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Preface

Macrophages are key cells of the immune system. They have varied roles at the
homeostasis level. Due to their plasticity, they can modulate their activation profile,
or polarization profile, which gives them the possibility of adapting to different
stimuli within a tissue. They are thus involved in the pathophysiology of many
inflammatory diseases, infections, and cancer. This book offers chapters that give
an overview of the function of macrophages from their physiological role to their
involvement in pathologies. Each chapter offers a future perspective and also opens
this theme of macrophages to new investigations. The book will be of great use to
students and researchers in immuno-biology, immuno-oncology, and translational
immuno-infectiology. I would like to thank all those who have contributed to the
success of this book.

Soraya Mezouar and Jean-Louis Mege
Anthropologie bio-culturelle, droit, éthique et santé (ADES),
Marseille, France
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Chapter1

Macrophages: Molecular Pathways
and Immunometabolic Processes

Rakeeb Ahmad Mir, Owais M. Bhat, Abid Hamid Day,
Mohammad Muzamil Shah and Nissar Ahmad Wani

Abstract

Macrophages, key players in the myeloid series, are vital for innate immunity,
inflammation, pathogen elimination, host defense, and tissue repair. Their polarization
can produce M1 and M2 phenotypes. At locations of tissue damage, M1 macrophages
are triggered by TLR agonists or IFN-y, leading to the production of pro-inflammatory
cytokines such as IL-1p, TNF-a, IFN-y, and IL-12, as well as reactive oxygen species
(ROS). In contrast, M2 macrophages that IL-4 and IL-13 have stimulated produce
TGF-p, IL-6, and IL-10, which are anti-inflammatory cytokines. Additionally, these
cells transform arginine into ornithine, which stimulates the production of collagen
and cell division, which are essential for wound healing, neoangiogenesis, and tissue
remodeling. The regulation of damage, inflammation, and tissue repair depends on
macrophages’ capacity to dynamically alter their phenotype in response to external
stimuli, including signals from pathogens, dying cells, and activated lymphocytes. M2
macrophages sustain tumor microenvironments, encourage endothelium development,
and progress malignancy in neoplastic tissues. This chapter delves into the complex
interplay of macrophage polarization, metabolism, and the advancement of illness.

It emphasizes the molecular pathways, activation states, and potential therapeutic
applications in conditions such as inflammation, cancer, cardiovascular diseases, and
other afflictions.

Keywords: macrophage polarization, M-1 macrophages, inflammation,
immunometabolism, disease pathogenesis

1. Introduction

Macrophages are part of the Myeloid series that play an essential role in innate
immunity, apart from other responsibilities like acute and chronic inflammation,
pathogen killing, host defense, and tissue repair. Macrophages can polarize into two
main phenotypes, M1 and M2, which are also non-sensical. M1 macrophages release
cytokines such as IL-1, IFN-y, TNF- o, and IL-12 [1]. In contrast, M2 macrophages
secrete cytokines that play the function of anti-inflammation, which include IL-6,
IL-10, and TGF-p [1].

Macrophages are highly versatile cells with multifunctional characteristics, and
they also readily change their phenotypes depending on the signals readily available
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or existing within a particular milieu, for instance, signals from dying cells, micro-
organisms, or activated lymphocytes [2]. The above signaling makes macrophages
polarize and become activated. M1 macrophages are induced through TLR agonists
or IFN-y in response to pathogens and produce inflammatory cytokines and ROS at
the site of tissue injury [3]. This M1 process is flagged in the occurrence of injuries
and inflammation at the response site, while M2 macrophages are activated by the
cytokines IL4 and IL13. M2 macrophages can alter the metabolism of arginine, which
results in the production of ornithine [4]. As for ornithine, when its levels rise, the
productivity of collagen synthesis and cell division also rises [5]. During the process
of converting M1 to M2 during wound repairing, a change in phenotype from M1 to
M2 causes tissue remodeling, neoangiogenesis, and wound healing [6]. In neoplastic
tissue, self-renewal of M2 macrophages involves being part of endothelial growth and
cancer spreading [7, 8].

This chapter aims to clarify the interconnection between polarization, metabo-
lism, and consequent disease progression in macrophages. It presents all the classical
and non-classical states of macrophage activation and molecular aspects of macro-
phage polarization and metabolism shifts associated with the polarization events.

In addition, the chapter reflects on the present knowledge of the processes involved
in macrophage polarization and its impact on inflammation, cancer, cardiovascular
diseases, and other diseases and on the clinical implications of these findings.

2. Macrophage polarization

Macrophages belong to a group of immune cells classified as the myeloid lineage,
which plays a critical role in several physiological and pathological conditions encom-
passing acute and chronic inflammation, pathogen recognition, host defense, and
tissue reformation. Macrophages are culpable for phagocytosis, antigen presentation
to adaptive immune cells, and secretion of immunoregulatory cytokines such as
macrophage colony-stimulating factor (M-CSF) and macrophage migration inhibi-
tory factor (MIF), and chemokines such as CCL5, CCL7, CCL20, and macrophage
inflammatory protein la. Moreover, macrophages contribute to angiogenesis, tissue
repair, and enhance inflammatory pathologies. During inflammation, macrophages
promote lymphangiogenesis by transdifferentiation into lymphatic endothelial cells,
and secreting various growth factors and proteases that contribute to lymphatic vessel
formation which in turn leads to tumor metastasis. All macrophages, regardless of
the origin are regulated by a class III, transmembrane tyrosine kinase receptor that
is expressed on most mononuclear phagocytic cells known as macrophage colony-
stimulating factor 1 receptor (CSF1R). Macrophages also express granulocyte-mac-
rophage colony-stimulating factor (GM-CSF), and IL-3 acts as a macrophage growth
factor in tissue culture.

There is a high degree of heterogeneity in tumor-associated macrophages (TAM),
and the pattern of activation depends on the signal that macrophages will receive
from the tumor microenvironment. These TAMs enhance tumor progression and
invasion and are abundantly present in established tumors comprising 50% of the
tumor mass [9, 10]. Activated macrophages can be polarized into two subsets M1 and
M2. M1 phenotype is pro-inflammatory in nature and associated with the production
of pro-inflammatory cytokines such as IL- f, IFN-y, TNF- a, and IL-12. However,
M2 phenotype is associated with the production and release of anti-inflammatory
cytokines, including IL-6, IL-10, and TGF-p.
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It has been found that TME predominantly polarizes TAMs toward the M2 phe-
notype and TAMs are usually referred as M2 macrophages [8]. It was found that in
TME, to recruit more monocytes and MO macrophages to the tumor site, malignant
cells secrete M2-like cytokines such as CCL2, CXC12, IL-10, VEGF, and PDGF.
Localization of TAMs within the TME was found to impact their ability regarding the
regulation of tumor progression [1]. In tumors, crosstalk between endothelial cells
and macrophages favors tumor progression. In TME, TAMs lead to endothelial cell
activation and enable them toward promoting cancer cell intravasation and extrava-
sation thereby favoring angiogenesis and tumor progression, an important step in
cancer metastasis [11-15]. This crosstalk between these TAMs and activated endothe-
lium can be exploited for the design of inhibitors and other therapeutic targets which
in turn will prevent tumor progression [11, 15]. Here, we present the major factors
that contribute to the formation of these specific M2 subsets, their implications in
tumor progression, and discuss various therapeutic strategies to harness TAMs for
cancer treatment.

Subsets of M2 phenotype have been found in TME. Subset M2a expresses cell
surface markers CD206, CD209, and Dectin-1 and produces CCL17, CCL18, CCL22,
and IL-10 [3, 6, 7, 16-20]. IL-4 and IL-13 polarize macrophages toward the M2a.

M2b macrophages are anti-inflammatory in nature and regulates Th-1-Th2- cell
response. These macrophages can shift toward Th2-cell response through IL-4
secretion, hence known as regulatory macrophages [16, 20-25]. The third subset

M2c macrophages express CD163, Mer tyrosine kinase (MerTK), and Tie2 on the cell
surface [16, 17, 19, 26]. M2c subset secrets pro-inflammatory cytokines TGF-f and
IL-10 and chemokines such as CXCL13, CCL16, and CCL18 [27-30]. They also play an
important role in immunoregulation, angiogenesis in tumors [28]. Last subset, M2d
macrophages secrets high IL-10, CD14, CD163, TGF-§8, CCL18 and low levels of CCL1,
CCL17, CCL22, TNFa, and PTX3 [27-30].

2.1 Classical and alternative activation states

Monocyte-macrophage lineage cells are characterized by extensive diversity and
plasticity. In tissues, surrounding environmental stimuli or signals (e.g., damaged cells,
microbial products, activated lymphocytes) have a great impact on the polarization
of macrophages and lead to their activation [9, 31]. Based on the expression of various
markers and the production of specific factors these macrophages have been described
in several forms in mice and humans [9, 31-33]. In response to stimulation by TLR
ligands and IFN-y, macrophages may be subjected to classical M1 activation. During
inflammation, initial responders are M1 macrophages as part of the immune response,
and their recruitment takes place shortly after an injury. They produce higher levels
of pro-inflammatory cytokines and reactive oxygen species at the injury site, thereby
magnifying local inflammation [16]. Cytokine profiles of M1 macrophages include
high levels of IL-1a, IL-6, IL-12, IL-23, TNF-a, inducible nitric oxide synthase (iNOS),
and IL-1p, etc. [17]. Chronic M1 macrophage activity may cause tissue damage and
inflammation. Furthermore, M1 macrophages produce a cell proliferation inhibitor
such as nitric oxide (NO). However, macrophages stimulated by IL-4/IL-13 subjected
to alternative M2 activation and various stimuli can induce different subtypes of M2
macrophages 2 [18]. There are metabolic differences between M1/M2 macrophages,
alternatively activated macrophages exhibit an increase in the arginine pathway pro-
ducing ornithine [19]. Ornithine serves as a precursor for proline, enhances collagen
synthesis, and stimulates cell proliferation, required for the repairing feature of M2
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macrophages, and simultaneously inhibits iNOS activity. Phenotypic switch of mac-
rophages from M1 to M2 during acute inflammatory conditions results in tissue repair,
vascularization, and wound healing. In neoplastic tissues, M2 macrophages constitute
the major inflammatory component thereby contributing to angiogenesis and cancer
metastasis. Enzymatic cleavage of arginine by alternative methods produces ornithine
and NO, both products inhibit the opposite catalytic process. Besides the cytokine and
chemokine secretion, these M1 and M2 phenotypes exhibit different morphologies
[16, 20]. Speculations are that in between M1/M2 macrophage phenotypes, there may
be intermediate phenotypes among these opposite phenotypes [10]. According to the
literature, transcriptome-based network analyses reveal that the phenotype of human
macrophage activation is determined by the type of stimulus [34].

2.2 Molecular signaling pathways in macrophage polarization

It is known that the tissue microenvironment plays an outstanding role in macro-
phage polarization. The key ligand-receptor interactions involved in the polarization
of both M1 and M2 macrophages are explored in this section.

2.2.1 Molecular signaling pathways in M1 polarization

M1 macrophage polarization is regulated by complex molecular signaling path-
ways that control a range of functions. These ligand-receptor interaction pathways
contribute to M1 polarization and include:

2.2.1.1 The lipopolysaccharide (LPS) and toll-like veceptor 4 (TLR4) pathway

As stated by Janeway, Toll-like receptors are essential pattern recognition
receptors of our immune system that protect us from a wide range of pathogens.
For macrophage polarization, TLR4 is the most important. TLRs are made up of a
transmembrane type and an endosomal type of integral membrane glycoproteins.
They belong to a larger IL-1 receptor superfamily due to significant homology in their
cytoplasmic region [11].

When lipopolysaccharide (LPS), which is present in Gram-negative bacteria,
binds to TLR4, it triggers dimerization of TLR/IL-1R, resulting in a structural
change that is critical for the engagement of downstream pro-inflammatory signal-
ing molecules. These molecules include the adapter protein myeloid differentia-
tion primary-responsive protein 88 (MyD88), IL-1R-associated kinases (IRAK),
TGF-p-activated kinase 1 (TAK1) and its binding partners TAK1-binding proteins 1
(TAB1) and 2 (TAB2), and TNF receptor-associated factor 6 (TRAF6) [12, 13]. TLR4
uses its own signaling mechanism in which various adapter proteins are involved. It
recruits MyD88 via the MAL bridge adaptor and indirectly recruits the TIR domain-
containing interferon-p-inducing adaptor (TRIF) via the TRAM bridge adaptor.

