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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
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Chapter 1

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’s 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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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 

Figure 1. 
A complex structure of TME containing various component cells including cancer-associated-fibroblasts (CAFs), 
dendric 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.
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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.

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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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 CCR5 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 CCL5 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.

Figure 3. 
Chemokine-induced mobilization of various immune response and immunosuppressive cells from the TME to the 
tumor.
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Chapter 2

Roles of Chemokines in Influencing 
Tumor Microenvironment  
in 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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PR−/HER2−), and normal breast-like (ER−/PR−/HER2−/CK5−/EGFR−). Chemokine 
signature in these subtypes was determined based on the expression module (PAM50 
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].

Figure 1. 
Chemokine signaling pathway. Modified and simplified from the KEGG PATHWAY Database (https://www.
genome.jp/pathway/ko04062). 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; IκB: inhibitor of nuclear factor kappa B; NF-κB: 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; Shc: SHC adaptor protein; GRB2: growth factor receptor-bound protein 2; SOS: Son of 
sevenless; Ras: rat sarcoma virus; RAF: rapidly accelerated fibrosarcoma; MEK1: mitogen-activated protein kinase 
kinase 1; Erk1/2: extracellular signal-regulated kinase 1/2.
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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, 

Receptors Chemokines

XCR1 XCL1, 2

CCR1 CCL3, 5, 7, 8, 14, 15, 16, 23

CCR2 CCL2, 7, 8, 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.

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-enriched 
(n = 1414; 693); BL: basal-like (n = 1976; 783); NBL: normal breast-like (n = 1079; 602).
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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 HER2 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+ Mφ 
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 
CCL7 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). 
CCL8 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-CCR2 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 
HER2 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 
HER2 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, BL1-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-CCR5 axis

CCL3, CCL5, 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]. CCR5 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, BL1-TNBC, IM-TNBC, and ME-TNBC (Tables 2 and 3).

3.6  Orphan ligand CCL18

Although PITPNM3 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]. CCR7 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-CCR8 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 HER2 subtypes compared to luminal subtypes (Figure 2) and has no effects 
on survival. Studies on CCR8 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

CXCL6 is highly expressed in BL/NBL subtypes compared to other subtypes 
(Figure 2) and has a good survival in MSL-TNBC (Table 3). CXCL6 is highly 
expressed in ER-negative breast cancers and is related to metastasis of breast cancers, 
showing unchanging or good survival [62, 63]. CXCL7 is highly expressed in BL/
NBL subtypes compared to other subtypes (Figure 2) and has no effects on survival. 
CXCL7 is related to stage III breast cancers and has controversial survivals: good, 
unchanging, and poor [10, 62, 64–66]. CXCL8 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-CXCR2 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 (Mφ 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]. CXCL5 is highly 
expressed in the BL subtype compared to other subtypes (Figure 2) and has no 
effects on survivals. CXCL5 is highly expressed in breast cancers and ER-negative 
cancers and is related to low metastasis in the LB subtype. CXCL5 has no effects on 
survival [8, 23, 35, 44, 63]. CXCL6, CXCL7, and CXCL8 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 HER2 subtypes compared to other subtypes (Figure 2) and has a 
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 HER2 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 BL1-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 CXCL12δ 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 HER2 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-CXCR5 axis

CXCL13 is highly expressed in BL and HER2 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]. CXCR5 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-CXCR6 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 
HER2 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. CXCR7 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). CXCR7 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-CXCR8 (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 CXCR8 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, CCR5, and CCR6; poor survivals in CCL24 and CCL25; controversial surviv-
als in CCL1, CCL2, CCL8, CCL15, CCL17, CCL20, CCR2, CCR4, CCR7, and CCR9; 
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 CXCR8; controversial survivals in CXCL1, CXCL2, 
CXCL3, CXCL7, CXCL9, CXCR2, and CXCR4; unchanged survivals in CXCL4, CXCL5, 
CXCL10, CXCL11, CXCL16, CXCL17, CXCR1, and CXCR5. 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 

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.
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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 



New Updates in Tumor Microenvironment

36

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.

Figure 1. 
The heterogeneous 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 
functions 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 β (TGF-β) is commonly 
upregulated in many cancers that have a reactive stroma, such as breast, colon, 
and prostate cancers [18]. Increased expression of TGF-β by stromal cells has been 
implicated in the development of prostate tumors. TGF-β signaling in prostate stroma 
promotes prostate tumor angiogenesis and growth [19]. In addition, TGF-β 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-β, 
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-β 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-β-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-β [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 resistance to various cancer 
therapies, including radiation therapy, chemotherapy, and targeted therapies. 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-β 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 α5β1 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-α through the AKT/Survivin pathway [51]. Fibronectin has also been 
identified as a natural ligand for α5β1 integrin, and targeted liposomes engineered 
to bind to α5β1-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 β1 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 α6 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 β4, 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-β, 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 TLR8 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.

