 
inhibit T-cell activation [50]. Third, activated T 
cells (CD200-positive) infiltrate TME, where 
they are reactivated by DCs. CD200 on T cells 
may interfere with T-cell reactivation by DC 

Fig. 8.3 Tumor-expressed CD200 inhibits the expansion 
of myeloid cells in TME. Cancer cells are known to recruit 
myeloid cells to the tumor microenvironment through the 
secretion of myeloid cell growth factors such as M-CSF- 1. 
When the CD200-CD200R axis is intact (left panel), 
tumor-expressed CD200 can inhibit myeloid cell expan-

sion via interaction with CD200R.  In the absence of 
CD200-CD200R interaction (right panel), significant 
expansion of myeloid cells occurs. However, the types of 
myeloid cells that expand may depend on available factors 
driving myeloid cell differentiation in the tumor 
microenvironment

8 CD200-CD200R Pathway in the Regulation of Tumor Immune Microenvironment and Immunotherapy
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through interaction with CD200R and thereby 
affect T-cell effector functions. Whether CD200R 
in tumor-associated DC regulates their function 
remains to be investigated. However, in a subset 
of DC (plasmacytoid DC), CD200R signaling did 
induce indoleamine 2,3-dioxygenase (IDO), 
which initiated the immunosuppressive pathway 
of tryptophan [51]. In the tumor microenviron-
ment, pDC are normally rare, therefore the gen-
eral significance of this observation remains to be 
determined.

Based on the model proposed in Fig.  8.4, 
CD200-CD200R should play a regulatory role in 
DC-mediated activation of T cells. However, 
findings regarding the role of CD200-CD200R in 
T-cell activation and effector function are often 
controversial. In vitro coculture experiments 
using allogeneic lymphocytes and CD200- 
positive cancer cells such as melanoma cells sug-
gest that blockade of CD200-CD200R interaction 
increases IFN-γ production by T cells [19, 52–
54]. In vivo mouse studies demonstrated that in 
some tumor models, CD200 signal, derived from 
either tumor cells or host cells, inhibits antitumor 
immune responses [35, 55–57]. However, we 
found CD200-positive tumors grown in wild- 
type mice contained more IFN-γ/TNF-α- 
secreting tumor-infiltrating T cells [7–9]. On the 
other hand, we found that CD200-positive B16 
tumors grown in CD200R-deficient mice con-
tained much less infiltrated T cells [7]. The dis-

crepancy in results suggests that the role of 
CD200 in tumor immunity may differ based on 
tumor types [33]. The current understanding of 
the role of CD200R signaling in tumor immunity 
is very limited. Based on the model provided in 
Fig.  8.2, we suggest that CD200R is predomi-
nantly expressed on DC and a group of “immune 
suppressors” in the TME. We anticipate that sig-
naling from these CD200R expressing cells will 
affect T-cell response and T-cell effector func-
tions. Eventually, these opposing pro- or anti- 
signals will determine the specific T-cell response 
that develops in a particular TME.

We previously tested whether CD200-positive 
tumors are susceptible to T-cell adoptive transfer 
therapy. P1CTL cells that recognize tumor anti-
gen P1A were adoptively transferred into mice 
bearing CD200-positive or CD200-negative J558 
tumors. Strikingly, we found that established 
CD200-positive tumors were often completely 
rejected by adoptively transferred CTLs, without 
tumor recurrence. In contrast, CD200-negative 
tumors were initially rejected by adoptively 
transferred CTLs, but the majority of tumors 
recurred due to tumor antigen mutation. Tumor 
expression of CD200 significantly inhibited sup-
pressive activity and IL-10 production by tumor- 
associated myeloid cells. As a result, more CTLs 
accumulated in tumor beds and exhibited a 
greater capacity to produce IFN-γ in CD200- 
positive tumors compared to CD200-negative 

Fig. 8.4 CD200-CD200R interaction and DC induction 
of antitumor T-cell responses. The following are the 
checkpoints where CD200-CD200R may play a role dur-
ing the process: (1) CD200R-positive DCs migrate to 

TME, where they pick up dead CD200-positive tumor 
cells or their debris; (2) DCs loaded with tumor antigen 
meet T cells in lymph nodes and activate them (upregulate 
CD200); and (3) CD200-positive T cells infiltrate tumors 
where DCs reactivate them
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tumors [7, 8]. Based on these results, we propose 
a cellular model to explain the mechanism by 
which CD200-positive tumors respond better to 
CTL therapy (Fig.  8.5). In this model, tumor- 
associated myeloid cells serve as tumor growth 
enhancers. In the absence of CD200-CD200R 
interaction, tumor cells do not inhibit myeloid 
cell expansion and function. The freely expand-
ing myeloid cells (when CD200-CD200R expres-
sion is absent or inhibited) help establish tumors. 
In contrast, in the presence of CD200-CD200R 
interaction, the expansion and functions of 
myeloid cells are inhibited, thereby failing to 
help mutated tumor cells in establishing tumors.