As for TLR4, it is associated with the use of TRIF, TRAM, MyD88, and the MyD88
adapter-like protein (MAL/TIRAP). It has an organizational plan for both the TRIF
and MyD88-dependent signaling routes by [14]. In the MyD88-dependent signaling
pathway, MyD88 interacts directly with the TIR domain of TLR4 through its TIR
domain activating a downstream kinase known as IRAK4 which in turn phosphory-
lates another molecule known as IRAK1 leading to its activation and kinase activity.
Later on, IRAK1 binds to TRAF6 and ultimately results in K63-polyubiquitination
of distinct targets including TRAF6 and the proteins IKKy/NEMO and TAK1 kinase
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complex. This eventually leads to the assembling of the TAK1 complex that activates
the INF-xB complex of IKKap and MAPK kinases in order to increase the intensity of
typical M1 macrophage products, including pro-inflammatory cytokines [15]. This is
achieved through the phosphorylation of mitogen-activated protein kinase kinases 4
and 7 and the activation of C-Jun N terminal kinases [35]. This makes a considerable
contribution toward the morphology of the M1 macrophages. Moreover, TAK1 can be
phosphorylated and activate MKK3 and MKK®6, which in turn activate the p38a and
the latter activate MK2. It also results in the synthesis of pro-inflammatory cytokines
like IL-1p and TNF-a from the sequential activation. TAK1 can be activated by many
signals such as by IL-1, TNF-«, TLRs, and the B and T cell receptors [36].

There is conclusive evidence suggesting that the MEK/ERK pathway is induced by
the TPL2 MAP3K. It is also reported that TPL2 is moved to the center by IKK-induced
cleavage of the N-terminal part of the precursor protein of NF-kB p105 subunit and
phosphorylation through IKKp. These changes lead to the activation of the ERK sig-
naling pathway signaling cascade These signaling changes result in activation of the
ERK signaling cascade. In conjunction with Akt-NF-xB activation, this route upregu-
lates the expression of “M1” responsive genes, including pro-inflammatory cytokines
TNF-a, IL-1p, IL-6, and IL-12 [37]. The comprehensive map depicted above maps out
all the interactions involved in the process through which LPS binds to TLR4 and sets
off complex reactions that activate certain signaling molecules. This process reaches
its peak in inflammation and results in an increase of pro-inflammatory cytokines
as well as the M1 macrophage polarization. It is evident that this type of polarization
plays a vital role in immune protection against pathogens (Figure 1).

it OO
T rreg,,

roons,

Seieaiidlll

eenililll
s,

M1- Genes

Figure 1.

Signaling pathways regulating Mi-polarization (A) TLR/IL-1R, NF-kB, and MAPK Signaling pathways in M1
macrophages: TLR (toll-like receptors) and IL-1R (interleukin-1 receptor) signaling leads to the activation of
NF-&B (nuclear factor kappa-light-chain-enhancer of activated B cells) and MAPK (mitogen-activated protein
kinase) pathways, which are essential for the production of pro-inflammatory cytokines and mediators. (B) JAK-
STAT pathway regulating Ml macrophages: The JAK (Janus kinase) family of tyrosine kinases and the STAT1/2
(Signal Transducer and Activator of Transcription) pathway play a pivotal role in regulating M1 macrophage
polarigation. Activation of this pathway is crucial for the transcription of genes involved in the inflammatory
response and M1 macrophage functions.
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2.2.1.2 Interferon-gamma (IFN-y) and IFN-y receptor pathway

Interferon-gamma (IFN-y) and its receptor have been linked to immune response
and inflammation in numerous scenarios. IFN-y receptors include the IFN-yR1 and
IFN-yR2 chains that are classified in group II cytokine receptors. As IFN-y accesses
the ligand binding domain of IFN-yR1, this recruits JAK1 and STAT1 to engage with
IFN-yR1 at the intracellular domain. It is this interaction that triggers phosphorylation
of the receptor and thus signal cascade transmission. Besides, the intracellular region
of IFN-yR2 activation can recruit either JAK2 or the tyrosine kinase 2(TYK2) depend-
ing on the ligand to engage in signaling (Figure 1).

Upon ligand binding, key tyrosine kinases such as JAK1, JAK2, TYK2, and STAT1
are rapidly phosphorylated within 1 minute [38]. This phosphorylation cascade acti-
vates JAK2 and allows it to transphosphorylate JAK1, which then phosphorylates the
Y440 residue of each IFN-yR1 chain. This phosphorylation generates docking sites for
the latent SRC homology 2 (SH2) domain of STAT1 [25, 39]. Phosphorylation of the
STAT1 pair occurs near the C-terminus at Y701, most likely by JAK2. This phosphory-
lation event leads to the dissociation of a STAT1 homodimer from the receptor [40].
After dissociation, the STAT1 homodimer translocates to the nucleus and binds to
DNA at specific sequences known as GAS (gamma-activated sequences), character-
ized by the consensus sequence TTCNGAA [17, 41], which leads to the expression of
various genes. Genes activated by STAT1 homodimers at GAS sites include iNOS, MIG
(CXCL9), intercellular adhesion molecule 1 (ICAM-1), IRF1, and STAT1 itself. These
gene products, such as ICAM-1, inhibit M2-related signaling pathways or activate
pathways such as IRF1 and are closely linked to inflammation. They are preferentially
expressed in the M1 phenotype of macrophages (Figure 1) [42].

In addition, STAT1 can form heterodimers with STAT2 when type I and III inter-
ferons (IFN-o and IFN-A) bind to their respective receptors, IFNAR1 or IFNLR1.
STAT?2 is recruited after being activated at tyrosine 466 (Y466) of IFNAR1, which is
phosphorylated by TYK?2 [43]. STAT2 then recruits STAT1, which requires phosphor-
ylation at Y701 for activation [43]. STAT1-STAT2 heterodimers, together with IRF9,
form the transcription complex interferon-stimulated gene factor 3 (ISGF3). ISGF3
is able to recognize capable of recognizing IFN-stimulated response elements (ISRE)
located within the promoter elements of genes that are specifically induced by IFNs in
pro-inflammatory inflammatory tor 1a (HIF-1a) [44].

2.2.1.3 Tumor necrosis factor-alpha (TNF-a) and TNF receptor pathway

The TNF receptor superfamily (TNFRSF) encompasses 27 receptors that interact
with over 20 structurally related ligands from the TNF superfamily (TNFSF). These
TNFSF ligands can exist as membrane-anchored or soluble trimers, clustering their
respective cell surface receptors to initiate signal transduction. TNFSF ligands and
receptors possess unique structural properties that link them to cellular processes
such as growth, survival, or death. Some molecules within this family can activate
both inflammatory and cell death pathways, depending on the target cell type and
external stimuli. TNF-a, a member of the TNFSF, serves as a positive regulator of M1
macrophage polarization through the NF-«xB pathway. In this context, our focus will
be on TNFR1 and TNFR2, which are subunits of the TNF-a receptor and are notably
expressed at high levels in macrophages [45].

TNFR1 and TNFR2 are single-spanning type I transmembrane proteins with dis-
tinctive cysteine-rich domains (CRDs) in their extracellular regions. These CRDs play a
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role in their inactive self-association in the absence of ligands. The cytoplasmic domain
of TNFR1 contains a death domain (DD) that enables interactions with cytoplasmic
proteins also possessing a DD [46]. Upon TNF-a binding, TNFR1 recruits TNFR1-
associated death domain (TRADD) and receptor-interacting serine/threonine-protein
kinase 1 (RIPK1) through DD-DD interactions. This recruitment leads to the assembly
of TRAF2 homotrimers and E3 ligases, activating classical NF-kB signaling. TRAF2
homodimers or TRAF3 form complexes with E3 ligases cIAP1 and cIAP2, which are
then recruited to TRADD. RIPK1 undergoes modification with K63-linked ubiquitin
chains, acting as docking sites for the LUBAC complex. This complex ubiquitinates
NEMO, a component of the IKK complex. The IKK complex interacts with TRAF2

via its IKK2 subunit, while the TAK1-TAB2 complex binds to K63-ubiquitin-modified
RIP1 through the TAB2 K63-ubiquitin binding subunit. Activated TAK1 phosphorylates
IKK2, leading to the phosphorylation, ubiquitination, and subsequent degradation

of IxBa. This process permits the p50/p65 NF-kB dimer to translocate to the nucleus,
initiating the expression of pro-inflammatory genes (Figure 1) [47]. Upon internal-
ization, the TNFR1 signaling complex releases molecules that can trigger apoptosis

via caspase-8 activation or necroptosis through the formation of the RIPK3 complex.
Apoptotic cells generate vesicles containing cellular material, which are subsequently
cleared by macrophages during the resolution of inflammation. On the other hand,
necroptosis leads to the release of intracellular damage-associated molecular patterns
(DAMPs) and pro-inflammatory cytokines, thereby promoting inflammation [48].

TNFR?2 activation indeed triggers classical NF-kB signaling by recruiting TRAF2
and cellular inhibitor of apoptosis proteins (cIAP1/2). However, this recruitment can
lead to the depletion of these complexes in the cytoplasm, potentially affecting their
functions. This depletion can then induce the alternative NF-kB pathway via the for-
mation of the TRAF3: MAP3K NF-kB-inducing kinase (NIK) complex. Furthermore,
cIAP1/2 is involved in the degradation of NIK, which in turn activates IKKa. This
activation leads to the phosphorylation of p100, a component of NF-kB2, resulting in
p100 degradation and the release of p52. Once released, p52 can bind to RelB, forming
a complex that translocates to the nucleus to regulate gene transcription [49].

TNFR1 also activates MAPK cascades, including ERK, JNK, and P38 [50]. It trig-
gers apoptosis-signaling kinase-1 (ASK-1) activation, which associates with TRAF2
in the TRADD-RIPK1-TRAF2 complex. This association leads to the activation of
MAP2Ks, subsequently activating JNKs and P38 MAPK [51]. TNFRs also activate the
ERK1/2 pathway via the TPL2-MAP2K1/2 pathways, often through NF-«B activation.
This dual activation of MAPK cascades contributes to the diverse cellular responses
triggered by TNFR1 activation [52]. TRAF?2 plays a crucial role in initiating P38
activation by binding protein kinases such as GCK (germinal center kinase) and RIP
(receptor-interacting protein). These kinases then signal upstream of JNKs and P38
MAPK, regulating pro-inflammatory responses and cytokine production in macro-
phages [53]. All these observations show that the TNFR family might play a major role
in the production of inflammatory cytokines and chemokines, promoting M1 polar-
ization. All together, these pathways coordinate to instigate M1-macrophage polariza-
tion depending on the inflammatory signals which participate in immune modulation
in several pathological states.

2.2.2 Molecular signaling pathways in M2 polarization

Macrophage “class switching” process during M2 polarization operates through
complex paracrine networks regulating tissue remodeling, inflammation resolution,
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immune regulation, and other processes in various diseases. Various key signaling
pathways involved in M2 polarization include:

2.2.2.1IL-4/IL-13-STAT6 pathway

There are two forms of IL-4 receptors; type I consists of the IL-4Ra and the yc
chains, and type II consists of the IL-4Ra and the IL-13Ra1 chains. IL-4, a cytokine
product of Th2 cells, specifically interacts with its receptor IL-4Ra; the receptor
and cytokine come together to make up a ternary complex with either the gamma
chain (yc) or IL-13Ral. Receptor-associated kinases of cytokine receptors known as
JAKs induce the phosphorylation of the cytoplasmic side of IL-4Ra through tyrosine
residues thus recruiting other intracellular signaling molecules like STAT 6. JAKs are
capable of phosphorylating STAT6 on tyrosine residues such that it steps down from
the receptor where it intercalates with another STAT6 molecule at the phosphotyro-
sine 641 (Y641). STAT6 ligands then move into the nucleus which binds to particular
DNA sequences at their target promoters where they activate the expression of
M2-associated genes, including Argl, Ym1, and Fizz1 (Figure 2) [54, 55].

Alternatively, IL-4 may signal by recruiting insulin receptor substrate (IRS)
proteins to specific phosphotyrosine residues on IL-4Ra. IRS, mainly IRS2, can be
phosphorylated and then recruit other signaling molecules such as the p85 subunit of
PI3K. PI3K activation is a critical step in the activation of M2 macrophages in response
to IL-4. Crosstalk between the STAT6 and PI3K pathways is essential for IL-4-induced
M2 macrophage activation, especially in SHIP-deficient macrophages [56]. IRS

Figure 2.

