IntechOpen

New Updates in
Tumor Microenvironment

Edited by Samuel Evans Adunyah







New Updates in Tumor

Microenvironment
Edited by Samuel Evans Adunyah

Published in London, United Kingdom




New Updates in Tumor Microenvironment
http: /dx.doi.org/10.5772/intechopen.1001681
Edited by Samuel Evans Adunyah

Contributors

Carlos Rosales, Deok-Soo Son, Dulce Uribe Rosales, Eileen Uribe-Querol, Fatemeh Hasani, Guoliang
Li, José de Jesls Ramos-Nieto, Kun Gao, LiShen, Saba Sadat Hosseini, Samuel Evans Adunyah, Xiaoyu
Yang, Yang Cao, Zhenbang Chen, Zixin Ning

© The Editor(s) and the Author(s) 2025

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright,
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED.
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.
(@) |

Individual chapters of this publication are distributed under the terms of the Creative Commons
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of
the individual chapters, provided the original author(s) and source publication are appropriately
acknowledged. If so indicated, certain images may not be included under the Creative Commons
license. Insuch cases users will need to obtain permission from the license holder to reproduce
the material. More details and guidelines concerning content reuse and adaptation can be found at
http: /www . intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of
information contained in the published chapters. The publisher assumes no responsibility for any
damage or injury to persons or property arising out of the use of any materials, instructions, methods
or ideas contained in the book.

First published in London, United Kingdom, 2025 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales,
registration number: 11086078, 167-169 Great Portland Street, London, W1W 5PF, United Kingdom

For EU product safety concerns: INTECHd.o.0., Prolaz Marije Krucifikse Kozuli¢ 3, 51000 Rijeka,
Croatia, info@intechopen.com or visit our website at intechopen.com.

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

New Updates in Tumor Microenvironment
Edited by Samuel Evans Adunyah

p.cm.

Print ISBN 978-0-85466-941-7

Online ISBN 978-0-85466-940-0
eBook (PDF) ISBN 978-0-85466-942-4

If disposing of this product, please recycle the paper responsibly.



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

74®(D+ 194,000+ 210M+

ailable International authors and editor: Downloads

Our author: among the

156 Top 1% 12. 2%

Countries deliv most cited s Contributors from top 500 universities

J ook *
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

1






Meet the editor

Dr. Samuel Evans Adunyah received a BSc (Hons) in Bio-
chemistry from Kwame Nkrumah University of Science and
Technology, Ghana, in 1978, followed by research training at
ETH-Zurich, Switzerland, under the mentorship of Professor
Ernesto Carafoli of Biochemie III. He received an MS degree in
Biochemistry from Oklahoma State University in Oklahoma,
USA, in 1984.In 1987, he received a Ph.D. in Biochemistry from
the University of Louisville in Kentucky, USA. Since 2003, he has been a Tenured
Biochemistry and Cancer Biology Professor and a Distinguished Chair of Bio-
chemistry, Cancer Biology, Neuroscience, and Pharmacology at Meharry Medical
College in Nashville, Tennessee, USA. His research focuses on cytokine receptor
signaling in regulating cancer cell growth with NIH funding. Also, heisa PI/PD of a
U54 grant from NIMHD/NIH to study Health Disparities in the US. In addition, he
hasan American Cancer Society (ACS) grant to train and develop more US minori-
ties in cancer research. Eleven of his former Ph.D. trainees completed their thesis
research on various cytokines, including IL-8, EPO, IL-11, 1L-17,IL-18, IL-21,
and IL-34. He has co-authored many peer-reviewed articles, most of which were on
cytokines. He has also published three book chapters on cytokines and chemokines.
He has taught a Ph.D.-level course on cytokines since 1994.







Contents

Preface

Chapter1
Introductory Chapter: New Updates in Tumor Microenvironment
by Samuel Evans Adunyah

Chapter2

Roles of Chemokines in Influencing Tumor Microenvironment
in Breast Cancer

by Deok-Soo Son and Samuel Evans Adunyah

Chapter 3
Challenges of Targeting Tumor Microenvironment in Prostate Cancer
by Guoliang Li and Zhenbang Chen

Chapter 4

Research Progress on the Influence of Traditional Chinese Medicine on
Tumor Microenvironment Therapy

by Kun Gao, Yang Cao, Zixin Ning, Xiaoyu Yang and Li Shen

Chapter5

Breaking Barriers: Unleashing the Potential of ABO Blood Group Antigen
Therapy in the Battle against Solid Tumors

by Fatemeh Hasani and Saba Sadat Hosseini

Chapter 6

Neutropenia in Pediatric Oncological Patients

by Carlos Rosales, Dulce Uribe Rosales, José de Jesiis Ramos-Nieto
and Eileen Uribe-Querol

XI

35

63

81

95






Preface

The content of this book is intended to provide updates on certain aspects of the
tumor microenvironment. The tumor microenvironment is an extremely important
component of tumor biology, which focuses on the vital composition of the tumor
microenvironment, regulation of the tumor microenvironment, the relationship
between a tumor and the immune system, and how a tumor manipulates its microen-
vironment to promote its growth, anti-apoptosis, survival, and develop anti-tumor
drug resistance to the detriment of a cancer patient. The concept of tumor micro-
environmental influences has emerged as one of the most important areas in cancer
biology and developing anticancer drugs. This book covers tumor microenvironments
in various types of cancer, including breast cancer, prostate cancer, and other blood
types of cancer. In addition, this book discusses the role and effects of traditional
medicine on the tumor microenvironment. Furthermore, this book offers information
on various signaling mechanisms utilized by tumors to communicate with their envi-
ronment. Similarly, the book sheds light on the complexity and challenges of target-
ing prostate cancer tumor microenvironment with anticancer drugs. Lastly, the book
will enrich readers’ knowledge of current updates on the tumor microenvironment as
well as leave them with a sense that understanding the tumor microenvironment and
its regulation is vital for future anti-tumor drug development.

I would like to thank all the international scientists who contributed vital chapters to
this book. It has been extremely rewarding working with them. I am grateful to the
Publishing Process Manager, Ms. Nina Miocevic, at IntechOppen, for her tremendous
and outstanding technical assistance during this book’s entire course of prepara-
tion. Her vital advisory role is sincerely appreciated. Lastly, I want to express my
appreciation to all the editing, technical and publishing staff at IntechOpen for their
respective roles in preparing this vital book on tumor microenvironment.

Samuel Evans Adunyah, Ph.D.

Professor and Chair,

Department of Biochemistry, Cancer Biology, Neuroscience and Pharmacology,
School of Medicine,

Meharry Medical College,

Nashville, Tennessee, USA






Chapter1

Introductory Chapter: New Updates
in Tumor Microenvironment

Samuel Evans Adunyah

1. Introduction

Tumor microenvironment (TME) is a complex milieu made up of cells and extra-
cellular matrix (non-cellular part), together with other cellular entities surrounding a
tumor. In a broader sense, TME consists of many different cell types including cancer
cells, cancer-associated fibroblasts (CAFs), tumor-associated macrophages (TMAs),
mesenchymal stem cells (MSCs), tumor-associated adipocytes (TAAs), tumor-
associated endothelial cells (TECs), pericytes, non-malignant cells (such as immune
cells and stromal cells), endothelial cell (ECs), and extracellular matrix cell (ECM)
[1-3]. Depending on cancer type, the TME also houses tumor-associated-neutrophils
(TAN) and cancer stem cells [1-4]. The immune cells within the TME consist of T
lymphocytes and natural killer cells (NK cells). TME within a single tumor is not
homogeneous as it is known to exhibit heterogeneity [5-7]. In fact, the composition
of TME could vary significantly thus affecting the TME’s functions and the tumor’s
response to therapy. In addition to the cells listed above, TME also has other regula-
tory factors including cytokines, chemokines, growth factors, and angiogenic factors,
all of which play vital biological roles in modulating the tumor’ wellbeing [5-7].

The complex composition of TME enables interactions among its various com-
ponents via a network of signaling pathways, which regulate the functionality of
TME including tumor development, tumorigenesis, survival, evasion of apoptosis,
tumor progression, responses to therapeutic drugs as well as the development of drug
resistance. It is well known that some of the cells within the TME play critical roles
in tumor development, metastasis, and progression of development of resistance
to antitumor therapies. On the other hand, some of the cells within TME including
stromal cells play vital roles in metabolism, tumor growth, and metastasis [4-7].

In addition, some of the entities within the TME handle angiogenesis to enable
the tumor to develop the necessary blood vessels vital for supplying critical nutrients
and oxygen to support the biology of the tumor. Within the inner core of a tumor is
hypoxic due to low oxygen availability and this condition also triggers the develop-
ment of the necessary genes/proteins vital to support efficient glucose uptake and
anaerobic metabolism to support efficient energy production within the tumor.
Compelling evidence shows that some of the key biological characteristics of TME
include angiogenesis, cell-cell interactions, and immune evasion [3-5].

The structure below (Figure 1) depicts the complexity of TME surrounding a
solid tumor. Noted are the various components within the TME. Also, within the TME
there are various members of MMPs and chemotactic factors that are vital for tumor
migration and metastasis.
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A %omplex structure of TME containing various component cells including cancer-associated-fibroblasts (CAFs),
dendpric cells (DCs), endothelial cells (EC), extracellular matrix (ECMs), cancer stem cells (CSs), chemokines,
cytokines, tumor endothelial cells (TECs), (myeloid-derived suppressor cells (MSDCs), natural killer cells

(NK cells), stromal cells (SCs), tumor-associated antigens (TAAs), tumor-associated macrophages (TAMs),
tumor-associated neutrophils (TANs), T lymphocytes (T-cells), suppressor T cells (Tregs), matrix metalloproteins
(MMPs), and hypoxic interior.

1.1 Functions of TME

It is widely known that TME of cancer also houses cancer stem cells, which
together with other components within the TME play vital roles in promoting
tumorigenesis and tumor progression. TME also has cancer hallmark [5] and, as such
understanding the components of TME, is an essential part of the overall vital strate-
gies for the development of new therapeutic agents against cancer. Thus, TME serves
as a vital target for therapeutic drug development for distinct types of cancer [6]. For
example, ME plays a vital and critical player for modulating triple-negative breast
cancer (TNBC) progression [6]. Both chemotherapy and traditional medicinal drugs
have been considered as therapeutic agents against TNBC. There are strategies for
the development of drugs that target the specific components of the TME including
targeting the components of Epidermal Growth Factor Receptor (EGFR) using EGFR
kinase inhibitors [6].

2. TME regulation via multiple signaling pathways

The biological functions of TME are constantly under regulation by a host of
extracellular factors and factors within the TME, which bind to receptors on the
various TME components and trigger complex signaling pathways that lead to TME
regulation [7-11]. These extracellular factors include cytokines (both pro-inflamma-
tory and anti-inflammatory) cytokines and chemokines as well as other hormones
and growth factors including VEGF. More importantly, the cytokines, chemokines,
and VEGF within the TME milieu can bind to their putative receptors expressed on
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the surfaces of some of the cells within the TME, and trigger activation of multiple
signaling pathways that lead to expression of various genes whose protein products
modulate the tumor’s survival, proliferation, progression, angiogenesis, migration,
evasion, and complex drug resistance systems [9-11]. As depicted in Figure 2, the
Jak/STAT signaling pathway, the PI-3 K/AKT signaling pathway, and the Ras/Raf/
MEK/ERK1/ERK2 signaling pathway are utilized by some of the cytokines within the
TME resulting in enhancement of expression of genes beneficial to the tumor [9-11].

In addition to cytokines, specific chemokines within the TME bind to respective
chemokine receptors and activate the Ras/Raf/MEK/ERK1/ERK2 signaling pathway,
PKC-mediated pathway, and Src/PI-3 K/Akt pathway that could also lead to enhanced
expression of genes beneficial to the tumor. As shown in Figure 2, it is also pos-
sible for the signaling pathways triggered by some cytokines to crosstalk with other
pathways downstream their respective receptor, thus enhancing the degree of gene
expression to help the tumor [10, 11].

For a developing tumor to develop blood vasculature vital to acquire critical
nutrients via blood supplies, it is essential that angiogenic factors especially VEGF
within the TME bind to and activate the downstream VEGR signaling pathways
including the Src tyrosine kinase-mediated signaling pathway and the NF-kB signal-
ing pathway leading to increased expression of genes involved with angiogenesis and
tumor survival. In summary, multiple signaling pathways including the Jak/STAT,
PI-3 K/AKT, Ras/Raf/MEK/ERK1/ERK2, and NF-kB pathways activated by some of
the components within the TME play crucial roles in supporting cancer development
and progression. Furthermore, some of the signaling pathways may stimulate produc-
tion and release of pro-inflammatory and inflammatory cytokines and chemokines
[9-11], which, if enter the blood stream of the host, could post major threat to the
health of the host such as cancer patient.

Cytokine, Chemokine and VEGF Signaling Pathways Regulation Tumor Progress/Survival

Src Kinasg

Sre 1 i

PI-3K 1

N MEK PKC p|-3K

AKT/PKB NF-kB complex

P65/50

IkB (degraded
in proteosomes)

Tumor Survival Genes  Proliferation/ jogenesis, Immune Response,
Progression  Genes Involved Profiferation, Inflammation,
Genes in Tumorigenesis Cytokines
migration, cell invasion, Chemokines
angiogenesis

Tumor progression/survival
Figure 2.
The multiple signaling pathways triggered by binding of cytokines, chemokines, and VEGF via their putative

receptors lead to increase expression of a host of genes whose protein products support various aspects of the tumor
biology including tumor growth, progression, survival, and migration.
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Figure 3.
Chemokine-induced mobilization of various immune response and immunosuppressive cells from the TME to the
tumor.

3. Role of TME in tumor/host defense relationship

Within the TME, there are immune response cells including T-cells, NK cells,
dendric cells, and others that express various chemokine receptors [2-5]. Chemokines
including CXCL9, CXCL10, CXCL11, CXCL12, and CXCL20 within the TME can band
to their respective chemokine receptor(s) including CCR3, CCR4, and CCRS5 that are
expressed on the surface of the receptive immune response cells within the TME and
help to recruit and mobilize those cells to the tumor [8, 9, 11]. On the other hand,
chemokines including CCL2 and CCLS5 within the TME bind to CCR2 and CCR5
expressed on MDSCs, and macrophages induce migration of these cells to tumors
during immunosuppression [8, 11]. The involvement of various chemokines and their
chemokine receptors in mediating migration of various cells within the TME to the
tumor is shown in Figure 3.

4. Conclusion

Undoubtedly, the tumor microenvironment (TME) plays major and vital roles
in the biology of tumors including tumor development, tumor progression, tumor
survival, tumor evasion, and metastasis as reported in many types of cancer includ-
ing breast cancer, liver cancer, colon cancer, prostate cancer, and blood cancers such
as leukemia, to mention a few. Therefore, understanding the complexity of TME, the
roles of the various entities within the TME, the signaling mechanisms involved in
promoting processes beneficial to the tumor, and host response mechanisms are vital
to our current and future strategies for drug development to enhance the war against
cancer.
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Chapter?2

Roles of Chemokines in Influencing
Tumor Microenvironment
1in Breast Cancer

Deok-Soo Son and Samuel Evans Adunyah

Abstract

Chemokines regulate cell migration by binding to specific cell surface G
protein-coupled receptors in development, physiology, and immune responses.
Particularly in cancer, chemokines are involved in tumor cell growth, angiogenesis,
cancer stem-like cell properties, metastasis, and directly and indirectly influencing
tumor immunity and cancer progression. The chemokine signature in the tumor
microenvironment affects immune contexture in tumor tissues and mutual commu-
nication between cells through the specific chemokine axis, contributing to cancer
prognosis. The present chapter summarizes the role of chemokines in the tumor
microenvironment in breast cancer, of which subtypes are classified as luminal A,
luminal B, HER2-enriched, and basal-like, focusing on expression levels of chemo-
kines and overall survivals in a chemokine-dependent manner and discovering the
target chemokine axis. The outcome provides valuable information that improves
the quality of life in patients with breast cancer by supporting the treatment options
via the chemokine network in the tumor microenvironment.

Keywords: breast cancer, chemokines, tumor microenvironment, overall survivals,
immune contexture

1. Introduction

Chemokines are chemoattractant cytokines that recruit immune cells into the
tumor microenvironment through interactions between chemokines and their
specific receptors [1], building an immune context that affects cancer progression and
prognosis. Chemokines consist of four groups based on the number of amino acids
between the first cysteine (C) motifs as follows: C (XCL1-2), CC (CCL1-28), CXC
(CXCL1-17), and CX3C (CX3CL1). Each chemokine recognizes the specific chemo-
kine receptors (XCR1, CCR1-10, CXCR1-8, and CX3CR1) to control angiogenesis,
regulate the immune network, and change cellular functions (Figure 1), creating the
unique chemokine axis [1] as shown in Table 1.

A fifth molecular subtype of breast cancer is defined in large part by expression
levels of hormone receptors, such as estrogen receptor (ER) and progesterone recep-
tor (PR), and HER2 as follows: luminal A (ER+/PR+/HER2-), luminal B (ER+/PR+/
HER2+), HER2-enriched (ER—/PR—/HER2+), basal-like, (triple-negative, ER—/
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Figure 1.

Chemokine signaling pathway. Modified and simplified from the KEGG PATHWAY Database (https://www.
genome.jp/pathway/koo4062). The arrow (green) and block (gray) lines indicate positive and negative effects,
respectively. PLC: phospholipase C; PKC: protein kinase C; PI3K: phosphoinositide 3-kinase; Akt: protein kinase
B; GSK3: glycogen synthase kinase 3; BAD: BCL2 (B-cell leukemia/lymphoma 2) associated agonist of cell

death; IKK: IkappaB kinase; IkB: inhibitor of nuclear factor kappa B; NF-kB: nuclear factor kappa-light-chain-
enhancer of activated B cells; FOXO: forkhead box O; PKA: protein kinase A; SRC: proto-oncogene tyrosine-
protein kinase Src; She: SHC adaptor protein; GRB2: growth factor veceptor-bound protein 2; SOS: Son of
sevenless; Ras: vat sarcoma virus; RAF: rapidly accelerated fibrosarcoma; MEKz1: mitogen-activated protein kinase
kinase 1; Erk1/2: extracellular signal-regulated kinase 1/2.

PR—/HER2-), and normal breast-like (ER—/PR—/HER2—/CK5—/EGFR-). Chemokine
signature in these subtypes was determined based on the expression module (PAMS50
subtypes) provided by Breast Cancer Gene-Expression Miner v5.0 (bc-GenExMiner
v5.0, http://bcgenex.ico.unicancer.fr/BC-GEM/GEM-Accueil. php?js=1) [2].
Chemokine signature between microarrays and RNA-seq shows a similar pat-
tern except for CCL27 and CXCL4 expression levels (Figure 2). Generally, luminal
subtypes have low expression levels of chemokines and chemokine receptors com-
pared to other subtypes (Figure 2). In addition to chemokine signature in breast
cancer subtypes, we have collected literature data on clinical aspects of chemokines
in patients with breast cancer, excluding in vitro results of chemokines in breast
cancer cell models and in vivo results of animal models for breast cancer. This chapter
has described the functional roles of chemokine axes in breast cancer, focusing on
chemokine signature in subtypes, overall survival, and clinicopathologic properties of
chemokines in patients with breast cancer. Miner v5.0 (bc-GenExMiner v5.0, http://
bcgenex.ico.unicancer.fr/BC-GEM/GEM-Accueil. php?js=1) was performed to deter-
mine the chemokine signature. Overall survivals in breast cancer were determined
from a database provided by Kaplan-Meier Plotter (http://kmplot.com/analysis/
index.php?p=background) [3].
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Receptors Chemokines

XCR1 XCL1,2

CCR1 CCL3,5,7 8,14,15,16,23
CCR2 CCL2,78,13,16
CCR3 CCL5,7,11,13, 14, 15, 24, 26, 28
CCR4 CCL17,22

CCR5 CCL3, 4,5,8,11,14,16
CCR6 CCL20

CCR7 CCL19, 21

CCR8 CCL1, 16

CCR9 CCL25

CCR10 CCL27,28

CXCR1 CXCL6,7 8

CXCR2 CXCL1.2,3,5,6,7,8
CXCR3A CXCL9, 10, 11
CXCR3B CXCL4, 9,10,11
CXCR4 CXCL12

CXCR5 CXCL13

CXCR6 CXCL16

CXCR7 CXCL11, 12

CXCR8 CXCL17

CX3CR1 CX3CL1

Orphan chemokines: CXCL14.
PITPNM3 is known as a receptor for CCL18.

Table 1.
Human chemokine network.
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Figure 2.

Chemokine signature in breast cancer subtypes. Heatmaps from a database of microarrays and RNA-seq. Breast
Cancer Gene-Expression. LA: luminal A (n = 3946; 1343); LB: luminal B (n = 1889; 966); HER2: HER2-enviched
(n = 1414; 693); BL: basal-like (n = 1976; 783); NBL: normal breast-like (n = 1079; 602).

2. The XCL1/2-XCR axis

Luminal B and HER2 subtypes show high levels of XCL1, XCL2, and XCR1 com-
pared to luminal subtypes (Figure 2). XCL1 shows better survival in all breast cancers,
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BL/HER2/LB subtypes (Table 2), and ME—/MEL-TNBC (Table 3). XCL2 has better
survival in all breast cancers and BL/HER2/LB subtypes (Table 2). XCR1 alone has no
effects on survival except for good survival in MSL-TNBC (Table 3). Studies on the
XCL1/2 in human breast cancer samples are lacking. The XCL1/2-XCR axis shows a
benefit for breast cancer, which extends overall survival and reduces tumor growth.

3. The CCL-CCR axis
3.1 The CCL3/5/7/8/14/15/16/23-CCR1 axis

Although CCL3 is highly expressed in the BL subtype compared to other types
(Figure 2), it has no effects on survival. CCL3 shows high levels in breast cancers,
inflammatory BC, ER-negative, and PR-negative subtypes, of which expression
levels are related to tumor grade, and show increased Ki67 (a proliferation marker).
A good survival rate of CCL3 is reported, but non-TNBC has a poor survival rate
[4-9]. CCL5 is highly expressed in BL and HER?2 subtypes compared to luminal
subtypes (Figure 2) and shows better survival in all breast cancers and BL/HER2/
LB subtypes (Table 2). CCL5 reduced the risks of breast cancer and LA/LB sub-
types and had a good prognosis and survival, although poor survival in the HER2
subtype was reported [4-8]. CCL5 increased microvessel density and CD163+ Mg
infiltration [7, 10-19]. CCL7 is highly expressed in the BL subtype compared to other
subtypes (Figure 2). CCL7 has no effects on survival from the database, although
poor survival was reported [7, 10-19]. CCL7 is highly expressed in breast cancers,
poorly differentiated cancers, TNBC, and African Americans. Expression levels of
CCLY7 are related to tumor grade and show the increased Ki67 [8, 12, 20]. CCL8 is
highly expressed in BL and HER2 subtypes compared to other subtypes (Figure 2).
CCLS8 shows good survival in the BL subtype (Table 2) but is reported to have
poor survival and prognosis, particularly in European Americans. CCL8 is highly
expressed in ER-negative tumors, TNBC, and African Americans. Expression levels
of CCL8 are related to tumor grade and show the increased Ki67 [8, 12, 21]. CCL14
is highly expressed in the NBL subtype compared to other subtypes (Figure 2).
CCL14 has good survival in all breast cancers, the LA subtype, and LAR-TNBC,
but shows poor survival in the NBL subtype (Tables 2 and 3). CCL14 is reported as
an indicator of good survival and prognosis [10, 22]. CCL15 is similarly expressed
between subtypes (Figure 2). CCL15 has poor survival in the LB subtype (Table 2)
but is reported as an indicator of good survival and prognosis [6]. CCL16 is highly
expressed in the NBL subtype compared to other subtypes (Figure 2). CCL16 has
no effects on survivals from the database, although reports have shown an increased
risk in the LA subtype and a decreased risk in TNBC [11]. CCL23 is highly expressed
in the NBL subtype compared to other subtypes (Figure 2). Although CCL23 has no
effects on survival, expression levels of CCL23 are related to tumor grade and good
prognosis [8, 12]. CCR1 is highly expressed in the BL subtype compared to other
subtypes (Figure 2) and has no effects on survival. Studies on CCR1 in patients with
breast cancer are still lacking.

3.2 The CCL2/7/8/13/16-CCR?2 axis

CCL2 is highly expressed in the BL subtype compared to luminal subtypes
(Figure 2). CCL2 has no effects on survival from database, although it shows poor
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survival in both tumoral and stromal CCL2-positive cancers have the worse survival
in the order of BL > HER2 > LB > LA subtypes. CCL2 is highly expressed in breast
cancers, lower differentiated cells, invasive ductal ER-negative breast cancers,
PR-negative breast cancers, cancer-associated fibroblasts, BL subtype, claudin-low
cancers, and advanced cancers. Expression levels of CCL2 are related to early relapse,
postmenopausal status, lymph node involvement, tumor grade, tumor size, and nodal
status, showing induced angiogenesis and increased Ki67. CCL2 induced CD3, CD20,
and CD68 infiltration with increased or unchanged tumor-associate macrophage
(TAM) in tumors [5, 8, 20, 23-39]. CCL7, CCL8, and CCL16 are described in sec-
tion of the CCL3/5/7/8/14/15/16/23-CCR1 axis. CCL13 is highly expressed in the BL
subtype compared to other subtypes (Figure 2) and shows better survivals in BL and
HER?2 subtypes (Table 2). CCL13 is highly expressed in the HER2 subtype and shows
the increased Ki67 [8]. CCR2 is highly expressed in BL/HER2/NBL subtypes com-
pared to luminal subtypes (Figure 2). CCR2 has good survival in all breast cancers,
BL subtype, and ME-TNBC (Tables 2 and 3). CCR2 is highly expressed in invasive
ductal breast cancer and shows good survival [33, 40, 41].