Dendritic 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 ADAMTS1 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 αvβ3 activity and the suppression of interactions between PCa cell 
integrin αvβ3 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) (Figure 1), 
particularly HIF-1α, 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-1α 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 as a 
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-1α 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-β1/Smad/MMP9 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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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 (Figure 1).

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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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 2α (HIF 1A and HIF 2A) overexpression are involved in tumor immune 
escape and promote tumorigenesis [15, 16]. Under hypoxic conditions, activation of 

Figure 1. 
TCM regulates immune cells and restores their function by regulating tumor metabolism, hypoxic environment, 
and immune checkpoint.
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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-1α 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-1α 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-1α 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/CXCR2 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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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 

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.
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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 U87MG 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 β-catenin-wnt/β-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-1β, IL-6, IL-10, and TNF-α) 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 β-sitosterol, 
which could down-regulate the levels of IL-6, IFN-γ, and TNF-α in hepatocellular 
carcinoma mice, but down-regulate the levels of IL-10 [65]. It can also increase the 
levels of CD8 and IFN-γ/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, Paeony, orange peel, 
and windbreak, can increase the serum levels of IFN-γ, 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-α, 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, Jab1/CSN5, and non-coding RNA, and 
berberine inhibiting specificity protein 1 (Sp1), 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 has a 
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-κB signaling pathway, and Wnt/β-
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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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 
a novel 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 al.’s 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 Hu5F9-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 Hu5F9-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 

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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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 μm [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) (Figure 2) [4, 5].
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1.1 Phagocytosis

Neutrophils are professional phagocytes. Phagocytosis is a cellular process for 
ingesting and eliminating particles larger than 0.5 μm 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].

Figure 1. 
Neutrophil 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].
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1.3 Neutrophil extracellular traps

When microorganisms are larger than 0.5 μm 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]. 

Figure 2. 
Neutrophil release, migration, and functions. a) Neutrophils mature and are released from the bone marrow 
into the bloodstream. b) Neutrophils circulate in the bloodstream until they are 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 
release of neutrophil extracellular traps to capture and kill pathogens [4, 5].
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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 



New Updates in Tumor Microenvironment

102

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) (Table 1) [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 
OATP1B1 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 
(years)

Cancer type

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

Table 1. 
Most common types of cancer according 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 jirovecii, 
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: Cytomegalovirus; 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].

6.1 Risk 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.

Acknowledgements

Authors thank Israel Alvarado Oaxaca for helping with references edition. 
Research in authors’ laboratories is supported in part by grant PAPIIT IN222120 
(to EU-Q ) and PAPIIT IN205523 (to CR) from Dirección General de Asuntos 
del Personal Académico, Universidad Nacional Autónoma de México, and grant 
CF-2023-I-610 (to CR) from Consejo Nacional de Humanidades, Ciencia y Tecnología 
(CONAHCyT), Mexico.

© 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. 



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

111

References

[1] Chapple ILC, Hirschfeld J, Kantarci A, 
Wilensky A, Shapira L. The role of the 
host-neutrophil biology. Periodontology 
2000. 2000;2023:1-47 DOI: 10.1111/
prd.12490

[2] Bouma G, Ancliff P, Thrasher A,  
Burns S. Recent advances in 
the understanding of genetic 
defects of neutrophil number 
and function. British Journal of 
Haematology. 2010;151(4):312-326. 
DOI: 10.1111/j.1365-2141.2010.08361.x

[3] Rosales C. Neutrophils at the 
crossroads of innate and adaptive 
immunity. Journal of Leukocyte Biology. 
2020;108:377-396. DOI: 10.1002/
JLB.4MIR0220-574RR

[4] Rosales C, Lowell CA, Schnoor M, 
Uribe-Querol E. Neutrophils: Their 
role in innate and adaptive immunity 
2017. Journal of Immunology 
Research. 2017;2017:9748345. 
DOI: 10.1155/2017/9748345

[5] Rosales C, Uribe-Querol E. Neutrophil 
activation by antibody receptors. 
In: Khajah M, editor. Neutrophils. 
Rijeka, Croacia: InTech; 2018. pp. 1-87. 
DOI: 10.5772/intechopen.80666

[6] Uribe-Querol E, Rosales C. 
Phagocytosis: Our current understanding 
of a universal biological process. 
Frontiers in Immunology. 2020;11:1066. 
DOI: 10.3389/fimmu.2020.01066

[7] Yin C, Heit B. Armed for destruction: 
Formation, function and trafficking 
of neutrophil granules. Cell and 
Tissue Research. 2018;371:455-471. 
DOI: 10.1007/s00441-017-2731-8

[8] Fuchs T, Abed U, Goosmann C, 
Hurwitz R, Schulze I, Wahn V, et al. 