Siggnaling pathways regulating M2-polarization. (A) IL-4 binding to its receptor leads to activation of
phosphatidylinositol 3-kinase (PI3K) which can activate AKT, which potentially affects the phosphorylation

of mTOR. Besides, it can also divectly activate STAT6 by phosphorylating it. (B) Binding of growth factors

or cytokines to their receptors activates the PIBK/AKT/mTOR axis, leading to polarization of macrophages to
Mz2-phenotypee. (C) IL-10-mediated activation of TYK2 leads to STAT3 activation, while JAK1 activates PI3K,
regulating M2- polarigation. (D) Binding of TGFp to its receptor activates SMAD2/3 which then binds to
SMADa4, translocates to nucleus and regulate expression of M2-assiacted genes.
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recruitment of PI3K leads to activation of the downstream protein serine/threonine
kinase AKT/mTOR pathway. IRS can also interact with GRB2 in complex with SOS,
leading to activation of Ras and downstream MAPK pathways.

2.2.2.2 PIBK-AKT pathway

The phosphoinositide 3-kinase (PI3K)-AKT pathway is activated by various
growth factors and cytokines. When PI3K is phosphorylated or activated, it pro-
duces PIP3, which recruits and activates AKT. AKT is activated and then modulates
several downstream targets to promote M2 gene expression. There are differences
in the effect of kinase isoforms on phenotypic outcomes. Although it is known that
PI3K activates AKT, how AKT isoform expression and activation are regulated in
macrophages is unknown. The PI3K/AKT pathway is strongly associated with M2
polarization, but evidence suggests that its activation can lead to M1 (via PI3K/AKT?2)
or M2 (via PI3K/AKT1) polarization, depending on the AKT isoform [57]. In addi-
tion, different PI3K isoforms can exert opposing effects on macrophage polarization.
In M2 macrophages, this pathway supports cell survival, proliferation, and metabolic
changes required for M2 polarization (Figure 2) [21].

2.2.2.3 The IL-10-STAT?3 pathway

The IL-10 receptor consists of at least two subunits, IL-10Ra and IL-10Rp, two
members of the interferon receptor (IFNR) family. IL-10R signaling is mainly medi-
ated by the JAK/STAT pathway. IL-10Ra binds primarily to JAK1, whereas IL-10Rp
binds to TYK2 [22]. When IL-10 binds, this kinase phosphorylates STAT family
transcription factors. STAT3, a downstream transcriptional regulator of IL-10 signal-
ing, is an anti-inflammatory cytokine and plays an important role in the resolution of
inflammation. Conditional genetic inactivation of STAT3 in murine macrophages has
shown that STAT3 regulates inflammation, as these mice show decreased bacterial
activity and increased production of pro-inflammatory cytokines (IL-12, IL-6, TNF-
a, IL-1B, IFN-y) in response to LPS and resistant to IL-10 treatment [23]. (CXCL10,
ISG54, ICAM-1) in human monocytes by inhibiting IFN-induced STAT1 activation
and tyrosine phosphorylation [24]. Levels of IL-6, IL-8, and TNF-a produced by LPS-
stimulated primary human monocyte-macrophages are significantly reduced upon
IL-10 treatment [23]. Furthermore, IL-10 induction in macrophages requires the
activation of AKT [58], as well as p50, which promotes M2 polarization by inducing
the activation of NF-xB, c-Maf, and STAT3 [59].

2.2.2.4 TGF-B-SMAD pathway

Transforming growth factor-beta (TGF-p) interacts with three isoforms of the
TGF-f receptor (TPR): TPRI, TPRII, and TPRIIL. TPRI and TPHRII function as serine/
threonine and tyrosine kinases, while TPRIII lacks kinase activity. The phosphoryla-
tion of TPRI/TPRII is essential for initiating canonical or non-canonical signaling
pathways and modulating additional signaling pathways [60, 61]. The most studied
downstream mediator of TGF-p signaling is the SMAD-dependent pathway. Upon
TGF-B engagement, the TPRII subunit autophosphorylates and TBRI phosphorylates.
The kinase domain of TPRI subsequently interacts with SMAD2 and SMAD3 through
the SMAD anchor for receptor activation (SMARs) [62]. TBRI phosphorylates
and activates SMAD2/3, which then binds to SMAD4. The SMAD2/3/4 complex
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translocates to the nucleus, where it induces the expression of ARG1 [63]. Additionally,
TGF-p can induce the polarization of M2 macrophages by regulating the expression

of SNAIL through the SMAD2/3 and PI3K/AKT signaling pathways [64]. Conversely,
TGF-p signaling can also utilize a SMAD-independent pathway. TRAF6 can bind to the
TGF-p receptor, leading to the activation of TAK1 and the subsequent induction of P38
MAPK, JNK, and an ERK-dependent M1 phenotype (Figure 2) [56, 60].

2.2.2.5 Notch signaling pathway

The Notch signaling pathway interacts with other signaling cascades to influence
macrophage polarization. Activation of Notch receptors by ligands such as Jagged1
induces cleavage and release of the Notch intracellular domain (NICD). The NICD
translocates to the nucleus and interacts with transcription factors to increase the
expression of M2-related genes. Notch signaling also cooperates with the IL-4/STAT6
and TGF-B/SMAD pathways to promote M2 polarization [65].

The PPARy pathway: Peroxisome proliferator-activated receptor gamma (PPARy)
is a nuclear receptor that regulates lipid metabolism and immune responses.
Activation of PPARy by ligands, such as prostaglandin D2 (PGD2), promotes M2
polarization. PPARy forms a heterodimer with the retinoid X receptor (RXR) and
binds to the PPAR response element (PPRE) in target gene promoters, leading to anti-
inflammatory gene expression and tissue repair.

2.2.2.6 Hypoxia-inducible factor (HIF) pathway

In hypoxic conditions, HIF-2a is stabilized and translocates to the nucleus, where
it induces the expression of genes that promote angiogenesis, tissue repair, and immu-
nosuppression. HIF-2a interacts with the STAT3 and PPARy signaling pathways to
enhance M2 polarization [66]. This pathway promotes M2 macrophage polarization,
tissue repair, immune regulation, and tumor resolution.

2.3 Metabolic reprogramming in macrophage polarization

The concept of metabolic reprogramming was developed and pioneered in the last
century by Otto Warburg in his study of tumor cells [67]. Warburg discovered that in
the presence of oxygen, cancer cells take up glucose and rapidly produce ATP through
glycolysis, leading to an accumulation of lactic acid and a reduction in oxidative
phosphorylation (OXPHOS). This phenomenon, known as the “Warburg effect,” was
also observed in macrophages in later studies [1, 26, 68]. In 1969, Hard [69] showed
that activated macrophages increase glycolysis and reduce oxygen consumption.

Overall, the metabolic reprogramming of macrophages reflects a change in their
functional activity, with a balance of phenotypic transitions explaining this process.
This phenomenon causes changes in many metabolic pathways, including glycolysis,
oxidative phosphorylation (OXPHOS), the tricarboxylic acid cycle (TCA), lipid
metabolism, and amino acid metabolism [70]. Such metabolic shifts occur mainly in
macrophages, which are classified according to the M1/M2 paradigm (Figure 3).

2.3.1 Glycolysis and the TCA cycle

Metabolic reprogramming accompanying macrophage polarization indicates
functional adjustment to internal and external environmental changes. As immune
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MI1-Macrophages M2-Macrophages

Figure 3.

Mfmholic differences between Ml and M2 macrophages. Ml macrophages primarily vely on glycolysis for ATP
production, which disrupts the TCA cycle and inhibits oxidative phosphorylation (OXPHOS). The increased flux
of glycolytic intermediates feeds into the pentose phosphate pathway (PPP), vesulting in heightened nucleotide
and amino acid synthesis. This pathway also generates NADPH, which is crucial for producing reactive oxygen
species (ROS) and nitric oxide (NO) via NADPH oxidase and inducible nitric oxide synthase (iNOS),
respectively. In contrast, M2 macrophages maintain an intact tvicarboxylic acid cycle (TCA), enhanced oxidative
‘phosphorylation, and fatty acid oxidation processes, all of which are accompanied by reduced glycolytic and

PPP activity. Additionally, M2 macrophages exhibit increased glutamine metabolism, which contributes to the
replenishment of the TCA cycle.

cells, macrophages adapt their immune regulatory functions through metabolic
reprogramming, which directly affects the uptake and utilization of energy sub-
strates. This process is important for maintaining functional plasticity and sensitivity
to environmental stimuli. In the 1970s, Hard et al. first conducted further research

in this area and identified differences in the metabolic function of M1 macrophages.
Immature macrophages rely primarily on glucose and fatty acid uptake for their
metabolic pathways. It produces ATP by aerobic oxidation of glucose and p-oxidation
of fatty acids using the well-developed cellular tricarboxylic acid cycle (TCA) and
mitochondrial OXPHOS. However, in response to altered homeostasis, infiltration of
pathological products, and exposure to exogenous substances, macrophages can acti-
vate different metabolic patterns to adapt to these changes. This change in metabolic
pattern, known as metabolic reprogramming, allows macrophages to adapt to their
environment. Macrophages show various metabolic changes when exposed to LPS

or LPS in combination with interferon-gamma (IFN-y). The rate of ATP production
increases with the overuse of glycolysis [71, 72]. In this scenario, macrophages enter
the M1 phase, where glucose is taken up at a high rate to enter the cell and undergo the
glycolytic pathway to produce pyruvate. Due to the inhibition of isocitrate dehydro-
genase (IDH) and succinate dehydrogenase (SDH) [71], the TCA cycle is disrupted,
leading to the accumulation of citric and succinic acids. As a result, pyruvate is
directly converted to lactate instead of acetyl coenzyme A, through its entry into the
TCA cycle. In addition, nicotinamide adenine dinucleotide (NAD) depletion caused
by TCA cycle inhibition attenuates OXPHOS activity. During pyruvate production in
M1 macrophage glycolysis, the pentose phosphate pathway is activated and produces
NADPH equivalents. Increased PPP activity increases the production of purines and
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pyrimidines, which can be used for biosynthesis in activated cells. It also provides
NADPH for the enzyme NADPH oxidase, which produces ROS [73] which serves asa
mechanism to kill bacteria [70]. These NADPH molecules, together with the accumu-
lation of citric acid, contribute to the synthesis of fatty acids [74]. The synthesized
fatty acids are then used for the production of inflammatory mediators such as
prostaglandins and leukotrienes as well as for cell membrane remodeling. This process
plays an important role in cellular inflammatory signaling (Figure 3).

In contrast, M2 macrophages show a shift toward oxidative phosphorylation
(OXPHOS). This metabolic switch is characterized by increased mitochondrial
activity leading to increased ATP production by the electron transport chain. These
metabolic adaptations are consistent in line with anti-inflammatory and tissue repair
functions that require energy production and mitochondrial function. In contrast,
M2 macrophages do not depend entirely on aerobic glycolysis [75, 76]. It is evident
that in M2 macrophages, the tricarboxylic acid cycle (TCA) cycle remains unaffected;
fatty acid oxidation (FAO) and oxidative phosphorylation (OXPHOS) are regulated
to support ATP production and energy supply. During the transition from M1 to M2
macrophages, the switch from glycolysis to oxidative phosphorylation represents a
metabolic reprogramming consistent with their function.

2.3.2 Lipid metabolism

Lipids play an important role as the main source of energy for macrophages,
contribute to the formation of cell membranes, and serve as precursors for bioactive
lipids [77]. In addition, lipids are essential for the regulation of signal transduction
during macrophage activation. The macrophage activation, or polarization, of macro-
phages, is controlled and driven by tissue-specific environmental stimuli that induce
and direct them to perform actions. M1 macrophages show increased lipid uptake and
intracellular lipid accumulation, leading to the formation of lipid droplets. These lipid
reservoirs are used to produce lipid mediators such as prostaglandins and leukotri-
enes, which contribute to their inflammatory phenotype. M2 macrophages metabo-
lize lipids in a different way differently, preferring OXPHOS and FAO pathways to
generate and produce energy through the uptake of fatty acids acid, exhibit distinct
functions as M2 macrophages rely on OXPHOS and FAO as key functional pathways
to play a role in tissue breakdown resolution, and repair during functional recovery
from injury [78]. Studies have shown that FAO can induce phenotypic changes in
M2 macrophages, but whether this process is sufficient for M2 polarization remains
unclear [79]. Despite these advances, the mechanistic relationship between fatty acid
oxidation (FAO) and oxidative phosphorylation (OXPHOS) and the anti-inflam-
matory phenotype of M2 macrophages remains poorly understood. Understanding
these metabolic changes is important to understand the complex mechanisms of
macrophage polarization and to identify potential targets for therapeutic intervention
in immune-related diseases.