8.5  Is Targeting CD200-CD200R 
Feasible for Cancer 
Immunotherapy?

Since the CD200-CD200R pathway regulates 
immune cell functions and shares similarities 
with other checkpoint molecules, there is a broad 
interest in manipulating this pathway for cancer 
therapy. Currently, CD200 blockade is a pro-

posed immunotherapeutic option for CD200- 
positive human cancers. This therapeutic strategy 
is based on studies performed in a hu-SCID 
model, where established tumors are rejected by 
adoptively transferred peripheral blood mononu-
clear cells upon CD200 blockade [58–60]. In a 
phase I study, Samalizumab (an anti-human 
CD200 Ab) was injected into 23 patients with 
advanced chronic lymphocytic leukemia (CLL) 
and 3 patients with multiple myeloma (MM). 
While the treatment was ineffective in the three 
MM patients, reduced CD200 expression was 
observed in CLL cells of treated patients. 
Notably, antibody-mediated depletion of CD200- 
expressing CD4+ effector T cells  was observed 
[12]. Since CD200 is broadly expressed in nor-
mal tissues, targeting CD200 is difficult and may 
have potential side effects. Thus, developing non-
depleting CD200 antibodies is necessary for 
CD200 blockade therapy. As an alternative 
approach, targeting CD200R should be more fea-
sible for treating human cancer due to its limited 
expression pattern in normal tissues and abun-
dant presence in TME of essentially all types of 
solid tumors. To determine if enhancing CD200R 

Fig. 8.5 A proposed mechanism of how tumor-
expressed CD200 controls tumor evasion of T-cell ther-
apy. Adoptively transferred tumor-specific T cells can 
destroy both CD200+ and CD200− cancer cells while 
they fail to eliminate cancer cells that mutate tumor 
antigen. However, in the presence of tumor CD200 

(lower panel), mutated cancer cells cannot grow back 
to tumor due to lack of help from myeloid cells, leading 
to tumor rejection. In the absence of tumor CD200 
(upper panel), expanded myeloid cells can help mutated 
tumor cells regrow into a tumor, leading to tumor 
recurrence
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signaling could affect tumor growth, we tested 
the efficacy of an agonistic anti-CD200R mAb 
(OX110) [23, 30] in treating lung metastasis of 
CD200-negative melanoma [8]. We found that 
OX110 treatment significantly inhibited tumor 
foci formation in the lungs. Consistent with this 
study, Pilch et  al. recently showed that co- 
injection of TLR7 agonist and anti-CD200R anti-
body reshaped TME and induced antitumor 
myeloid cells in the mouse CT26 colon tumor 
model [61]. Thus, targeting CD200R rather than 
CD200 should be a feasible approach for human 
cancer therapy. Furthermore, the broad expres-
sion of CD200 in some types of blood cancer has 
inspired novel T-cell therapies (an indirect use of 
the CD200-CD200R axis). For instance, the 
Greenberg group has designed CD19 CAR-T 
cells that express CD200R whose intracellular 
domain is replaced with a CD28 signaling motif 
[62]. Adoptive transfer of these CD200R manip-
ulated, CD19-targeted CAR-T cells resulted in 
significant clearance of leukemic cells in treated 
animals. In the future, this strategy may also be 
utilized to treat patients with solid tumors that 
overexpress CD200.

8.6  Concluding Remarks 
and Future Perspective

Although CD200 and CD200R are considered to 
be a pair of checkpoint molecules that potentially 
regulate immune responses and immunotherapy, 
there are considerable differences between the 
CD200-CD200R axis and other important check-
point molecules such as PD-1-PD-L1. For 
instance, tumor-infiltrating T cells, especially 
CD8+ T cells, do not normally express CD200R, 
while tumor-associated myeloid cells are the 
main cell types that express CD200R.  Thus, 
CD200-CD200R pathway does not directly regu-
late T cells. It actively affects and regulates the 
functions of myeloid cells in the TME, thereby 
indirectly gauging the activation level and effec-
tor functions of T cells in the respective environ-
ment. At this stage, the signaling events mediated 
by CD200R in these cell types and their biologi-
cal effects are not very clear. Further studies on 

the basic biology of the CD200-CD200R axis in 
the TME are necessary.

Because of the complicated cellular interac-
tions that may be regulated by CD200-CD200R 
in the tumor microenvironment (Fig.  8.2), in- 
depth studies using genetic mouse models are 
needed to figure out the roles and functions of 
these cellular interactions in different tumor 
types. Among such interactions, the role of 
CD200R signaling in Tregs is a complete mys-
tery. We speculate that CD200-CD200R signal-
ing in TME regulates the homeostasis and 
functions of Tregs. Similarly, studying the roles 
of CD200R signaling in tumor-associated DC 
(Fig. 8.4) is of paramount importance for devel-
oping CD200R-based cancer immunotherapy.

For future CD200-CD200R-targeted cancer 
therapy, careful studies are needed to evaluate 
what types of cancer patients may benefit. Since 
CD200-CD200R differs from other checkpoint 
molecules, blockade of this “checkpoint” may 
not unleash antitumor immune responses, 
depending on the tumor microenvironment. We 
predict that in tumors where M1 type macro-
phages are dominant, CD200 blockade will be 
beneficial. Additionally, since CD200 is more 
broadly expressed in normal tissues, targeting 
CD200R rather than CD200 is a more feasible 
approach to therapy of human cancer. Finally, for 
tumor types that overexpress CD200, CD200R 
signaling can be manipulated to transduce a posi-
tive signal and utilized in T-cell therapy, as exem-
plified by Greenberg et al. [62].
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