3.3 The CCL5/7/11/13/14/15/24/26/28-CCR3 axis

CCL5, CCL7, CCL13, CCL14, and CCL15 are described in sections of the
CCL3/5/7/8/14/15/16/23-CCR1 axis and the CCL2/7/8/13/16-CCR2 axis. CCL11 is
highly expressed in the HER2 subtype compared to other subtypes (Figure 2) and
has no effects on survival. CCL11 is highly expressed in the HER2 subtype and shows
a good prognosis [12]. CCL24 is highly expressed in BL and NBL subtypes compared
to other subtypes (Figure 2) and has poor survival in all breast cancers (Table 2),
as shown in patients with breast cancer [6, 10]. CCL26 is highly expressed in BL and
HER?2 subtypes compared to other subtypes (Figure 2) and has poor survival in
MSL-TNBC (Table 3). CCL26 is highly expressed in inflammatory breast cancers [4].
CCL28 is highly expressed in the NBL subtype compared to other types (Figure 2)
and has good survivals in the NBL subtype and MSL-TNBC (Tables 2 and 3). CCR3 is
highly expressed in the BL subtype compared to luminal subtypes based on RNA-seq,
but it has generally low expression levels based on microarray (Figure 2). CCR3 has
no effect on survival. Studies on CCR3 in patients with breast cancer are lacking.

3.4 The CCL17/22-CCR4 axis

CCL17 is highly expressed in BL/HER2/NBL subtypes compared to lumi-
nal subtypes (Figure 2). Although CCL17 has no effects on survival from the
database, it shows a poor prognosis and survival in patients with breast cancer,
particularly African Americans. CCL17 is highly expressed in TNBC and African
Americans and is related to the induced Ki67 [6, 8, 12]. CCL22 is highly expressed
in the HER2 subtype compared to other subtypes (Figure 2). CCL22 has good
survival in all breast cancers, BL/HER2 subtypes, BLI-TNBC, MSL-TNBC,
and LAR-TNBC (Tables 2 and 3). CCL22 is highly expressed in breast cancers
and HER2 subtypes and is related to low grade, showing a good prognosis and
unchanged or good survival [6, 10, 12, 20, 42]. CCR4 is highly expressed in BL and
HER2 subtypes compared to luminal subtypes (Figure 2) and has a good survival
in LAR-TNBC (Table 3). Expression levels of CCR4 are related to lymph node
metastasis and HER2 expression [40, 43], and yet there are controversial survivals
among patients with breast cancer.
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3.5 The CCL3/4/5/8/11/14/16-CCRS5 axis

CCL3, CCLS5, CCL8, CCL11, CCL14, and CCL16 are described in sections of the
CCR1/CCR2/CCR3 axis. CCL4 is highly expressed in the BL subtype compared to
other types (Figure 2) and has good survival in all breast cancers and BL/LB sub-
types (Table 2), as shown in patients with breast cancer. CCL4 is highly expressed in
inflammatory breast cancers and ER-negative cancers and is related to metastasis of
LB subtype and grade [4, 6, 8, 10, 12, 44]. CCRS5 is highly expressed in BL and HER2
subtypes, as shown in patients with breast cancer, compared to luminal subtypes
(Figure 2) [17]. CCR5 has good survival rates in all breast cancers, including BL/
HER2/LB subtypes, BLI-TNBC, IM-TNBC, and ME-TNBC (Tables 2 and 3).

3.6 Orphan ligand CCL18

Although PITPNMS3 is reported as a specific receptor for CCL18, further studies
require clarifying the functional roles of chemokine receptors based on their similar-
ity with CCR1-10. CCL18 is highly expressed in BL and HER2 subtypes compared to
luminal subtypes (Figure 2) and shows good survival in the BL subtype (Table 2).
CCL18 is highly expressed in breast cancers, advanced-stage cancers, and metastatic
breast cancers and is related to metastasis and lymph node involvement. CCL18 shows
a poor prognosis and survival in patients with breast cancer, particularly with higher
CCL18-positive TAM [6, 20, 35, 45].

3.7 The CCL20-CCR6 axis

CCL20 is highly expressed in the BL subtype compared to other subtypes
(Figure 2). Although CCL20 has no effects on survival from database, it shows
poor survival in patients with breast cancer. CCL20 is highly expressed in TNBC,
ER-negative cancers, and African Americans and is related to the induced Ki67 [8, 12,
46, 47]. CCR6 is highly expressed in LA and NBL subtypes compared to other sub-
types (Figure 2) and has good survival in all breast cancers and BL/HER2 subtypes
(Table 2). CCR6 is related to pleura metastasis and aggressive stage but has no effects
on overall survival in patients with breast cancer [48, 49].

3.8 The CCL19/21-CCR7 axis

CCL19 is highly expressed in the NBL subtype compared to other subtypes
(Figure 2) and shows better survival in all breast cancers, BL subtype, and MSL-
TNBC (Tables 2 and 3). CCL19 is related to aggressive status and shows increased
risks in the LA subtype but a good prognosis and survival in patients with breast
cancer. Interestingly, patients with ER-positive cancers showed good survival with
increased plasma levels of CCL19 but poor survival with tumoral levels of CCL19
[6,10-12, 40, 49]. CCL21 is highly expressed in the NBL subtype compared to other
subtypes (Figure 2) and shows better survival in all breast cancers (Table 2). CCL21
is highly expressed in metastatic breast cancers and has a good prognosis and survival
[6, 10, 12, 22, 40, 50]. CCRY7 is highly expressed in BL/HER2/NBL subtypes compared
to luminal subtypes (Figure 2) and has good survival in ME-TNBC (Table 3). CCR7
is highly expressed in breast cancers, metastatic breast cancers, HER2 subtype, LB
subtype, and TNBC and is related to lymph node metastasis in part, recurrence in
part, TNM stage, grade, invasion, and aggressive status. CCR7 induced CD68 and
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FOXP3 cell infiltration but had no change in CD8 and CD20 cell infiltration. There
are controversial survivals, including good, no change, and poor survivals, among
patients with breast cancer [48-60].

3.9 The CCL1/16-CCRS axis

CCL1 is highly expressed in the BL subtype compared to other subtypes (Figure 2)
and has no effects on survival. CCL1 is highly expressed in invasive cancers and
ER-negative cancers and is related to tumor grade. CCL1 increased Treg infiltration
and showed poor survival in patients with breast cancer [35, 42]. CCL16 is described
in the section of the CCL3/5/7/8/14/15/16/23-CCR1 axis. CCR8 is highly expressed in
BL and HER?2 subtypes compared to luminal subtypes (Figure 2) and has no effects
on survival. Studies on CCRS in patients with breast cancer are lacking.

3.10 The CCL25-CCR9 axis

CCL25 is highly expressed in the BL subtype compared to other subtypes
(Figure 2) and has poor survival in the NBL subtype and BL2-TNBC (Tables 2 and 3).
CCL25 is highly expressed in TNBC in African Americans, and it shows poor survival,
particularly in African Americans [12]. CCR9 is highly expressed in BL and NBL
subtypes compared to other subtypes (Figure 2) and has poor survival in BL2-TNBC
(Table 3). CCR9 is highly expressed in poorly differentiated breast cancers [61].

3.11 The CCL27/28-CCR10 axis

CCL28 is described in section of the CCL5/7/11/13/14/15/24/26/28-CCR3 axis.
CCL27 is highly expressed in all breast cancer subtypes based on RNA-seq, but it gen-
erally has low expression levels based on microarray (Figure 2). CCL27 has no effect
on survival. CCL27 is highly expressed in inflammatory breast cancers [4]. CCR10 is
highly expressed in NBL subtypes compared to other subtypes (Figure 2) and has no
effects on survival. Studies on CCR10 in patients with breast cancer are lacking.

4. The CXCL-CXCR axis
4.1 The CXCL6/7/8-CXCR1 axis

CXCLS6 is highly expressed in BL/NBL subtypes compared to other subtypes
(Figure 2) and has a good survival in MSL-TNBC (Table 3). CXCLS6 is highly
expressed in ER-negative breast cancers and is related to metastasis of breast cancers,
showing unchanging or good survival [62, 63]. CXCLY7 is highly expressed in BL/
NBL subtypes compared to other subtypes (Figure 2) and has no effects on survival.
CXCLY is related to stage III breast cancers and has controversial survivals: good,
unchanging, and poor [10, 62, 64-66]. CXCLS8 is highly expressed in BL/HER2
subtypes compared to other subtypes (Figure 2) and has poor survival in all breast
cancers and IM-TNBC (Tables 2 and 3). In human breast cancer samples, CXCL8 is
highly expressed in breast cancers, inflammatory breast cancers, TNBC, advanced
stage cancers, HER2/LA/LB subtypes, ER and PR-negative breast cancers, and
cancer-associated fibroblasts (CAFs), and is related to metastasis of breast cancers
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and lymph nodes and tumor grade and stage, showing induced angiogenesis and
increased Ki67. CXCL8 induced CD68 infiltration and had a poor prognosis and
survival, particularly in patients with CXCL8 (-251) A allele [4, 5, 8, 10, 20, 29, 44,
62-64, 67-76]. CXCR1 is a little bit highly expressed in HER2 and NBL subtypes com-
pared to other subtypes (Figure 2) and has no effects on survival. CXCR1 is highly
expressed in invasive breast cancers [41].

4.2 The CXCL1/2/3/5/6/7/8-CXCR?2 axis

CXCL1 is highly expressed in the BL subtype compared to other subtypes
(Figure 2) and has no effects on survivals. CXCL1 is highly expressed in breast
cancers, TNBC, and ER-negative cancers and is related to metastasis of breast can-
cer and grade with increased Ki67. CXCL1 increased CD133 (stem cell marker) and
CD68 (Mg marker) cell infiltration and shows a poor prognosis and controversial
survivals: poor, unchanging, and good [8, 63, 77-81]. CXCL2 is highly expressed
in the NBL subtype compared to other subtypes (Figure 2) and has poor survival
in BL2-TNBC (Table 3). CXCL2 is related to metastasis of breast cancer and shows
a good prognosis and survival [62, 63, 65, 80]. CXCL3 is highly expressed in BL
and NBL subtypes compared to other subtypes (Figure 2) and has poor survival in
BL2-TNBC (Table 3). CXCL3 is highly expressed in aggressive breast cancers and
is related to metastasis of breast cancer. CXCL3 shows a poor prognosis and con-
troversial survivals: poor, unchanged, and good [62-65, 80, 82]. CXCLS5 is highly
expressed in the BL subtype compared to other subtypes (Figure 2) and has no
effects on survivals. CXCLS5 is highly expressed in breast cancers and ER-negative
cancers and is related to low metastasis in the LB subtype. CXCLS5 has no effects on
survival [8, 23, 35, 44, 63]. CXCL6, CXCL7, and CXCLS8 are described in a section
of the CXCL6/7/8-CXCR1 axis. CXCR2 is highly expressed in BL and NBL sub-
types compared to other subtypes (Figure 2) and has a good survival in the HER2
subtype (Table 2). CXCR2 is highly expressed in high-grade breast cancers, TNBC,
ER and PR-negative breast cancers, and invasive breast cancers but shows low
levels in relapse cases. CXCR2 enhanced tumoral TILs, CD3, CD8, PD-L1, and T/B-
cell infiltration and showed good or poor survival in patients with breast cancers.
Interestingly, CXCR2 C1208T variation increased the risk of breast cancer, leading
to poor survival [41, 76, 83-86].

4.3 The CXCL4/9/10/11-CXCR3 axis

CXCL4 is highly expressed in all breast cancer subtypes based on RNA-seq
compared to microarray (Figure 2). CXCL4 has no effect on survival. Studies on
CXCL4 in human breast cancer samples are lacking. CXCL9 is highly expressed
in BL and HER?2 subtypes compared to other subtypes (Figure 2) and hasa
good survival in all breast cancers, BL/HER2/LB subtypes, and BL1-/ME-TNBC
(Tables 2 and 3). CXCL9 is highly expressed in breast cancers, TNBC, low-
proliferative cells, lymph node-negative breast cancers, HER2 subtype, and
ER-negative cancers and is related to tumor grade with increased Ki67. CXCL9
has a good prognosis and both good and poor survivals, particularly showing
good survivals in TNBC and luminal HER? breast cancers [8, 10, 20, 22, 62, 64,
65, 80, 87]. CXCL10 is highly expressed in BL and HER2 subtypes compared to
other subtypes (Figure 2) and has a good survival in BL/HER2/LB subtypes and
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ME-TNBC (Tables 2 and 3). CXCL10 is highly expressed in breast cancers, poorly
differentiated tumors, HER2 subtype, HR- and ER-negative cancers and is related
to tumor grade and stage with increased Ki67 positive cells and TIL infiltration.
CXCL10 has a good prognosis but no change in survival [8, 20, 62, 65, 80, 88-90].
CXCL11 is highly expressed in BL and HER2 subtypes compared to other subtypes
(Figure 2) and has a good survival in the BL subtype (Table 2). CXCL11 is highly
expressed in breast cancers, TNBC, HER2 subtype, and ER-negative cancers and
is related to tumor grade with increased Ki67 positive cells, showing no change in
survivals [8, 20, 80]. CXCR3 is highly expressed in BL and HER2 subtypes com-
pared to other subtypes (Figure 2) and has a good survival in all breast cancers,
BL/LB subtypes, and BLI-TNBC (Tables 2 and 3). CXCR3 is highly expressed in
ER-negative breast cancers and is related to tumor grade and size. CXCR3 shows
both good and poor survivals in breast cancers, particularly good survivals in BL
subtype, ER-negative cancers, and LN-positive cancers [91-94].

4.4 The CXCL12-CXCR4 axis

CXCL12 is highly expressed in the NBL subtype compared to other subtypes
(Figure 2) and has a good survival in all breast cancers (Table 2). CXCL12 is highly
expressed in breast cancers and BL subtypes and is related to tumor stage, tumor
grade, and lymph node metastasis with increased Treg infiltration. CXCL12 has a
good prognosis and survival in patients with breast cancers [62, 64, 95], particularly
in patients with high plasma levels of CXCL12 and CXCL125 isoforms. Some studies
show no change in CXCL12 levels between subtypes and survivals [10, 22, 35, 62, 64,
65, 80, 95-102]. CXCR4 is highly expressed in BL and HER?2 subtypes compared to
other subtypes (Figure 2) and has good survival in the BL subtype but poor survival
in the LA subtype (Table 2). CXCR4 is highly expressed in breast cancers, BL/
HER2/LA/LB subtypes, locally advanced breast cancers, TNBC, ER and PR-negative
cancers, atypical ductal hyperplasia, ductal carcinoma in situ, and invasive breast
cancers. CXCR4 is related to the metastasis of TNBC, liver metastasis, lymph node
metastasis, distant metastasis, recurrence in HER2 negative cancers and TNBC,
tumor grade, and tumor size, and advanced TNM stage in TNBC, showing increased
CXCR4 positive Treg infiltration in BL subtype compared to luminal subtypes.
CXCR4 has controversial survivals for breast cancers as follows: good survivals,
particularly in highly expressed CXCR4 fibroblasts, BL subtype, and ER-negative
cancers; unchanged survivals; poor survivals, particularly in TNBC and patients with
unmethylated CXCR4 or hypermethylated CXCL12/unmethylated CXCR4 [41, 48, 51,
54, 55, 59, 91, 92, 95-98, 100, 103-125].

4.5 The CXCL13-CXCRS5 axis

CXCL13 is highly expressed in BL and HER?2 subtypes compared to other subtypes
(Figure 2) and has a good survival in all breast cancers, BL/HER2/LB subtypes,
and BL1-/IM—/ME-TNBCs (Tables 2 and 3). CXCL13 is highly expressed in breast
cancers, ER-negative cancers, and metastatic breast cancers and is related to lymph
node metastasis with CXCR5 co-expression and increased Ki67. CXCL13 has a good
prognosis and both unchanged and good survival in patients with breast cancers [10,
22, 35, 62, 64, 65, 80, 87, 126, 127]. CXCRS5 is highly expressed in BL/HER2/NBL sub-
types compared to luminal subtypes (Figure 2) and does not affect survival. CXCR5
is related to lymph node metastasis and tumor stage [75].
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4.6 Orphan ligand CXCL14

CXCL14 is highly expressed in LA and NBL subtypes compared to other subtypes
(Figure 2) and has a good survival in all breast cancers and LA subtypes (Table 2).
CXCL14 is related to lymph node metastasis and has good survival in all breast
cancers and BL/HER2/LA subtypes [10, 62, 64, 128, 129].

4.7 The CXCL16-CXCRS6 axis

CXCL16 is highly expressed in the BL subtype compared to other subtypes
(Figure 2) and has no change in survivals. CXCL16 increased the risk of cancer in the
HER?2 subtype [11]. CXCR6 is highly expressed in BL and HER2 subtypes compared
to other subtypes (Figure 2) and has good survival in all breast cancers, BL/HER2/LB
subtypes, and IM-TNBC (Tables 2 and 3). Studies on CXCR6 in human breast cancer
samples are lacking.

4.8 The CXCL11/12-CXCR7 (ACKR3) axis

CXCL11 and CXCL12 are described in sections of the CXCL4/9/10/11-CXCR3 axis
and the CXCL12-CXCR4 axis. CXCRY7 is lowly expressed in the BL subtype compared to
other subtypes (Figure 2) and has poor survival in all breast cancers and HER2 subtypes
(Table 2). CXCRY is highly expressed in TNBC, ER/PR-negative, or positive cancers and
is related to TNM stage and tumor grade, showing poor survival [97, 130, 131].

4.9 The CXCL17-CXCRS8 (GPR35) axis

CXCL17 is highly expressed in the HER2 subtype compared to other subtypes
(Figure 2) and has no change in survivals. Studies on CXCL17 in human breast cancer
samples are lacking. CXCR8 is highly expressed in LA and NBL subtypes compared to
other subtypes (Figure 2) and has poor survivals in the HER2 subtype and LAR-TNBC
(Tables 2 and 3). Studies on CXCRS8 in human breast cancer samples are lacking.

5. The CX3CL1-CX3CR1 axis

CX3CL1 is highly expressed in BL and NBL subtypes compared to other subtypes
(Figure 2) and has no change in survivals. CX3CL1 is highly expressed in inflam-
matory breast cancers, LB subtype, and PR-positive cancers and is related to tumor
grade, tumor stage, tumor size, and lymph node metastasis with increased Ki67, stro-
mal CD8, intratumoral DC, stromal NK, and TIL infiltration, showing both good and
poor survivals [4, 8,132, 133]. CX3CR1 is highly expressed in LA and NBL subtypes
compared to other subtypes (Figure 2) and has good survival in all breast cancers and
LA subtypes but poor survival in IM-TNBC (Tables 2 and 3). CX3CR1 is related to
brain metastasis but has no change in survival [48].

6. Summary/conclusion

Chemokine axes are likely to prefer cell migration and invasion rather than cell
proliferation, leading to changed immune contexture in the tumor microenvironment
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followed by altered overall survivals. Accordingly, chemokines are likely to play a
critical role in cancer cell metastasis and immune cell contexture, contributing to
tumor size, grade, and stage. Some chemokines are related to tumor growth and
angiogenesis through increased viability and angiogenic genes. Also, some chemo-
kines are involved in cancer recurrence and chemoresistance, diminishing therapeutic
effectiveness. Based on data obtained from human breast cancer samples, overall
survivals are summarized by the chemokines-chemokine receptor axis (Figure 3).
The XCL-XCR axis shows good survival. The CCL-CCR axis indicates various
survivals as follows: good survivals in CC4, CCL5, CCL13, CCL14, CCL19, CCL21,
CCL22, CCRS, and CCR6; poor survivals in CCL24 and CCL25; controversial surviv-
alsin CCL1, CCL2, CCL8, CCL15, CCL17, CCL20, CCR2, CCR4, CCR7, and CCR9Y;
unchanged survivals in CCL3, CCL7, CCL11, CCL16, CCL23, CCL26, CCL27, CCL28,
CCR1, CCR3, CCR8, and CCR10. The CXCL-CXCR axis also indicates various surviv-
als as follows: good survivals in CXCL6, CXCL12, CXCL13, CXCR3, and CXCR6; poor
survivals in CXCL8, CXCR7, and CXCRS; controversial survivals in CXCL1, CXCL2,
CXCL3, CXCL7, CXCL9, CXCR2, and CXCR4; unchanged survivals in CXCL4, CXCLS5,
CXCL10, CXCL11, CXCL16, CXCL17, CXCR1, and CXCRS5. Orphan chemokines
CCL18 and CXCL14 have controversial and good survivals, respectively. The CX3CL1-
CX3CR1 axis shows controversial survivals (Figure 3). There are differential chemo-
kine signatures between tumor cells, stromal cells, immune cells, and adipocytes in

Receptors Chemokines

[ XCR1 XCL1  XCL2 XCL-CXR axis ]
/ CCR1 CCL5 CCL14  CCL8 CCL15 CCL3  CCL7  CCL16  CCL23 \
CCR2 CCL13 CCL2 CCL8 CCL7 CCL16
CCR3 CCL5 CCL13 CCL14 CCL24 CCL15 CCL7 CCL11  CCL26  CCL28
® CCR4 cCL22 ccL17
S ccRs CCl4 CCL5S CCL14 CCL8 CCL3  CCL11  CCL16
é ccL1e
g CCR6 cCL20
CCR7 CCL19 cCcL21
CCR8 CCL1  CCL16
CCR9 CCL25
\ CCR10 CCL27 CCL28 /
/ CXCR1 CXCL6 CXCL8  CXCL7
CXCR2 CXCL6 CXCL8 CXCL1 CXCL2 CXCL3 CXCL7 CXCL5
'E CXCR3 CXCL9 CXCL4 CXCL10 cCXCL11
é CXCR4 CXCL12
8 cxcms CXCL13
g CXCL14
CXCR6 CXCL16
CXCR7 CXCL12  CXCL11
\ CXCR8 CXCL17 /
[ CX3CR1 €X3cL1 CX3CL1-CX3CR1 axis ]

Figure 3.
Impacts of chemokine axis on overall survivals in breast cancers. Green: good survivals; pink: poor survivals;
yellow: controversial survivals; gray: unchanged survivals.
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the breast tumor microenvironment. Therefore, cell-to-cell communication via the
chemokine network is complex in the breast tumor microenvironment, which cannot
be simply explained with one chemokine. Although CCL2, CXCL12, and CXCR4 have
been studied extensively, there are still many chemokines that require clarification of
their roles in breast cancers.

In conclusion, chemokines play a critical role in breast cancer progression, chang-
ing the breast tumor microenvironment through immune cell infiltration, cell-to-cell
crosstalk, metastasis, chemoresistance, and tumor growth, followed by altered
prognosis and survival.

Acknowledgements
This work was supported, in whole or in part, by research funds from the National

Institutes of Health (NIH) and the American Cancer Society (ACS) as follows:
U54MD007586, U54CA163069, and ACS DICRIDG-21-071-01-DICRIDG.

Author details

Deok-Soo Son* and Samuel Evans Adunyah

Department of Biochemistry, Cancer Biology, Neuroscience and Pharmacology,
School of Medicine, Meharry Medical College, Nashville, TN, USA

*Address all correspondence to: dson@mmec.edu

IntechOpen

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

23



New Updates in Tumor Microenvironment

References

[1] Masih M, Agarwal S, Kaur R,
Gautam PK. Role of chemokines in breast
cancer. Cytokine. 2022;155:155909

[2] Jézéquel P, Gouraud W, Ben

Azzouz F, Guérin-Charbonnel C, Juin PP,
Lasla H, et al. Bc-GenExMiner 4.5:

New mining module computes breast
cancer differential gene expression
analyses. Database: The Journal of
Biological Databases and Curation.
2021;2021:baab007

[3] Gyértfy B. Survival analysis across
the entire transcriptome identifies
biomarkers with the highest prognostic
power in breast cancer. Computational
and Structural Biotechnology Journal.
2021;19:4101-4109

[4] Bessaad M, Habel A, Hadj Ahmed M,
XuW, Stayoussef M, Bouaziz H, et al.
Assessing serum cytokine profiles in
inflammatory breast cancer patients
using Luminex® technology. Cytokine.
2023;172:156409

[5] Chavey C, Bibeau F, Gourgou-
Bourgade S, Burlinchon S,

Boissiére F, Laune D, et al. Oestrogen
receptor negative breast cancers exhibit
high cytokine content. Breast Cancer
Research. 2007;9:R15

[6] Chen B, Zhang S, Li Q, Wu S, He H,
Huang J. Bioinformatics identification
of CCL8/21 as potential prognostic
biomarkers in breast cancer
microenvironment. Bioscience Reports.
2020;40:BSR20202042

[7]1 Biéche I, Lerebours F, Tozlu S,

Espie M, Marty M, Lidereau R. Molecular
profiling of inflammatory breast cancer:
Identification of a poor-prognosis gene
expression signature. Clinical Cancer
Research. 2004;10:6789-6795

24

[8] Franzén B, Alexeyenko A,
Kamali-Moghaddam M, Hatschek T,
Kanter L, Ramqvist T, et al. Protein
profiling of fine-needle aspirates reveals
subtype-associated immune signatures
and involvement of chemokines in
breast cancer. Molecular Oncology.
2019;13:376-391

[9] Farmaki E, Kaza V, Papavassiliou AG,
Chatzistamou I, Kiaris H. Induction of
the MCP chemokine cluster cascade in
the periphery by cancer cell-derived Ccl3.
Cancer Letters. 2017;389:49-58

[10] Hozhabri H, Moghaddam MM,
Moghaddam MM, Mohammadian A. A
comprehensive bioinformatics analysis to
identify potential prognostic biomarkers
among CC and CXC chemokines

in breast cancer. Scientific Reports.
2022;12:10374

[11] YuX, Zhang Y, LinY, Zou S, Zhu P,
Song M, et al. The association between
plasma chemokines and breast cancer
risk and prognosis: A mendelian
randomization study. Frontiers in
Genetics. 2022;13:1004931

[12] Thomas JK, Mir H, Kapur N, Bae S,
Singh S. CC chemokines are differentially
expressed in breast cancer and are
associated with disparity in overall
survival. Scientific Reports. 2019;9:4014

[13] Yamaguchi M, Takagi K, Narita K,
Miki Y, Onodera Y, Miyashita M, et al.
Stromal CCL5 promotes breast cancer
progression by interacting with CCR3
in tumor cells. International Journal of
Molecular Sciences. 2021;22:1918

[14] Zazo S, Gonzdalez-Alonso P,
Martin-Aparicio E, Chamizo C, Luque M,
Sanz-Alvarez M, et al. Autocrine CCL5
effect mediates trastuzumab resistance



Roles of Chemokines in Influencing Tumor Microenvironment in Breast Cancer

DOI: http://dx.doi.org/10.5772/intechopen.1006828

by ERK pathway activation in HER2-
positive breast cancer. Molecular Cancer
Therapeutics. 2020;19:1696-1707

[15] Luboshits G, Shina S, Kaplan O,
Engelberg S, Nass D, Lifshitz-Mercer B,
etal. Elevated expression of the CC
chemokine regulated on activation,
normal T cell expressed and

secreted (RANTES) in advanced
breast carcinoma. Cancer Research.
1999;59:4681-4687

[16] Zhang Y, Yao F, Yao X, Yi C, Tan C,
Wei L, et al. Role of CCLS5 in invasion,
proliferation and proportion of CD44+/
CD24- phenotype of MCF-7 cells and
correlation of CCL5 and CCR5 expression
with breast cancer progression. Oncology
Reports. 2009;21:1113-1121

[17] Velasco-Velazquez M, Jiao X, De

La Fuente M, Pestell TG, Ertel A,

Lisanti MP, et al. CCR5 antagonist blocks
metastasis of basal breast cancer cells.
Cancer Research. 2012;72:3839-3850

[18] Zhang Q, QinJ, Zhong L, Gong L,
Zhang B, Zhang Y, et al. CCL5-mediated
Th2 immune polarization promotes
metastasis in luminal breast cancer.
Cancer Research. 2015;75:4312-4321

[19] Derossi DR, Amarante MK,
Guembarovski RL, de Oliveira CEC,
Suzuki KM, Watanabe MAE, et al.