2.3.3 Amino acid metabolism

In the 1980s and 1990s, thioglycollate-induced, LPS-stimulated, or zymosan-
exposed macrophages exhibited a significant increase in cystine, the oxidized dimer
form of cysteine, and released similar amounts of cysteine and glutathione [80].
However, recent studies have heightened interest in the regulation of redox homeo-
stasis during inflammatory activation due to the elevated levels of reactive oxygen
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species (ROS) observed in M1 polarization. Glutathione, the primary antioxidant
protecting cells from ROS, is synthesized by adding glycine to y-glutamylcysteine,
which is formed from glutamate and cysteine [81]. Although the exact mechanism is
not fully understood, it is widely accepted that the transcription factor nuclear factor
erythroid 2-related factor 2 (NRF2) is activated in response to oxidative stress, while
NF-«B is activated in response to LPS, partly through the regulation of glutathione
metabolism [82]. Inhibition of y-glutamylcysteine synthetase with buthionine
sulfoximine, a glutathione production inhibitor, has been shown to reduce serum
IL-1 levels in endotoxemic mice [83, 84]. This indicates that despite the significant
induction of ROS during M1 polarization, which regulates inflammatory cytokines,
ROS levels must be kept below a certain threshold [85]. Excessive ROS production can
disrupt the cellular redox balance and amplify the inflammatory response through
NRF2 activation [86]. The serine synthetase pathway (SSP) has recently been impli-
cated in an unexpected role in M1 polarization [80]. Glycolysis starts with the CNS
branch and phosphoglycerate dehydrogenase (PHGDH) converts 3-phosphoglycerate
to phosphopyruvate, phosphoserine, and finally serine [87]. Rodriguez et al. demon-
strated that serine synthesized both environmentally and endogenously via the CNS
is required for optimal LPS-induced Il1b mRNA expression [88]. Conversion of serine
to glycine by hydroxymethyltransferase 1/2 provides carbon units for many reactions,
including nucleotide synthesis and the formation of 5,10 methylenetetrahydrofolates
from tetrahydrofolate [89]. However, formate, which provides a one-carbon unit, fails
to rescue the reduced IL1Ib mRNA expression, indicating the importance of glycine
production from serine for glutathione production, as exogenous glutathione restores
I11b mRNA expression in the absence of serine [88]. The importance of the CNS for
the anti-LPS inflammatory response showed that injection of PHGDH inhibitors in

a toxic shock model reduced mortality and circulating IL-1p levels, which was con-
firmed by another study [90].

A key question for future research is whether IL-1p reduction is dependent on
extracellular serine in vitro but not de novo serine synthesis in vivo. Research has not
clarified whether monocytes require PHGDH-dependent serine synthesis, despite
the presence of serine and glycine in their environment. The exact mechanism by
which the CNS affects IL-1f remains unclear. Other studies support the hypothesis
that the CNS is essential for absorbing new ATP synthesis to drive the generation of
S-adenosylmethionine (SAM) in inflammatory macrophages [91]. Isotope scaveng-
ing experiments with similarly labeled glucose or serine showed that LPS-activated
macrophages increased carbon flux through the CNS and one-carbon exchange, and
increased the SAM/S-adenosylhomocysteine ratio, which supported LPS-stimulated
IL-1p production by promotion of H3K36. trimethylation required for transcription
elongation and tumor gene splicing [92]. However, conflicting reports indicate that
chemical inhibition of PHGDH increases IL-1f levels, suggesting the complexity of
metabolic reprogramming during M1 polarization and the possible effect of time
in these studies. In summary, the amino acids serine and glycine, their metabolic
pathways—CNS and one-carbon metabolism—are influenced by inflammation,
indicating an emerging theme in immunometabolism.

Arginine metabolism plays an important role in macrophage polarization. M1
macrophages express inducible nitric oxide synthase (iNOS), which catalyzes the con-
version of arginine to nitric oxide (NO) and citrulline [93]. The NO product produced
by iNOS is essential for its antimicrobial activity and anti-inflammatory effects in
M1 macrophages. In contrast, M2 macrophages show high arginase-1 activity, which
directs arginine metabolism to the production of ornithine and polyamines [93]. This
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metabolic pathway supports tissue repair, collagen synthesis, and immunoregulatory
functions associated with M2 polarization.

2.4 Implications of macrophage polarization in disease

In Section 1 of this chapter, we have discussed the basic mechanism of macrophage
polarization, its role, and very basic ideas regarding its role in disease. This section will
discuss the negative impacts of macrophage polarization in various types of diseases.
The liver and adipose tissues are central metabolic tissues regulating energy homeosta-
sis; consequently, these tissues are infiltrated by many immune cells. These tissues and
their metabolic products largely influence the activation of immune cells, reflecting the
number and activation of immune cells in the animals. Among these immune cells, the
liver and adipose cells dominantly influence the macrophages in context to their num-
ber and functions. The central key to the negative impacts of metabolic disorders lies in
the impairment of glucose and lipid metabolism and its negative implications in terms
of insulin resistance and atherosclerosis. The unregulated function of macrophages and
their polarization is exhibited in various diseases such as inflammatory bowel disease,
non-alcoholic steatohepatitis, and inflammatory bowel disease (Table 1). The current
section is aimed to discuss macrophage polarization and its impacts on diseases.

2.4.1 Role of macrophage polarization in chronic inflammatory diseases

The immune system alteration possibly through endocrine responses, pathogen-
induced and imbalance in nutrient intake may induce chronic inflammatory disease
if untreated for a long time. Various metabolic implications are related to chronic
inflammatory diseases such as type II diabetes mellitus, non-alcoholic steatohepatitis,
atherosclerosis, and obesity.

2.4.2 The macrophage polarization and obesity

Obesity, a non-degenerative higher incidence disease is characterized by aggravated
accumulation of adipose tissues in the human body influenced by dietary habits and
abnormal/sedentary lifestyle [94]. Apart from the presence of adipocytes, adipose tis-
sues also include cells such as pre-adipocytes, fibroblasts, endothelial cells, and immune
cells like macrophages, NK cells, etc. [95]. It needs to be pointed out that a high-fat diet
modifies the M1 (CD11c + CD301-) and M2 (CD11c — CD301+) distribution in visceral
fat, in addition to an enhanced number of macrophages in adipose tissues.

The M1 macrophages are classically activated by lipopolysaccharide (LPS) or
IFN-y to phagocytize microbes and produce pro-inflammatory cytokines to initiate
the avocation of the immune response. They produce reactive oxygen intermediates
(ROI) or nitric oxide (NO) to protect host against the bacterial and viral infections
and anti-tumoricidal action. Whereas, M2 macrophages also called alternatively acti-
vated macrophages (AAM) are primarily activated by cytokines such as IL-4, IL-10,
or IL-13 to induce collagen production by producing proline or induce proliferation by
producing polyamines. The M2 macrophages help in tissue repair, tissue remodeling,
the wound healing process, and immunomodulatory function.

The hypertrophy of adipose tissues is triggered by high caloric intake and less expen-
diture of energy due to a sedentary lifestyle. Consequently, the adipocyte expansion pri-
marily leads to deprivation of oxygen i.e., hypoxia, which in turn induces chemotaxis of
macrophages. Later cells subsequently overexpress inflammatory cytokines and hence
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a serious imbalance in the homeostasis of the body. Additionally, the triggering of an
angiogenic event will aid in the infiltration of immune cells, accumulation of extracellu-
lar matrix (ECM), and additional secretion of pro-inflammatory cytokines by infiltered

Macrophage type The released cytokines Mechanism of Functional impact of the animal
signaling/action system
M1 IL-1b, IL-6, IL-12, IL-23, TLR4/NF-kB, IRF5, * Antigen presentation
TNF-a, CXCL1 ~ 3, JAK/STAT1, Notch « Thi immune reaction
CXCL8 ~10, CCL2 ~5,
CCL11 * pro-inflammatory response
elimination of pathogens
¢ To initiate anti-cancer processes
IL-12 — ¢ IL-12 induces the activation and
IL-23 clonal
* expansion of Th17 cells which
secrete high amounts of
IL-17, and thus contribute to
inflammation
IL-16, IL-6, IL-12, IL-23, * Drive Thl responses
IFN-p and TNF-o * Triggers pro-inflammatory
response
IL-1p IL-1R signaling * Potent inhibition of insulin
secretion
¢ Islet destruction
IFN-y, — ¢ Pro-inflammation,
LPS, * Microbicidal effect,
GM-CSF, TNF-a
* Tumor resistance
M2 Argl, IL-10, TGF-b, JAK/STATS, ¢ Anti-inflammation,
CCL17, CCL22 c-Myc, IRF4  Wound healing,
* Th2 immune response,
* Anaphylaxis,
* Fibrosis
PDGF, TGFp, HGF, and — * Induces proliferation and
bFGF metastasis of tumor cells.
Mox IL-1b, VEGF Nrf2, Keapl, TLR2 ¢ Low chemotaxis
* Phagocytosis
IL1p and COX-2 TLR2 ¢ Increases TLR2dependent
mechanisms in response
M(Hb) IL-10, IL-1R antagonist PI3K/AKT, LXRa * Cholesterol loading resistance,
¢ ATP-binding cassette transporter
up-regulation
M2b LPS — * Immunoregulation
e * Aids in promoting infection
IL-1p
* Increases tumor progression
Table 1.

Showing the type of macrophage polarization, cytokine production, and their effects on the animal systems.
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macrophages, further worsening the homeostatic balance of adipose tissues [96].
Experimental studies approved that obesity-induced inflammation and insulin resis-
tance are due to macrophage polarization to it M1 state for inducing pro-inflammatory
responses. The first consequence of adipose tissue hypertrophy leads to the induction
of insulin resistance due to the activation of inhibitor of k kinase (IKK) and c-jun-N-
terminal kinase (JNK), both are responsible for the inactivation by the phosphorylation
insulin receptor. The inflammation in adipose tissues is also facilitated by the production
of pro-inflammatory cytokines by T lymphocytes, further aggravating the localized
inflammation and its spread systemically. The surge of pro-inflammatory cytokines
triggers macrophages to secrete macrophage-derived TNF-a, which later, in turn, binds
to its receptors (TNF-« receptor) on adipocytes to stimulate lipolysis. The possible
reason for lipolysis may be due to a reduction in the expression of perilipin (a protein
that coats lipid droplets in adipocytes) by overexpression of proinflammatory cytokines
such as TNF-a, which facilitates the lipases for converting the triglycerides to mono-
glycerides. The adipocytes release free fatty acids to initiate the NF-kB inflammatory
pathway by binding to Toll-like receptor 4 (TLR4). The target of rapamycin complex

1 (mTORC1) plays a pivotal in macrophage polarization to regulate the metabolism of
macrophages. The facilitation of LPS-based stimulation and activation of macrophages
is mediated by elevated mTORCI activity and downregulation of Akt signaling path-
ways. Moreover, the constitutive mTORC1 activity inhibits the M2 polarization through
the decline in AKT activation in IL-4-induced polarization of macrophages [97].

2.4.3 Renal fibrosis and macrophage polarization

Chronic kidney disease (CKD) is a medical complication leading to the failure of
kidneys and this disease is manifested by chronic inflammation and renal fibrosis.
Wang Y and Harris DC (2011) reported the common feature of CKD is character-
ized by macrophage infiltration, the infiltration state largely depends on the extent
of kidney damage and degree of invasion. Mounting pieces of evidence strongly
suggest that renal fibrosis is considerably predisposed by alterations in macrophage
phenotype. The scientific evidence attributed macrophage polarization as a key factor
in regulating kidney injury, inflammation, and renal fibrosis [98, 99]. In particu-
lar, M1 macrophage infiltration is attributed to causing acute renal inflammation.
Consequently, the development of renal fibrosis is reliable evidence for the progres-
sion of renal disease, which depends on the increased infiltration of macrophages.
In addition, macrophages have a central role in the progression and development of
diabetic kidney disease (DKD).

2.4.4 Macrophage polarization and skin diseases

Macrophage polarization is reported to be the major cause of a wide range of
skin diseases such as scleroderma, dermatitis, psoriasis, and atopic. For instance,
scleroderma is a chronic autoimmune disease of the skin, wherein, the skin and its
underlying tissues are seriously damaged resulting in hardening and thickening of
the skin due to the build-up of collagen fibers. Reports suggest that M2 macrophages
play a crucial role in the progression and development of scleroderma by releas-
ing cytokines, such as IL-13 and IL-4 in the presence of CD204, CD68, and CD163
aiding in the production and stimulation of collagen fibers. This excess of collagen
production leads to the development of fibrotic tissues (Figure 4) [100]. Similarly,
M1 macrophages also promote fibrosis by releasing PDGF and TGF-, later factors
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Figure 4.