Novel cell death program leads to 
neutrophil extracellular traps. The 
Journal of Cell Biology. 2007;176:231-241. 
DOI: 10.1083/jcb.200606027

[9] Peiseler M, Kubes P. More friend than 
foe: The emerging role of neutrophils 
in tissue repair. The Journal of Clinical 
Investigation. 2019;129:2629-2639. 
DOI: 10.1172/JCI124616

[10] Rosales C, Uribe-Querol E. 
Chapter4: Neutrophil role in periodontal 
disease. In: Khajah MA, editor. Role of 
Neutrophils in Disease Pathogenesis. 
Rijeka, Croacia: InTech; 2017. pp. 67-88. 
DOI: 10.5772/67789

[11] Rosales C. Neutrophils vs. amoebas: 
Immunity against the protozoan parasite 
Entamoeba histolytica. Journal of 
Leukocyte Biology. 2021;110:1241-1252. 
DOI: 10.1002/JLB.4MR0521-849RR

[12] Mercer F, Ng SH, Brown TM, 
Boatman G, Johnson PJ. Neutrophils 
kill the parasite trichomonas vaginalis 
using trogocytosis. PLoS Biology. 
2018;16:e2003885. DOI: 10.1371/journal.
pbio.2003885

[13] Fonseca Z, Uribe-Querol E, 
Díaz-Godínez C, Carrero JC, Rosales C. 
Pathogenic Entamoeba histolytica, 
but not Entamoeba dispar, induce 
neutrophil extracellular trap (NET) 
formation. Journal of Leukocyte Biology. 
2019;105:1167-1181. DOI: 10.1002/JLB.
MA0818-309RRR

[14] Uribe-Querol E, Rosales C. The 
multiple roles of trogocytosis in 
immunity, the nervous system, and 
development. BioMed Research 
International. 2021;2021:1601565. 
DOI: 10.1155/2021/1601565



New Updates in Tumor Microenvironment

112

[15] Olivera-Valle I, Latorre MC, Calvo M, 
Gaspar B, Gómez-Oro C, Collazos A, 
et al. Vaginal neutrophils eliminate sperm 
by trogocytosis. Human Reproduction. 
2020;35:2567-2578. DOI: 10.1093/
humrep/deaa198

[16] Uribe-Querol E, Rosales C.  
Neutrophils actively contribute to 
obesity-associated inflammation and 
pathological complications. Cell. 
2022;11:1883. DOI: 10.3390/cells11121883

[17] Song C, Li H, Mao Z, Peng L, Liu B, 
Lin F, et al. Delayed neutrophil apoptosis 
may enhance NET formation in ARDS. 
Respiratory Research. 2022;23:155.  
DOI: 10.1186/s12931-022-02065-y

[18] Cavalcante-Silva LHA, 
Carvalho DCM, Lima É, Galvão JGFM, 
da Silva JSF, Sales-Neto JM, et al. 
Neutrophils and COVID-19: The road so 
far. International Immunopharmacology. 
2021;90:107233. DOI: 10.1016/j.
intimp.2020.107233

[19] Stiel L, Meziani F, Helms J.  
Neutrophil activation during septic 
shock. Shock. 2018;49:371-384. 
DOI: 10.1097/SHK.0000000000000980

[20] Villarreal M. Neutropenia: 
A brief review. Pediatric Annals. 
2023;52:e238-e241. DOI: 10.3928/19382359-
20230411-01

[21] Kim J, Hwang S, Hwang N, 
Lee Y, Cho HJ, Moon JH, et al. Severe 
congenital neutropenia mimicking 
chronic idiopathic neutropenia: A case 
report. Journal of Yeungnam Medical 
Science. 2023;40:283-288. DOI: 10.12701/
jyms.2022.00353

[22] Dale D, Bolyard A. An update on 
the diagnosis and treatment of chronic 
idiopathic neutropenia. Current 
Opinion in Hematology. 2017;24:46-53. 
DOI: 10.1097/MOH.0000000000000305

[23] Fragiadaki I, Papadakis S, 
Sevastaki G, Sfyridaki K, Mavroudi I, 
Goulielmos G, et al. Increased frequency 
of the single nucleotide polymorphism 
of the DARC/ACKR1 gene associated 
with ethnic neutropenia in a 
cohort of European patients with 
chronic idiopathic neutropenia. 
American Journal of Hematology. 
2020;95:E163-E166. DOI: 10.1002/
ajh.25813

[24] Xia J, Bolyard A, Rodger E, Stein S, 
Aprikyan A, Dale D, et al. Prevalence 
of mutations in ELANE, GFI1, 
HAX1, SBDS, WAS and G6PC3 
in patients with severe congenital 
neutropenia. British Journal of 
Haematology. 2009;147:535-542. 
DOI: 10.1111/j.1365-2141.2009.07888.x

[25] Pogozhykh D, Yilmaz 
Karapinar D, Klimiankou M, 
Gerschmann N, Ebetsberger-Dachs G, 
Palmblad J, et al. HAX1-related 
congenital neutropenia: Long-term 
observation in paediatric and adult 
patients enrolled in the European branch 
of the severe chronic neutropenia 
international registry (SCNIR). British 
Journal of Haematology. 2023;202:393-
411. DOI: 10.1111/bjh.18840

[26] Ozdemir ZC, Kar YD, Kasaci B, 
Bor O. Etiological causes and prognosis 
in children with neutropenia. North 
Clinical Istanbul. 2021;8:236-242. 
DOI: 10.14744/nci.2020.65624