CCLS5 protein level: Influence on

breast cancer staging and lymph nodes
commitment. Molecular Biology Reports.
2019;46:6165-6170

[20] Narita D, Seclaman E, Anghel A,
Ilina R, Cireap N, Negru S, et al. Altered
levels of plasma chemokines in breast
cancer and their association with
clinical and pathological characteristics.
Neoplasma. 2016;63:141-149

[21] Farmaki E, Chatzistamou I, KazaV,
Kiaris H. A CCL8 gradient drives breast

25

cancer cell dissemination. Oncogene.
2016;35:6309-6318

[22] Mehraj U, Alshehri B, Khan AA,
Bhat AA, Bagga P, Wani NA, et al.
Expression pattern and prognostic
significance of chemokines in breast
cancer: An integrated bioinformatics

analysis. Clinical Breast Cancer.
2022;22:567-578

[23]1 Li X, Wang M, Gong T, Lei X,

Hu T, Tian M, et al. A S100A14-CCL2/
CXCLS signaling axis drives breast
cancer metastasis. Theranostics.
2020;10:5687-5703

[24] Valkovi¢ T, Lucin K, Krstulja M,
Dobi-Babi¢ R, Jonji¢ N. Expression of
monocyte chemotactic protein-1in
human invasive ductal breast cancer.
Pathology, Research and Practice.
1998;194:335-340

[25] Ueno T, Toi M, Saji H, Muta M,
Bando H, Kuroi K, et al. Significance

of macrophage chemoattractant
protein-1 in macrophage recruitment,
angiogenesis, and survival in human
breast cancer. Clinical Cancer Research.

2000;6:3282-3289

[26] Saji H, Koike M, Yamori T,

Saji S, Seiki M, Matsushima K, et al.
Significant correlation of monocyte
chemoattractant protein-1 expression
with neovascularization and progression

of breast carcinoma. Cancer.
2001;92:1085-1091

[27] Valkovié T, Fuckar D, Stifter S,
Matusan K, Hasan M, Dobrila F, et al.
Macrophage level is not affected by
monocyte chemotactic protein-1in
invasive ductal breast carcinoma.
Journal of Cancer Research and Clinical
Oncology. 2005;131:453-458

[28] Fujimoto H, Sangai T, Ishii G,
Ikehara A, Nagashima T, Miyazaki M,



New Updates in Tumor Microenvironment

etal. Stromal MCP-1 in mammary
tumors induces tumor-associated
macrophage infiltration and contributes
to tumor progression. International
Journal of Cancer. 2009;125:1276-1284

[29] Katanov C, Lerrer S, Liubomirski Y,
Leider-Trejo L, Meshel T, Bar J, et al.
Regulation of the inflammatory profile
of stromal cells in human breast cancer:
Prominent roles for TNF-a and the
NF-xB pathway. Stem Cell Research &
Therapy. 2015;6:87

30]LiD,JiH, NiuX, YinL,

Wang Y, GuY, et al. Tumor-associated
macrophages secrete CC-chemokine
ligand 2 and induce tamoxifen resistance
by activating PI3K/Akt/mTOR in breast
cancer. Cancer Science. 2020;111:47-58

[31] Dwyer RM, Potter-Beirne SM,
Harrington KA, Lowery AJ, Hennessy E,
Murphy JM, et al. Monocyte chemotactic
protein-1 secreted by primary breast
tumors stimulates migration of
mesenchymal stem cells. Clinical Cancer
Research. 2007;13:5020-5027

[32] Dutta P, Sarkissyan M,

Paico K, WuY, Vadgama JV. MCP-1 s
overexpressed in triple-negative breast
cancers and drives cancer invasiveness
and metastasis. Breast Cancer Research
and Treatment. 2018;170:477-486

[33] Fang WB, Sofia Acevedo D,

Smart C, Zinda B, Alissa N, Warren K,

et al. Expression of CCL2/CCR2 signaling
proteins in breast carcinoma cells is

associated with invasive progression.
Scientific Reports. 2021;11:8708

[34] Fang WB, Yao M, Jokar I,
Alhakamy N, Berkland C, Chen], etal.
The CCL2 chemokine is a negative
regulator of autophagy and necrosis

in luminal B breast cancer cells. Breast
Cancer Research and Treatment.
2015;150:309-320

26

[35] CuiK, Song N, FanY, Zeng L, Shi P,
Wang Z, etal. A two-sample Mendelian
randomization analysis: Causal
association between chemokines and

pan-carcinoma. Frontiers in Genetics.
2023;14:1285274

[36] Lebrecht A, Grimm C, Lantzsch T,
Ludwig E, Hefler L, Ulbrich E, etal.
Monocyte chemoattractant protein-1
serum levels in patients with breast
cancer. Tumour Biology. 2004;25:14-17

[37] Wang J, Zhuang ZG, Xu SF, He

Q, Shao YG, Ji M, et al. Expression of
CCL2 is significantly different in five
breast cancer genotypes and predicts
patient outcome. International Journal
of Clinical and Experimental Medicine.
2015;8:15684-15691

[38] Heiskala M, Leidenius M, Joensuu K,
Heikkild P. High expression of CCL2 in
tumor cells and abundant infiltration
with CD14 positive macrophages predict
early relapse in breast cancer. Virchows
Archiv. 2019;474:3-12

[39] Lubowicka E, Przylipiak A,
Zajkowska M, Piskér BM, Malinowski P,
Fiedorowicz W, et al. Plasma chemokine
CCL2 and its receptor CCR2
concentrations as diagnostic
biomarkers for breast cancer patients.
BioMed Research International.
2018;2018:2124390

[40] XuM, LiY, Li W, Zhao Q, Zhang Q,
Le K, et al. Immune and stroma related
genes in breast cancer: A comprehensive
analysis of tumor microenvironment
based on the cancer genome atlas
(TCGA) database. Frontiers in Medicine
(Lausanne). 2020;7:64

[41] Seo EH, Namgung JH, Oh CS,
Kim SH, Lee SH. Association of
Chemokines and Chemokine Receptor
Expression with Monocytic-myeloid-
derived suppressor cells during tumor



Roles of Chemokines in Influencing Tumor Microenvironment in Breast Cancer

DOI: http://dx.doi.org/10.5772/intechopen.1006828

progression. Immune Network.
2018;18:€23

[42] Kuehnemuth B, Piseddu I,
Wiedemann GM, Lauseker M,

Kuhn C, Hofmann S, etal. CCLlisa
major regulatory T cell attracting factor
in human breast cancer. BMC Cancer.
2018;18:1278

[43]1 Li]JY, OuZL, Yu SJ, Gu XL, Yang C,
Chen AX, etal. The chemokine receptor
CCR4 promotes tumor growth and

lung metastasis in breast cancer. Breast
Cancer Research and Treatment.
2012;131:837-848

[44] de Aratjo RA, da Luz FAC, da
Costa ME, Nascimento CP, Mendes TR,
Mosca ERT, et al. The elusive luminal

B breast cancer and the mysterious
chemokines. Journal of Cancer
Research and Clinical Oncology.
2023;149:12807-12819

[45] Chen], YaoY, Gong C, YuF,

Su S, ChenJ, et al. CCL18 from tumor-
associated macrophages promotes breast
cancer metastasis via PITPNM3. Cancer
Cell. 2011;19:541-555

[46] Lee SK, Park KK, Kim HJ, Park J,
Son SH, Kim KR, et al. Human antigen
R-regulated CCL20 contributes to
osteolytic breast cancer bone metastasis.
Scientific Reports. 2017;7:9610

[47] Chen W, Qin Y, Wang D, Zhou L,
LiuY, Chen S, et al. CCL20 triggered by
chemotherapy hinders the therapeutic
efficacy of breast cancer. PLoS Biology.
2018;16:€2005869

[48] Andre F, Cabioglu N, Assi H,
Sabourin JC, Delaloge S, Sahin A, et al.
Expression of chemokine receptors
predicts the site of metastatic relapse
in patients with axillary node positive

primary breast cancer. Annals of
Oncology. 2006;17:945-951

27

[49] Cassier PA, Treilleux I, Bachelot T,
Ray-Coquard I, Bendriss-Vermare N,
Ménétrier-Caux C, et al. Prognostic
value of the expression of C-chemokine
receptor 6 and 7 and their ligands in non-
metastatic breast cancer. BMC Cancer.
2011;11:213

[50] Mohammed MM, Shaker O,

Ramzy MM, Gaber SS, Kamel HS, Abed
El Baky MF. The relation between
ACKR4 and CCR7 genes expression and
breast cancer metastasis. Life Sciences.
2021;279:119691

[51] Miiller A, Homey B, Soto H,
Ge N, Catron D, Buchanan ME, et al.
Involvement of chemokine receptors

in breast cancer metastasis. Nature.
2001;410:50-56

[521 LiF, Zou Z, Suo N, Zhang Z,

Wan F, Zhong G, et al. CCL21/CCR7
axis activating chemotaxis accompanied
with epithelial-mesenchymal transition

in human breast carcinoma. Medical
Oncology. 2014;31:180

[53] Gurgel DC, Wong DVT,

Bandeira AM, Pereira JFB,

Gomes-Filho JV, Pereira AC, et al.
Cytoplasmic CCR7 (CCR7c)
immunoexpression is associated with
local tumor recurrence in triple-negative

breast cancer. Pathology, Research and
Practice. 2020;216:153265

[54]LiuY, JiR, LiJ, GuQ, Zhao X,

Sun T, et al. Correlation effect of EGFR
and CXCR4 and CCR7 chemokine
receptors in predicting breast cancer
metastasis and prognosis. Journal

of Experimental & Clinical Cancer
Research. 2010;29:16

[55] Cabioglu N, Yazici MS,

Arun B, Broglio KR, Hortobagyi GN,
Price JE, et al. CCR7 and CXCR4 as
novel biomarkers predicting axillary
lymph node metastasis in T'1 breast



New Updates in Tumor Microenvironment

cancer. Clinical Cancer Research.
2005;11:5686-5693

[56] Sonbul SN, Gorringe KL,
Aleskandarany MA, Mukherjee A,
Green AR, Ellis IO, et al. Chemokine
(C-C motif) receptor 7 (CCR7)
associates with the tumour immune
microenvironment but not progression
in invasive breast carcinoma. The
Journal of Pathology. Clinical Research.
2017;3:105-114

(571 Wu], LiL, Liu J, Wang Y, Wang Z,
Wang Y, et al. CC chemokine receptor 7
promotes triple-negative breast cancer
growth and metastasis. Acta Biochimica
et Biophysica Sinica (Shanghai).
2018;50:835-842

58] LiX, Sun S, Li N, GaoJ, YuJ, Zhao ],
et al. High expression of CCR7 predicts
lymph node metastasis and good
prognosis in triple negative breast cancer.
Cellular Physiology and Biochemistry.
2017;43:531-539

[59] Strien L, Joensuu K, Heikkili P,
Leidenius MH. Different expression
patterns of CXCR4, CCR7, Maspin
and FOXP3 in luminal breast cancers
and their sentinel node metastases.
Anticancer Research. 2017;37:175-182

[60] Vahedi L, Ghasemi M, Yazdani J,
Ranjbar S, Nouri B, Alizadeh A, et al.
Investigation of CCR7 marker expression
using immunohistochemical method
and its association with clinicopathologic
properties in patients with breast cancer.
International Journal of Hematology-
Oncology and Stem Cell Research.
2018;12:103-110

[61] Johnson-Holiday C, Singh R,
Johnson E, Singh S, Stockard CR,
Grizzle WE, et al. CCL25 mediates
migration, invasion and matrix
metalloproteinase expression by breast
cancer cells in a CCR9-dependent

28

fashion. International Journal of
Oncology. 2011;38:1279-1285

[62] LiL, YaoW, Yan S, Dong X, Lv Z,
Jing Q, et al. Pan-cancer analysis of
prognostic and immune infiltrates for
CXCs. Cancers (Basel). 2021;13:4153

[63] Bieche I, Chavey C, Andrieu C,
Busson M, Vacher S, Le Corre L, et al.
CXC chemokines located in the 4q21
region are up-regulated in breast

cancer. Endocrine-Related Cancer.
2007;14:1039-1052

[64] Chen E, Qin X, Peng K, Xu X,

Li W, Cheng X, et al. Identification

of potential therapeutic targets
among CXC chemokines in breast
tumor microenvironment using
integrative bioinformatics analysis.
Cellular Physiology and Biochemistry.
2018;45:1731-1746

[65]1 LiY, Liang M, LinY, Lv ], Chen M,
Zhou P, et al. Transcriptional expressions
of CXCL9/10/12/13 as prognosis factors
in breast cancer. Journal of Oncology.
2020;2020:4270957

[66] Wang YH, Shen CY, Lin SC,
Kuo WH, Kuo YT, Hsu YL, et al.
Monocytes secrete CXCL7 to promote

breast cancer progression. Cell Death &
Disease. 2021;12:1090

[67] Motyka ], Gacuta E, Kicman A,
Kulesza M, Eawicki P, Eawicki S. Plasma
levels of CXC motif chemokine 1
(CXCL1) and chemokine 8 (CXCLS)

as diagnostic biomarkers in luminal A
and B breast cancer. Journal of Clinical
Medicine. 2022;11:6694

[68] Fang QI, Wang X, Luo G,

YuM, Zhang X, Xu N. Increased CXCL8
expression is negatively correlated with
the overall survival of patients with

ER-negative breast cancer. Anticancer
Research. 2017;37:4845-4852



Roles of Chemokines in Influencing Tumor Microenvironment in Breast Cancer

DOI: http://dx.doi.org/10.5772/intechopen.1006828

[69] Milovanovic J, Todorovic-Rakovic N,
Abu RZ. The prognostic role of
interleukin-8 (IL-8) and matrix
metalloproteinases —2 and —9 in lymph
node-negative untreated breast cancer
patients. JBUON. 2013;18:866-873

[70] Benoy IH, Salgado R, Van Dam P,
Geboers K, Van Marck E, Scharpé S, et al.
Increased serum interleukin-8 in patients
with early and metastatic breast cancer
correlates with early dissemination

and survival. Clinical Cancer Research.
2004;10:7157-7162

[71] MaY, Ren Y, Dai Z], Wu CJ,

JiYH, Xu]. IL-6, IL-8 and TNF-a levels
correlate with disease stage in breast
cancer patients. Advances in Clinical and
Experimental Medicine. 2017;26:421-426

[72] Celik B, Yalcin AD, Genc GE, Bulut T,
Kuloglu Genc S, Gumuslu S. CXCLS,
IL-1p and sCD200 are pro-inflammatory
cytokines and their levels increase in the

circulation of breast carcinoma patients.
Biomedical Report. 2016;5:259-263

[73] Tiainen L, Hamaldinen M,

Luukkaala T, Tanner M, Lahdenpera O,
Vihinen P, et al. Low plasma IL-8 levels
during chemotherapy are predictive of
excellent long-term survival in metastatic
breast cancer. Clinical Breast Cancer.
2019;19:e522-e533

[74] Konig A, Vilsmaier T, Rack B, Friese K,
Janni W, Jeschke U, et al. Determination
of Interleukin-4, -5, —6, —8 and —13

in serum of patients with breast cancer
before treatment and its correlation

to circulating tumor cells. Anticancer
Research. 2016;36:3123-3130

[75] Razmkhah M, Jaberipour M,

Safaei A, Talei AR, Erfani N, Ghaderi A.
Chemokine and chemokine receptors: A
comparative study between metastatic
and nonmetastatic lymph nodes in breast
cancer patients. European Cytokine
Network. 2012;23:72-77

29

[76] Snoussi K, Mahfoudh W,

Bouaouina N, Fekih M, Khairi H,

Helal AN, et al. Combined effects of
IL-8 and CXCR?2 gene polymorphisms
on breast cancer susceptibility and
aggressiveness. BMC Cancer. 2010;10:283

[771 Ma K, Yang L, Shen R, Kong B,
Chen W, Liang J, et al. Th17 cells
regulate the production of CXCL1
in breast cancer. International
Immunopharmacology. 2018;56:
320-329

[78] Divella R, Daniele A, Savino E,
Palma F, Bellizzi A, Giotta F, et al.
Circulating levels of transforming
growth factor-feta (TGF-p) and
chemokine (C-X-C motif) ligand-1
(CXCL1) as predictors of distant seeding
of circulating tumor cells in patients
with metastatic breast cancer. Anticancer
Research. 2013;33:1491-1497

[79] Ciummo SL, D'Antonio L,

Sorrentino C, Fieni C, Lanuti P, Stassi G,
et al. The C-X-C motif chemokine ligand
1 sustains breast cancer stem cell self-
renewal and promotes tumor progression
and immune escape programs. Frontiers
in Cell and Development Biology.
2021;9:689286

[80] Wang F, Yuan C, Wu HZ, Liu B,

Yang YF. Bioinformatics, molecular
docking and experiments In vitro analyze
the prognostic value of CXC chemokines

in breast cancer. Frontiers in Oncology.
2021;11:665080

[81] Zou A, Lambert D, Yeh H,
Yasukawa K, Behbod F, Fan F, et al.
Elevated CXCL1 expression in breast
cancer stroma predicts poor prognosis
and is inversely associated with

expression of TGF-p signaling proteins.
BMC Cancer. 2014;14:781

[82] See AL, Chong PK, Lu SY, Lim YP.
CXCL3 is a potential target for breast



New Updates in Tumor Microenvironment

cancer metastasis. Current Cancer Drug
Targets. 2014;14:294-309

[83] Zhou J, Wu H, Su QX, Shi XK,
Tang BW, Zhao CP, et al. Impacts of
chemokine (C-X-C motif) receptor

2 C1208T polymorphism on cancer
susceptibility. Journal of Immunology
Research. 2021;2021:8727924

[84] Boissiére-Michot F, Jacot W,

Massol O, Mollevi C, Lazennec G. CXCR2
levels correlate with immune infiltration
and a better prognosis of triple-negative
breast cancers. Cancers (Basel).
2021;13:2328

[85] Boissiére-Michot F, Jacot W, Fraisse J,
Gourgou S, Timaxian C, Lazennec G.
Prognostic value of CXCR?2 in breast
cancer. Cancers (Basel). 2020;12:2076

[86] XuH, Lin F, Wang Z, Yang L,
Meng J, Ou Z, et al. CXCR?2 promotes
breast cancer metastasis and
chemoresistance via suppression of
AKT1 and activation of COX2. Cancer
Letters. 2018;412:69-80

[87] Razis E, Kalogeras KT, Kotsantis |,
Koliou GA, Manousou K, Wirtz R, et al.
The role of CXCL13 and CXCL9 in early
breast cancer. Clinical Breast Cancer.
2020;20:e36-e53

[88] Jafarzadeh A, Fooladseresht H,
Nemati M, Assadollahi Z, Sheikhi A,
Ghaderi A. Higher circulating levels

of chemokine CXCL10 in patients

with breast cancer: Evaluation of the
influences of tumor stage and chemokine

gene polymorphism. Cancer Biomarkers.
2016;16:545-554

[89] Ejaeidi AA, Craft BS, Puneky LV,
Lewis RE, Cruse JM. Hormone receptor-
independent CXCL10 production

is associated with the regulation

of cellular factors linked to breast
cancer progression and metastasis.

30

Experimental and Molecular Pathology.
2015;99:163-172

[90] Mulligan AM, Raitman I,

Feeley L, Pinnaduwage D, Nguyen LT,
O’Malley FP, et al. Tumoral lymphocytic
infiltration and expression of the
chemokine CXCL10 in breast cancers
from the Ontario familial breast cancer
registry. Clinical Cancer Research.
2013;19:336-346

[91] Guo K, Feng G, Yan Q,

SunL, Zhang K, ShenF, et al. CXCR4
and CXCR3 are two distinct prognostic
biomarkers in breast cancer: Database
mining for CXCR family members.
Molecular Medicine Reports.
2019;20:4791-4802

[92] Saahene RO, Wang J, Wang ML,
Agbo E, Song H. The role of CXC
chemokine ligand 4/CXC chemokine
receptor 3-B in breast cancer progression.
Biotechnic & Histochemistry.
2019;94:53-59

[93] Bronger H, Karge A, Dreyer T,

Zech D, Kraeft S, Avril S, et al. Induction
of cathepsin B by the CXCR3 chemokines
CXCL9 and CXCL10 in human

breast cancer cells. Oncology Letters.
2017;13:4224-4230

[94] Zhu G, Yan HH, Pang}, Jian],
Achyut BR, Liang X, et al. CXCR3 as
a molecular target in breast cancer
metastasis: Inhibition of tumor cell
migration and promotion of host
anti-tumor immunity. Oncotarget.
2015;6:43408-43419

[95] Motyka ], Gacuta E, Kicman A,
Kulesza M, Malinowski P, Eawicki S.
CXCL12 and CXCR4 as potential early
biomarkers for luminal A and

luminal B subtypes of breast cancer.
Cancer Management and Research.
2023;15:573-589



Roles of Chemokines in Influencing Tumor Microenvironment in Breast Cancer

DOI: http://dx.doi.org/10.5772/intechopen.1006828

[96] Yan M, Jene N, Byrne D, Millar EK,
O'Toole SA, McNeil CM, et al.
Recruitment of regulatory T cells is
correlated with hypoxia-induced CXCR4
expression, and is associated with poor
prognosis in basal-like breast cancers.
Breast Cancer Research. 2011;13:R47

[97] Hassan S, Ferrario C,

Saragovi U, Quenneville L, Gaboury L,
Baccarelli A, et al. The influence of
tumor-host interactions in the stromal
cell-derived factor-1/CXCR4 ligand/
receptor axis in determining metastatic
risk in breast cancer. The American
Journal of Pathology. 2009;175:66-73

[98] Mirisola V, Zuccarino A,

Bachmeier BE, Sormani MP, Falter J,
Nerlich A, et al. CXCL12/SDF1 expression
by breast cancers is an independent
prognostic marker of disease-free and
overall survival. European Journal of
Cancer. 2009;45:2579-2587

[99] Zhao S, Chang SL, Linderman JJ,
Feng FY, Luker GD. A comprehensive
analysis of CXCL12 isoforms in breast

cancer(1,2). Translational Oncology.
2014;7:429-438

[100] Dayer R, Babashah S, Jamshidi S,
Sadeghizadeh M. Upregulation of CXC
chemokine receptor 4-CXC chemokine
ligand 12 axis ininvasive breast
carcinoma: A potent biomarker
predicting lymph node metastasis.

Journal of Cancer Research and
Therapeutics. 2018;14:345-350

[101] Potter SM, Dwyer RM, Curran CE,
Hennessy E, Harrington KA, Griffin DG,
etal. Systemic chemokine levels in breast
cancer patients and their relationship
with circulating menstrual hormones.
Breast Cancer Research and Treatment.
2009;115:279-287

[102] Kang H, Watkins G, Parr C,
Douglas-Jones A, Mansel RE, Jiang WG.

31

Stromal cell derived factor-1: Its influence
on invasiveness and migration of breast
cancer cells in vitro, and its association
with prognosis and survival in human
breast cancer. Breast Cancer Research.
2005;7:R402-R410

[103] Zhang Z, Ni C, Chen W,
Wu P, Wang Z, Yin J, et al. Expression
of CXCR4 and breast cancer prognosis:

A systematic review and meta-analysis.
BMC Cancer. 2014;14:49

[104] Zhang M, Liu HX, Teng XD,

Wang HB, Cui], Jia SS, etal. The
differences in CXCR4 protein expression
are significant for the five molecular

subtypes of breast cancer. Ultrastructural
Pathology. 2012;36:381-386

[105] Hiller DJ, Meschonat C, Kim R,
Li BD, Chu QD. Chemokine receptor
CXCR4 level in primary tumors
independently predicts outcome for
patients with locally advanced breast
cancer. Surgery. 2011;150:459-465

[106] Mizell J, Smith M, Li BD, Ampil F,
Chu QD. Overexpression of CXCR4 in
primary tumor of patients with HER-2
negative breast cancer was predictive of
a poor disease-free survival: A validation
study. Annals of Surgical Oncology.
2009;16:2711-2716

[107] Yasuoka H, Tsujimoto M,
Yoshidome K, Nakahara M, KodamaR,
Sanke T, et al. Cytoplasmic CXCR4
expression in breast cancer: Induction by
nitric oxide and correlation with lymph
node metastasis and poor prognosis.
BMC Cancer. 2008;8:340

[108] Woo SU, Bae JW, Kim CH,

Lee JB, Koo BW. A significant correlation
between nuclear CXCR4 expression

and axillary lymph node metastasis

in hormonal receptor negative breast

cancer. Annals of Surgical Oncology.
2008;15:281-285



New Updates in Tumor Microenvironment

[109] Holm NT, Byrnes K, Li BD,
Turnage RH, Abreo F, Mathis JM, et al.
Elevated levels of chemokine receptor
CXCR4 in HER-2 negative breast
cancer specimens predict recurrence.