Mechanisms and role of M1/M2 macrophages in the progression of skin diseases. Through the production of
cytokines and triggering of pro-inflammatory and inflammatory cytokines to initiate skin diseases such as,
scleroderma, dermatitis, psoriasis, and atopy.

trigger fibroblasts to produce extracellular matrix proteins and collagen. These M1
macrophages are also reported to trigger endothelial dysfunction by releasing pro-
inflammatory cytokines and reactive oxygen species (ROS), enhancing vascular
permeability and reducing vasodilation [101]. Additionally, M1 macrophages impair
the functioning of regulatory T cells (Tregs), promoting inflammation and autoim-
munity [102]. In line with this, reports suggest that M1 macrophages hamper the
functioning and differentiation of Treg cells by producing IL-12 worsens the autoim-
mune responses in the case of scleroderma. Psoriasis is another skin disease character-
ized by chronic inflammation due to the uneven proliferation of keratinocytes and
heavy infiltration of immune cells [103]. Among immune cells, M1 macrophages
are found in the lesional skin of psoriasis patients to aggravate the production of
pro-inflammatory chemokines and cytokines. In particular, the production of TNF-a
by M1 macrophages is associated with psoriasis development during the initial stage
when keratinocytes are damaged [104]. Additionally, it was found that in psoriasis
lesional skin there was a drastic decrease in the infiltration of CD68 + CD163 + M2
macrophages and an increase in the infiltration of CD68 + iNOS + M1 macrophages
[105]. Studies approved the role of M2 macrophages in resolving the clinical features
of inflammation and also aided in tissue repair mechanism [106].

Other skin diseases, such as atopic dermatitis, characterized by pruritic eczema-
tous lesions are induced by releases of inflammatory cytokines and chemokines
by macrophages. The persistent M1 polarization leads to the progression and
development of chronic skin inflammation in the case of atopic dermatitis [107].
Additionally, infiltration of Th2 lymphocytes and its release of cytokines such as
IL-4, IL-5, IL-13, and IL-31 triggers the progression and development of AD lesions
[108]. In conclusion, the pro-inflammatory mechanisms exhibited by M1 macrophage
phenotypes via secretion of diverse types of cytokines play a central role in skin
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disorders, even in the development of skin cancers. Understanding the central players
critical for the progression of diseases helps to easily devise proper and systematic
therapies against underlying agents.

2.5 Macrophage polarization and immune disorders

Existing data suggests that several diseases are associated with altered balances
of phenotypes of M1/M2 macrophages [109]. Autoimmune diseases such as Systemic
lupus erythematosus (SLE), autoimmune myocarditis, inflammatory bowel diseases
(IBD), autoimmune neuritis, and Sjégren syndrome are also found to be associated
with the increased ratios of M1/M2 macrophages. The reduced frequency of M2
macrophages and activation of M1 macrophages are strongly speculated to develop
injurious inflammation and hence progression of autoimmunity.

2.5.1 Systemic lupus erythematosus (SLE)

SLE is a systemic autoimmune disease, characterized by complications of various
organs. It is believed that both genetic and environmental factors are responsible
for the development of SLE pathogenesis. The hallmarks of this disease include the
production of autoantibodies against self-antigens and also importantly chronic
inflammation of various organs. The SLE pathogenesis is largely influenced by M1
macrophages, even though some reports suggest that M2 macrophages are also
implied to the progression of SLE pathogenesis [110]. For instance, the recruitment
of M1 macrophages into kidneys after injury promotes a pro-inflammatory response
enabling the removal of damaged and apoptotic cells, important functions of M1
cells to maintain steady-state conditions (Figure 5). In contrast, the M2 macrophages
suppress the inflammatory responses and induce repair and proliferation of cells.
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Figure 5.

Role of macrophage polarization in the progression of SLE-Mi-like macrophage-derived cytokines like IL-6,
IL-12 TNFa, and IFN-y, which are pro-atherosclerotic reported in SLE patients. Moreover, M2 release of pro-
inflammatory cytokines also induces atherosclerosis and nephritis.
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Remarkably, Lee et al. [111] reported that IFN-y induces the polarization of macro-
phages to M2 phenotype during the onset of kidney repair. For example, accumu-
lated data shows that apoptotic or dying cells release S1P, which then activates EPO
signaling in macrophages. EPO signaling then potentiates the clearance of apoptotic
cells via upregulation of peroxisome proliferator-activated receptor-y (PPARy). The
PPARY is highly expressed in macrophages and this protein forms a heterodimer with
its cognate receptors such as retinoid X receptors (RXRs). PPARy/RXRa-based signal-
ing helps to express the network of genes like Axl, CD36, Clq, and Mer critical for
phagocytosis and a strong self-tolerance mechanism [112]. In PPARy-deficient mice
the macrophages were not able to carry out phagocytosis and were poor candidates

to exhibit anti-inflammatory action after apoptosis. These mice models displayed the
production of autoantibodies and developed a similar type of glomerulonephritis, as
reported in SLE [112]. Similarly in NZB/W F1 mice, an SLE animal model, the remis-
sion of SLE symptoms was found upon treatment of mice with cyclophosphamide,
which resulted in the presence of M2 macrophages (M2b subtype). On the other
hand, M2c macrophages in treated SLE models also displayed upregulation of gluco-
corticoid and clearance of apoptotic cells.

The differentiation of monocyte-to-macrophage grossly contributes to SLE
pathogenesis due to polarization toward the M1 activation. Additionally, it is reported
that transplantation of M2 (but not M1 macrophages) improved the conditions of SLE
diseases in clodronate- and activated lymphocyte-derived DNA-treated mice [113].
Further TNF-a-induced protein 8-like 2 (TIPE2), an immune-negative molecule is
reported to be critical for homeostasis. The TIPE2 inhibits iNOS activity and NO
production, thereby suppressing the inflammation. Experimental evidence found
that TIPE2 alleviates the SLE induction via polarization of M2 macrophage [113, 114].
Other factors found to modulate macrophage polarization include Clq, leukocyte-
associated Ig-like receptor-1, HMGBI, and RAGE to generate a multimolecular
complex in membrane lipid rafts [113, 114].

2.5.2 Rheumatoid arthritis (RA) and macrophage polarization

RA is a systemic autoimmune disease found more frequently in elderly women
than in males. The clinical features of diseases include synovitis in multiple joints,
subsequent joint swelling, and other symptoms. The RA clinical features worsen to
destruction of cartilage, necrotic joints, and disability if prolonged illness prevails
[115]. Reports suggest that macrophages play a central role in the pathophysiology
of RA. In particular, M1 macrophages are reported to produce cytokines such as
IL-6, TNF-a, and other inflammatory ILs to maintain the inflammatory state of
organs thereby aggravating the progression of RA [116]. The main manifestation
of RA lies in the high expression of M1-like macrophages in peripheral blood and
synovial tissues, where they express major histocompatibility complex (MHC) class
IT and surface markers like CD80, CD38, TNF-a, and IL-6. All these proteins help
macrophages to present antigens to T lymphocytes. In particular, Th cells activated
by these macrophages release cytokines to activate and differentiate B cells into
antibody-producing plasma cells to thwart pathogen invasion and infection [117].
The M2 macrophages are central to RA remission due to their anti-inflammatory role
indicating that treatment based on polarization of M2 macrophages is important for
the treatment strategies of RA patients. Subsequently, therapies based on target-
ing macrophage polarization are still a preferable research area to explore possible
therapeutics against RA.
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Recent investigations have revealed the expression of some novel proteins and
non-coding RNAs that influence macrophage polarization to control MS progression.
For example, the intensification of MS illness was promoted by circRNA_0000518,
anon-coding RNA by promoting the polarization of macrophages via the CaMKKp/
AMPK-PGC-1a pathway toward M1 macrophage [118].

2.6 The interconnectedness between macrophage polarization,
immunometabolism, and disease progression

The metabolic reactions are the cells’ central driving engines, and their changes
play a pivotal role in cellular differentiation, activation, and other cellular morpholo-
gies. The last few decades have witnessed a close link between metabolic systems
and the working dynamics of the immune system. For instance, since last decade
mounting evidence suggests that macrophages are central to tissue homeostasis, host
defense, and remodeling of tissues. This attribute of macrophages lies in their hetero-
geneous nature and adoption to various activated states. Central to all these magical
workouts by macrophages depends on their modulation in metabolic networks. The
current section aims to explore the metabolic pathways operating on macrophages to
turn out these functions and more importantly regulator networks that control the
macrophage metabolism.

In general, cells sense the environmental cues to reprogram the intracellular
metabolism for structural and functional adjustments accordingly. To understand this
metabolic adjustment, for example, in the presence of oxygen, the adenosine triphos-
phate (ATP) is produced by mitochondria by oxidative phosphorylation. The process
requires NADH and FADH generally derived from the tricarboxylic acid cycle (TCA) or
fatty acid oxidation. In contrast, under hypoxic conditions, cell shift their metabolism
to glycolysis by activating hypoxia-inducible factor 1o (HIF1a) transcription factor to
meet the ATP demands. Similarly, cells also sense nutrient levels and utilize these nutri-
ent profiles to balance their metabolic networks. Reports reveal that certain metabolites
are crucial for the regulation of immune cells such as macrophages, neutrophils, and
T cells. O’Neill et al. [119] reported that metabolic reprogramming of immune cells is
accomplished by stimulation of cytokine receptors, pattern recognition receptors, and
antigen receptors. For instance, the mammalian target of rapamycin (mTOR), a protein
kinase regulates several metabolic networks including autophagy, proliferation, cell
migration, immune responses, and cellular homeostasis. Central to all these regulatory
networks lies the activation of mTOR signaling that integrates nutritional information,
like ATP and amino acid levels, to promote cell proliferation and cell activation. The
mTOR is formed of two complexes viz., mTOR complexes 1 and 2, both these com-
plexes are distinguished and formed by the presence of adaptors molecules, Raptor (in
mTORC1) and Rictor (in mTORC2) [120]. The network of mMTORC1/mTORC2 in mac-
rophages is involved by many extracellular signaling cues such as TLR ligands, growth
factors, and cytokines to mediate gene expression. For instance, Haloul [121] reported
the role of mTORCI in the polarization of macrophages to M1 phenotype, and the
latter was found to induce the pathogenic fatal ehrlichiosis in the liver. In addition, the
PI3K-mTOR pathway macrophages residing in bone marrow enhanced the polarization
of M2 macrophages, whereas, on the other hand, inhibition of PI3K or mTOR stemmed
in M1 macrophage, demonstrating the significance of PI3K or mTOR in macrophage
polarization of macrophages [122]. Consequently, these reports suggest the central role
of mTOR and other signaling cascades involved in macrophage polarization, and their
dysregulation results in the progression of diseases such as atherosclerosis [123].
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Reports suggest that macrophages have a central role in the development of
acute lung injury (ALI)/acute respiratory distress syndrome (ARDS) by secreting
pro-inflammatory cytokines and inducing the recruitment of neutrophils into the
lungs to aggravate the progression of inflammation and injury to the lungs [124, 125].
Similarly, the development of pulmonary fibrosis also occurs when there is an overly
dominant M2 polarization [125]. These studies show that depending on the regulation
of macrophage phenotypes, the ALI/ARDS outcomes may greatly differ.

The molecular intermediates and modulation of immunometabolism receptors
highly influence macrophage polarization. Described below are the effects on the
different molecular targets of N5P inhibitor to result in the reduction of inflammation
in ALI: N5P inhibitor suppresses the levels of genes such as ASIC1a, GLUT1, HIF-1a,
HK2, IL-6, and IL-1p. Likewise, with the help of 2-deoxyglucose (2-DG), an inhibitor
of glycolysis, a decrease in the severity of lung damage, low effect of oxidative stress,
and less production of inflammatory cytokines were observed in the ALI mice models
[126]. Likewise, when macrophages were treated with 1,2,3-benzentricarboxylic acid
(BTA) there was decreased mitochondrial citrate carrier (CIC/SLC25al) activity that
consequently reduced the citrate accumulation in cytosol of activated macrophages
causing a reduction in NO production. Contraceptive methods included investor,
receptor only MA, and prostaglandin [127]. The present study reinforced the earlier
findings by demonstrating that the intraperitoneal administration of a-KG in mice
reduced inflamed cytokines and suppressed the genes of IL-1p, TNF-«, and IL —6 and
increased Argl levels to reduce lung injury [128]. Therefore, one can say that the more
moderate disease severity depends mainly on adjusting the macrophage polarization
by means of immunometabolism.