[27] Ogbue OD, Kewan T, Bahaj WS, 
Gurnari C, Visconte V, Maciejewski JP. 
New approaches to idiopathic neutropenia 
in the era of clonal hematopoiesis. 
Experimental Hematology & 
Oncology. 2023;12:42. DOI: 10.1186/
s40164-023-00403-4

[28] Donadieu J, Frenz S, Merz L,  
Sicre De Fontbrune F, Rotulo GA, 
Beaupain B, et al. Chronic neutropenia: 



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

113

How best to assess severity and 
approach management? Expert Revue 
d'Hématologie. 2021;14:945-960. 
DOI: 10.1080/17474086.2021.1976634

[29] Krzyzanowski D, Oszer A, Madzio J, 
Zdunek M, Kolodrubiec J, Urbanski B, 
et al. The paradox of autoimmunity 
and autoinflammation in inherited 
neutrophil disorders – In search 
of common patterns. Frontiers in 
Immunology. 2023;14:1128581. 
DOI: 10.3389/fimmu.2023.1128581

[30] Nepesov S, Yaman Y, Elli M, 
Bayram N, Ozdilli K, Ayaz A, et al. 
Chronic neutropenia in childhood: 
Laboratory and clinical features. Indian 
Journal of Pediatrics. 2022;89:894-898. 
DOI: 10.1007/s12098-022-04104-4

[31] Binz P, Bodmer N, Leibundgut K, 
Teuffel O, Niggli FK, Ammann RA. 
Different fever definitions and the rate 
of fever and neutropenia diagnosed in 
children with cancer: A retrospective 
two-center cohort study. Pediatric 
Blood & Cancer. 2013;60:799-805. 
DOI: 10.1002/pbc.24380

[32] Cennamo F, Masetti R, Largo P,  
Argentiero A, Pession A, Esposito S.  
Update on febrile neutropenia 
in pediatric pncological patients 
undergoing chemotherapy. Children 
(Basel). 2021;8:1086. DOI: 10.3390/
children8121086

[33] Masetti R, D'Amico F, Zama D, 
Leardini D, Muratore E, Ussowicz M, 
et al. Febrile neutropenia duration 
is associated with the severity of gut 
microbiota dysbiosis in pediatric 
allogeneic hematopoietic stem cell 
transplantation recipients. Cancers 
(Basel). 2022;2022:14. DOI: 10.3390/
cancers14081932

[34] Davis K, Wilson S. Febrile 
neutropenia in paediatric oncology. 

Paediatric Child Health (Oxford). 
2020;30:93-97. DOI: 10.1016/j.
paed.2019.12.002

[35] Boccia R, Glaspy J, Crawford J,  
Aapro M. Chemotherapy-induced 
neutropenia and febrile neutropenia 
in the US: A beast of burden that 
needs to be tamed? The Oncologist. 
2022;27(8):625-636. DOI: 10.1093/
oncolo/oyac074

[36] Lima M, de Sá RK, Vanucci M, 
da Silva P, Baeta T, Oliveira I, et al. 
Bloodstream infection in pediatric 
patients with febrile neutropenia induced 
by chemotherapy. Hematological 
Transfusion Cell Therapy. 2023;45:170-
175. DOI: 10.1016/j.htct.2021.08.005

[37] Macher E, Dubos F, Garnier N,  
Delebarre M, De Berranger E, 
Thebaud E, et al. Predicting the risk of 
severe bacterial infection in children 
with chemotherapy-induced febrile 
neutropenia. Pediatric Blood & Cancer. 
2010;55:662-667. DOI: 10.1002/pbc.22586

[38] Trebinska-Stryjewska A, Wakula M, 
Chmielarczyk M, Grzybowska EA. HAX1: 
A versatile, intrinsically disordered 
regulatory protein. Biochimica 
Biophysica Acta Molecular and Cell 
Research. 2023;1870:119538. DOI: 
10.1016/j.bbamcr.2023.119538

[39] Boutakoglou E, Klimiankou M,  
Tsaknakis G, Drakos E, Skokowa J,  
Papadaki H. Identification of GFI1 
mutations in adult patients with 
congenital neutropenia. Annals of 
Hematology. 2022;101:2771-2773. 
DOI: 10.1007/s00277-022-04977-7

[40] Rydzynska Z, Pawlik B, 
Krzyzanowski D, Mlynarski W, Madzio J. 
Neutrophil elastase defects in congenital 
neutropenia. Frontiers in Immunology. 
2021;12:653932. DOI: 10.3389/
fimmu.2021.653932



New Updates in Tumor Microenvironment

114

[41] Patil VH, Hugar SM, Balikai G,  
Patil S. Severe congenital cyclic 
neutropenia: A case report. 
International Journal of Applied & 
Basic Medical Research. 2016;6:293-296. 
DOI: 10.4103/2229-516X.192598