The Journal of Surgical Research.
2007;141:53-59

[110] SuYC, Wu MT, Huang CJ,

Hou MF, Yang SF, Chai CY.

Expression of CXCR4 is associated

with axillary lymph node status in
patients with early breast cancer. Breast.

2006;15:533-539

[111] Holm NT, Abreo F, Johnson LW,

Li BD, Chu QD. Elevated chemokine
receptor CXCR4 expression in primary
tumors following neoadjuvant
chemotherapy predicts poor outcomes
for patients with locally advanced breast
cancer (LABC). Breast Cancer Research
and Treatment. 2009;113:293-299

[112] Zhao H, Guo L, Zhao H, ZhaoJ,
Weng H, Zhao B. CXCR4 over-expression
and survival in cancer: A system

review and meta-analysis. Oncotarget.
2015;6:5022-5040

[113] Kang H, Watkins G, Douglas-
Jones A, Mansel RE, Jiang WG. The
elevated level of CXCR4 is correlated
with nodal metastasis of human breast
cancer. Breast. 2005;14:360-367

[114] Kato M, Kitayama J, Kazama S,
Nagawa H. Expression pattern of CXC
chemokine receptor-4 is correlated

with lymph node metastasis in human
invasive ductal carcinoma. Breast Cancer
Research. 2003;5:R144-R150

[115] Rhodes LV, Short SP, Neel NF,

Salvo VA, Zhu Y, Elliott S, et al. Cytokine
receptor CXCR4 mediates estrogen-
independent tumorigenesis, metastasis,
and resistance to endocrine therapy in

human breast cancer. Cancer Research.
2011;71:603-613

32

[116] Chu QD, Panu L, Holm NT, Li BD,
Johnson LW, Zhang S. High chemokine
receptor CXCR4 level in triple negative
breast cancer specimens predicts poor

clinical outcome. The Journal of Surgical
Research. 2010;159:689-695

[117] Ramos EA, Grochoski M,
Braun-Prado K, Seniski GG, Cavalli IJ,
Ribeiro EM, et al. Epigenetic changes
of CXCR4 and its ligand CXCL12 as
prognostic factors for sporadic breast
cancer. PLoS One. 2011;6:29461

[118] LiYM, PanY, Wei Y, Cheng X,
Zhou BP, Tan M, et al. Upregulation of
CXCR4 is essential for HER2-mediated
tumor metastasis. Cancer Cell.
2004;6:459-469

[119] Andre F, Xia W, Conforti R,
WeiY, Boulet T, Tomasic G, et al. CXCR4
expression in early breast cancer and risk

of distant recurrence. The Oncologist.
2009;14:1182-1188

[120] Chen HW, Du CW, Wei XL,
Khoo US, Zhang GJ. Cytoplasmic
CXCR4 high-expression exhibits
distinct poor clinicopathological
characteristics and predicts poor
prognosis in triple-negative breast

cancer. Current Molecular Medicine.
2013;13:410-416

[121] Sivrikoz ON, Doganay L,
Sivrikoz UK, Karaarslan S, Sanal SM.
Distribution of CXCR4 and y-catenin
expression pattern in breast cancer
subtypes and their relationship to
axillary nodal involvement. Polish
Journal of Pathology. 2013;64:253-259

[122] Papatheodorou H, Papanastasiou AD,
Sirinian C, Scopa C, Kalofonos HP,
Leotsinidis M, et al. Expression patterns
of SDF1/CXCR4 in human invasive

breast carcinoma and adjacent normal
stroma: Correlation with tumor
clinicopathological parameters and



Roles of Chemokines in Influencing Tumor Microenvironment in Breast Cancer

DOI: http://dx.doi.org/10.5772/intechopen.1006828

patient survival. Pathology, Research and
Practice. 2014;210:662-667

[123] Schmid BC, Rudas M,

Rezniczek GA, Leodolter S, Zeillinger R.
CXCR4 is expressed in ductal carcinoma
in situ of the breast and in atypical ductal
hyperplasia. Breast Cancer Research and
Treatment. 2004;84:247-250

[124] Aravindan BK, Prabhakar J,
Somanathan T, Subhadra L. The role

of chemokine receptor 4 and its ligand
stromal cell derived factor 1 in breast
cancer. Annals of Translational Medicine.
2015;3:23

[125] Xu TP, Shen H, Liu LX, Shu YQ. The
impact of chemokine receptor CXCR4 on
breast cancer prognosis: A meta-analysis.
Cancer Epidemiology. 2013;37:725-731

[126] Biswas S, Sengupta S,

Roy Chowdhury S, Jana S, Mandal G,
Mandal PK, et al. CXCL13-CXCR5
co-expression regulates epithelial to
mesenchymal transition of breast cancer
cells during lymph node metastasis.
Breast Cancer Research and Treatment.
2014;143:265-276

[127] Tang Z, Yu M, Miller F, Berk RS,
Tromp G, Kosir MA. Increased invasion
through basement membrane by CXCL7-
transfected breast cells. American
Journal of Surgery. 2008;196:690-696

[128] Gibbs C, SoJY, Ahad A,
Michalowski AM, Son DS, LiY. CXCL14
attenuates triple-negative breast cancer
progression by regulating immune
profiles of the tumor microenvironment
inaT cell-dependent manner.
International Journal of Molecular
Sciences. 2022;23:9314

[129] Gu XL, Ou ZL, Lin FJ, Yang XL,
Luo JM, Shen ZZ, et al. Expression of
CXCL14 and its anticancer role in breast
cancer. Breast Cancer Research and
Treatment. 2012;135:725-735

33

[130] Wani N, Nasser MW, Ahirwar DK,
Zhao H, Miao Z, Shilo K, et al.

C-X-C motif chemokine 12/C-X-C
chemokine receptor type 7 signaling
regulates breast cancer growth and
metastasis by modulating the tumor
microenvironment. Breast Cancer

Research. 2014;16:R54

[131] Shams R, Seifi-Alan M,
Bandehpour M, Omrani MD,
Ghafouri-Fard S. C-X-C chemokine
receptor type 7 (CXCR-7) expression
in invasive ductal carcinoma of breast
in association with clinicopathological
features. Pathology Oncology Research.
2020;26:1015-1020

[132] Park MH, Lee JS, Yoon JH. High
expression of CX3CL1 by tumor cells
correlates with a good prognosis and
increased tumor-infiltrating CD8+ T
cells, natural killer cells, and dendritic

cells in breast carcinoma. Journal of
Surgical Oncology. 2012;106:386-392

[133] Tsang JY, Ni YB, Chan SK,

Shao MM, Kwok YK, Chan KW, et al.
CX3CL1 expression is associated with
poor outcome in breast cancer patients.
Breast Cancer Research and Treatment.
2013;140:495-504






Chapter 3

Challenges of Targeting Tumor
Microenvironment in Prostate
Cancer

Guoliang Li and Zhenbang Chen

Abstract

Prostate cancer (PCa) is one of the leading causes of cancer-related deaths in
American men. PCa patients often die of the aggressive forms of the malignancy at
advanced stages such as distant metastasis. There are urgent need to understand the
molecular mechanisms driving PCa progression and subsequently develop efficient
therapeutics to improve men’s health in the US as well as the world. Tumor micro-
environment (TME) has been realized to play a critical role in PCa progression and
metastasis, and targeting key factors of the TME has become the logical strategy
for efficiently controlling PCa malignancy. Stromal cells in prostate tumors secrete
growth factors, cytokines, and extracellular matrix (ECM) proteins that provide
the TME to fuel cell proliferation, invasion, and metastasis. This review will focus
on several key factors influencing TME, which include cancer-associated fibro-
blasts (CAFs), ECM remodeling, androgen receptor (AR) signaling, inflammation,
and hypoxia. We will explain and analyze the biological roles of these factors and
their important contributions to PCa malignancy, targeted therapeutics, and drug
resistance. Furthermore, we will discuss the contributions of the dysregulation of
epigenetic regulators to the complexity of the TME in PCa.

Keywords: prostate cancer, tumor microenvironment, stromal cells,
extracellular matrix, matrix metalloproteinases

1. Introduction

PCa disease is often diagnosed or observed in men over 50 years old. 1-in-8 men
will be diagnosed with PCa during their lifetime [1], and the development and
progression of PCa has been known to be involved in the complicated biological
procedures at genetic, epigenetic, biochemical, and cellular levels in human bodies.
PCa generally stems from the proliferation of epithelial cells (or luminal cells) in
one or multiple prostatic glands in prostate organs, which results in the primary or
local invasive adenocarcinoma and then spreads to other organs as distinct metas-
tasis through blood circulation. The development and progression of human PCa
malignancies is driven by the dysregulation of multiple genetic and epigenetic factors

35 IntechOpen



New Updates in Tumor Microenvironment

including tumor suppressors and oncogenes [2-4]. Importantly, the proliferation of
PCa cells and the growth of prostate tumors largely depend on the tumor microen-
vironment (TME), a biological complex that functionally interacts with cancerous
cells, which normally consists of fibroblasts, immune cells, the extracellular matrix
(ECM), and blood vessels (Figure 1, all images from www.proteinatlas.org). TME
contributes not only to the development and progression of PCa malignancy by
promoting cell proliferation, angiogenesis, and metastasis but also to therapeutic
efficacy and drug resistance. Stromal cells, including cancer-associated fibroblasts
(CAFs), myofibroblasts, and adipocytes, produce ECM components, while immune
cells infiltrate the TME and produce inflammatory cytokines and chemokines for
tumor growth, invasion, and metastasis [5]. The ECM provides structural support to
tissues and tumors, and its remodeling promotes tumor cell invasion and metastasis.
Due to rapid tumor growth and inadequate blood supply, PCa develops hypoxia

that further promotes PCa progression by activating signaling pathways involved in
angiogenesis, epithelial-to-mesenchymal transition, and metastasis. Dysregulation of
oncogenic signaling pathways, including androgen receptor signaling and chromatin
remodeling, alters the TME to propel tumor growth and resistance to therapy [6, 7].
Therefore, understanding the TME complex and the associated interplay between
these factors and their biological effects in PCa is essential for developing novel
targeted therapies and improving the efficacy and outcomes of existing treatments
with PCa patients.

AR signaling

Angiogenesis ECM

Figure 1.
The hetevogeneous tumor microenvironment (TME) in PCa.
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2. TME and associated factors in PCa malignancies
2.1 Stromal cells and cancer-associated fibroblasts (CAFs)

Various stromal cells are found in the TME, including cancer-associated fibroblasts
(CAFs), endothelial cells, mesenchymal stem cells (MSCs), and pericytes (Figure 1)
[8, 9]. Cancer cells are the primary cells that make up the tumor mass. They often
exhibit abnormal growth, proliferation, and survival characteristics compared to
normal cells. On the other hand, these stromal cells provide structural support to the
tumor, produce extracellular matrix (ECM) components, secret growth factors and
cytokines, promote angiogenesis (formation of new blood vessels), and contribute
to tumor invasion and metastasis [9]. Stromal cells also interact with cancer cells and
immune cells within the TME, modulating their behavior and function.

CAFs are a major component of the TME in PCa and execute important biological

Sfunctions in the promotion of cancer cell survival, invasion, and metastasis. The role of
CAFs in PCa has been a subject of increasing interest in recent years. CAFs induce
epithelial-to-mesenchymal transition (EMT) in PCa cells, leading to enhanced
invasive and metastatic properties [10, 11]. EMT is a cellular process through which
epithelial cells acquire mesenchymal characteristics, allowing them to migrate and
invade the surrounding tissues. Gene ontology analysis revealed that CAF-enriched
transcripts are associated with prostate morphogenesis, while CAF-depleted tran-
scripts are linked to cell cycle regulation [12]. This differential gene expression
between CAFs and normal prostate fibroblasts has been confirmed using qtPCR and
immunohistochemistry in various prostate tissues, including PCa [12]. CAFs and PCa
cells engage in reciprocal metabolic reprogramming, with CAFs undergoing Warburg
metabolism and mitochondrial oxidative stress. This metabolic interplay between
CAFs and cancer cells goes beyond EMT and influences tumor-stroma interactions
[13]. CAFs can enhance glutathione levels in PCa cells, antagonizing drug-induced
cell death and promoting cancer cell survival [14]. Furthermore, proteomic profil-
ing of CAFs in PCa has revealed a distinct interaction hub associated with collagen
synthesis, modification, and signaling, highlighting the role of CAFs in shaping the
TME [15]. Additionally, CAFs can remodel the ECM, creating physical barriers that
limit drug penetration into the tumor. Disrupting the interactions between cancer
cells and CAFs may provide some improvement to inhibit tumor growth and enhance
the efficacy of existing therapies. More studies revealed that CAFs confer shear resis-
tance to circulating tumor cells during PCa metastatic progression, suggesting their
potential as a marker for cancer progression and a target for novel therapeutics [16].
Therefore, targeting CAFs could be a potential therapeutic strategy in PCa treatment
[17]. Overall, the evolving understanding of CAFs in PCa highlights their significance
as active players in tumorigenesis rather than inert bystanders. The heterogeneity of
CAFs in PCa, both molecularly and functionally, underscores the complexity of the
TME and the potential for targeted therapeutic interventions.

Stromal cells secrete growth factors, cytokines, and chemokines that support the growth,
survival, and migration of PCa. Transforming growth factor § (TGF-p) is commonly
upregulated in many cancers that have a reactive stroma, such as breast, colon,
and prostate cancers [18]. Increased expression of TGF-p by stromal cells has been
implicated in the development of prostate tumors. TGF-p signaling in prostate stroma
promotes prostate tumor angiogenesis and growth [19]. In addition, TGF-p signaling
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triggers morphological alterations in PCa cells and activates the androgen receptor

in PCa cells even in the absence of androgen. This is supported by the upregulation
of various androgen receptor target genes, such as PSA and KLK4 [18]. Stromal cells,
including fibroblasts, have been reported to secrete fibroblast growth factor (FGF) in
various tissues, including the PCa TME. The secretion of FGFs by stromal cells may
promote tumor growth, angiogenesis, invasion, and metastasis, and thus contribute
to the progression of PCa [20, 21]. Prostate stromal cells secrete insulin-like growth
factors I and II (IGF-I, II), which promote the growth of epithelial tumor cells
through the EGFR signaling pathway. The exact role of these factors in the develop-
ment of PCa is not yet fully understood [22]. Both stromal and epithelial tumor cells
produce nerve growth factor (NGF), but PCa cells that produce their own autocrine
NGF can escape paracrine dependence of stromal cell-derived NGF. Increased expres
sion of autocrine neurotrophins may be linked to the spread of cancer along perineu-
ral space and the formation of metastases [23].

More importantly, prostate stromal cells have been shown to secrete several
factors that can suppress the immune response [24-26]. These factors can create an
immunosuppressive microenvironment within the prostate tumor that hinders the
ability of immune cells to effectively recognize and eliminate cancer cells. TGF-p,
secreted by prostate stromal cells, is a potent immunosuppressive cytokine that has
been associated with the tolerogenic programming of tumor-associated dendritic
cells (TADCs) in PCa, leading to the induction of suppressive activity in tumor-spe-
cific T cells [24]. Furthermore, the application of chimeric antigen receptor (CAR) T
cells targeting prostate-specific membrane antigen (PSMA) has been explored in the
context of PCa therapy. The co-expression of a dominant-negative TGF-p receptor
enhances the proliferation, cytokine secretion, and antitumor activity of PSMA-
targeted CAR T cells, leading to tumor eradication in aggressive PCa mouse models
[25]. Additionally, a phase 1 trial involving PSMA-targeting TGF-p-insensitive
armored CAR T cells in metastatic castration-resistant PCa has shown promising
results in overcoming the immunosuppressive tumor microenvironment charac-
terized by high levels of TGF-p [26]. Chemokine ligand 2 (CCL2), also known as
monocyte chemoattractant protein-1 (MCP-1), can attract immunosuppressive cells
such as tumor-associated macrophages (TAMs) to the TME, where they contribute to
immune suppression [27]. Interleukin-10 (IL-10), a cytokine with immunosuppres-
sive properties, can dampen the activity of immune cells and promote tumor immune
evasion [28]. Through the secretion of several immunosuppressive factors, prostate
stromal cells can create a microenvironment that is conducive to tumor growth and
progression by evading immune surveillance. In order to develop effective immuno-
therapeutic strategies for the treatment of PCa, it is critical to understand the role of
stromal cells in immune regulation within the PCa microenvironment.

Prostatic stromal cells have been implicated in promoting vesistance to various cancer
therapies, including vadiation therapy, chemotherapy, and targeted thevapies. Stromal
cells or CAFs play a crucial role in the treatment resistance of PCa in several ways.
Prostatic stromal cells secrete more interleukin-8 (IL-8) than AR-positive PCa cells
(or luminal cells), which can be accumulated in small extracellular vesicles (sEVs)
[29]. Intriguingly, radiosensitive PCa cells enhance their radioresistance by transport-
ing IL-8 via the uptake of stromal cell-derived sEVs [29]. CAFs have been found to
secrete exosomal miR-423-5p, which promotes chemotherapy resistance in PCa by
targeting GREM2 through the TGF-p signaling pathway [30]. Furthermore, genotoxic
stress, such as exposure to radiation or cytotoxic agents, can lead to the upregulation
of glial cell line-derived neurotrophic factor (GDNF) in CAFs. The increased levels of
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GDNF can have paracrine effects on PCa cells, enhancing tumor cell proliferation and
invasion [31]. Overall, the interactions between cancer cells and CAFs are complex
and multifaceted, and additional studies on CAF-mediated mechanisms of therapy
resistance represent an important area for improving cancer treatment outcomes

[21]. Strategies aimed at disrupting the crosstalk between cancer cells and CAFs or
selectively targeting CAF-associated pathways hold promise for overcoming therapy
resistance and improving patient outcomes.

Stromal cells contribute to angiogenesis, the formation of new blood vessels, for PCa
progression. Stromal cells secrete angiogenic factors such as vascular endothelial
growth factor (VEGF) to stimulate the formation of new blood vessels and thereby
promote tumor growth and metastasis. In the context of cancer, angiogenesis is
critical for tumor growth and metastasis because it provides the tumor with the blood
supply necessary for sustained growth and dissemination. Several studies confirmed
that VEGF expression levels in PCa correlate to PSA levels and Gleason scores [32, 33].
In addition, angiogenesis plays an important role in wound healing and tissue regen-
eration under normal physiological conditions [34].

Stromal cells are involved in remodeling the extracellular matrix (ECM) surrounding
the tumor. Stromal cells secrete enzymes such as matrix metalloproteinases (MMPs)
that degrade ECM components, facilitating cancer cell invasion and metastasis
[35, 36]. More importantly, the expression of MMP-2 was absent in micrometastases
and surrounding stromal cells of low-grade tumors, but it was detected in metastatic
disease (Figure 1). Our studies in mouse models also revealed that MMP-7 levels play
a critical role in PCa progression [37]. These studies demonstrated that increased
expression of MMPs is associated with PCa progression and metastasis [38].

2.2 Extracellular matrix (ECM)

The ECM is a network and complex consisting of proteins, glycoproteins, and
polysaccharides that provide structural support to tissues. In the TME, the ECM
can undergo remodeling, leading to changes in tissue stiffness, cell adhesion, and
signaling pathways that impact tumor growth and metastasis. Remodeling of the
ECM can make a significant impact on tumor cell behavior, invasion, and metastasis.
Alterations in ECM composition and stiffness influence cancer cell adhesion, migra-
tion, and signaling pathways. ECM remodeling also impacts the distribution and
function of immune cells within the TME [39].

Collagens are the most abundant proteins in the ECM. Collagens form fibrillar net-
works within the ECM, providing tensile strength and structural integrity to tissues.
In the prostate gland, collagens contribute to the organization of the stromal compart-
ment and maintain tissue architecture. There are several types of collagens, with type I
collagens being the most abundant in many tissues, including the prostate. Other types
of collagens present in the prostate ECM include type III, type IV, type V, and type VI
collagens. Each type of collagens has specific structural and functional properties. PCa
is characterized by changes in collagen deposition and organization within the ECM,
and increased collagen density and stiffness in the ECM are associated with more
aggressive forms of PCa [40]. Changes in collagen architecture can promote tumor
growth, invasion, and metastasis by providing structural support to tumor cells and
facilitating their migration through the surrounding tissue [41]. Collagen molecules
can undergo crosslinking, a process mediated by enzymes such as lysyl oxidase (LOX).
Increased collagen crosslinking has been observed in PCa, which is associated with
tumor progression and metastasis [42, 43]. Crosslinked collagens contribute to the
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stiffness and mechanical properties of the TME, which can promote tumor cell inva-
sion and resistance to therapy [42, 43]. Tumor cells in PCa can interact with collagen
fibers through cell surface receptors such as integrins and discoidin domain receptors
(DDRs). These interactions play a promoting role in mediating tumor cell adhe-
sion, migration, and invasion [44]. Dysregulation of collagen receptor signaling can
promote tumor progression and metastasis in PCa [44, 45]. MMPs are the enzymes
that degrade collagen and other ECM components. Dysregulated expression of MMPs
can disrupt the balance between collagen synthesis and degradation in PCa, leading
to alterations in ECM composition and promoting tumor invasion and metastasis

[35, 46]. Collagen signatures in the ECM of prostate tumors can serve as diagnostic
and prognostic biomarkers. Imaging techniques such as second harmonic generation
microscopy and magnetic resonance elastography can non-invasively assess collagen
density and organization in prostate tumors. Targeting collagen synthesis, crosslink-
ing, or degradation pathways is being explored as a therapeutic strategy to inhibit
tumor progression and improve treatment outcomes in PCa [35, 40, 46].

Fibronectin is a high-molecular-weight glycoprotein found in the ECM and is
involved in various cellular processes, including cell adhesion, migration, prolifera-
tion, and differentiation (Figure 1). Fibronectin serves as a ligand for cell surface
receptors, including integrins and syndecans, mediating cell adhesion to the ECM.
PCa cells interact with fibronectin through integrin receptors, such as a5p1 integrin,
which regulate cell adhesion, migration, and invasion. PCa cells can produce and
deposit fibronectin in the ECM [47], which in turn may contribute to the remodel-
ing of the TME [48]. Increased expression of fibronectin in PCa tissues has been
implicated in various stages of PCa progression. Fibronectin acts as a scaffold for
cell adhesion and migration to promote the growth of bone metastases by enhancing
blood vessel formation and maturation, highlighting the significance of fibronectin in
tumor progression [49]. Furthermore, the elevated expression of fibronectin protein
is involved in EMT development and the progression of metastatic castration-resis-
tant PCa, emphasizing the oncogenic role of fibronectin in aggressive prostate tumors
[50]. Additionally, fibronectin can protect PCa cells from apoptosis induced by tumor
necrosis factor-a through the AKT/Survivin pathway [51]. Fibronectin has also been
identified as a natural ligand for a5p1 integrin, and targeted liposomes engineered
to bind to a5p1-expressing PCa cells have shown promise in delivering therapeutic
agents intracellularly. Fibronectin matrix-mediated cohesion has been found to sup-
press the invasion of PCa cells, suggesting a potential role for fibronectin in modulat-
ing tumor cell behavior [52]. In contrast, fibronectin induces the expression of MMPs
in PCa cells, which are enzymes involved in ECM degradation and tumor invasion
[53]. Fibronectin expression has been linked to the activation of myofibroblast
phenotypes in prostate fibroblast cell lines, highlighting its role in promoting stromal
changes associated with cancer progression [54]. One study revealed that fibronectin
induces EMT in PCa cells with low CD82 expression levels [55], while other stud-
ies have found that the co-expression of fibronectin with mesenchymal markers is
uncommon in clinical PCa samples [56]. Overall, merging evidence indicates that
fibronectin plays a multifaceted role in PCa progression, influencing cell survival,
invasion, stromal changes, and EMT. Further investigation is needed to fully elucidate
the mechanisms by which fibronectin contributes to the pathogenesis of PCa and to
explore its potential as a therapeutic target.

Laminins are a family of large and multidomain glycoproteins found in the ECM,
where they play crucial roles in cell adhesion, migration, differentiation, and tissue
organization. Laminins also contribute to the regulation of angiogenesis, the process
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of forming new blood vessels. They participate in the formation and maintenance of
the vascular basement membrane, which is essential for stabilizing blood vessels and
regulating endothelial cell behavior [57]. Laminins are major components of the base-
ment membrane, a specialized ECM structure that separates epithelial and stromal
compartments in tissues. In the prostate gland, laminins contribute to the structural
integrity and organization of the basement membrane, maintaining tissue architec-
ture and homeostasis. Laminins, specifically Laminin-5 and Laminin-10, have been
shown to mediate gene expression in prostate carcinoma cells. Alterations in laminin
expression and distribution have been observed in PCa and are associated with tumor
progression and metastasis [58]. For example, the degradation of laminin p1 pro-
motes PCa cell invasion, tumor growth, and metastasis [59]. PCa cells interact with
laminins through cell surface receptors such as integrins, which mediate adhesion to
the ECM. Laminin-integrin interactions facilitate cancer cell attachment, migration,
and invasion into surrounding tissues [60-62]. S-nitrosylation of integrin a6 has been
shown to enhance PCa cell migration by weakening adherence to Laminin-1 [60]. In
addition to laminins and integrins, other proteins and molecules have been identified
as potential regulators of PCa cell behavior. ZEB1, a transcription factor, coordinately
regulates the expression of Laminin-332 and integrin p4, altering the invasive pheno-
type of PCa cells [63]. Moreover, the laminin-derived peptide C16 has been found to
regulate Tks expression and reactive oxygen species generation in human PCa cells,
suggesting a potential role in invadopodia formation [64].