3. Conclusions

In conclusion, macrophages, as the cells that play essential roles in the innate
immune system, display great functional heterogeneity and tissue plasticity, enabling
them to respond to numerous physiological and pathological processes. They have
the capacity to switch between M1 and M2, so that macrophages are instrumental
in causing inflammation and also in healing tissue injury. The M1 macrophages are
particularly involved in protective host defense and acute inflammatory events due
to the synthesis of pro-inflammatory cytokines and ROS. However, the recruitment
and activation of M1 is not beneficial for a long time, as it leads to tissue damage and
sustained inflammation. Conversely, M2 macrophage moniker originate from IL-4/
IL-13 signals, they are involved in inflammation resolution, tissue remodeling as well
as in processes that support angiogenic and cancer-promoting functions.

IR insightful, we continue to learn that macrophage polarization is a dynamic
and highly integrated process whereby molecular signaling pathways and metabolic
reprogramming mediate macrophage states and functions and the interdependence
of immunological signaling and metabolic pathways. Knowledge of these processes
is useful in the elucidation of pathophysiological processes of numerous diseases
such as chronic/acute inflammation, cancer, and other diseases. This knowledge also
reveals possible paths toward creating more specific anti-inflammatory treatments for
diseases through the manipulation of macrophages to restoration of proper function
and more.

Thus, the current chapter offers a concise and detailed understanding of the pro-
cesses described in the context of macrophage polarization in correlation with health
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and disease. This highlights the importance of understanding and characterizing
multi-lineage cells such as macrophages in disease processes and the development of
novel strategies to modulate the potential clinical application of macrophage-oriented
regimens.
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The Impact of Glucose
Intermediates, Lactate and Amino
Acids on Macrophage Metabolism
and Function

Najia Jeroundi, Léa Paolini and Pascale Jeannin

Abstract

Macrophages (Mgs) are long-lived innate immune cells present in almost all
tissues. In addition to phagocytic properties, Ms are characterized by their plasticity.
They are involved in tissue homeostasis, anti-infectious, pro- and anti-inflammatory
responses depending on the needs of the tissue. Mg functional phenotypes are tightly
tied to their metabolic pathways. Glucose-related metabolic pathways including
glycolysis, pentose phosphate pathway and glycogen metabolism have been associ-
ated with the control of inflammatory response. On the contrary, Krebs cycle activity
fueled with glutamine or lactate has been associated with M@s harboring repair
properties. For some metabolites, their fate is directly dependent on Mg phenotype as
exemplified with arginase in murine Mgs: proinflammatory Mgs express nitric oxide
synthase synthesizing NO while trophic Ms express arginase-producing L-ornithine
and urea. In this chapter, we propose an overview of the metabolic requirement for
Mgs function with an emphasis on the differences between human and murine Mgs.

Keywords: glucose, Krebs cycle metabolites, phagocytosis, inflammation, macrophage
polarization, metabolic plasticity

1. Introduction

Macrophages (M) are myeloid cells of innate immunity present in most tissues
which control crucial physiological processes such as antimicrobial and inflamma-
tory responses as well as tissue homeostasis and repair. Tissue-resident Mps (TRMs)
exhibit tissue-specific functions and maintain tissue homeostasis [1, 2]. For example,
alveolar Mgs are located in alveoli and eliminate debris, surfactant and apoptotic cells
while osteoclasts are located in the bone where they orchestrate bone remodeling.
During infection or inflammation, when TRMs are overwhelmed, blood monocytes
are recruited and differentiate locally into Mg (hereafter called recruited M) [3]
(Figure 1a). Murine embryos with defects in Mgs development are not viable in
both human and mice, genetic defects in Mg lead to several pathologies including
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Figure 1.
A simplified view of Mg subsets. (a) In situ Mo includes TRM and newly vecruited M. (b) Human and murine
Mg subsets commonly used for in vitro and ex vivo assays.

neurodevelopmental defects, bone deformities, multiorgan dysfunctions [4] which
emphasize the importance of these immune cells.

Mgs are long-lived cells that continuously sense their environment (pH, 02,
cytokines, metabolites) and adapt their functions to tissue demands, a process called
functional plasticity [3, 5, 6]. Mgs acquire proinflammatory, trophic or immuno-
regulatory properties. Based on the classification of CD4+ T lymphocytes as Thl vs.
Th2, a classification of Mgs differentiated in vitro from myeloid precursors has been
proposed. It opposed proinflammatory Mgs called M1 with reparative and immuno-
regulatory Mgs called M2 [7].

The M1/M2 classification is imperfect because it is reductive since these two
states represent the ends of a functional polarization continuum [8] exemplified by
the multiple intermediary’s phenotypes that have been observed [9-17]. Although
imperfect, the classification based on M1 and M2 Mgs remains commonly used
(Figure 1b) [18]. Since the phenotypic and metabolic characteristics of human and
murine macrophages (Mgs) differ on many points, a parallel analysis of the two
models is required, and results obtained from one model should not be transposed
to the other.

In mice, both tissue-resident M@s and bone marrow-derived Mgs (BMDM) are stud-
ied [19]. In human, monocytes-derived Ms are easily generated in vitro while obtaining
access to tissue-resident Mgs is obviously limited [20]. Macrophages (Mgs) rely on
three growth factors for their differentiation and survival: M-CSF and IL-34 [21] which
signal through their receptor CD115, and GM-CSF, an inflammatory cytokine produced
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at sites of inflammation that signals through CD116 [22]. It should be noted that in

mice, bone marrow precursors exposed to GM-CSF differentiate into both dendritic
cells and Mgs in vitro [23] while M-CSF induces the generation of a more homogeneous
population of Mgs after a 7-days differentiation protocol [24]. Multiple factors polarize
Mgs: Interferon-y (IFN-y), interleukin-1f (IL-1p), lipopolysaccharide (LPS) trigger

the generation of murine and human M1 Mgs that produce IL-12 and inflammatory
cytokines (including TNFa, IL-1f, IL-6) but are weak producer of IL-10 [8]. M2 Mgs

are generated in the presence of the polarizing cytokines IL-10, IL-4 and IL-13 and they
produce growth factors, immunosuppressive cytokines including IL-10, thereby promot-
ing resolution of inflammation and tissue repair [25]. Of note, human Mgs present in
inflammatory and tumor sites usually exhibit a mixed M1/M2 phenotype [9-17, 26]. An
important mechanism by which Mgs polarize toward pro-(M1) and anti-inflammatory
(M2) phenotypes is via changes in metabolism, also called metabolic reprogramming,

to sustain the cell’s function [27]. Distinct phenotypes of Ms are associated with the
pathophysiology of different disorders: M1 cells are involved in the inflammatory
processes associated with diabetes and autoimmune diseases while M2 cells contribute to
tumor growth and fibrosis [28].

This issue is complicated by variations between species. Murine and human Mgs
differ in the way they are generated in vitro and in their phenotypes [8, 19, 29]. Murine
Mes are usually generated from bone marrow cells while human Ms from monocytes
[19]. Importantly, human inflammatory M¢ can be generated with GM-CSF while
GM-CSF switches human myeloid precursor to murine DC [23]. Moreover, human Mgs
need LPS activation to reveal their phenotype while for murine Mgs, LPS is a polarizing
factor. Finally, in the murine in vitro model, Mgs from distinct strains do not respond
equivalently to PRR activation [29] as some murine strains (e.g., C57BL/6) are more
prone to inflammation compared to others (BALB/c). Differences between metabolism
have been also highlighted [30]. Murine M1 cells polarization enhanced glycolysis,
pentose phosphate pathway and displays a broken tricarboxylic acid cycle (TCA), and
this permits M1 polarized Mes to rapidly trigger microbicide activity and to cope with a
hypoxic tissue microenvironment, thus meeting their energy needs [31, 32]. In human
Mgs, M1 glycolytic M@s do not harbor a broken Krebs cycle (personal data). M2 cells
uptake fatty acids to fuel OXPHOS over glycolysis, contributing to tissue remodeling,
repair and wound healing [25, 32, 33]. Another example of the metabolic differences
between human and mice is observed regarding nitric oxide. Murine proinflammatory
Mgs activated by PRR secrete nitric oxide which is toxic for bacteria and intracellular
parasites. They express an inducible form of nitric oxide synthase named iNOS that,
once induced, is stable for several hours, thus enabling the production of NO at the
micromolar range [34]. In contrast, human Mgs do not secrete NO as the transcription
of Nos2, the gene encoding iNOS, is methylated and thus limited [35].

2. Overview of metabolic pathways and technical analysis

The aim of cellular metabolism is to generate ATP, NADPH and FADH2 molecules
and, in several immune cells including Mgs, metabolic pathways also support the
acquisition of functional phenotypes [36]. In addition to their involvement in energy
production and redox regulation, some metabolites are involved in chromatin remod-
eling and thus directly contribute to the regulation of gene expression (Figure 2)

[37, 38]. a-Ketoglutarate (a-KG), succinate and fumarate regulate the activities of
enzymes involved in histone methylation and DNA methylation [37].
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Glycolysis is the metabolic pathway that relies on glucose utilization, leading
to the formation of pyruvate, a 3-carbon entity and ATP. At the organism level,
glucose homeostasis is tightly regulated and for most tissues is the major pathway in
producing ATP [39]. Glycolysis generates ATP faster than mitochondrial oxidative
phosphorylation and is thus often a primary metabolic fuel. Glucose metabolism
involves multiple interconnected pathways including glycolysis, the pentose phos-
phate pathway (PPP), glycogenesis, gluconeogenesis and glycogenolysis [40]. Within
the cells, free glucose is immediately phosphorylated by hexokinase producing
glucose-6-phosphate (G6P), thereby preventing its diffusion out of the cell [41]. G6P
is at a crossroads of several metabolic pathways (Figure 2). G6P can be processed in
glycolysis that drives the generation of 2 molecules of pyruvate, 2 molecules of ATP
and antioxidant power via NADPH. In Mgs, NADPH is required for NADPH oxidase
(NOX), a key player in pathogen defense [40]. Pyruvate can be metabolized by lactate
dehydrogenase (LDH), leading to the formation of lactate, which is exported out of
the cell via monocarboxylate transporters (MCT) along with a proton, enabling the
reoxidation of NADH to NAD+. If G6P is oxidized by glucose 6-phosphate dehydroge-
nase (G6PD), it enters the PPP. The conversion of G6P to glucose 1-phosphate (G1P)
by phosphoglucomutase (PGM) supports glycogen synthesis (glycogenesis), a critical
intracellular reservoir of carbons. In the liver, glycogen can also be synthesized by
non-carbohydrate precursors such as lactate (transported from peripheral tissues)
and glycerol (released from lipolysis), a metabolic process called gluconeogenesis,
which is responsible for the generation of glucose as a fuel for other tissues. We have
recently observed that some human M1 cells are capable of gluconeogenesis (unpub-
lished results). Synthesized glycogen is stored in the cytoplasm or enters glycogenoly-
sis for degradation (glycogenolysis), eliciting G6P (Figure 3) [42].

The pyruvate produced from glycolysis can also be imported into the mito-
chondria matrix, converted to acetyl-CoA by pyruvate dehydrogenase complex,
and incorporated into the TCA cycle (also named Krebs cycle) in conjunction with
oxaloacetate. This cycle that mediates the catabolism of acetyl-CoA from the oxida-
tive decarboxylation of pyruvate is linked to the electron transport chain (ETC), a
set of multi-protein complexes (complexes 1-4) located in the mitochondrial inner
membrane. The respiratory chain creates a proton gradient across the mitochondrial
membrane that enables ATP synthase (complex V) to function, resulting in the
generation of 38 ATP, whereas glycolysis alone produces 2 ATP. O2 is the terminal
electron acceptor of the respiratory chain, so its function is impaired under hypoxia.
The Krebs cycle can also be supplied by fatty acids and amino acids including gluta-
mine or ketone bodies (Figure 2).

To assess M@ metabolism, multiple techniques are available that do not overlap
as they gave different information regarding the pathways and nutrients used [43].
First of all, the analysis of transcripts, notably by single-cell technologies, assesses the
expression of enzymes or transcription factors involved in energy production [43].
Regarding glycolysis, enzymatic assays can be used to assess the activity of an enzyme
(e.g., LDH) or to quantify in cell culture supernatant glucose and lactate concentra-
tions. Enzymatic activities have also been realized on tissue, thus highlighting meta-
bolic networks in situ [44]. The gold standard to analyze both glycolysis and OXPHOS
required an extracellular flux analyzer that generated data in real time (for example,
Seahorse® technology by Agilent). Glycolytic flux is assessed by the acidification of
cell culture supernatant as lactate export is accompanied with the export of a proton
(ECAR, extracellular acidification rate) and OXPHOS is monitored by the consump-
tion of O2 in cell culture. Flow cytometry can also be used to assess the expression of
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Figure 2.