[42] Carlsson G, Fasth A, Berglöf E, 
Lagerstedt-Robinson K, Nordenskjöld M, 
Palmblad J, et al. Incidence of severe 
congenital neutropenia in Sweden and 
risk of evolution to myelodysplastic 
syndrome/leukaemia. British Journal 
of Haematology. 2012;158:363-369. 
DOI: 10.1111/j.1365-2141.2012.09171.x

[43] Dong F, Brynes RK, Tidow N,  
Welte K, Löwenberg B, Touw IP. 
Mutations in the gene for the granulocyte 
colony-stimulating-factor receptor in 
patients with acute myeloid leukemia 
preceded by severe congenital 
neutropenia. The New England 
Journal of Medicine. 1995;333:487-493. 
DOI: 10.1056/NEJM199508243330804

[44] Freedman MH, Alter BP. Risk 
of myelodysplastic syndrome and 
acute myeloid leukemia in congenital 
neutropenias. Seminars in Hematology. 
2002;39:128-133. DOI: 10.1053/
shem.2002.31912

[45] Neville B, Damm D, Allen C, Chi A. 
Oral and Maxillofacial Pathology. Fifth 
Edition ed. St. Louis, MI; 2023. p. 992

[46] Chen X, Peng W, Zhang Z, 
Wu Y, Xu J, Zhou Y, et al. ELANE gene 
mutation-induced cyclic neutropenia 
manifesting as recurrent fever with 
oral mucosal ulcer: A case report. 
Medicine. 2018;97:e0031. DOI: 10.1097/
MD.0000000000010031

[47] Fioredda F, Skokowa J,  
Tamary H, Spanoudakis M, 
Farruggia P, Almeida A, et al. The 
European guidelines on diagnosis and 
Management of Neutropenia in adults 

and children: A consensus between 
the European Hematology Association 
and the EuNet-INNOCHRON COST 
action. Hema. 2023;7:e872. DOI: 10.1097/
HS9.0000000000000872

[48] Gay K, Dulay K, Ravindranath Y, 
Savasan S. Duffy-null phenotype-
associated neutropenia is the most 
common etiology for leukopenia/
neutropenia referrals to a tertiary 
Children's hospital. The Journal 
of Pediatrics. 2023;262:113608. 
DOI: 10.1016/j.jpeds.2023.113608

[49] Atallah-Yunes SA, Ready A,  
Newburger PE. Benign ethnic 
neutropenia. Blood Reviews. 
2019;37:100586. DOI: 10.1016/j.
blre.2019.06.003

[50] Merz LE, Story CM, Osei MA, 
Jolley K, Ren S, Park HS, et al. Absolute 
neutrophil count by Duffy status among 
healthy Black and African American 
adults. Blood Advances. 2023;7:317-320. 
DOI: 10.1182/bloodadvances.2022007679

[51] Chirico G. Neutropenia in preterm 
infants. Current Pediatric Reviews. 
2023;19:352-356. DOI: 10.2174/157339631
9666221216121530

[52] Rocha G. Consequences of early-
onset preeclampsia on neonatal 
morbidity and mortality. Minerva 
Pediatric (Torino). 2023;75:87-97. 
DOI: 10.23736/S2724-5276.22.06714-3

[53] Höher G, Fiegenbaum M, Almeida S. 
Molecular basis of the Duffy blood group 
system. Blood Transfusion. 2018;16:93-
100. DOI: 10.2450/2017.0119-16

[54] Barreto M, Lipay M, Santos L, 
Sirianni M, Costa T, Castilho L, et al. 
Duffy phenotyping and FY*B-67T/C 
genotyping as screening test for 
benign constitutional neutropenia. 
Hematological Transfusion Cell Therapy. 



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

115

2021;43:489-493. DOI: 10.1016/j.
htct.2020.08.015

[55] Dale DC, Bolyard AA, 
Aprikyan A. Cyclic neutropenia. Seminars 
in Hematology. 2002;39:89-94. 
DOI: 10.1053/shem.2002.31917

[56] Horwitz MS, Duan Z, Korkmaz B, 
Lee HH, Mealiffe ME, Salipante SJ. 
Neutrophil elastase in cyclic and severe 
congenital neutropenia. Blood. 
2007;109:1817-1824. DOI: 10.1182/
blood-2006-08-019166

[57] Horwitz MS, Corey SJ, Grimes HL, 
Tidwell T. ELANE mutations in cyclic 
and severe congenital neutropenia: 
Genetics and pathophysiology. 
Hematology/Oncology Clinics of 
North America. 2013;27(19-41):vii. 
DOI: 10.1016/j.hoc.2012.10.004

[58] Spoor J, Farajifard H, 
Keshavarz-Fathi M, Rezaei N. Historical 
cohort of severe congenital neutropenia 
in Iran: Clinical course, laboratory 
evaluation, treatment, and survival. 
Journal of Pediatric Hematology/
Oncology. 2023;45:e643-e649. 
DOI: 10.1097/MPH.0000000000002670

[59] Zeng W, Song Y, Wang R, 
He R, Wang T. Neutrophil elastase: From 
mechanisms to therapeutic potential. 
Journal of Pharmaceutical Analysis. 
2023;13:355-366. DOI: 10.1016/j.
jpha.2022.12.003