Proteoglycans are a class of glycoproteins found in the ECM and on the cell surface
[65]. They consist of a core protein with one or more covalently attached glycosami-
noglycan (GAG) chains [66]. The core protein varies in size and structure and can be
anchored to the cell membrane or secreted into the ECM. GAG chains are long, linear
polysaccharides composed of repeating disaccharide units, such as heparan sulfate,
chondroitin sulfate, dermatan sulfate, keratan sulfate, or hyaluronic acid. There are
several families of proteoglycans, including syndecans, glypicans, perlecans, decorin-
like proteoglycans, and hyalectans. Syndecans and glypicans are transmembrane
proteoglycans found on the cell surface, while perlecans, decorin-like proteoglycans,
and hyalectans are secreted into the ECM. Syndecans are transmembrane proteogly-
cans that interact with integrins, growth factors, and ECM proteins to regulate cell
adhesion, migration, and signaling. They play a role in wound healing, inflammation,
angiogenesis, and cancer progression. Decorin is a small leucine-rich proteoglycan
(SLRP) that binds to collagen and regulates collagen fibrillogenesis and matrix orga-
nization [67]. Decorin also interacts with growth factors, such as TGF-f, and inhibits
their signaling [68]. Proteoglycans have been implicated in tumor progression and
metastasis in several cancers [69], including PCa. For example, TENB2, as a proteo-
glycan is associated with disease progression and androgen independence in PCa
[70]. Perlecan, another proteoglycan, has been implicated in PCa cell growth through
activation of the Sonic Hedgehog pathway [71, 72]. The expression patterns of various
proteoglycans in prostate tumors are different from those in normal prostate tissues,
revealing the changes in their expression and functional properties [73]. In addition,
the small leucine-rich proteoglycan fibromodulin is overexpressed in human PCa cell
lines and tissues [74]. Interestingly, PCa cells could disrupt epithelial cell-fibroblast
communication through the deregulation of proteoglycans and junction molecules
[75]. Furthermore, the myeloid ecotropic viral integration site (MEIS) family of genes
has been implicated in the initiation, development, and outcome of many cancers.
Recently, MEIS proteins have been shown to suppress PCa growth and metastasis
through HOXB13-dependent regulation of proteoglycans [76]. Recent studies revealed
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that the elevation of glypican proteoglycans is associated with the increased levels of
Wnt-3a in PCa cells, suggesting a potential relationship between these proteoglycans
and the Wnt signaling pathway [77]. Overall, proteoglycans play a significant role

in PCa development and progression, influencing various signaling pathways and
cellular interactions within the TME.

Matrix metalloproteinases (MMPs) are a family of proteolytic enzymes that play a
crucial role in the degradation and remodeling of the ECM in various physiological
and pathological conditions [78]. They are also involved in processes such as tissue
repair, wound healing, embryonic development, and angiogenesis. MMPs, particu-
larly MMP-2 and MMP-9 (also known as gelatinases), are frequently upregulated in
PCa cells. These MMPs can degrade components of the ECM, such as collagen and
laminin, allowing cancer cells to invade surrounding tissues and migrate to distant
sites [79, 80]. Human PCa cells can directly degrade bone-related matrices, with
MMPs being involved in this process [81]. Importantly, stromal expression of MMPs
is associated with increasing tumor burden in PCa, highlighting the importance of
these enzymes in disease progression [82]. EZH2 can repress the expression of tissue
inhibitors of metalloproteinases, shifting the balance towards MMPs and promoting
ECM degradation in PCa cells [83].

Hyaluronic acid (HA) is a crucial component of the ECM being involved in various
biological processes such as tissue hydration, lubrication, and signaling [84, 85]. HA
is a large, linear polysaccharide composed of repeating units of glucuronic acid and
N-acetylglucosamine, and is synthesized by various cell types, including fibroblasts,
chondrocytes, and epithelial cells [84]. The levels of HA are increased in PCa tissues
compared to normal and benign tissues, with HA fragments specifically found in
cancer tissues [86]. PCa increases HA levels in surrounding non-malignant stromal
cells, influencing tumor growth and outcome [87]. A study reported that sulfated
hyaluronic acid is a potent inhibitor of PCa, targeting the tumor cell-derived hyal-
uronidase HYAL-1 [88]. These studies highlight the role of HA in PCa progression
and potential therapeutic implications.

2.3 Immune cell infiltration

The immune cell infiltration in the TME is a dynamic and complex process that
involves various immune cell types interacting with tumor cells and the surrounding
stroma. Immune cell infiltration is a topic of significant interest in cancer research
in PCa. The TME is infiltrated by various immune cells, including T cells, B cells,
natural killer (NK) cells, macrophages, and dendritic cells [89]. The interactions
between cancer cells and immune cells in the TME can influence anti-tumor immune
responses, immune evasion mechanisms, and the efficacy of immunotherapy.

Chronic inflammation has been recognized to play a significant role in the develop-
ment and progression of both benign prostatic hyperplasia (BPH) and PCa [90, 91].
Inflammatory responses and subsequent chronic tissue healing may lead to the devel-
opment of BPH nodules and proliferative inflammatory atrophy (PIA) [90]. Elevated
levels of circulating interleukins have been observed in patients with early-stage PCa,
indicating a potential link between inflammation and PCa progression [92]. Despite
the role of inflammation in PCa is evident, establishing a causal relationship between
microbial inflammation and PCa requires further investigation [93]. Metagenomic
and metatranscriptomic analyses have shown a non-sterile microenvironment in the
prostate of PCa patients, however, direct links between the microbiome and PCa pro-
gression were still elusive [93]. Overall, chronic inflammation appears to be associated
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with the development and progression of PCa, highlighting the importance of further
research in understanding the mechanisms underlying this relationship [90-93]. The
interconnected pathological processes of chronic inflammation and oxidative stress
have been implicated in cancer initiation and metastasis, emphasizing the need for
targeted therapies that address these mechanisms [94]. C-reactive protein (CRP) is
an acute phase reactant. It is a useful marker of systemic inflammation. With regard
to CRP and PCa, studies and literature as a whole have shown mixed results. CRP
levels have been shown to be a predictor of risk and survival in PCa [95, 96]. Elevated
CRP levels could predict poor outcomes in PCa patients, especially with radiotherapy
[97]. However, one study in 2021 reported that CRP is not a sensitive marker of the
response to treatment with androgen ablation or radiation therapy in patients with
PCa [98]. In addition, macrophage inhibitory cytokine 1 (MIC-1) is an inflammatory
cytokine that is up-regulated in PCa [99, 100], and recent evidence also suggests that
circulating levels of MIC-1 are predictive of poor prognosis in PCa [101].

The immune landscape of PCa is characterized by intricate interactions between
tumor cells and various immune cell subsets, including T lymphocytes, regulatory
T cells (Tregs), tumor-associated macrophages (TAMs), and other immune cell
subsets. These immune cells can have both pro-tumorigenic and anti-tumorigenic
effects, depending on their functional state and interactions within the TME. Tumor-
infiltrating lymphocytes (TILs) in PCa have garnered significant attention due to
their potential role in the TME and disease progression. TILs, particularly cytotoxic
CD8+ T cells (figure 1), are key players in the immune response against cancer cells.
Higher levels of TILs, especially CD8+ T cells, within prostate tumors have been asso-
ciated with better clinical outcomes and longer survival in some studies [102, 103].
This suggests that an active anti-tumor immune response mediated by TILs may con-
tribute to controlling tumor growth and metastasis. The distribution and functional
status of TILs can vary between different regions of the prostate tumor and among
individual patients [102, 104]. This heterogeneity underscores the complexity of
the immune response in PCa and highlights the need for personalized approaches to
immunotherapy [105]. TILs, especially CD8+ T cells, are potential targets for immu-
notherapy in PCa [106, 107]. Strategies aimed at enhancing TIL function, promoting
TIL recruitment to the tumor site, and overcoming immunosuppressive mechanisms
within the tumor microenvironment (TME) are being investigated as potential thera-
peutic approaches to enhance antitumor immune responses and improve treatment
outcomes for patients with PCa [108].

T regulatory cells (Tregs) can exert both beneficial and detrimental effects, depend-
ing on the stage of the disease and the balance of immune cell populations within
the TME [109, 110]. Tregs, characterized by the transcription factor FoxP3, play a
crucial role in immune responses, including tumor suppression [111]. In terms of PCa
progression, studies have indicated that Tregs, particularly FoxP3 and CD8 Tregs,
accumulate in prostate tumors and can suppress anti-tumor immune responses,
leading to cancer recurrence and poor prognosis. These Tregs are essential for main-
taining self-tolerance and inhibiting harmful immune responses [112]. Elevated levels
of Tregs within the TME have been associated with more aggressive disease and poor
clinical outcomes, including increased risk of metastasis and recurrence [113-115].
In general, Tregs play a key role in inhibiting antitumor immune responses by inter-
acting with T cells, APCs, and innate immune cells through both direct contact and
cytokine signaling [112]. Therefore, Treg infiltration may contribute to immune
suppression and resistance to therapy in PCa patients. Tregs interact with various
immune cell populations within the TME, influencing their function and activity.
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For example, Tregs can inhibit the function of natural killer cells [110], which are
crucial for tumor surveillance and elimination. Strategies aimed at targeting Tregs or
modulating their function have been explored as potential therapeutic approaches

in PCa. These include the use of immunomodulatory drugs, immune checkpoint
inhibitors targeting Treg-associated molecules such as CTLA-4, and approaches to
deplete or inhibit Tregs selectively within the TME [112, 116]. The manipulation of
Treg cell function by Toll-like receptor 8 (TLR8) ligands has been shown to enhance
the efficacy of immunotherapy for PCa [117]. CD8+ Foxp3+ Treg cells found in TILs
from prostate tumors inhibit immune responses, but their suppressive activity can be
influenced by TLRS ligands [117]. This suggests that using TLR8 ligands to regulate
Treg cell function may enhance the efficacy of immunotherapy for patients with PCa.
However, the effectiveness and safety of these approaches in clinical settings are still
under investigation.

Tumor-associated macrophages (TAMs) originate from circulating monocytes that
are recruited to the tumor site by chemokines and cytokines secreted by tumor and
stromal cells [118]. Once in the TME, they differentiate into TAMs under the influ-
ence of various factors. TAMs exhibit a range of phenotypes and functions, spanning
from pro-inflammatory (M1-like) to anti-inflammatory/pro-tumoral (M2-like).
M1-like TAMs are linked to anti-tumor activities, including antigen presentation
and cytotoxicity against tumor cells. In contrast, M2-like TAMs promote tumor
growth, angiogenesis, invasion, and immunosuppression [119]. TAMs are predomi-
nantly characterized as M2-like macrophages, which contribute to various stages
of tumorigenesis and therapeutic resistance [120]. Strategies targeting TAMs have
shown promise in inhibiting tumor growth and progression, as demonstrated by the
depletion of M2-like TAMs and myeloid-derived suppressor cells (MDSCs) in prostate
tumors, leading to an increase in M1-like TAMs and mature dendritic cells [121].
Additionally, TAMs have been implicated in promoting therapeutic resistance in PCa,
particularly under androgen blockade therapy, through paracrine signaling processes
[122]. Furthermore, the reciprocal interaction between cancer stem-like cells (CSCs)
and TAMs has been identified as a key factor in PCa progression and androgen
deprivation therapy (ADT) resistance [123]. Targeting both CSCs and their niche,
which includes TAMs, may offer a more effective strategy to overcome ADT resistance
in PCa. Preclinical experiments have highlighted the importance of targeting M2
macrophages in PCa treatment, with potential therapeutic agents showing promise
in inhibiting tumor growth [124]. In conclusion, targeting M2-like TAMs in PCa may
offer a promising approach to inhibit tumor progression and overcome therapeutic
resistance. Understanding the complex interactions between TAMs, CSCs, and the
TME is essential for developing effective treatment strategies for PCa.

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of
immature myeloid cells with immunosuppressive properties that infiltrate the TME
in various cancers [125]. MDSCs are generated from myeloid progenitor cells in the
bone marrow under conditions of inflammation or tumor growth [126]. MDSCs
are recruited to the prostate TME in response to tumor-derived factors such as
granulocyte-macrophage colony-stimulating factor (GM-CSF) and granulocyte
colony-stimulating factor (G-CSF). Once in the TME, MDSCs accumulate and
exert immunosuppressive effects on various immune cell populations. MDSCs have
been identified as crucial players in the immune evasion mechanisms of PCa. The
expansion of Gr-1(+) CD11b(+) MDSCs occurs intra-prostatically following specific
genetic events, such as Pten deletion, without a corresponding increase in hema-
topoietic tissues [127]. Furthermore, the presence of MDSCs has been associated
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with negative prognostic markers in patients with castration-resistant metastatic

PCa [128]. Studies have also focused on targeting MDSCs to enhance cancer immu-
notherapies. Tasquinimod, for example, has been shown to modulate suppressive
myeloid cells, including MDSCs, and improve the efficacy of immunotherapeutic
approaches in mouse models of PCa [129]. Additionally, TLR9-targeted STAT3
silencing has been found to abrogate the immunosuppressive activity of MDSCs from
PCa patients, highlighting the potential of targeting specific pathways to overcome
MDSC-mediated immune suppression [130]. Moreover, the role of IL-23 produced
by MDSCs in driving castration-resistant PCa has been identified as a key mechanism
of resistance to ADT [131]. This highlights the importance of understanding the
interactions between MDSCs and the TME in the context of PCa progression and
treatment resistance. Overall, targeting MDSCs and understanding their mechanisms
of immune suppression in PCa may offer novel therapeutic strategies to enhance the
efficacy of immunotherapies and overcome treatment resistance in patients with
advanced disease.

Natural killer (NK) cells can infiltrate the TME in response to chemokines and
cytokines (CXCL10, CCL5, and CX3CL1) produced by tumor and stromal cells [132].
NK cells infiltrate a broad range of tumors, including both primary and metastatic
PCa. NK cells are a type of cytotoxic lymphocyte that is a component of the innate
immune system. They have the ability to eliminate cancerous and virus-infected cells
without the prior activation that is necessary for T cells. An elevated abundance of
CD56(+) NK cells was reported to be associated with a lower risk of PCa progres-
sion [133]. In addition, NK cell infiltration is associated with improved PCa patient
outcomes [134], emphasizing the potential therapeutic implications of NK cells in
PCa patients. A retrospective analysis in 2015 revealed that highly effective NK cells
were correlated with a good prognosis in patients with metastatic PCa, with specific
receptors like NKp46, NKG2D, and DNAM-1 playing a role in tumor recognition by
NK cells [135]. On the other hand, overexpression of LLT1 on PCa cells inhibits NK
cell-mediated killing, suggesting a potential mechanism of immune evasion by cancer
cells [136]. The immune tolerance present in the prostate microenvironment, both
inherent and driven by tumors, hinders the ability of NK cells to fight against cancer
[137]. This highlights the importance of developing therapies that can enhance NK
cell function within the tumor microenvironment. A ruthenium complex containing
selenium was found to enhance NK cell-mediated killing of PCa cells [138], indicat-
ing the potential for combination therapies to improve the efficacy of NK cell-based
immunotherapy for PCa. These studies collectively underscore the significance of NK
cells in PCa and suggest various strategies to harness their antitumor potential.

Dendpritic cells are professional antigen-presenting cells (APCs) that capture,
process, and present tumor antigens to T cells [139]. Dendritic cells play a crucial role
in activating T cells, including both CD4+ helper T cells and CD8+ cytotoxic T cells.
Recently, dendritic cells have emerged as a promising tool in the immunotherapy
of PCa. In a Phase I clinical trial, patients with hormone-refractory PCa (HRPC)
were treated with dendritic cells (DCs) loaded with a mixture of peptides linked
to PCa-associated antigens. The results indicated that vaccination with peptide
cocktail-loaded dendritic cells was well-tolerated and showed promise as a treatment
option for HRPC [140]. In addition, vaccination using recombinant adenoviruses
and dendritic cells expressing prostate-specific antigens (PSA) was successful in
generating cytotoxic T lymphocyte (CTL) responses and inhibiting tumor growth in
experimental models of PCa [141]. Autologous dendritic cells transfected with RNA
amplified from micro-dissected tumor cells can stimulate cytotoxic T lymphocytes
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against a broad set of PSA [142]. This approach of targeting the entire antigenic
spectrum on tumor cells may be more effective than vaccines directed against a single
antigen. Overall, the literature suggests that dendritic cell-based immunotherapies, in
combination with gene therapy strategies in PCa, hold promise for the development
of effective treatments for PCa patients.

2.4 Blood vessels and tumor-endothelial interaction

Tumor-associated blood vessels provide nutrients and oxygen to the growing
tumor, facilitate the removal of metabolic waste, and serve as conduits for the dis-
semination of cancer cells to distant sites via the bloodstream (Figure 1). Tumor
blood vessels, characterized by thin walls and immature nature, contribute to metas-
tasis by providing a route for tumor cells to intravasate into circulation [143]. In PCa,
the abnormal angiogenic blood vessel of endothelial cells in the TME are implicated
in lymph node metastasis [144]. Furthermore, alterations in blood vessel morphology
have been linked to ADAMTSI1 expression, which is associated with anti-angiogenic
properties and has been implicated in PCa [145]. The morphology of microvessels in
PCa has been linked to cancer-specific mortality, suggesting that vascular size and
irregularity could serve as biomarkers for predicting outcomes in PCa patients [146].

Angiogenesis, the process by which new blood vessels are formed, is a critical pro-
cess in the TME that involves interactions between endothelial cells, growth factors,
and stromal cells [147]. Angiogenic factors secreted by tumor cells, such as VEGF,
fibroblast growth factor (FGF), and angiopoietin, stimulate the proliferation and
migration of endothelial cells, leading to the formation of new blood vessels [148].
This process is tightly regulated by a balance of pro-angiogenic and anti-angiogenic
factors within the TME [149]. Studies have shown that various factors are involved
in angiogenesis in PCa [150]. For example, interleukin-8 (IL-8) levels are elevated
in men with PCa and bone metastases, indicating a potential role in tumor progres-
sion [150]. Molecular imaging techniques have been utilized to study angiogenesis in
body imaging, providing insights into the angiogenic potential of PCa. Angiogenesis
facilitates the invasion and metastasis of PCa cells [151, 152]. The formation of new
blood vessels provides a route for cancer cells to escape from the primary tumor and
enter the bloodstream, facilitating their dissemination to distant organs and the
establishment of metastatic lesions. Several studies have explored the relationship
between angiogenesis and PCa, highlighting potential therapeutic targets and mecha-
nisms. Thalidomide analogs have been identified as having dual inhibitory effects on
both angiogenesis and PCa cells, particularly androgen receptor-positive LNCaP cells
[153]. Consuming lycopene in the diet has been linked to a lower chance of developing
deadly PCa, possibly due to its impact on angiogenesis [154]. This underscores the
significance of taking angiogenesis into account as a factor in the progression of PCa.

Endothelial cells interact with tumor cells through direct cell-cell contact and
the secretion of paracrine signaling molecules. Tumor-derived factors, includ-
ing cytokines, growth factors, and extracellular vesicles, can activate endothelial
cells, promoting their proliferation, migration, and tube formation. Conversely,
endothelial cells can secrete factors that promote tumor cell survival, invasion, and
metastasis, creating a reciprocal relationship between tumor cells and the tumor
vasculature. PCa cells interact with endothelial cells in various ways. The CD44/
Ezrin complex plays a crucial role in the capture and invasion of endothelial cells by
PCa cells (Figure 1) [155]. Additionally, compared to human aortic endothelial cells
and human dermal microvascular endothelial cells, human bone marrow endothelial
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cells were found to secrete notably higher amounts of chemokine (C-C motif) ligand
2 (CCL2). This increased secretion of CCL2 plays a role in attracting PCa epithelial
cells to the bone microenvironment and controlling their rate of proliferation [156].
At the same time, CCL2 stimulation activates the small GTPase Rac in PCa cells,
facilitating trans-endothelial cell migration [157]. Furthermore, Al-Husein et al.
investigated the suppression of interactions between prostate tumor cell-surface
integrin and endothelial ICAM-1 by simvastatin, inhibiting micrometastasis. They
found that simvastatin-mediated effects on micrometastasis were due to the inhibi-
tion of integrin avp3 activity and the suppression of interactions between PCa cell
integrin avf3 and endothelial ICAM-1 [158]. Moreover, circulating tumor cells
(CTCs) within the bloodstream may utilize various mechanisms to breach the blood
endothelial barrier and form a metastatic environment. PCa cells adhering and
moving along the microvascular endothelium through E-selectin/E-selectin ligand
interactions in the presence of fluid flow potentially facilitate the process of extrava-
sation and play a role in the progression of metastatic growth. In particular, circulat-
ing tumor cells from PCa patients interact with E-selectin under physiologic blood
flow, suggesting a potential mechanism for metastasis [159]. Importantly, untargeted
metabolomics revealed distinct metabolic reprogramming in endothelial cells co-
cultured with cancer stem cell and non-CSC PCa cell subpopulations, highlighting
the impact of tumor cell heterogeneity on endothelial cell metabolism [160]. Finally,
Oliveira-Ferrer et al. (2020) investigated the mechanisms of tumor-lymphatic
interactions in invasive breast and prostate carcinoma, showing a metastatic-specific
upregulation of E-selectin and CCL7 in lymphatic endothelial cells after interaction
with highly metastatic PCa cell lines [161]. All these studies collectively demonstrate
the complex interactions between PCa cells and endothelial cells, highlighting the
importance of understanding these interactions for the development of targeted
therapeutic strategies for advanced PCa.

2.5 Hypoxia

Hypoxia is a state in which insufficient amounts of oxygen are supplied in the
tissues or cells and is a common etiology-associated feature in solid tumors including
PCa. Prostate tumors often exhibit regions of hypoxia due to the rapid proliferation
of cancer cells and inadequate blood supply. Hypoxia induces the expression of genes
involved in angiogenesis, metastasis, and treatment resistance. Hypoxic conditions
within the TME also influence immune cell function and promote the recruitment of
immunosuppressive cell populations.

Hypoxia has been shown to play a significant role in promoting the survival
and metastatic potential of PCa cells. Studies have demonstrated that exposure to
hypoxia can lead to the stabilization of hypoxia-inducible factors (HIFs) (Figure1),
particularly HIF-1a, which is associated with poor prognosis in PCa [162, 163]. HIFs
are transcription factors that regulate the expression of genes involved in angiogen-
esis, glycolysis, cell survival, and metastasis. In hypoxic conditions, HIFs induce the
expression of pro-survival factors, anti-apoptotic proteins, and angiogenic factors,
enabling tumor cells to adapt to the hostile microenvironment and continue pro-
liferating. The stabilization of HIF-1a under hypoxic conditions has been linked to
increased motility, clonogenic survival, and invasive capacity of prostate cancer cells
[163]. Hypoxia also stimulates the formation of new blood vessels (angiogenesis) in
prostate tumors through the upregulation of pro-angiogenic factors such as VEGF
[164, 165], angiopoietin-1 (Ang-1) [166], and angiopoietin-2 (Ang-2), [166]. These
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factors promote the proliferation, migration, and tube formation of endothelial cells,
leading to the expansion of the tumor vasculature and the establishment of a more
efficient blood supply. Enhanced angiogenesis facilitates nutrient and oxygen delivery
to hypoxic tumor regions, promoting tumor growth and survival [164-167].

Studies on the correlation between hypoxia and PCa have been investigated at the
molecular level. The expression of hypoxia-associated gene in PCa was analyzed by
qRT-PCR. qRT-PCR analysis revealed that the expression levels of lysyl oxidase (LOX)
and glucose transporter-1 (GLUT-1) were significantly higher in PCa compared to
benign prostatic hypertrophy (BPH) tissue and were associated with Gleason score,
indicating their potential as markers of hypoxia in PCa [168].

The presence of hypoxia in PCa has several clinical implications that impact
diagnosis, treatment, and patient outcomes. Hypoxia is proposed as a powerful shield
against tumor destruction in PCa, suggesting the need for targeting hypoxia in the
management of the disease [169, 170]. In 2007, a study showed for the first time that
androgen withdrawal reduces hypoxia in PCa patients, indicating a potential for new
therapeutic agents that inhibit the molecular response to hypoxia in PCa, either asa
standalone treatment or in conjunction with existing therapies [170]. Hypoxia has
been shown to cause radio-resistance and hence hamper one of the major treatments
for PCa [171]. The studies on the association of tumor hypoxia with resistance to
chemotherapy and radiotherapy revealed these features with HIF-1a as a mechanism
of PCa aggressiveness. Remarkably, MiR-301a and miR-301b are two hypoxia-
responsive miRNAs that can promote radio-resistance of PCa cells by downregulating
N-myc downstream-regulated gene 2 (NDRG2), [172]. For the PI3K/AKT signaling
pathway, NDRG2 is a negative regulator, highlighting the complex interplay between
hypoxia and treatment response in PCa. Overall, these studies underscore the impor-
tance of understanding and targeting hypoxia in the management of PCa to improve
treatment outcomes.

2.6 Androgen receptor signaling

Androgen receptor (AR) signaling plays an essential role in PCa development and
progression. AR is a nuclear hormone receptor that mediates the effects of androgens,
such as testosterone and dihydrotestosterone (DHT). Androgens regulate the expres-
sion of genes involved in cell proliferation, survival, and differentiation within the
TME. AR signaling stimulates the growth and survival of both normal prostate cells
and PCa cells. The binding of androgens to the AR activates downstream signaling
pathways that promote cell proliferation, inhibit apoptosis, and drive the progression
of PCa [173, 174]. In androgen-sensitive PCa, AR signaling is typically intact, and
tumor growth is dependent on androgen stimulation. Therefore, ADT is the first line
of treatment for PCa patients.

AR signaling regulates gene expression in PCa through complex mechanisms
involving direct binding of the AR to specific DNA sequences, as well as interaction
with co-regulatory proteins and other transcription factors. AR is a ligand-activated
transcription factor binding to androgen response elements (AREs) located in the
promoter regions of target genes [175]. Upon binding of androgens, AR undergoes
conformational changes, translocates to the nucleus, and binds to AREs, leading to
the activation or repression of target genes. AREs are typically found in the regula-
tory regions of genes involved in cell growth, differentiation, apoptosis, and metabo-
lism [175]. In addition, AR interacts with co-regulatory proteins, such as coactivators
and corepressors, to modulate gene expression in PCa cells. Coactivators, such
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as FOXA1, SRC-1, CBP/p300, and p160 family members, enhance AR-mediated
transcription by facilitating chromatin remodeling, promoting RNA polymerase
recruitment, and stabilizing the transcriptional complex [176-178]. Conversely, core-
pressors, such as NCoR and SMRT, inhibit AR-mediated transcription by recruiting
histone deacetylases (HDACs) and other chromatin-modifying enzymes that repress
gene expression [176, 179].