Intgerconnection between metabolic pathways and macrophage’s phenotype and function. Macrophages rely

on multiple metabolic pathways to produce energy and cofactors in order to survive and to perform their key
functions (efferocytosis, cytokine production). As a central metabolite, G6P can be channeled in different
directions: being oxidized to pyruvate along glycolysis, to ribose-5 phosphate (R5P) pr xululose-5P (X5P) via
pentose phosphate pathway (PPP), or to glycogen via glucose-1P (G1P). Pyruvate has two fates in macrophages:
it can be metabolized by lactate dehydrogenase (LDH) generating lactate which is exported out of the cell with
a proton. Pyruvate can be transported into the mitochondria via the mitochondrial pyruvate carvier and then be
metabolized into acetyl-CoA. This initiates the tricarboxylic acid cycle or Krebs cycle. A complete cycle generates
three NADH and one FADH2 cofactors, which transfer their electrons to the vespiratory chain that is localized
in the intermembrane space of the mitochondria. In the respiratory chain, electrons are transferved between

the four multi-protein complexes (complexes I, I, III and IV), and the complexes 1, Il and IV pump protons
from the matrix across the inner mitochondrial membrane. A proton gradient is then established on which
depends ATP synthase (also named complex V) to produce ATP from ADP, a process designated as oxidative
phosphorylation. PPP generates abundant NADPH and R5P, vespectively, to ensure high levels of reduced
glutathione for inflammatory macrophage survival as well as DNA synthesis and protein glycosylation. Glycogen
metabolism also activates UDPG/P2Y14 signaling pathway to upregulate the inflammatory gene expression via
STAT1activation. Multiple metabolites of the TCA (citrate, acetyl-CoA, succinate) and lactate participate in
the regulation of gene expression. HK, hexokinase; GPI, phosphoglucose isomerase; PFK, phosphofructokinase;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PGK, phosphoglycerate kinase; PGAM, phosphoglycerate
mutase; PKM, pyruvate kinase; LDH, lactate dehydrogenase; G6PD, glucose-6-phosphate dehydrogenase; 6PGL,
6-phosphogluconolactonase; 6PGD, 6-phosphogluconate dehydrogenase; PGM1, phosphoglucomutase; GYS,
glycogen synthase; UGP, UDP-glucose pyrophosphorylase; UDPG, UDP-glucose; PDH, pyruvate dehydrogenase;
CIC, mitochondrial citrate carrier; SCOT, succinyl-CoA:3-ketoacid coenzyme A transferase; PDH, pyruvate
dehydrogenase; PDK, pyruvate dehydrogenase kinase; CS, citrate synthase; ACO2, aconitase 2; IDH3,

isocitrate dehydrogenase 3; OGHD, 2-oxoglutarate dehydrogenase; SCS, succinyl-coenzyme A synthetase; SDH,
succinate dehydrogenase; FH, fumarate hydratase; MDH2, malate dehydrogenase 2; ACLY, ATP-citrate lyase;
HAT, histone acetyl transferase; STAT, signal transducers and activators of transcription; P2Y14, purinergic 14
receptor; Cyt C, cytochrome c; PE, ribulose-phosphate 3-epimerase; RPI, ribose-5-phosphate isomevase; FBPase,
fructose 1,6-bisphophatase; ALDO, fructose-bisphosphate aldolase.
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Figure 3.

Simplified view of glycogen metabolism. Glycogen can be synthesized from Glc (glycogenesis) or from non-
carbohydrate substrates (glyconeogenesis). Glycogen degradation (glycogenolysis) gives rise to glucose-6-phosphate
(G6P) which supplies three different pathways: glucose velease, glycolysis or the pentose phosphate pathway.

The enzymes mentioned in the proposal are in purple. Ala, alanine; Gln, glutamine; G6B, glucose-6 phosphate;
GYS, glycogen synthase; PYG, glycogen phosphorylase; G6PC3, glucose-6 phosphatase catalytic subunit 3; GPI,
phosphoglucose isomerase; G6PD, glucose 6-phosphate dehydrogenase.

metabolism-related protein expression or to assess the uptake of probes that reflect
nutrient uptake or mitochondrial mass for example [45]. Metabolites from both
glycolysis and OXHOS can be measured by liquid or gas chromatography-mass spec-
trometry [43], eventually with heavy isotope-labeled nutrients (e.g., stable isotope
13C-labeled glucose) to do isotope tracing [46].

3. Glucose metabolism
3.1 Glucose metabolism in proinflammatory Megs

The first studies demonstrating the need for Mgs to use glycolysis date back to the
1960s. The increased use of the glycolysis pathway by Mgs for phagocytosis or cyto-
kine production in a proinflammatory context has been demonstrated both in vitro
and in vivo [47-49]. The M1 cell polarization is associated with increased glycolytic
activity, compared to IL-4-exposed Mgs (M2 cells) [31, 50]. Moreover, GM-CSF
(that induces inflammatory Mgs) increases human Mg glycolytic activity more
than M-CSF, while M-CSF increases OXPHOS utilization more than GM-CSF [33].
The cell surface expression of the glucose transporter GLUT1 (encoded by slc2al) is
upregulated in M1 inflammatory cells and is associated with increased glycolysis [51]
and ROS production [52, 53]. Regarding Mg stimulation, LPS stabilizes the transcrip-
tion factor HIF1a [54] and upregulates the expression of several glycolysis enzymes
(Figure 2) [55, 56]. Accordingly, LPS-stimulated monocytes harbor an increased
ECAR as monitored by Seahorse analysis, thus indicating an upregulation of glyco-
lytic metabolism [57].
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Metabolic shifts are associated with profound transcriptional regulation of gene
expression, and several studies have identified different glycolytic enzymes as being
crucial to Mg biology. Hexokinase acts as a glucose sensor and phosphorylates glucose
for subsequent utilization (Figure 2). The isoform 2 of hexokinase behaves as a pat-
tern recognition receptor as it binds N-acetylglucosamine, leading to NLRP3 inflam-
masome activation [58, 59], thus linking innate immunity to glycolysis.

The first rate-limiting enzyme in glycolysis is 6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase (PFK-2/FBPase, PFK), which catalyzes the conversion of
fructose-6-phosphate to fructose-2,6-bisphosphate, a rate-limiting step in glycolysis
[60]. M@ activation induces a switch in the expression of PFKFB2 isoform, from
the liver type-PFK2 (L-PFKFB 2) to the more active ubiquitous PFK2 (u-PFKFB2)
isoenzymes through HIF-1a independent mechanism [31]. This enzyme is a potent
driver of glycolysis because its overwhelming activity leads to the production of
fructose-2,6-biphosphate, which activates PFKFB1 [61, 62]. The isozymes encoded
by Pfkfb3 and Pfkfb4 are implicated in Mg glycolysis at transcriptional levels upon
stimulation with IFN-y and LPS, and silencing Pfkfb3 has been shown to lower gly-
colysis in inflammatory Mgs [63-65]. Recently, Chen and colleagues [65] have shown
that PFKFB3-mediated glycolysis promotes IFN-y-induced M1 polarization through
the JAK2/STAT1 signaling pathway [65].

GAPDH catalyzes the conversion of glyceraldehyde-3-phosphate into D-glycerate
1,3-bisphosphate (Figure 2). When glycolysis activity is low, GAPDH binds to TNF-a
mRNA and inhibits its transcription, thus decreasing its translation [66]. This is
specially the case in endotoxin tolerant monocytes that have been previously exposed
to LPS [66]. The RNA-binding property of GAPDH is decreased by its malonylation
[67], which consists in the addition of a malonyl-CoA group which is synthetized in the
cytosol from acetyl-CoA by acetyl-CoA carboxylase (ACC). GAPDH capacity to behave
as a transcriptional repressor is inversely proportional to its activity in glycolysis.

PRR-mediated Mg activation drives inflammation that is dependent on the
glycolytic pathway. This could be explained by the fact that glycolysis is faster than
OXPHOS if substrates are available [68]. The production of lactate from glycolysis-
derived pyruvate enables the regeneration of NAD+ in cell cytosol. In addition, pyru-
vate kinase M2 (PKM2), an enzyme from the glycolysis that converts phosphoenol
pyruvate (PEP) into pyruvate, is dimerized in LPS-treated Mgs and gets acetylated
[69], thus slowing glycolysis and allowing flux of glycolysis intermediates into bio-
synthetic pathways [70]. PKM2 is a key molecular determinant in the enhancement of
proinflammatory response of Mgs, through the HIF-1a-dependent mechanism, lead-
ing to IL-1f induction by directly binding to its promoter [70, 71]. Recently, Dong and
colleagues have shown that increased production of IL-1f by glycolysis was mediated
through enhanced H3K9 acetylation in activated murine M1 cells [72]. The acetylation
level increased resulting in the opening of IL-1f gene binding chromatin structures
leading to HIF1a/PKM2 fixation [72]. Two of the most important signaling pathways
for M1 cell activation, NF-kB and Akt/mTOR, converge to stabilize HIF-1a, which
increases the expression of several glycolytic genes [73]. In addition to the modulation
of inflammatory response, PKM2 seems to be responsible for increased expression of
PD-L1 in TAM from hepatocellular carcinoma [74]; PKM2 binds to hypoxia response
elements in Mgs and dendritic cells and, in combination with HIF1a, upregulate
PD-L1 transcription [75]. In addition to a crucial role in proinflammatory activation,
glycolysis also supports pyroptosis [76] in activated Ms.

Another key feature of the metabolic reprogramming of M1 phenotype upon
activation is the upregulation of the PPP (Figure 2). G6P from glycolysis supplies
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the PPP, resulting in the production of two major products: nicotinamide adenine
dinucleotide phosphate (NADPH), that is crucial for preventing ROS production, and
ribose-5-phosphate, essential for nucleic acid synthesis [77]. The glucose 6 phosphate
dehydrogenase (G6PD) is the first and rate-limiting enzyme of the PPP [40, 77, 78].
Overexpression of G6PD in murine Mg cell line enhanced the activation of NF-xB
and p38-MAPK signaling pathways and potentiated the expression of inflammatory
cytokines (such as IL-6, IL-18, MCP-1 and TNF-a) as well as ROS production [79].
Moreover, Haschemi and colleagues have identified by kinase screening, CARKL,

as a novel regulator of human and murine Mg activation [80]. CARKL catalyzes the
formation of sedoheptulose (S7P), an intermediate of the PPP, whose expression
rapidly decreased upon M1-polarized M¢ activation. Inflammatory cytokines and
intracellular superoxide production rates were blunted upon CARKL overexpression,
an effect mediated by sustained S7P production, suggesting that CARKL downregula-
tion is critical for proper M1 polarization [80].

In addition to glycolysis and PPP, Ms utilize other glucose-related metabolic path-
ways to drive their inflammatory phenotype. Recently, the role of glycogen metabo-
lism on metabolic reprogramming has become a recognized feature of some myeloid
cells under stress conditions such as hypoxia and glucose deprivation [61, 81-83].
Glycogen present an important reservoir form of glucose in cells which is essential for
energy supply and glucose homeostasis [84]. Glycogen can be generated from glucose
(direct pathway, Figure 3) or by using non-carbohydrate substrates, a process called
gluconeogenesis that occurs mainly in the liver (indirect pathway) [42]. Glycogen
metabolism is regulated by glycogen synthesis (glycogenesis) and degradation (gly-
cogenolysis) requiring a coordination action of two key enzymes, glycogen synthesis
(GYS) and glycogen phosphorylase (PYG), respectively. Glycogenolysis-derived G6P
can fuel different metabolic pathways (Figure 3). Two studies have revealed a direct
association of glycogen metabolism and inflammation in murine Mgs. Ma et al. [81]
have reported that, unlike IL-4 stimulation, IFNy/LPS treatment stimulates glycogen-
esis and glycogenolysis in murine M1 Ms, by upregulating the enzymes involved in
glycogen metabolism (including GYS1, PGM1, UGP2 and PYG). The study demon-
strated that glycogen metabolism has a central function in controlling inflammatory
murine Mgs by two related mechanisms: (i) M1 Mg uses G6P-derived glycogenolysis
which is channeled through the PPP to produce large amounts of NADPH required for
inflammatory Mg survival, (ii) UDPG-derived glycogenesis binds to P2Y14 receptors
to induce inflammatory Mgs, and cytokines such as TNF, IL-6 I1-1b were subsequently
upregulated in an autocrine fashion via UDPG/P2Y14/STAT1 signaling transduction
[81]. Recently Qian et al. [85] studied the importance of UDPG/P2Y14 signaling path-
way in a model of inflammation. The authors showed that HIF-1a directly regulates
glycogen synthase 1 (GYS1), thus promoting glycogen synthesis. Knock-down of
HIF-1a gene interfered with GYS1 both at the mRNA and protein level, suggesting
that GYS1 is a downstream target gene of HIFla. Moreover, LPS stimulation of murine
and human M1 Mgs increases UGPG and P2Y14 secretion, while HIF-1a stabilizer
(MK8617) treatment exerts an anti-inflammatory effect by inhibiting UDPG and
P2Y14 production, leading to the release of inflammatory mediators in M1 Mgs. This
study proposed a novel specific regulatory mechanism to prevent inflammation by
which MK8617 prevents intracellular HIF-1a degradation through GYS1/UDPG/P2Y14
pathway, thereby attenuating M1 Mg inflammation (Figure 2) [85].