[60] Pérez-Figueroa E, 
Álvarez-Carrasco P, Ortega E, 
Maldonado-Bernal C. Neutrophils: Many 
ways to die. Frontiers in Immunology. 
2021;12:631821. DOI: 10.3389/
fimmu.2021.631821

[61] Goda S, Karakawa S, Okada S, 
Kawaguchi H, Kurita E, Noma M, et al. 
Clinical significance of human 
neutrophil antigen-1 antibodies in 

children with neutropenia. International 
Journal of Hematology. 2023;118:627-635. 
DOI: 10.1007/s12185-023-03661-4 

[62] Ferlay J, Ervik M, Lam F, 
Colombet M, Mery L, Piñeros M, et al. 
Global Cancer Observatory: Cancer 
Today. Lyon, France: International 
Agency for Research on Cancer; [Internet] 
2020. Available from: https://gco.iarc.fr/
today. [Accessed: October 04, 2023

[63] National Cancer Institute.  
NCCR*Explorer: An interactive  
website for NCCR cancer statistics 
[Internet]. 2023. Available from:  
https://nccrexplorer.ccdi.cancer.gov

[64] Evans WE, Crom WR,  
Abromowitch M, Dodge R, 
Look AT, Bowman WP, et al. Clinical 
pharmacodynamics of high-dose 
methotrexate in acute lymphocytic 
leukemia. Identification of a relation 
between concentration and effect. The 
New England Journal of Medicine. 
1986;314:471-477. DOI: 10.1056/
NEJM198602203140803

[65] Grem JL, King SA, Wittes RE,  
Leyland-Jones B. The role of 
methotrexate in osteosarcoma. Journal 
of the National Cancer Institute. 
1988;80:626-655. DOI: 10.1093/
jnci/80.9.626

[66] Ferreri AJ, Reni M, Foppoli M, 
Martelli M, Pangalis GA, Frezzato M, 
et al. High-dose cytarabine plus high-
dose methotrexate versus high-dose 
methotrexate alone in patients with 
primary CNS lymphoma: A randomised 
phase 2 trial. Lancet. 2009;374:1512-1520. 
DOI: 10.1016/S0140-6736(09)61416-1

[67] Taylor Z, Vang J, Lopez-Lopez E, 
Oosterom N, Mikkelsen T, Ramsey L. 
Systematic review of pharmacogenetic 
factors that influence high-dose 
methotrexate pharmacokinetics 



New Updates in Tumor Microenvironment

116

in pediatric malignancies. Cancers 
(Basel). 2021;2021:13. DOI: 10.3390/
cancers13112837

[68] Molica M, Perrone S, Rossi M. 
Gilteritinib: The Story of a proceeding 
success into hard-to-treat FLT3-mutated 
AML patients. Journal of Clinical 
Medicine. 2023;2023:12. DOI: 10.3390/
jcm12113647

[69] Perl AE, Martinelli G, Cortes JE, 
Neubauer A, Berman E, Paolini S, et al. 
Gilteritinib or chemotherapy for relapsed 
or refractory FLT3-mutated AML. The 
New England Journal of Medicine. 
2019;381:1728-1740. DOI: 10.1056/
NEJMoa1902688

[70] Daver N, Perl AE, Maly J, Levis M, 
Ritchie E, Litzow M, et al. Venetoclax 
plus Gilteritinib for FLT3-mutated 
relapsed/refractory acute myeloid 
leukemia. Journal of Clinical Oncology. 
2022;40:4048-4059. DOI: 10.1200/
JCO.22.00602

[71] Rider NL, Jameson MB, 
Creech CB. Chronic granulomatous 
disease: Epidemiology, pathophysiology, 
and genetic basis of disease. Journal of 
Pediatric Infectious Disease Society. 
2018;7:S2-S5. DOI: 10.1093/jpids/piy008

[72] Boeriu E, Borda A, Vulcanescu DD, 
Sarbu V, Arghirescu ST, Ciorica O, et al. 
Diagnosis and management of febrile 
neutropenia in pediatric oncology 
patients-a systematic review. Diagnostics 
(Basel). 2022;12:1800. DOI: 10.3390/
diagnostics12081800

[73] Voulgaridou A, Athanasiadou KI,  
Athanasiadou E, Roilides E,  
Papakonstantinou E. Pulmonary 
infectious complications in children 
with hematologic malignancies and 
chemotherapy-induced neutropenia. 
Diseases. 2020;8:32. DOI: 10.3390/
diseases8030032

[74] Fisher BT. Fungal diagnostic testing 
and therapy: Navigating the neutropenic 
period in children with high-risk 
leukemia. Hematology. American Society 
of Hematology. Education Program. 
2021;2021:361-367. DOI: 10.1182/
hematology.2021000267

[75] Kapandji N, Azoulay E, Zafrani L.  
Recent advances in neutropenic 
enterocolitis: Insights into the role 
of gut microbiota. Blood Reviews. 
2022;54:100944. DOI: 10.1016/j.
blre.2022.100944