AR cooperates with the miR-301a/TGF-p1/Smad/MMP?9 signaling axis to promote
PCa metastasis by modulating the pre-adipocytes component of the TME [180].
Loss of AR signaling in PCa-associated CAFs has been linked to increased cancer cell
migration mediated by CCL2 and CXCL8 [181]. Interestingly, PTEN loss promotes
intratumoral androgen synthesis and TME remodeling in castration-resistant PCa,
with aberrant activation of RUNX2 and AKT signaling pathway [182]. Furthermore,
non-nuclear AR signaling in PCa has been a subject of interest, with its involvement
in TME biology and tumor cell aggressiveness. Genome-wide CRISPR screens have
identified AR as a tumor-intrinsic immunomodulator in PCa cells, essential for
macrophage-mediated cell killing in the TME [183]. Moreover, agent-based model-
ing of the prostate TME has shed light on the spatial tumor growth constraints and
immunomodulatory properties that influence PCa progression and response to ADT.
In conclusion, the interplay between AR signaling and TME in PCa is a complex and
dynamic process that influences disease progression and therapeutic responses [6].
Understanding the molecular mechanisms underlying these interactions is crucial for
developing targeted therapies and improving patient outcomes in PCa.

2.7 Metabolites

Metabolites are diverse small molecules that play critical roles in shaping the
behavior of cancer cells, stromal cells, and immune cells within the tumor milieu
or TME. Metabolites in the TME of PCa have been studied extensively. Lactate, for
example, has been identified as a key metabolite in PCa progression, promoting
immune evasion and metastasis [184]. Since PCa is composed of metabolically diverse
cells, glycolytic PCa cells or CAFs may also secrete lactate and engage in “symbi-
otic” interactions with oxidative PCa cells via lactate shuttling to support disease
progression [184]. PCa is characterized by a metabolic transformation in which
normal citrate-producing glandular secretory epithelial cells transition to malignant
citrate-oxidizing cells [185]. This shift results in a decrease in citrate levels due to the
inhibition of citrate production by cancer cells [186]. The high cellular zinc levels
in prostate cells play a crucial role in the production and secretion of citrate, affect-
ing cell metabolism and mitochondrial citrate metabolism [187]. Furthermore, the
disruption of glucose metabolism in PCa cells leads to a truncation of the TCA cycle
and inhibition of thioredoxin-interacting protein (TXNIP) expression, potentially
impacting citrate levels [188]. Studies have explored the potential therapeutic impli-
cations of targeting citrate metabolism in cancer cells. For instance, the inhibition of
ATP citrate lyase (ACLY) displays an anti-tumor role in pancreatic cancer through
decreased Warburg effect [189]. This finding suggests that ACLY-related inhibitors
could be potential therapeutic approaches for inhibiting tumor growth by impacting
citrate metabolism. PCa cells have an enhanced ability to uptake and utilize acetate,
as evidenced by studies on the metabolic fate of acetate in cancer cells [190]. This
increased acetate uptake may support tumor growth or initiation in PCa cells [190].
Further research into the metabolites in the TME may provide valuable insights for
the development of targeted therapies for PCa.
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3. Conclusions

The TME of PCa is a complex network of stromal cells, immune cells, ECM,
metabolites, and several signaling pathways that synergistically contribute to disease
aggressiveness and distant metastasis. Targeting individual factors of the TME has
generated promising outcomes of suppressing PCa progression, which leads to an
accumulation of numerous data in vitro and in vivo. Furthermore, recent studies
demonstrated that epigenetic regulators make significant contributions to PCa
through the regulation of TME [191], underscoring the complexity and challenges of
targeting the multiple pathways in PCa malignancies. With the emerging technolo-
gies of artificial intelligence and machine learning (AI/ML) in biomedical sciences
[192, 193], more efficient therapeutic approaches for PCa treatment may be devel-
oped for PCa treatment.
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Chapter 4

Research Progress on the Influence
of Traditional Chinese Medicine on
Tumor Microenvironment Therapy

Kun Gao, Yang Cao, Zixin Ning, Xiaoyu Yang and Li Shen

Abstract

More and more attention has been paid to the tumor microenvironment. The
occurrence, development, metastasis, and drug resistance of tumor are closely related
to the tumor microenvironment. At the same time, the application of traditional
Chinese medicine (TCM) in tumor prevention and treatment has attracted more and
more attention due to its regulatory effect on tumor cells and tumor microenviron-
ment. The holistic view and multitarget regulatory view of TCM make it very suitable
for the regulation of tumor microenvironment. This article will review the current
research status of the molecular mechanism of TCM regulation of tumor microenvi-
ronment from three aspects: TCM can reverse the inhibitory phenotype of immune
cells, TCM can enhance the immune response to tumor cells, and TCM clinical
application.

Keywords: traditional Chinese medicine (TCM), cancer cells, immune cells, tumor
microenvironment, immune response

1. Introduction

The tumor microenvironment (TME) plays a crucial role in the genesis,
development, and migration of tumors. Traditional Chinese medicine is one of the
multitarget strategies in tumor therapy, which can regulate immune cells and restore
their function by regulating cancer metabolism, hypoxia environment, and immune
checkpoint (Figure1).

1.1 Traditional Chinese medicine (TCM) regulates immune cells by regulating
cancer metabolism

More and more researchers have found that abnormal metabolites or intermediates
of tumor metabolism may play an important role in regulating the proliferation,
differentiation, activation, and function of immune cells [1-3]. Cancer cells are able
to suppress antitumor immune responses by competing and consuming essential
nutrients or otherwise reducing the metabolic fitness of tumor-infiltrating immune
cells [4, 5]. Many metabolites in the tumor microenvironment, such as tryptophan
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Figure 1.
TCM regulates immune cells and restoves their function by regulating tumor metabolism, hypoxic environment,
and immune checkpoint.

metabolites and 1-pyrroline-5-carboxylate, also influence immune cell differentiation
and effector function [6, 7]. TCM can regulate immune cell function by regulating
cancer metabolism.

Abnormal glycolysis of tumors refers to the fact that tumor cells consume large
amounts of glucose and produce large amounts of lactic acid even in the presence of
adequate oxygen, and higher lactic acid content in tumors and accompanying acidi-
fied TME will suppress immune cell function and eliminate the cancer’s immune
surveillance, eventually leading to immune escape [8]. Triterpenoids, active con-
stituents in the traditional Chinese medicine plant Rhus chinensis Mill., are able to
reverse effector CD8+ T-cell dysfunction in CRC by targeting the glycolytic pathway
[9]. Helichrysetin, an active ingredient extracted from Alpinia katsumadai Hayata,
inhibits tumor growth by inhibiting C-Myc-mediated metabolic reprogramming [10].
There are more studies on the regulation of tumor glycolysis and then the regulation
of immune cells in TCM, but there are few studies on other metabolism.

1.2 TCM regulates immune cells by regulating hypoxic environment

Hypoxia is present in 90% of solid tumors and is considered a marker of cancer
[11, 12]. In most tumors, the degree of oxygenation is uneven, and a pathologic
state of hypoxia occurs locally [13]. The rapid growth of tumor cells increases the
oxygen consumption during tumorigenesis, leading to the oxygen partial pressure
gradient within the tumor [14]. In addition, hypoxia and hypoxia-inducing factor
(HIF) 1 and 2o (HIF 1A and HIF 2A) overexpression are involved in tumor immune
escape and promote tumorigenesis [15, 16]. Under hypoxic conditions, activation of
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HIF and its downstream signaling pathways, including C-X-C chemokine receptor
type 4 (CXCR4), macrophage colony stimulating factor receptor (M-CSFR), and
CD47, modulates tumor-specific immune responses, producing multiple immunosup-
pressive cytokines and growth factors to allow immune escape and promote tumor
progression [17, 18].

HIF-1a has important functional roles in both innate and adaptive immune
cells, including macrophages [19], neutrophils [20], and dendritic cells (DC) [21].
Cardamonin is an active ingredient with antitumor activity extracted from Alpiniae
katsumadai [22]. It can inhibit the HIF-1a expression at mRNA and protein levels by
inhibiting the mTOR/p70S6K pathway, thereby enhancing mitochondrial oxidative
phosphorylation and inducing reactive oxygen species (ROS) accumulation and the
accumulation of intracellular ROS induces apoptosis of breast cancer cells in the
end [22]. Jianpi Jiadu decoction has been used in the treatment of CRC, mainly by
inhibiting the mTOR/HIF-1a signaling pathway, which can effectively inhibit tumor
cell migration and invasion [23]. TCM can regulate the function of immune cells by
regulating hypoxia environment.

1.3 TCM regulates immune cells by regulating immune checkpoints

Immune checkpoints play a crucial role in regulating the immune response. Over
the past 20 years, a wide range of extracellular “checkpoint molecules” have been
discovered to regulate the response of T cells to their own proteins [24]. Many of
these molecules also play a role in regulating T-cell responses to chronic infections and
tumor antigens. Checkpoint molecules include CTLA-4, PD-1, LAG-3, and TIM-3,
among several others [25]. Recent clinical data on single-agent CTLA-4 [26] and
PD-1 [27, 28] blocking in cancer patients suggest that these pathways play a key role in
maintaining human tumor tolerance.

TCM has been studied for regulating several immune checkpoints and thus
regulating immune cells. Xuanfei Xidu powder has been shown to have the potential
to treat acute lung injury through its effect on the macrophage PD-1/IL-17 pathway
[29]. One of the monomer components, glycyrrhizic acid, has been found to have
a high affinity with IL-17A [29] and further influences the formation of neutrophil
extracellular traps through the CXCL2/CXCR?2 axis [30]. Another aging study
compared Liuwei Dihuang decoction with several anti-aging drugs in relieving
anxiety, delaying aging, learning ability, and reaction ability and found that Liuwei
Dihuang decoction promoted the level of anti-inflammatory cytokines by regulat-
ing the activity of Th2 in the spleen, increasing the expression of CD28+ in immune
cells [31].

2. Traditional Chinese medicine can enhance the body’s immune response
to tumor cells

At present, the incidence of cancer is on the rise, and drug resistance is also
emerging. TCM has the advantages of low toxicity and multiple targets [32] and can
regulate the tumor microenvironment by inhibiting immunosuppressive cells, regu-
lating immunosuppressive factors, anti-apoptosis, and other mechanisms, and thus
activating immune response and is often used for early cancer prevention and late
cancer treatment (Figure 2) [33, 34].
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Figure 2.
TCM can regulate the tumor microenvironment by suppressing immunosuppressive cells, regulating epigenetic
inheritance, inﬂammatory factors, and so on, so as to activate the immune response.

2.1 TCM inhibits immunosuppressive cells and enhances the body’s immune
response to tumor cells

Infiltration of many immunosuppressive cells in the tumor microenvironment,
such as regulatory T cells, myeloid suppressor cells, and tumor-associated macro-
phages (TAMs), can significantly inhibit the infiltration and function of cytotoxic
lymphocytes, leading to continued tumor growth and drug resistance in the later
stage of immune checkpoint inhibitor treatment [35]. Traditional Chinese medicine
can enhance the immune response to tumor cells by inhibiting these immune suppres-
sor cells [36, 37].

Regulatory T cells are a subgroup of T cells with significant immunosuppressive
effect. Studies have shown that traditional Chinese medicine for strengthening spleen
and regulating qi can reduce the number of regulatory T cells in the microenviron-
ment of rats with liver cancer, increase the number of CD4+ cells, and delay the
growth and proliferation of liver cancer cells [38]. The combination of Reishi decoc-
tion and Ganoderma lucidum dispersive tablets can reduce the regulatory T cells in
patients and improve the symptoms of cervical human papilloma virus infection
[39]. Some effective components of traditional Chinese medicine, such as Astragalus
polysaccharides and glycyrrhiza polysaccharides, can inhibit tumor immune escape
and participate in tumor immune regulation by inducing differentiation of regulatory
T cells [40].

Myeloid suppressor cells are immature and heterogeneous myeloid cell popula-
tions, which have immunosuppressive functions in reducing the activity of natural
killer cells and inhibiting the proliferation of T cells [41]. Compound Docus taxus
capsule [42], Qinma prescription [43], and Zechi decoction [44] can all reduce the
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myeloid suppressor cells ratio in transplanted tumor of mice in situ model of lung
cancer, improve the immune microenvironment, and thus inhibit non-small cell

lung cancer (NSCLC). Shuangshen Sanjie formula combined with temozolomide can
reduce the proportion of myeloid-derived suppressor cells (MDCSs) in the peripheral
spleen of U87MG glioma bearing mice and inhibit the growth of transplanted tumor
in US7MG glioma bearing mice [45].

TAMs are ubiquitous infiltrating immune cells in cancer tissues, which are
divided into two types: M1 and M2. Prescriptions such as Yiqi Xiaoshui can inhibit
the polarization of TAMs to M2 type, increase the proportion of M1-type TAMs, and
effectively inhibit the occurrence and development of malignant pleural effusion
[46]. Bushenjiedu can inhibit metastasis of colorectal cancer (CRC) by inhibiting the
polarization of TAMs to M2-type macrophages [47]. Monomeric boxyline inhibits the
phenotypic polarization of macrophage M2 to regulate the tumor microenvironment
and inhibit the occurrence and development of CRC [48].

2.2 TCM enhances the body’s immune response to tumor cells by regulating
epigenetics

Epigenetic changes usually appear in various human cancer cells, referring to the
fact that cancer cells retain the original DNA sequence while expressing genes that
can inherit epigenetic modifications, and play a key role in regulating the expression
of genes related to cell development and differentiation, including DNA methyla-
tion, chromatin changes, and non-coding RNA profiles [49]. As a potential target for
cancer treatment, many studies have shown that epigenetic inhibitors and natural
epigenetic regulatory substances may change abnormal epigenetic states and inhibit
tumor growth [50-52]. Turmeric is a Curcuma plant in the Curcuma family, which
can resist liver damage, reduce blood pressure and lipids, and induce pain through
menses. Numerous studies have shown that curcumin can biologically regulate all
major epigenetic changes—DNA methylation, histone modification, and expression
of non-coding RNA including microRNA (miRNA) in CRC cells and then inhibit CRC
development [53-57]. The succulent root of ginseng is a strong tonic, which is suitable
for regulating blood pressure and restoring heart function. The extracted ginsenoside
Rg3 can reduce overall genomic DNA methylation and inhibit cell growth in human
HepG2 liver cancer cell line [58]. Diosgenin (DSG) reduces the level of genomic DNA
methylation by inducing UHRF1 protein degradation, thereby leading to cycle arrest
of prostate cancer cells, cell senescence, and inhibition of xenograft tumor growth
[59]. Icyloside II, one of the main components of Traditional Chinese Medicine Herba
epimedii, can reduce the global DNA methylation level in CRC cells by epigeneti-
cally silencing the activation of the circ f-catenin-wnt/f-catenin axis in CRC, thus
inhibiting tumorigenesis [60]. Traditional Chinese medicine can enhance the immune
response to tumor cells by regulating epigenetics, especially DNA methylation
modification.

2.3 TCM regulates inflammatory factors and enhances the body’s immune
response to tumor cells

Inflammation plays a regulatory role in the development of cancer and the
response to treatment. Acute inflammation will lead to anti-tumor immune response,
but if acute inflammation does not disappear immediately, immunosuppressive
microenvironment will be formed in the period of chronic inflammation, and
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inflammatory factors will act as pro-tumor factors to promote the growth, prolifera-
tion, and angiogenesis of tumor cells [61]. Due to the close relationship between
inflammation and tumors, inflammation has been explored as a potential target for
cancer treatment [32, 62, 63].

The 4:1 combination of Astragalus and turmeric can best regulate inflamma-
tory factors (IL-1p, IL-6, IL-10, and TNF-a) and alleviate intestinal symptoms of
colitis-related CRC mice [64]. The main active ingredients of bupleurum-Paeoniae
pair were quercetin, kaempferol, isorhamnetin, soybean sterol, and p-sitosterol,
which could down-regulate the levels of IL-6, IFN-y, and TNF-a in hepatocellular
carcinoma mice, but down-regulate the levels of IL-10 [65]. It can also increase the
levels of CD8 and IFN-y/CD4 T cells in mice with hepatocellular carcinoma, reduce
the levels of PD-1/CD8 T and Treg cells, and improve the symptoms of hepatocel-
lular cancer in mice [65]. Chanling Gao can reduce the pro-inflammatory cytokines
IL-6 and IL-10 in liver tissue, regulate PI3K/Akt/mTOR, improve the quality of life
of nude mice with CRC, and inhibit tumor growth [66]. Tonglaxative prescription,
which consists of four traditional Chinese medicines: Baishu, Pacony, orange peel,
and windbreak, can increase the serum levels of IFN-y, IL-18, IL-2, and IL-12 in
mice with CRC, decrease serum levels of IL-4 and IL-10, and inhibit tumor develop-
ment in mice with CRC [67]. The modified version of Biejia decoction pill can reduce
inflammatory factors IL-6, IL-10, and TNF-a, regulate T cells, resist PD-L1-mediated
immune escape, and thus inhibit tumor development in rats with hepatocellular
carcinoma [68].

3. Clinical application of TCM in tumor treatment

The primary treatment methods for cancer include surgical resection, radiotherapy,
and chemotherapy. In recent years, emerging therapeutic approaches such as immu-
notherapy and targeted therapy have demonstrated significant potential as alternative
treatment options for various types of malignancies, offering promising prospects
in the field [69]. Traditional herbal medicine, which is mostly composed of natural
compounds, has been widely used in China as an adjunctive therapy for cancer due to
its advantages of having multiple targets, minimal side effects, and lower economic
burden [70-72]. Over the past few decades, an increasing number of clinical and
laboratory studies have aimed to scientifically investigate the mechanisms and effec-
tiveness of TCM in cancer adjuvant therapy and in mitigating the side effects of cancer
therapies [73-75].

3.1 The application of TCM in postoperative cancer care

In a study involving 345 patients who underwent surgical resection for locally
advanced colorectal adenocarcinoma, those treated with the TCM catalpol had better
outcomes in terms of efficacy, safety, and treatment cost [76]. Research has shown
that catalpol mainly inhibits the growth and invasion of CT26 colon cancer cells by
suppressing inflammation and tumor angiogenesis [77]. A multicenter study in China
found that NSCLC patients who received long-term TCM treatment had a protective
effect against cancer recurrence and metastasis, correlating with improved postop-
erative survival outcomes [78]. A randomized controlled trial showed that modified
dachengqi tang (DCQT) improved postoperative gastrointestinal motility, short-
ened time to first defecation and flatus, increased bowel movement frequency, and
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decreased gastric drainage in esophageal cancer patients, leading to an improvement
in postoperative gastrointestinal function [79]. Thus, incorporating adjuvant TCM
therapy in postoperative cancer care can effectively mitigate postoperative complica-
tions, facilitate recovery, and enhance patients’ overall quality of life.

3.2 The application of TCM in cancer chemotherapy and radiotherapy

A clinical study showed that Chinese herbal medicine formula (CHMF) can
reduce the incidence of dry mouth, diarrhea, and platelet reduction during adjuvant
chemotherapy after radical surgery in patients with lung adenocarcinoma, alleviat-
ing the toxic side effects of chemotherapy [80]. In a study, NSCLC patients who
received adjuvant chemotherapy and underwent treatment with shenlingcao oral
liquid (SOL) demonstrated significantly improved quality of life and physical status
within 6 months after radical resection [81]. Research has shown that resveratrol
can enhance cisplatin toxicity on hepatocellular carcinoma cells, making them more
sensitive to cisplatin chemotherapy through the mechanism of cell apoptosis [82].
This is of great significance in solving the problem of hepatocellular carcinoma
recurrence caused by cisplatin resistance [83]. Resveratrol, curcumin, and berberine
have all been proven to enhance the radiosensitivity of nasopharyngeal carcinoma
cells [84-86]. They exert effects on increasing sensitivity to radiotherapy through
different mechanisms, such as resveratrol reducing E2F1 expression and inhibiting
p-AKT, curcumin regulating ROS generation, Jabl/CSN5, and non-coding RNA, and
berberine inhibiting specificity protein 1 (Spl), epithelial-to-mesenchymal transition
(EMT), and invasion. These individual components of TCM offer novel therapeutic
strategies for overcoming radiotherapy resistance in cancer treatment. In conclusion,
the utilization of TCM can effectively augment the sensitivity of chemotherapy and
radiotherapy, as well as minimize adverse effects, resulting in improved therapeutic
outcomes and enhanced quality of life for patients.

3.3 The combination of TCM and immunotherapy for cancer treatment

In contrast to conventional cancer therapies like chemotherapy and radiotherapy
that non-selectively target both cancerous and healthy cells simultaneously, tumor
immunotherapy aims to enhance the innate defense capabilities of the immune
system, offering advantages of selective targeting and elimination of cancer cells
while minimizing damage to normal tissues [87]. The key mechanism of cancer treat-
ment in TCM is to modulate the patient’s immune system, aligned with the concept of
“strengthening the righteous qi to resist external pathogens” in the TCM theory and
consistent with the approach of immunotherapy [88]. Chinese herbal medicine hasa
regulatory effect on the tumor microenvironment, promoting immune surveillance,
enhancing anti-tumor immune responses, and ultimately impeding tumor develop-
ment [89]. There has been a clinical case report of a postoperative recurrence patient
with advanced lung cancer who, while undergoing immunotherapy, intermittently
received treatment with TCM decoctions, and no significant recurrence or metas-
tasis has been observed to date [90]. A meta-analysis demonstrated that combining
TCM with transcatheter arterial chemoembolization (TACE) treatment can improve
immune response in liver cancer patients by increasing the proportions of CD3+ and
c T cells, as well as the CD4+/CD8+ T-cell ratio [91]. Research has found that admin-
istering curcumin to advanced colon cancer patients significantly reduces peripheral
Treg cells while increasing Th1 cells [92]. Numerous clinical trials have proven the
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preventive and therapeutic effects of curcumin on colon cancer [93-95]. Ginsenoside
Rg3, a steroidal saponin extracted from the ginseng, has been approved by the China
Food and Drug Administration (CFDA) for the treatment of NSCLC. A study has
shown that Rg3 can decrease chemotherapy-induced PD-L1 expression and restore
T-cell cytotoxicity against cancer cells [96]. Additionally, certain ginsenosides such as
Rg3 and C-K can inhibit the PD-1/PD-L1 binding process [97]. Therefore, introducing
TCM into modern immunotherapy as a part of comprehensive immune treatment
strategy can be feasible in enhancing immunity and alleviating side effects.

3.4 The combination of TCM and targeted therapy for cancer treatment

Cancer cells typically have aberrant molecular expression, mutations, or
hyperactivated signaling pathways [98]. Targeted therapy is based on exploiting
the differences between cancer and normal cells to selectively interfere with these
abnormal signaling pathways or molecules, thereby inhibiting cancer cell growth and
spreading while minimizing damage to normal cells [99]. Modern pharmacological
research has shown that matrine, an alkaloid compound extracted from Sophora
flavescens, can exert anti-tumor effects through multiple signaling pathways, such
as the PI3K/AKT/mTOR signaling pathway, NF-«B signaling pathway, and Wnt/f-
catenin signaling pathway [100-103]. Given the widespread use of Sophora flavescens,
compound Sophora flavescens injection has been marketed in China and is commonly
used as an adjuvant therapy for various tumors [104]. Studies have demonstrated that
Astragalus polysaccharide (AsPs) enhances the anti-tumor effect of apatinib on gastric
cancer cells by inhibiting the AKT signaling pathway, suggesting that the combination
of apatinib and AsPs could be a potential candidate for gastric cancer treatment [105].
A series of targeted drugs have failed to show efficacy in pancreatic cancer patients;
however, AsPs was found to enhance the anti-tumor effect of apatinib on pancreatic
cancer cells by down-regulating the phosphorylation expression of AKT and ERK as
well as MMP-9 in one study [106]. Clinical trial also demonstrated that AsPs injection
combined with vinorelbine and cisplatin (VC) significantly improved the quality
of life in patients with advanced NSCLC [107]. In general, TCM holds potential
prospects in targeted cancer therapy, providing new avenues for the development of
novel personalized cancer treatment strategies. However, further clinical research and
validation are needed to ensure its safety and efficacy.
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Chapter 5

Breaking Barriers: Unleashing the
Potential of ABO Blood Group
Antigen Therapy in the Battle
against Solid Tumors

Fatemeh Hasani and Saba Sadat Hosseini

Abstract

With the escalating economic burden of tumors, there is an urgent imperative to
develop novel therapies. Activation of complement to eliminate tumors proves to be
an effective approach. ABO blood group antibodies, naturally present in the body,
activate the immune system by recognizing blood group antigens, resulting in the
lysis and demise of red blood cells. Similarly, ABO blood group antigens can activate
the human immune response and exhibit anti-tumor effects. By leveraging the
immune properties of blood group antibodies in tumor treatment, a mechanism akin
to the destruction of red blood cells in blood group incompatibility can be employed
to eradicate tumor cells. This approach holds promise as a fresh avenue for tumor
treatment and prevention of resistance.