[76] Kassisse LJ, Delpiano ML, López DF, 
Espinoza GA. Neutropenic enterocolitis 
in the pediatric cancer patient. Revista 
Chilena de Infectología. 2022;39:59-69. 
DOI: 10.4067/S0716-10182022000100059

[77] van den Bosch C, van Woensel J, van 
de Wetering M. Prophylactic antibiotics 
for preventing gram-positive infections 
associated with long-term central 
venous catheters in adults and children 
receiving treatment for cancer. 
Cochrane Database of Systematic 
Reviews. 2021;10:CD003295. DOI: 
10.1002/14651858.CD003295.pub4

[78] Morgan JE, Phillips B, Haeusler GM, 
Chisholm JC. Optimising antimicrobial 
selection and duration in the treatment 
of febrile neutropenia in children. 
Infectious Drug Resistant. 2021;14: 
1283-1293. DOI: 10.2147/IDR.S238567

[79] Avcu G, Karadas N, Goktepe SO, 
Bal ZS, Metin DY, Polat SH, et al. Invasive 
fungal infections in children with acute 
myeloid Leukemia: A single-center 
experience over 19 years. Journal of 
Pediatric Hematology/Oncology. 
2023;45:392-397. DOI: 10.1097/
MPH.0000000000002723

[80] Neoh CF, Chen SCA, Crowe A,  
Hamilton K, Nguyen QA, Marriott D,  
et al. Invasive Scedosporium and 



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

117

Lomentospora prolificans infections in 
Australia: A Multicenter retrospective 
cohort study. Open Forum Infectious 
Diseases. 2023;10:ofad059. DOI: 10.1093/
ofid/ofad059

[81] Yang B, Wei Z, Wu M, Lai Y, Zhao W. 
A clinical analysis of Candida tropicalis 
bloodstream infections associated 
with hematological diseases, and 
antifungal susceptibility: A retrospective 
survey. Frontiers in Microbiology. 
2023;14:1092175. DOI: 10.3389/
fmicb.2023.1092175

[82] Kumar J, Singh A, Seth R, 
Xess I, Jana M, Kabra SK. Prevalence 
and predictors of invasive fungal 
infections in children with persistent 
febrile neutropenia treated for acute 
leukemia – A prospective study. Indian 
Journal of Pediatrics. 2018;85:1090-1095. 
DOI: 10.1007/s12098-018-2722-0

[83] Maddy AJ, Sanchez N, Shukla BS,  
Maderal AD. Dermatological 
manifestations of fungal infection in 
patients with febrile neutropaenia: 
A review of the literature. Mycoses. 
2019;62:826-834. DOI: 10.1111/
myc.12928

[84] Ozen S, Ozdemir H, Taskin EC, 
Arga G, Konca HK, Cakmakli HF, 
et al. Pediatric invasive Aspergillosis: 
A retrospective review of 59 cases. 
Japanese Journal of Infectious Diseases. 
2023;76:113-119. DOI: 10.7883/yoken.
JJID.2022.346

[85] Nucci M, Colombo AL. 
Emergence of resistant Candida in 
neutropenic patients. The Brazilian 
Journal of Infectious Diseases. 
2002;6:124-128. DOI: 10.1590/
s1413-86702002000300004

[86] Konsoula A, Agouridis A, Markaki L, 
Tsioutis C, Spernovasilis N. Lomentospora 
prolificans disseminated infections: A 

systematic review of reported cases. 
Pathogens. 2022;12:67. DOI: 10.3389/
fimmu.2023.1128581

[87] Krasuska-Slawinska E, 
Klaudel-Dreszler M, Minota M, 
Pozyczka-Fedor M, Olczak-Kowalczyk D, 
Minko-Chojnowska I. Manifestation of 
severe congenital neutropenia in the oral 
cavity. Case report. Central European 
Journal of Immunology. 2013;48:70-74. 
DOI: 10.5114/ceji.2023.125312

[88] Cortés-Vieyra R, Rosales C, 
Uribe-Querol E. Neutrophil functions 
in periodontal homeostasis. 
Journal of Immunology 
Research. 2016;2016:1396106. 
DOI: 10.1155/2016/1396106

[89] Nishi H, Ohta K, Kuramoto Y, 
Shigeishi H, Obayashi T, Yoshioka Y, 
et al. Periodontal inflamed surface area 
in oral cavity associated with febrile 
neutropenia in patients with hematologic 
malignancy undergoing chemotherapy. 
Scientific Reports. 2022;12:2483. 
DOI: 10.1038/s41598-022-06485-0

[90] Villeneuve S, Aftandilian C. 
Neutropenia and infection prophylaxis 
in childhood cancer. Current Oncology 
Reports. 2022;24:671-686. DOI: 10.1007/
s11912-022-01192-5

[91] Oskarsson T, Soderhall S, Arvidson J, 
Forestier E, Frandsen TL, Hellebostad M, 
et al. Treatment-related mortality in 
relapsed childhood acute lymphoblastic 
leukemia. Pediatric Blood & Cancer. 
2018;2018:65. DOI: 10.1002/pbc.26909

[92] Taplitz RA, Kennedy EB, Bow EJ, 
Crews J, Gleason C, Hawley DK, et al. 
Antimicrobial prophylaxis for 
adult patients with cancer-related 
immunosuppression: ASCO and IDSA 
clinical practice guideline update. Journal 
of Clinical Oncology. 2018;36:3043-3054. 
DOI: 10.1200/JCO.18.00374



New Updates in Tumor Microenvironment

118

[93] Lehrnbecher T, Fisher BT, 
Phillips B, Alexander S, Ammann RA, 
Beauchemin M, et al. Guideline for 
antibacterial prophylaxis administration 
in pediatric cancer and hematopoietic 
stem cell transplantation. Clinical 
Infectious Diseases. 2020;71:226-236. 
DOI: 10.1093/cid/ciz1082

[94] Margolis EB, Hakim H, Dallas RH, 
Allison KJ, Ferrolino J, Sun Y, et al. 
Antibiotic prophylaxis and the 
gastrointestinal resistome in paediatric 
patients with acute lymphoblastic 
leukaemia: A cohort study with 
metagenomic sequencing analysis. 
Lancet Microbe. 2021;2:e159-e167. 
DOI: 10.1016/s2666-5247(20)30202-0

[95] Yang M, Lu X, Xin L, Luo J, Diao S, 
Jia Z, et al. Comparative effectiveness and 
safety of antibiotic prophylaxis during 
induction chemotherapy in children with 
acute leukaemia: A systematic review and 
meta-analysis. The Journal of Hospital 
Infection. 2023;136:20-29. DOI: 10.1016/j.
jhin.2023.03.003

[96] Stafylidis C, Diamantopoulos P,  
Athanasoula E, Solomou E, 
Anastasopoulou A. Acute lymphoblastic 
leukemia and invasive mold infections: 
A challenging field. Journal of Fungi 
(Basel). 2022;2022:8. DOI: 10.3390/
jof8111127

[97] Stemler J, Mellinghoff SC, 
Khodamoradi Y, Sprute R, Classen AY, 
Zapke SE, et al. Primary prophylaxis 
of invasive fungal diseases in patients 
with haematological malignancies: 
2022 update of the recommendations of 
the Infectious Diseases Working Party 
(AGIHO) of the German Society for 
Haematology and Medical Oncology 
(DGHO). The Journal of Antimicrobial 
Chemotherapy. 2023;78:1813-1826. 
DOI: 10.1093/jac/dkad143

[98] Melenotte C, Lamoth F,  
Calandra T, Garcia-Hermoso D, 
Aimanianda V, Lanternier F, et al. What 
is new in pulmonary mucormycosis? 
Journal of Fungi (Basel). 2023;9:307. 
DOI: 10.3390/jof9030307

[99] Folino F, Menis C, Di Pietro G,  
Pinzani R, Marchisio P, Bosis S. 
Incidental occurrence of neutropenia 
in children hospitalised for COVID-19. 
Italian Journal of Pediatrics. 2022;48:43. 
DOI: 10.1186/s13052-022-01234-5

[100] Zhang Z, Yuan W, Deng J, Wang D, 
Zhang T, Peng L, et al. Granulocyte 
colony stimulating factor (G-CSF) 
regulates neutrophils infiltration and 
periodontal tissue destruction in an 
experimental periodontitis. Molecular 
Immunology. 2020;117:110-121. 
DOI: 10.1016/j.molimm.2019.11.003





New Updates in  
Tumor Microenvironment

Edited by Samuel Evans Adunyah

Edited by Samuel Evans Adunyah

This book covers interesting aspects of the tumor microenvironment (TME), its 
biological functions, regulation, and the challenges it poses to achieving cancer therapy. 

The TME consists of numerous biological components, including various cell types, 
cytokines, chemokines, pro-tumor factors, and anti-immune factors, which promote 

tumor growth, proliferation, tumor survival, anti-apoptosis, and development of tumor 
drug resistance. This book provides new updates on the biological properties of TME 

and its impacts on various cancer types.

Published in London, UK 

©  2025 IntechOpen 
©  Md Saiful Islam Khan / iStock

ISBN 978-0-85466-941-7

N
ew

 U
pdates in Tum

or M
icroenvironm

ent

ISBN 978-0-85466-942-4


	New Updates in Tumor Microenvironment
	Contents
	Preface
	Chapter1
Introductory Chapter: New Updates inTumor Microenvironment
	Chapter2
Roles of Chemokines in Influencing Tumor Microenvironment in Breast Cancer
	Chapter3
Challenges of Targeting Tumor Microenvironment in Prostate Cancer
	Chapter4
Research Progress on the Influence of Traditional Chinese Medicine on Tumor MicroenvironmentTherapy
	Chapter5
Breaking Barriers: Unleashing the Potential of ABO Blood Group Antigen Therapy in the Battle against Solid Tumors
	Chapter6
Neutropenia in Pediatric Oncological Patients