Keywords: blood group antigen, solid tumors, antigen therapy, cancer treatment,
cancer immunotherapy

1. Introduction

Due to the potential for deadly blood type compatibility problems during transfu-
sions, ABO blood group antigens are both highly immunogenic and essential in trans-
fusion therapy. ABO blood types vary across groups, which raises the possibility that
they play a role in providing selecting benefits such as immunity to infectious illnesses
[1]. Other blood cells pick up these antigens from the plasma, while red blood cells
have roughly 2 million of them per cell. They may also be present in plasma proteins,
some organs, platelets, white blood cells, and a variety of cell surface enzymes [2-4].
Except for cerebrospinal fluid, soluble ABO blood type antigens are present in secre-
tors’ body fluids. Paraphrased: A, B, and O are the three primary variations of the
ABO locus. The A and B antigens are created, respectively, by the glycosyltransferases
that the A and B alleles generate. Specific single nucleotide polymorphisms (SNPs)
in the ABO gene, which result in variants in the A and B transferases, are the cause of
the A/B variances. The H antigen, the precursor to the ABO antigen, is unchanged by
the O allele, which results in an inactive glycosyltransferase [1].
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In 1953, the first evidence between the ABO blood group system and cancer was
discovered. Their results point to a relationship between the ABO blood types and
the prevalence of stomach cancer, suggesting that blood group A may have a negative
impact on the chance of developing stomach cancer, whereas blood group 0 may have
a positive impact [5]. Additionally, it has been shown that both primary breast cancers
and their metastases show a decrease in blood group antigen expression, which may
act as a possible invasion marker [6, 7]. In addition, colorectal cancer is significantly
influenced by the ABO blood type antigens, with 50% of proximal colon cancers
exhibiting a decrease in antigen expression. Incompatible expression of BG-A or B
seems to be exclusive to cancer tissue, and these antigenic changes are seen in prema-
lignant polyps, suggesting their participation in the early phases of neoplastic evolu-
tion [8]. The strongest link among all cancer types is the one between blood group A
and an increased risk of stomach cancer. The finding that people with blood type A
are more likely to get the recognized stomach cancer-causing pathogen Helicobacter
pylori, suggests a possible method by which histoblood group antigens can promote
carcinogenesis [9].

An innovative method for treating cancer is immunotherapy [10]. ABO blood type
antigens have the ability to trigger the human immune system during solid tumor
treatment and provide anti-tumor effects. By making use of this process, we suggest
anovel approach to the treatment of malignancies and the prevention of resistance
by causing erythrocyte-like lysis to destroy tumor cells and decrease tumor growth
by activating the immune system with blood type antigens. This study illuminates
intriguing prospects for enhanced tumor treatment.

2. ABO blood group antigens in cancer

The ABO gene, located on chromosome 9q34, encodes two glycosyltransferases,

A and B, which link N-acetylgalactosamine or D-galactose to a shared precursor side
chain (H determinant), resulting in the formation of the A or B antigens [11, 12]. The
O variation of the gene produces a glycosyltransferase that lacks functionality, result-
ing in minor changes to the H antigen, in contrast to the A and B alleles [12].

The phrase “histoblood group ABO” is used because ABO antigens are present
in a large number of people. Growing evidence from recent scientific literature
suggests that the clinical importance of the ABO system extends beyond immuno-
hematology, transfusion, and transplantation medicine, as it plays a critical role
in the emergence of cardiovascular, infectious, and neoplastic diseases as well as a
number of other human disorders [13-17]. More specifically, some investigations
have shown a relationship between ABO blood group antigens and various cancer
types [18, 19].

There is ongoing investigation into the precise mechanisms by which the ABO
blood type or closely related genetic changes in the ABO locus affect cancer develop-
ment and progression [16]. The enzymatic activity of ABO glycosyltransferases,
which are essential for intercellular adhesion, cellular membrane communication,
and the host’s immunological response, may be disturbed during this contact, accord-
ing to one reasonable theory [20, 21]. Following a mechanism similar to the well-
known role of ABO glycosyltransferases in regulating circulating plasma levels of
von Willebrand factor, which ultimately results in an increased risk of venous throm-
boembolism [22, 23]. The modification of these surface molecules may potentially
promote the development of cancer. This fascinating correlation is made even more
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convincing by recent research that indicates the von Willebrand factor plays a criti-
cal role in controlling angiogenesis and apoptosis, two procedures that are strongly
related to carcinogenesis [24].

By altering the inflammatory state of the host, ABO type antigens may have an
impact on the development and spread of cancer [25]. For instance, alterations in
the ABO gene locus have been linked to the amounts of circulating molecules such as
tumor necrosis factor-alpha [26], soluble intercellular adhesion molecule (ICAM)-1
[27, 28], E-selectin [29, 30], and P-selectin25. Because they directly link the ABO
blood group with tumor start and spread, these results provide a biological justifica-
tion for the hypothesized effect of ABO blood type on cancer prognosis [16]. The
expression of soluble ICAM-1 is noticeably reduced in non-O blood group individu-
als, notably in blood group A individuals. By binding to ICAM ligands on circulating
cells, this protein inhibits lymphocyte attachment to endothelial cells, suggesting a
possible relationship between the ABO blood type and the degree of soluble ICAM-1
expression [31, 32]. The lower amounts of soluble ICAM in non-O blood group
individuals may make it easier for malignancies to move to other areas of the body
since certain cancer cells use similar adhesion processes to connect to endothelial cells
and encourage metastasis [33].

A link between the illness and a locus on 9q34, denoted by the SNP rs505922, was
found by a two-stage genome-wide association research on pancreatic cancer. It is
remarkable that this SNP matches the ABO blood group gene’s first intron. According
to past epidemiological research showing a decreased risk for those with blood group
O compared to groups A or B, the results are consistent with the notion that the ABO
blood group antigen may contribute to pancreatic cancer risk. This finding offers
insightful information on the possible role of ABO antigen in pancreatic cancer
and its implications for future study and therapy plans [34]. Later, the research was
repeated by Rizzato and colleagues [35]. Based on research with 417 participants,
Dandona and colleagues confirmed that individuals with blood types other than O
had a higher chance of developing pancreatic cancer [36].

Various normal and malignant tissues, including renal cell carcinoma lines and
kidneys, may be shown to have ABO antigens on their surfaces [37]. The lack of
lymph node metastases and the occurrence of bilateral renal cell carcinoma (RCC)
were both related to the ABO blood type, especially blood group O [38].

Blood type A or AB had a higher risk of developing nasopharyngeal carcinoma
(NPC) than blood type O, according to research by Sheng et al. raising the possibility
that the incidence of NPC and ABO blood types are related [39]. Blood type O was
linked to a smaller percentage of poorly differentiated SCC, according to another
research by Nozoe et al., but blood group AB was linked to greater tumor sizes and
more advanced TNM stages. More malignancies with venous invasion were found to
be associated with blood type A [40].

Large population-based studies have consistently shown a greater incidence of
stomach cancer in those with blood type A. ABO blood type antigens have been linked
to both stomach cancer and peptic ulcers, according to research by Edgren et al. Blood
type A is connected to a greater risk of stomach cancer, while blood type O is linked
to a higher risk of peptic ulcers. These relationships were verified by the research
using a large population-based cohort [41]. In addition, individuals with blood types
A, B, and all non-O blood groups together are at an increased risk of getting gastric
cancer [42].

Based on a meta-analysis of 14 studies with 9665 breast cancer patients and
244,768 controls, it was hypothesized that blood type A Caucasians may be at higher
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risk of breast cancer than those with other blood types [43]. Patients with blood
types B and AB had a significantly increased breast cancer incidence [44]. According
to Mao et als research, blood groups A and AB had a higher risk of developing
gastric cancer than blood type O in a Chinese cohort and in a meta-analysis of other
studies [45].

3. Anti-tumor mechanism

There are two routes through which immune-mediated processes might destroy
red blood cells: immune cells use antibody-dependent cell-mediated cytotoxicity
(ADCC) and complement lysis, which are often produced by antibodies [46, 47].
Specialized Natural Killer (NK) cells that can recognize complement and IgG/IgM
molecules bound to red blood cells are the main drivers of ADCC. In ADCC mediated
by antibodies, NK cells non-specifically destroy any target cells that have attached
to the antibody, whereas antibodies precisely bind to particular epitopes on target
cells [47]. In certain immunological or nonimmune hemolytic anemia instances [48],
complement activation may play a role in the destruction of red blood cells, as is the
case in systemic lupus erythematosus, when complement levels rise markedly [49].
Three main processes are involved in the destruction of tumor cells coated with IgG
antibodies: receptor-mediated cytotoxicity, antibody-dependent cell-mediated cyto-
toxicity, and complement-mediated cytotoxicity, which happens when complement
is triggered by clustered Fc regions resembling antibodies. The lysis of red blood cells
is comparable to this mechanism [50]. As a result, the complement has become a very
useful tool for eliminating tumor cells.

Perforin, granzyme, and other cytotoxic chemicals are released by activated NK
cells, which successfully eliminate target tumor cells [51]. A growing body of research
suggests that NK cells may directly kill tumor cells without the need for pre-sensiti-
zation and can boost adaptive immunity’s anti-tumor response by releasing cytokines
[52]. The increase of tumor cell A antigen significantly increased the number of NK
cells in tumor tissues, giving strong support for the pivotal anti-tumor function of NK
cells [53].

Immunoediting, in which tumor cells are modified to become less immuno-
genic and avoid immune system detection, is the main method used to confer drug
resistance on tumor cells [54]. Solid tumors may be induced to produce blood type
antigens by local injection of lentiviral vectors, successfully reversing the problem
of immunogenicity loss brought on by tumor immunoediting. With this method,
immunological responses are specifically triggered.

In their study, Luo et al. used lentiviral vectors containing ABO blood type
antigens to effectively limit the development of tumors in breast and colon cancer by
inducing an immunological response in the body [53].

4. Challenges in solid tumor therapy

Solid tumor treatment has various obstacles in research and development. ABO
blood type antigen treatment has shown promise in preclinical research. There are
several barriers to overcome before this treatment may be extensively employed in
clinical settings. Understand solid tumor therapy’s obstacles and limits to advance the
field and improve patient outcomes.
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The role of ABH blood groups in solid tumors is complex and varies depending
on the type of carcinoma. In most types of carcinomas, the loss of A and B antigens
is observed, with the H antigen being the only truly lost in pancreatic carcinomas.
However, there are exceptions to this pattern in colorectal, hepatocarcinomas, and
thyroid carcinomas, where ABH antigens are strongly expressed. The re-expression of
A and B antigens is an early event in colorectal carcinogenesis but is lower in metas-
tases. Anomaly in A and B antigenic expression, such as polyfucosylated structures,
have been observed in various carcinoma types. The Lewis family of antigens,
including sialyl-Lea, sialyl-Leb, and Ley antigens, also play a role in cancer, with
their expression increasing or decreasing depending on the type of carcinoma. The
molecular mechanisms responsible for the loss or re-expression of A and B antigens
in tumors are still not fully understood [55]. ABH and Lewis blood types have the
potential to treat solid cancers as disease indicators, allowing for early diagnosis and
prognosis of various types of cancer. Serum indicators like sialyl-Lea and Leb have
shown promise in colorectal, ovarian, and pancreatic cancers. However, their genetic
variability limits their function as disease indicators. Monoclonal antibodies target-
ing cancer cells can slow or reverse tumor development, while bispecific antibodies
recognizing both CD3 lymphocyte antigens and tumor antigens like sialyl-Lea
activate T lymphocytes and direct their cytotoxicity to tumor cells. To halt metastatic
spread, soluble sialyl-Lewis derivatives or selectin ligand mimetic peptides may
inhibit selectin function. Therapeutic vaccinations targeting specific ABH and Lewis
antigens, such as oligosaccharides and immunogenic proteins, have been used to
immunize patients with high globo H and Ley antibody titers. The therapeutic value
of these methods is being assessed [56, 57].

According to some recent research, the efficiency of ABO blood type antigen treat-
ment for cancer has been examined by turning on the killer cells of the complement
system with the use of ABO blood type antibodies. Breast and colorectal cancer cells
were injected into mice models with blood group A antibodies in various preclinical
studies. Intratumor lentivirus injections with blood type antigens significantly reduced
tumor volume in mice. After treatment, the tumors contain more NK cells and the C5b-9
complement membrane attack complex. Studies conducted in vitro showed that serum
containing blood group A antibodies inhibited the development of tumor cells. These
findings suggest that ABO blood type antigen therapy might be used to treat tumors. The
article examines the impact of blood group A antibodies on the development of tumor
cells as well as the blood group A antigen’s therapeutic potential in the management of
cancers. According to studies done on mice, serum containing an anti-blood group A
antibody dramatically slowed the development of tumors and decreased the number of
cancer cells in both colon and breast cancer. Additionally, it was shown that the tumor
volume and weight in mice were dramatically reduced by the lentiviral vector containing
the blood type A antigen. As shown by an increase in the number of tumor cells attacked
by the complement complex and an increase in the percentage of Natural Killer Cells
(NK cells) in tumor tissue, the complement system was also shown to have a role in sup-
pressing tumor development by the blood group antigen [53].

One paper covers the difficulties and restrictions of ABO blood type antigen treat-
ment for solid tumors. Researchers describe their experiences treating patients with
relapsed or resistant acute myeloid leukemia (AML) using the humanized anti-CD47
monoclonal antibody Hu5F9-G4. It was discovered that HuSF9-G4 therapy caused
hemoglobin levels to drop and transfusion needs to rise. RBC agglutination, issues with
ABO blood type, and compatibility tests were also noted. These results imply that facili-
ties caring for HuSF9-G4 patients should be aware of these possible problems [58].
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5. Mechanisms and strategies for ABO blood group antigen therapy

The World Health Organization states that surgery, radiation therapy, and che-
motherapy are the major cancer therapies, but cure rates are poor. New therapies
are needed to treat a large proportion of untreated individuals. Immunotherapy,
particularly CART, has made significant strides but has off-target consequences. The
immune system targets and decreases tumor cells by reducing surface antigens. ABO
blood type antigens are present in red blood cells, platelets, white blood cells, plasma
proteins, tissues, and cell surface enzymes. The strongest relationship between
blood type A and stomach cancer is any malignancy. The discovery that A blood
type individuals are more sensitive to H. pylori, a stomach cancer-causing pathogen,
provides a molecular explanation for how a histoblood group antigen might promote
carcinogenesis [9, 59, 60]. Figure 1 illustrates the pivotal role of ABO antigens in solid
tumor therapy.

Despite multiple research linking ABO phenotype to cancer risk, the mechanism
of action and the relationship between histoblood group antigen expression and
carcinogenesis were unknown for most tumor types. ABO blood type antibodies
naturally stimulate the immune system by detecting blood group antigens to lyse and
kill red blood cells. Similarly, ABO blood type antigens may boost immunity and fight
cancer. The immunological impact of blood group antibodies may eliminate tumor
cells in a manner similar to that of red blood cells after blood group incompatibility.
Based on these discoveries, blood type antigens may be expressed on human tumor
cell membranes. Blood group antigens attach to human serum antibodies to trigger
the immune system to produce erythrocyte-like lysis to kill tumor cells and shrink
the tumor. Patients with blood type A pick blood group B antigens, whereas those
with type B choose A. To get mice to develop antibodies for the A blood group, the
researchers employed vaccination techniques. To produce the A blood group antigen
on tumor cells, they put the necessary genes into a lentiviral expression vector. The
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Figure 1.

Depicts the significance of ABO blood group antigens as potential therapeutic targets in solid tumor treatment.
Notably, the expression of ABO blood group antigens on the surface of tumoral cells becomes a focal point for
targeted antibody interventions.
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findings demonstrated that both colorectal and breast cancer cell numbers were
decreased, and tumor development was suppressed in the presence of the A blood
type antigen. The therapeutic result was independent of the mice’s immunological
history. The complement system and natural killer cells were also discovered to be
involved in the study’s findings that tumor development was slowed. Overall, the
research showed that ABO blood type antigen therapy may be used to treat tumors.
This study indicates that solid tumors expressing ABO blood type antigens may be
treated in a novel way [53, 61].

The work uses lentiviral vectors to transmit ABO blood group antigen genes in
breast and colon cancer cells. Antigen expression causes an immune response that
prevents tumor progression. The paper also examines lentiviral vectors’ efficiency
in delivering solid tumor therapy genes. The researchers created a mouse model
with blood type A antibodies and discovered that blood group antigens reduced
cancer cell growth. The research reveals that this technique works better for
colorectal cancer than breast cancer, probably owing to tissue-specific gene expres-
sion. Complement lysis and antibody-dependent cell-mediated cytotoxicity kill
tumor cells. The research also shows how NK cells and complement may destroy
tumor cells. The use of blood type antigens to induce immune responses may help
overcome tumor immunoediting and treatment resistance. The study suggests
improving intratumoral injection efficiency, treating AB blood group patients,
combining this approach with other immune factors, studying the effect on other
solid tumors, and comparing IgM and IgG antibodies in treatment efficacy. The
study shows that blood type antigens heal tumors and urges additional investiga-
tion [51, 62-64].

6. Conclusion

In conclusion, the relationship between ABO blood type, cancer development,
and immune-mediated processes holds remarkable potential for advancing cancer
treatment. Disruptions in ABO glycosyltransferase activity and the intriguing con-
nection to the von Willebrand factor suggest intricate mechanisms at play. Moreover,
the parallels between immune-mediated destruction of red blood cells and tumor
cells highlight the intricate nature of the immune response. While ABO blood type
antigen treatment shows promise, navigating the challenges of solid tumor therapy is
essential for translating research into clinical success. Understanding these complexi-
ties is crucial for pushing the boundaries of cancer treatment and improving patient
outcomes.
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Neutropenia in Pediatric
Oncological Patients
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Abstract

In 2020, more than 275,000 children and adolescents from 0 to 19 years of age
were diagnosed with cancer in the world. Acute myeloid leukemia or acute lympho-
blastic leukemia are the most frequent types of cancer. Leukemia is a serious condi-
tion that is fatal in many cases. Since tumor cells are present in both, bone marrow
and circulating blood, very aggressive therapeutic treatments are required to elimi-
nate tumor cells. Neutrophils are white blood cells that first respond against microbial
pathogens and are produced in the bone marrow. Several drugs used in leukemia
cancer treatment can reduce the total neutrophil number causing neutropenia. In this
chapter we will briefly describe neutrophil maturation and functions as well as the
different types of neutropenia. We will also focus on neutropenia consequences and
some clinical approaches for treating neutropenia in pediatric patients.

Keywords: neutropenia, children, cancer, treatment, neutrophil, bacteria, fungi,
G-CSF, prophylaxis, diagnose

1. Introduction

Neutrophils are the most abundant white blood cells (leucocytes) that are firstly
recruited from the circulation into tissues with infection and/or inflammation
[1]. Neutrophils derive from the bone marrow, where they mature in response to
(G-CSF). Myeloid stem cells differentiate into granulocyte-monocyte progenitors,
which in turn, differentiate into neutrophils by intermediate stages of promyelocytes,
myelocytes, metamyelocytes, band cells, and segmented polymorphonuclear cells
(Figure 1) [2]. The size of mature neutrophils varies from 8 to 11 pm [3].

After maturation, neutrophils migrate from the bone marrow into the blood. From
the circulation, neutrophils migrate into affected tissues through a process known
as the leukocyte adhesion cascade. In tissues, neutrophils destroy microorganisms
by several cellular mechanisms such as phagocytosis, degranulation (releasing of anti-
microbial substances), production of reactive oxygen species (ROS), and production
of neutrophil extracellular traps (NET) (Figure2) [4, 5].
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Figure 1.

Nfitrophz’l differentiation in the bone marrow and stages affected by neutropenia. Neutrophils derive from
myeloid stem cells. The maturation stages include myeloblast, promyelocyte, myelocyte, metamyelocyte, neutrophil
in band, and mature neutrophil. Between the stages of promyelocyte and myelocyte, many factors affect
neutrophil maturation and release from the blood marrow causing neutropenia. Modified from [2].

1.1 Phagocytosis

Neutrophils are professional phagocytes. Phagocytosis is a cellular process for
ingesting and eliminating particles larger than 0.5 pm in diameter, including apop-
totic cells, foreign substances, and microorganisms. The process of phagocytosis
involves several steps that include (a) recognition of the particle to be ingested,

(b) activation of the internalization process, (c) phagosome formation, and
(d) maturation of the phagosome into a phagolysosome (Figure 2) [6].

1.2 Degranulation

In the bone marrow, immature neutrophils synthesize proteins that are stored in
different granules. Neutrophils are also called granulocytes because they have many
granules. The granules are classified into three different types based on their content:
azurophilic granules, specific granules, and gelatinase granules [7]. Neutrophils also
form secretory vesicles at the last step of their differentiation process in the bone
marrow [5]. Degranulation is the secretion of proinflammatory substances that are
derived from intracellular stored granules (Figure 2). Neutrophils also release reac-
tive oxygen species to kill extracellular bacteria [3].

926



Neutropenia in Pediatric Oncological Patients
DOI: http://dx.doi.org/10.5772/intechopen.113713

a) Bone marrow b) Blood vessel
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Neutrophil
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Figure 2.

Negutrophz'l release, migration, and functions. a) Neutrophils mature and are veleased from the bone marrow

into the bloodstream. b) Neutrophils civculate in the bloodstream until they ave recruited to tissues. c) Neutrophil
functions in tissues. Phagocytosis is the engulfment and degradation of a pathogen, degranulation is the release of
granule content including enzymes, proinflammatory substances and reactive oxygen species, and NETosis is the
velease of neutrophil extracellular traps to capture and kill pathogens [4, 5].

1.3 Neutrophil extracellular traps

When microorganisms are larger than 0.5 pm in diameter, neutrophils cannot
phagocyte them. Instead, they release neutrophil extracellular traps (NET). These
extracellular traps are DNA fibers adorned with histones and several neutrophil
granule proteins (Figure 2). The process of NET formation is called NETosis, and it
requires myeloperoxidase and neutrophil elastase release into the cytosol and NADPH
oxidase activation for reactive oxygen species production. These enzymes and ROS
cooperate to degrade the nuclear membrane and decondense the chromatin so it can
be released from the cell. Since, neutrophils die in this process, NETosis has been
described as a special form of programmed cell death [3, 8].

1.4 Role of neutrophils
Neutrophils are important not only for fighting infectious microorganisms but

also for maintaining a homeostatic environment in all tissues in the body. Neutrophils
are important for tissue repair [9] and for maintaining a healthy oral cavity [10].
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Neutrophils can also fight larger microorganisms such as Entamoeba histolytica, a
protozoan parasite that causes amoebiasis and has a high prevalence in developing
countries [11] or such as Trychomonas vaginalis, a parasite that causes the most com-
mon non-viral sexually transmitted infections worldwide [12]. These larger parasites
are controlled by different mechanisms, while amoebas are stopped by NET [13], T.
vaginalis are killed by a novel process known as trogocytosis [14]. In addition, in the
female reproductive system, vaginal neutrophils also eliminate sperm by trogocytosis
[15]. Thus, neutrophils in normal conditions contribute to keep tissue homeostasis.
However, in pathological conditions, neutrophil numbers can be seriously altered. For
example, in periodontal disease [10] or in obesity [16], overactivation and/or accumu-
lation of neutrophils can cause tissue damage. Also, in serious inflammatory condi-
tions such as acute respiratory distress syndrome, COVID-19, or septic shock [17-19],
accumulation of neutrophils can be lethal. On the contrary, if neutrophil numbers

are very low, a condition called neutropenia, life-threatening conditions result from
overgrowth of bacteria, virus, or fungi at sites of injury [20].

2. Neutropenia classification
2.1 Neutropenia

Neutropenia is defined as an abnormally low number of neutrophils in the blood.
Normal neutrophil counts range from 1500 to 7000 neutrophils/microliter. When
neutrophil counts are less than 1500 neutrophils/microliter, the person presents neu-
tropenia [20]. Neutropenia is often diagnosed after a routine blood count revealing
a low count of neutrophils but with absolute counts for monocytes, eosinophils, and
basophils in normal values. In the absence of active infection or inflammation, the
hematocrit/hemoglobin and platelet count are also usually normal or only moderately
reduced. In young children, congenital anomalies suggest a genetic cause for neutro-
penia. In other cases, such as autoimmune neutropenia or chronic idiopathic neutro-
penia, diagnosis is complicated since a generalized enlargement of lymph nodes, liver,
or spleen is not normally found [21]. In addition to the low neutrophil counts if some
other characteristics are present in the patient, neutropenia has other names.

2.2 Chronic neutropenia

Neutropenia becomes chronic if it occurs on at least three occasions in a
three-month period [22]. Chronic neutropenia is characterized by (a) reduced or
ineffective neutrophil production in the bone marrow, (b) increased neutrophil
margination, (c) sequestered neutrophils in the spleen, (d) accelerated neutrophil
destruction, and (e) mutations of a variety of neutrophil genes, including ELANE,
and HAX1 [23-25]. Chronic benign neutropenia is the most common form of chronic
neutropenia in the pediatric age group, occurring in approximately 1/100,000
children/year, with the median age at diagnosis being 7-9 months [26].

2.3 Idiopathic neutropenia

Neutropenia is called idiopathic when the agent causing it, is not clear. In this case,
neutropenia cannot be attributed to a drug nor to an autoimmune, genetic, infectious,
inflammatory, or malignant origin [22]. Patients with chronic idiopathic neutropenia
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and autoimmune neutropenia can overlap in this category because it is difficult to
precisely detect circulating antibodies directed toward antigens present on the surface
of neutrophils [27].

2.4 Chronic idiopathic neutropenia

Chronic idiopathic neutropenia combines the features of chronic and idiopathic
neutropenia. It is then, a type of neutropenia that occurs on at least three occasions in
a three-month period and is not attributable to drugs nor to a specific autoimmune,
genetic, infectious, inflammatory, or malignant origin. About 30% of patients with
chronic neutropenia do not have an apparent underlying cause [22, 28].

2.5 Autoimmune neutropenia

Autoimmunity is a disease caused by antibodies produced against substances
naturally present in the body and has been recognized as a sign of primary immuno-
deficiency [29]. Autoimmune neutropenia is characterized by chronic neutropenia
and the presence of antibodies against human neutrophil antigens. Chronic idiopathic
neutropenia and autoimmune neutropenia are rare conditions, also referred to as
“primary” or “isolated” because in some diseases, neutropenia is the primary hemato-
logical abnormality, both in children and in adults [30].

2.6 Febrile neutropenia

Patients with suppressed immune systems might present fever as a sign of an
underlying infection. When neutropenia is accompanied by fever which is called
febrile neutropenia. Fever, in this case, is defined as a temperature higher than 37.8°C
for at least 1 h or two measurements within 24 h, or a temperature higher than 38°C in
a single measurement [31]. Febrile neutropenia which usually lasts 7 days, is a com-
mon complication of myelosuppressive chemotherapy in oncological children and one
of the most important causes of morbidity and mortality in these patients [32-34].
Febrile neutropenia is common in children who have received chemotherapy as treat-
ment for acute myeloid leukemia and acute lymphoblastic leukemia. Other conditions
associated with febrile neutropenia and prolonged neutropenia include Ewing’s
sarcoma, malignant brain tumors, and myeloablative conditioning for autologous and
allogeneic hematopoietic stem cell transplantation [34, 35].

Even though febrile neutropenia affects both adult and pediatric patients, children
with febrile neutropenia have a higher risk than adults of infections of unknown ori-
gin [36]. Patients with a high-risk of presenting febrile neutropenia also present some
of the following factors: (a) C-reactive protein (CRP) > 90 mg/L, (b) hypotension,
(c) platelet count below 50,000 platelets/microliter, (d) relapsed leukemia, or (e) the
elapsed time between the end of chemotherapy and the beginning of fever being less
than 7 days [36, 37].

2.7 Severe neutropenia

If neutrophil count is less than 500 neutrophils/microliter, the patient has severe
neutropenia [2]. Severe congenital neutropenia is a genetically heterogeneous syn-
drome associated with mutations in (a) ELANE gene 2 which encodes neutrophil elas-
tase, (b) HAX1 gene which encodes HS-1-associated protein X-1 (HAX-1), a protein
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involved in the regulation of apoptosis [38], (c) GFI1 gene which encodes the growth
factor independence 1 (GFI1) transcriptional repressor protein, that plays an essential
role in the differentiation of myeloid and lymphoid progenitors [39], (d) WAS gene
encoding the Wiskott-Aldrich syndrome protein, and (e) CSF3R gene, encoding the
granulocyte colony-stimulating factor (G-SCF) receptor [24]. Mutated ELANE gene
2 is present in half of the people with severe congenital neutropenia [40]. Severe
neutropenia is a risk factor for vulnerability to bacterial infections, which puts people
at high-risk for infection with significant morbidity and mortality [41]. In addition,
an important clinical feature of severe congenital neutropenia is the risk for disease
progression to myelodysplasia and/or acute myeloid leukemia [42]. Progression to
leukemia is strongly associated with acquired mutations of the gene CSF3R [43]. Thus,
the clinical use of recombinant G-CSF in patients with severe congenital neutropenia
to improve granulopoiesis must be considered carefully, since G-CSF may elevate the
risk for malignant transformation [44].

2.8 Cyclic neutropenia (cyclic hematopoiesis)

Cyclic neutropenia is a rare idiopathic disorder estimated at one in one million.
It is characterized by regular periodic reductions in neutrophil counts. The cause
of this type of neutropenia seems to be a mutation in the ELANE gene, resulting in
the arrested development of neutrophils at the promyelocyte stage within the bone
marrow [40]. The signs and symptoms of cyclic neutropenia appear in uniformly
spaced episodes every 21 days. Patients typically complain of recurrent episodes of
fever, anorexia, cervical lymphadenopathy, malaise, pharyngitis, and oral mucosal
ulcerations. Other gastrointestinal mucosal areas, including the colon, rectum, and
anus, may be affected by recurrent ulcerations. Oral ulcerations develop on any oral
mucosal surface that is exposed to even minor trauma, particularly the lips, tongue,
and oropharynx. Symptoms usually begin in childhood. When the neutrophil count
is at its lowest point, the patient experiences problems with infections. As the neutro-
phil count rises toward normal, the signs and symptoms decline. Very low neutrophil
counts usually are present for 3-6 days, and blood monocyte and eosinophil levels are
typically increased when the neutrophil count is depressed. Even when the neutrophil
count is at its peak, the levels are often less than normal [45]. Cyclic neutropenia
should be diagnosed after sequential complete neutrophil blood counts (three times
per week for 6-8 weeks), in which neutrophil numbers are less than 500 neutrophils/
microliter for 3-5 days during each of at least three successive cycles [46].

2.9 Benign ethnic neutropenia

Benign ethnic neutropenia, the most common form of neutropenia worldwide,
is also diagnosed when neutrophil counts are less than 1500 neutrophils/microliter.
However, people with this condition do not seem to have a higher risk of infections.
This condition appears in some individuals from African, Middle Eastern, and
West Indian descent. In these individuals, neutrophil numbers as low as 800-1000
neutrophils/microliter are considered normal [47]. Ethnic benign neutropenia has
been associated with a single nucleotide polymorphism in the ACKR1/DARC gene,
the same variation that also confers the Duffy-null trait [48]. ACKR1 is the atypi-
cal chemokine receptor 1 (Duffy blood group). Duffy antigen/chemokine receptor
(DARC), also known as Fy glycoprotein (FY) or CD234, is a protein that in humans
is encoded by the ACKR1 gene. Duffy antigen is a glycosylated membrane protein
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and a non-specific receptor for several chemokines, located on the surface of red
blood cells. The pathophysiology of ethnic benign neutropenia is not completely
understood [49]. Many studies suggest that this condition results from a defect in the
release of mature granulocytes from the bone marrow; however, newer studies favor
an increase in the egress and migration of neutrophils into the organs and tissues as
the cause [49, 50].

2.10 Neutropenia in premature infants

This type of neutropenia is strongly associated with maternal complications
during pregnancy e.g., hypertension and preeclampsia. Other complications are
placental blood flow or intrauterine growth restrictions, severe asphyxia, and
infections. It has been suggested that because of these complications, neutrophil
production in the bone marrow of neonates is reduced [22, 51, 52]. Neutrophil
function is less strong in preterm neonates than in adults and might also contribute
to the increase in propensity to infections which lead to neutropenia caused by
sepsis. Therefore, neonatal intensive care units hold low birth weight neonates
with neutropenia during their first week of life. Supportive management is helpful,
typically neonates get well, and the condition follows a benign progression.

3. Causes of neutropenia

The origins of neutropenia are not completely understood. In many cases, the
association of certain gene mutations with this condition suggests a genetic cause
for neutropenia. The same may be true for autoimmune neutropenia or chronic
idiopathic neutropenia, however, in these cases, no clear genetic associations have
been reported. Therefore, neutropenia may also be caused by other yet unidentified
factors. The known genetic causes of neutropenia are described next.

3.1 Mutations in the ACKR1/DARC gene

As mentioned before, benign neutropenia is an intrinsic condition of some
individuals in certain ethnic groups. This condition is not associated with negative
clinical consequences due to decline in innate immunity. African ancestry people
have shown a strong association between familial neutropenia and a single nucleotide
polymorphism in the promoter region of the atypical chemokine receptor 1 gene
(ACKR1), also termed Duffy antigen/chemokine receptor (DARC), which is part of
the Duffy blood group system [48, 53]. Neutropenia is associated with the null Duffy
genotype (Fy-/Fy-), but not with the heterozygote (Fy-/Fy+) and wild-homozygote
(Fy+/Fy+) genotypes, suggesting an autosomal recessive inheritance for the condi-
tion [54].

3.2 Mutations in the neutrophil elastase gene 2

In contrast to the benign neutropenia, whose genetic influence results in non-
threatening variations in neutrophil numbers among certain individuals in the
general population, there are other neutropenic disorders with a strong genetic
component. This so-called “Mendelian” or hereditary neutropenia includes primar-
ily two types. The first is cyclic neutropenia, in which neutrophil numbers oscillate
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with approximately 21-day periodicity, changing between almost normal levels to
undetectable levels that last for several days [55]. Nearly all cases of cyclic neutrope-
nia are associated with autosomal dominant mutations in the ELANE gene 2, which
encodes neutrophil elastase [56]. The second is the so-called Kostmann syndrome or
non-cyclical “infantile agranulocytosis”, in which non-cyclical severe neutropenia is
observed. This neutropenia is characterized by an arrest of granulocytic differentia-
tion at the promyelocyte stage [40]. Nowadays, the disorder is most often referred to
as severe congenital neutropenia and it is the result of allelic, heterozygous mutations
in the ELANE gene 2 [40]. Although some ELANE mutations overlap with the muta-
tions observed in cyclic neutropenia [56], it is now recognized that severe congenital
neutropenia represents a genetically heterogeneous group of disorders, in which
multiple mutated genes participate, including those encoding for the HAX1, G6PC3,
WAS, GFI1, STK4, and tafazzin proteins [25, 57, 58].

The ELANE gene 2, also known as ELA2, HLE, HNE, NE, and SCN1, encodes neu-
trophil elastase. ELANE gene 2 consists of five exons and six introns and is located on
chromosome 19 (19p13.3). Neutrophil elastase is a protein of 267 amino acids synthe-
sized as an inactive form of pro-pre-enzyme (zymogen) [40]. Neutrophil elastase is
a serine protease stored in the azurophil granules of neutrophils that degrades extra-
cellular matrix proteins, destroys microorganisms, and regulates inflammation by
degrading soluble proteins such as immunoglobulins, cytokines, coagulation factors,
and protease inhibitors [59]. Mutations in the ELANE gene lead to the production of
a mutant protein. However, no general biochemical malfunction, including effects on
proteolysis, has been identified. Therefore, it is not clear how mutations in neutrophil
elastase are responsible for neutropenia. Two non-mutually exclusive theories have
been proposed to explain how elastase mutations might cause neutropenia. One
theory declares that mutations within elastase elicit elastase accumulation in inap-
propriate neutrophil compartments. Another theory proposes that mutations cause
misfolding of the protein, thereby inducing the stress response pathway within the
endoplasmic reticulum. In both cases, neutrophil precursor cells will arrest their
development resulting in neutrophil maturation arrest and in consequence smaller
number of mature cells in circulation.

3.3 Autoimmunity

Autoimmunity responses are thought to be responsible for eliminating
neutrophils. However, little is known about the cellular and molecular mechanisms
involved in the autoimmunity of granulocytic disorders. Currently existing
explanations for autoimmunity against neutrophils, include a deficit in the
elimination of apoptotic cells, deficiency in regulatory cells, hyperactivation of
inflammatory cytokines, repeated infections, or a loss of tolerance to neutrophil
autoantigens. Although no clear explanations are known, excessive cytokine
activation might explain defective neutrophils and more importantly the loss of
these leukocytes by apoptosis or other mechanisms [60]. Thus, in conditions of
strong chronic neutrophil activation, such as those found in several autoimmune
conditions, neutropenia can develop [29]. However, in autoimmune diseases where
autoantibodies against neutrophils are present neutropenia can more clearly develop.
In a study where blood from 402 children with neutropenia was analyzed, it was
found that 302 (75%) of them had anti-neutrophil antibodies. These children also
had a significantly lower absolute neutrophil count and a 2-times greater risk of
hospitalization than patients without anti-neutrophil antibodies [61]. Thus, in several
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autoimmune conditions particularly when anti-neutrophil antibodies develop,
neutropenia can be a negative result from autoimmunity.

3.4 Cancer treatment in pediatric patients

In 2020, more than 275,000 children and adolescents from 0 to 19 years of age
were diagnosed with cancer in the world [62]. The most common types of cancer
in this population are leukemias (80,500 cases), brain and central nervous system
tumors (30,750 cases), lymphomas (40,000 cases), kidney tumors (14,500 cases),
thyroid cancer (10,000 cases), and gonadal tumors (testicular and ovarian; 10,000
cases) (Table1) [63].

Among all these types of cancer, acute myeloid leukemia or acute lymphoblastic
leukemia are the most frequent. Leukemia then becomes a serious condition that is
fatal in many cases. Since tumor cells are present both in the bone marrow and in
circulating blood, very aggressive therapeutic treatments are required to eliminate
tumor cells. One of the most used treatments is chemotherapy with high doses of
drugs that directly damage the bone marrow. This type of treatment can eliminate
malignant cells but also, in many cases, damages leukocyte progenitor cells in the
bone marrow leading to loss of mature leukocytes. Therefore, chemotherapy of
pediatric leukemia patients frequently leads to the development of neutropenia.

3.4.1 Therapeutic drugs for leukemia cancer treatment

Several drugs used in leukemia cancer treatment can also lead to neutropenia.
Methotrexate is a potent therapeutic agent administered at high doses for the
treatment of acute lymphoblastic leukemia [64], osteosarcoma [65], and lymphoma
[66] in both pediatric and adult patients. This drug is transported from the blood
into the liver, where it is metabolized so that it can be cleared from the body. The
organic anion transporting polypeptide 1B1 (OATP1B1) is a transporter protein
on liver cells that promotes methotrexate uptake. Defects or low expression of the
OATP1BI1 transporter, in some individuals, can affect methotrexate clearance. This
would cause an accumulation of methotrexate in circulation leading to deleterious
effects on neutrophil precursors and resulting in neutropenia [67]. Several myeloid
leukemia patients present mutations in the onco-genic tyrosine kinase FMS-related
tyrosine kinase 3 (FLT3). Patients with these mutations can be treated with tyrosine
kinase inhibitors such as midostaurin and gilteritinib. A large proportion of patients
treated with gilteritinib developed febrile neutropenia [68, 69]. Other negative
side effects were also anemia (20-40.7%), and thrombocytopenia (13-22.8%)

Age Cancer type

(years)

0-14 Central nervous system tumors, lymphoma, neuroblastoma, kidney tumors, and malignant bone
tumors

0-19 Brain and central nervous system tumors, leukemia, and lymphoma.

15-19 Brain, central nervous system, lymphoma, leukemia, thyroid, gonadal germ cell tumors, and

malignant bone tumors

Table1.
Most common types of cancer accovding to childhood age group [63].
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[68, 69]. Patients with acute myeloid leukemia who are not eligible for aggressive
chemotherapy can be treated with venetoclax in combination with low doses of
hypomethylating agents. Unfortunately, in most of these patients (75%) serious
adverse events also occurred. Febrile neutropenia (44%) and pneumonia (13%)
were the most commonly detected [70].

4. Neutropenia consequences

Neutropenia is a severe clinical condition that leads to many complications due to
the lack of neutrophil defensive functions. Neutrophils play a central role in innate
immune defense against many microorganisms, particularly bacteria and fungi [3].
Bacteria, including Staphylococci, Streptococci, and Escherichia coli, among others
and fungi, including Candida albicans cause recurrent infections in patients whose
neutrophil counts become very low. This situation is similar to the one seen in patients
with chronic granulomatous disease. In these individuals, although neutrophils are
present, they fail to produce reactive oxygen species, so that neutrophils can perform
phagocytosis of microorganisms, but they are unable to kill them [71]. In neutro-
penia, many recurrent infections are a serious problem that can be life-threatening,
particularly when they are on top of other clinical conditions. This is the situation
most observed among pediatric cancer patients. With these children, chemotherapy
treatments try to control cancer, but they provoke more complications after inducing
neutropenia.

4.1 Infections in pediatric oncological patients

Infectious diseases are associated with high morbidity and mortality rates among
pediatric cancer patients undergoing neutropenia after cancer treatment [72]. Among
these patients, those experiencing prolonged periods of neutropenia are at a higher
risk of acquiring bacterial, viral, and fungal infections (Table 2) [74].

Microorganism Percentage Species

Gram + bacteria > 40%: Streptococcus pneumoniae, Staphylococcus aureus, Nocardia spp.,
Mycoplasma spp.

Gram — bacteria > 30% Pseudomonas spp., Klebsiella spp., Escherichia coli, Group D enterococcus,

Chlamydia trachomatis.

Fungi Around 5% Aspergillus spp., Candida spp., Fusarium spp., Pneumocystis jivovecii,
Lomentospora prolificans.

Virus 3% RhV, RSV, Influenza A, PIV, HBoV; HMOV, CMV, HHV-6/7/8,
Adenovirus, SARS-CoV-2

Non classified 13%

Abbreviations. RhV: Rhinovirus; RSV: Respiratory Syncytial Virus; PIV: Parainfluenza; HBoV: Human Bocavirus;
HMOV: Human Metapneumovirus; CMV: Cytomegalovivus; HHV-6/7/8: Human Herpesvirus types 6,7,8; SARS-
CoV-2: Severe Acute Respiratory Syndrome Coronavirus type 2.

Table 2.
Main opportunists in pediatric oncological patients affected by febrile neutropenia [72, 73].
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4.1.1 Bacterial infections

One-fifth of pediatric patients with acute leukemia develop an infection. Ninety
percent of these infections are caused by bacteria [72]. One critical infection
associated with the cytotoxic effects of chemotherapy agents used for cancer
treatment is neutropenic enterocolitis [75]. Patients with neutropenic enterocolitis
present fever, abdominal symptoms, and radiologic bowel wall thickening. These
symptoms are frequently associated with severe and life-threatening clinical
conditions such as sepsis, perforations, and gastrointestinal bleeding [76]. Another
serious condition in pediatric cancer patients with febrile neutropenia is bacterial
sepsis. Despite international guidelines on sterile insertion and appropriate
maintenance and use of central venous catheters, Gram-positive bacterial infections
remain a common complication caused by contaminated tunneled long-term central
venous catheters, and totally implanted devices or ports which are frequently used in
cancer treatment [77, 78].

4.1.2 Fungi infections

Invasive fungal infection is a significant problem in neutropenic individuals [79]. The
most frequent causes of infection are Aspergillus and Candida spp., although a growing
number of other fungi (including species of Fusarium and Lomentospora) have been
more recently implicated [80, 81]. The prevalence of invasive fungal infections has been
estimated at around 23%, with a mortality rate of 9.45% [82]. The clinical manifesta-
tions of Candida infections involve more frequently cutaneous lesions, manifested as
diffuse erythematous papules that usually do not develop central necrosis or eschar [83].
Unfortunately, recognizing the cutaneous manifestations of fungal infections in neutro-
penic patients is often delayed, resulting in more severe cases of not initiating a proper
treatment sooner. For this reason, prophylactic treatment with amphotericin B and the
triazole compounds itraconazole and fluconazole, is recommended soon in pediatric
neutropenic patients [83, 84]. However, this course of action has led to the appearance
of some resistant strains. Though the frequency of resistant strains is still low in neutro-
penic cancer patients, and mostly limited to Candida glabrata and Candida krusei, drug
resistance in Candida albicans and Candida tropicalis has also been reported [81, 85].
Lomentospora prolificans, is a rare but highly virulent filamentous fungus with intrinsic
resistance to antifungals. This microorganism has also been associated with a diversity of
infections with high mortality in neutropenic patients. Indeed around 50% of patients
with neutropenia develop this type of infection [86].

4.2 Oral disease related to neutropenia in pediatric oncological patients

In addition to recurrent infections of the skin, respiratory and urinary tracts,
and bacterial sepsis, several lesions in the mouth area are also frequently observed in
patients with neutropenia. Clinical symptoms include mouth ulceration in the palatal
region, and in the posterior lateral region of the tongue, chronic gingivitis, and even
periodontitis despite standard medical and dental care [87]. Premature bone loss can
be observed in mixed dentition, in the inter-root area of the mandibular deciduous
molars [45]. This is not too surprising since neutrophils are known to actively par-
ticipate in controlling the oral microbiota and maintaining periodontal homeostasis
[88]. Recently, it was reported that an increase in periodontal inflamed surface area
(PISA), a new periodontal disease parameter, was strongly associated with cancer
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patients undergoing chemotherapy and having neutropenia, but not with cancer
patients without neutropenia [89]. This association was independent of the types of
blood cancer or treatment with human G-CSF [89]. Therefore, these reports strongly
suggest that periodontitis treatment is recommended before starting cancer treatment
as supportive care for preventing the onset of neutropenia during chemotherapy and
later periodontal disease [87].

5. Neutropenia treatment in pediatric oncological patients
5.1 Prophylaxis

Pediatric patients with neutropenia are at the highest risk for infection. Infection
prophylaxes have a focus on both pharmacologic and supplementary interventions.
Bacterial and fungal prophylaxis decreases the risk of infection in certain high-risk
groups. Consider utilizing bacterial and fungal prophylaxis in patients with acute
myeloid leukemia or relapsed acute lymphoblastic leukemia. Adolescent and young
adult Down syndrome patients may benefit from additional supportive care measures
and protocol modifications [90].

5.1.1 Pharmacologic prophylaxis for bacterial infections

After acute lymphoblastic leukemia chemotherapy in children and adolescents,
bacterial infections remain the principal cause of morbidity and mortality [91]. Even
though systemic antibacterial prophylaxis is a well-established practice for adult
patients [92], antibacterial prophylaxis in pediatric patients is still a matter of contro-
versy [93, 94].

Bacteriemia can be highly reduced with the use of levofloxacin, and moderately
reduced with sulfamethoxazole-trimethoprim, ciprofloxacin, fluoroquinolones,
cefepime, vancomycin plus cefepime, and vancomycin plus ciprofloxacin [95]. The
early detection of a bacteremia and the rapid therapeutic intervention are crucial to
improve the outcome [32] of pediatric patients with neutropenia. Prompt empiric
broad-spectrum antibiotic administration is collectively considered the best thera-
peutic approach [72]. Patients with acute leukemia are usually treated with empirical
broad-spectrum antibiotics third- and fourth-generation cephalosporins and antip-
seudomonal penicillin [72].

Antimicrobial prevention strategies decrease bacterial infections caused from
contaminated tunneled long-term central venous catheters and totally implanted
devices or ports [77]. Unfortunately, administering antibiotics before the inser-
tion of these catheters do not prevent Gram-positive related infections. Flushing
or locking these catheters with an antibiotic solution tend to reduce Gram-positive
infections but may increase microbial antibiotic resistance. Therefore, the use of
antibiotics should depend on the risk of the patient to develop bacterial infections
[77,90].

5.1.2 Pharmacologic prophylaxis for fungal infections

Invasive fungal diseases are decisive causes of morbidity and mortality among
febrile neutropenic patients after intensive chemotherapy. Significantly less fungal
infections related with mortality are seen when using antifungal agents than when
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no antifungal treatment is used. Antifungal prophylaxis agents with broad-spectrum
activity include itraconazole, amphotericin B, isavuconazole, rezafungin, olorofim,
and manogepix or Posaconazole [96, 97].

Unfortunately, patients with prolonged neutropenia may still develop
mucormycosis even under the prophylaxis of antifungals. If patients are refractory
to monotherapy, a combined antifungal therapy is recommended. Also, when a
patient is intolerant to amphotericin B the usual treatment is isavuconazole or
posaconazole [97].

As with bacteria, there is not enough evidence to sustain the prophylactic use of
antifungal agents in pediatric patients. It is recommended to perform trustworthy
analysis for the diagnosis and follow-up of mucormycosis with CT scans, cultures,
PCR tests, and histology. Additionally, the use of high-efficiency particulate air
(HEPA) filters and neutropenic diets is needed to prevent fungal infections [97, 98].

5.2 Growth factor therapies such as granulocyte colony-stimulating factor
(G-CSF)

There is a guideline based on evidence that recommends prophylactic treatment
of G-CSFs to reduce febrile neutropenia incidence while improving chemotherapy
dose delivery [35]. This treatment is effective to increase blood neutrophils in almost
all cases [99]. G-CSF treatment several times weekly seems to correct the lack of
production of neutrophils. Indeed, this treatment improves the clinical course of the
disease because it decreases neutropenia from five days to one day. In patients with
cyclic febrile neutropenia, inflammatory symptoms, and infections the treatment is
reserved. Fortunately, the severity of symptoms related to cyclic neutropenia seems
to diminish after the second decade of life, even though the cycling of the neutro-
phils continues. Optimal oral hygiene should be maintained to reduce the number
and severity of oral infections [100].

6. How to proceed with pediatric patients with neutropenia

Neutropenia can be a common finding in pediatric patients. It is often benign but
also it can be a life threat. There are mainly four causes for pediatric neutropenia:
(1) There is a decrease in neutrophil production, (2) There is an inability to transfer
mature neutrophils from bone marrow to peripheral blood, (3) There is an increase
in margination and sequestration of neutrophils, also called pseudoneutropenia, (4)
There is an increase in neutrophil destruction and clearance.

As we discussed throughout the chapter there are some risk factors that can help to
diagnose and treat different types of pediatric neutropenia [51].

6.1Risk factors to include in the clinic history
a. Ethnicity
b.Infections
* Age of beginning of the infection

* Site of infection. Does the infection reappear in the same site?
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* Severity of the infection. Does it become more sever with the frequency?

* Cause of the infection. Are there any organisms isolated from these infections?
Any viral infection?

* Frequency of infection. Does the infection have a cyclical pattern?

c. Genetic and syndromic features
* Family history

* Has someone in the family presented neutropenia or any of the following
conditions?

* Glycogen storage disease 1b (GSD1b) mutation
* Shwachman-Diamond syndrome
* Wiskott-Aldrich syndrome

* Barth syndrome

d.Treatment

* What were the drugs used to treat neutropenia? In case there were previous
episodes

* Did there any other treatment for neutropenia? In case there were previous
episodes

* Cancer treatments
e. Pregnancy complications.
* Hypertension

* Intrauterine growth restriction

Placental blood flow restriction
* Preeclampsia
* Premature
* Prevention

6.2 Diagnose

a.Neutropenia characteristics

¢ Acute (less than one month)

¢ Chronic (more than three months)
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* Congenital

* Acquired

* Associated with infections
b.Genetic test for mutations in ELANE and other genes.
c.Last full blood count

* Frequency
d.Signs of chronic infection.

» Common sites of infection in pediatric neutropenia are the membranes,
mouth, mucus, and skin.

* Presence of mouth ulcers or gingivitis
* Presence of abscess/purulent exudate
* Pneumonia
* Septicemia

6.3 Treatment

a.Take full blood counts frequently until neutrophil number recovers and discard
benign neutropenia.

b.If the patient is at increased risk of infection
* Start antibiotic treatment
* Start granulocyte stimulating factor treatment

c.Is there a serious underlying disorder causing neutropenia?
* Look for maternal neutrophil antigen

* A bone marrow biopsy can be useful in cases with prolonged neutropenia

7. Conclusion

Neutrophils are very important to prevent infections. Because of chemotherapy,
most patients develop some class of neutropenia. The treatment for preventing
bacterial and fungal infections in pediatric patients is still under study. If antibiotic
prophylactic treatments are used in pediatric patients undergoing chemotherapy,
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a close monitoring of antibiotic resistance should be addressed. Also, hospital or
clinic infrastructure to diagnose and monitor patients is ideal. Finally, personal
environment and hygiene are also factors to consider.
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