The mechanisms of inflammatory metabolic reprogramming have mostly been
studied using LPS treatment in vitro or in vivo [10, 86-89]. Recently, Murugina et al.
[90] have shown that metabolic reprogramming from oxidative phosphorylation to
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aerobic glycolysis in human monocyte-derived Mgs and in mouse peritoneal Ms
was also induced by agonists of NOD1 and NOD?2 receptors similar to TLR4 agonist
lipopolysaccharide. But the rewiring of metabolism toward glycolysis is not strictly
conserved for all PRR as TLR2 ligation in monocytes activated bot glycolysis and
OXHPOS, a requirement for phagocytic activity and cytokine production [57].

3.2 Glucose-related metabolism in M2 Mgs

Prototypic or alternative M2 cells are generated in the presence of M-CSF, IL-4 or
IL-13, and harbor a trophic/wound healing and immunoregulatory phenotype [22].
In contrast to murine M1 cells, alternatively activated M2 cells possess a fully intact
TCA cycle and obtain much of their energy from fatty acid oxidation (FAO) and
oxidative metabolism, to execute cellular functions [91]. Furthermore, aerobic and
anaerobic glucose metabolism also fuel phagocytosis, which is an energy-demanding
process and a key property of M2-polarized Mgs [25]; of note human M1 cells
(GM-CSF + IFNY) do not exhibit phagocytic properties.

Lactate is a signaling metabolite that affects both the phenotype and metabolism
of Mgs. Lactic acid (LA), produced by glycolysis from pyruvate by LDH, accumu-
lates in the microenvironment in case of injury, bacterial infection or tumors [92].

In alandmark study in 2014, Ruslan Medzitov and collaborators identified LA asa
local factor driving murine M2 cell polarization [93]. Lactate is imported by MCT of
the Scl16a family [94] with a proton. Lactate-mediated stabilization of HIFla was
required to increase several M2-specific genes including Argl and Vegf (Figure 2).
Lactate was oxidized by murine tumor-associated Mgs (TAM) as highlighted in trac-
ing experiments.

We and others have shown that LA triggers inflammatory gene expression in
human monocytes [95] and in monocytes-derived Mgs [17, 96]. More precisely,
human Mgs generated in the presence of GM-CSF and lactic acid acquired a mixed
profile associating M2 and M1 phenotype. Lactic acid driven M2 phenotype included
CD163 membrane expression, growth factors secretion and the expression of several
M-CSF dependent genes [17]. We identified HIF1a as a factor that unlocked the
consumption of M-CSF, while increasing the proinflammatory secretory profile
(IL-1b, IL-6, TNF-a). Lactate internalization by Ms was necessary for the acquisition
of the phenotype and our study contributed to explain how human Mgs can harbor
both proinflammatory and trophic properties. It has been recently published that
lactate induces histone lactylation [97]. In addition to its role once internalized in the
cell, lactate is a ligand for the protein-coupled receptor (GPCR) 132 whose activation
triggers chemokine synthesis by TAM [74].

It has been demonstrated several years later in murine Mgs that pyruvate gener-
ated from glucose or lactate is taken up in the mitochondria and incorporated in
TCA cycle. A portion of citrate is imported outside the mitochondria and cleaved
by ACLY into acetyl-coenzyme A (acetyl-CoA), thus regulating histone acetylation
on M2-specific promoters [98]. The function of ACLY in the regulation of the M2
phenotype of murine Ms has also been studied in the context of LPS stimulation
by Shi et al. [99]. The authors realized transposase-accessible chromatin with high-
throughput sequencing (ATAC-seq) and identified numerous genomic sequences
whose accessibility was reduced by LA, including proinflammatory genes coding for
IL-1p and TNF-a. However, these results are not fully transposable to human Mgs,
whose biology differs from murine Mgs notably regarding the phenotype as discussed
previously [19, 96].
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Following M2 polarization, the Pfkbl gene is expressed instead of Pfkb3,
resulting in higher levels of the liver isoform of PFKB2 and lower levels of fructose-
2,6-biphosphate [31]. The downregulation of the glycolytic pathway is compensated
with a massive augmentation of an oxidative metabolic program, ranging from fatty
acid uptake and oxidation to oxidative phosphorylation and mitochondrial respira-
tion. The molecular pathway that directly links mitochondrial oxidative metabolism
to the anti-inflammatory program is upregulated by STAT6-PGC-1 following IL-4
activation [100]. Active STAT6 induces the coactivator protein peroxisome pro-
liferator-activated receptor (PPAR) gamma-coactivator 1 (PGC-1), which in turn
induces mitochondrial function to promote murine M2 cell polarization [101, 102].
Indeed, transgenic expression of PGC-1 primes Mgs for alternative activation and
strongly inhibits inflammatory cytokine production, whereas inhibition of oxida-
tive metabolism or RNAi-mediated knock-down of PGC-1 attenuates this immune
response [103, 104]. Thus, PGC is considered as the key player responsible for the
metabolic switch in M2 Mgs.

Even though they consume glucose modestly, human or/and murine M2 cells also
rely on glycolysis to maintain their phenotype [30, 105, 106]. Glucose oxidation,
but not that of fatty acids, plays a critical role in the early differentiation of M2
Mes via pyruvate dehydrogenase kinase 1 (PDK1). PDK1 knock-down remarkably
enhanced the expression of M2 markers and augmented mitochondrial oxidative
phosphorylation at the early time point in IL-4-stimulated Mgs. This study suggests
that PDK1 regulates M2 Mg differentiation via controlling glucose oxidation during
the early differentiation of M2 Mgs [107]. Moreover, it has been shown that glucose
uptake increases over time in M@s activated by IL-4 [105]. The implied mecha-
nistic link between glycolysis and M2 Mg activation is the generation of pyruvate
by glycolysis, which then feeds into the TCA cycle to promote Ac-CoA synthesis
and histone acetylation by ACLY enzyme [105] or mitochondrial OXPHOS [106].
Efferocytosis is one of M’s key functions as it prevents leakage of intracellular
contents into tissue, its malfunction driving pathologies including atherosclerosis
[60]. Interestingly, phagocytosis of dead cells by Mgs induces an early and transient
increase in glycolysis, with glycolysis rate returning to basal activity after 24 h [59].
This metabolic activity is therefore quite distinct from the increase in glycolysis as
part of the inflammatory response, whose action is prolonged over time. It has been
shown that this transient glycolysis allows the expression of membrane receptors
and also activates one of the pH-sensitive receptors, GPR132, which augments Myc
expression and thus drives murine Mg proliferation [61]. In murine Mgs, the Akt-
mTORC1 pathway is responsible for increasing glucose consumption in M2 Mgs
following IL-4 stimulation. Thus, increasing ACLY enzymatic activity and histone
acetylation and, subsequently, M2 gene induction (including chemokine production
and gene regulating cellular proliferation) [105]. In human Mgs, although ACLY
inhibition attenuated IL-4-induced gene expression, it failed to alter cellular Acetyl-
CoA levels and histone acetylation, suggesting that IL-4-induced gene expression
occurred independently of ACLY [108]. Those studies noticed considerable differ-
ences in metabolic requirements of human vs. murine Mgs toward IL-4-induced
polarization. Finally, polarization of Mgs in M2 phenotype induced CARKL upregu-
lation, enhancing the non-oxidative steps of PPP, leading to ribose-5P production,
necessary for nucleotide and UDP-GIcNAC synthesis (Figure 2) [80]. UDP-GIcNAC
is required for N-glycosylation of different cell surface proteins (i.e., CD206)
abundantly expressed in M2 Mes [10].

44



The Impact of Glucose Intermediates, Lactate and Amino Acids on Macrophage Metabolism...
DOI: http://dx.doi.org/10.5772/intechopen.1005523

4. Krebs cycle and respiratory metabolism
4.1 Oxidative metabolism in inflammatory Mgs

As discussed previously, glycolysis is upregulated in M1 cells in murine M1 cells,
the TCA cycle is truncated after the generation of citrate and succinate with accumu-
lation of TCA cycle intermediaries, such as a-ketoglutarate and fumarate. However,
it is important to note that the data on TCA cycle disruption in M1 M@s come from
murine Mgs, and a body of evidence suggests that the metabolism of human and
murine Mgs differs fundamentally [30, 33].

Succinate stabilizes HIF1a, thus increasing I1-1b transcription (Figure 2).
Moreover, the oxidation of succinate in inflammatory Mgs by the succinate dehydro-
genase enzyme (SDH) produces ROS [109], required for the acquisition of inflam-
matory phenotype [110]. SDH belongs to the electron transfer chain, whose assembly
dictates M@’s inflammatory response [111].

In addition to its plethora of regulatory roles in cell metabolism, citrate sustains
inflammatory M¢ response. LPS stimulation of murine M1 cells induces a downregu-
lation of isocitrate dehydrogenase (IDH), which catalyzes the conversion of citrate
to isocitrate [10], and upregulation of CIC [112], leading to citrate accumulation and
its exportation from the mitochondria to cytosol, which is essential for NO, ROS and
prostaglandin production [113, 114]. Pharmacological or genetic targeting of CIC in
human Mgs decreases these inflammatory mediators [112]. ATP citrate lyase (ACLY)
catalyzes the conversion of cytosolic citrate to acetyl-CoA and plays a critical role in
supporting the inflammatory response through its regulation of many inflammatory
gene expressions [115, 116]. In activated human Mgs, ACLY activates NF-kB acetyla-
tion, enhancing the transcription of several inflammatory genes such as IL-1p and
PTGS?2, as well as the mitochondrial citrate carrier (CIC) (Figure 2) [117]. These stud-
ies demonstrate how Mg metabolism is not simply needed for providing the energy
but can play a pivotal role at transcriptional regulation of the immune response.

In TLR-stimulated murine M1 Mgs, glycolysis upregulation also leads to an
upregulation of glutamine consumption, and to an increase of succinate levels [56]
explained by glutamine-dependent anaplerosis or the GABA shunt. Although some
discrepancy exists in the literature [10], glutamine also contributes to (murine) M1
cell polarization.

Strategies aimed at switching TAM (M1/M2) into antitumor inflammatory Megs
are in demand in oncology as TAMs are the major infiltrate in solid tumors and they
harbor multiple protumor properties [118]. CD40 is highly expressed by M¢s and
TAM and an agonistic anti-CD40-antibody reverts TAM phenotype into antitumor
cells, improves antitumor response and mice survival [119]. On the metabolic level,
we would expect this reversion to be associated with a transition from an oxidative
metabolism into a more glycolytic metabolism. Intriguingly, agonistic CD40-antibody
hugely increases mitochondrial activity. In addition, in Cptl-deficient Ms, the
phenotypic reversion was inhibited showing that FAO was unexpectedly associated
with M2 to M1 phenotype switch [120]. Moreover, glutamine degradation enabled
the production of pyruvate that was metabolized to lactate and this process was
required for the maintenance of NAD+/NADH ratio and OXPHOS activity. Finally,
the upregulation of inflammatory mediators was mediated by epigenetic regulation
that required FAO-derived acetyl-CoA [120]. Thus, phenotypic reversion of murine
TAM into M1 cells appears supported by mitochondrial metabolism, not glycolysis.

45



Macrophages — Molecular Pathways and Immunometabolic Processes

A similar phenomenon was observed in murine Mgs treated with oxidized lipids
and LPS that acquired a hyperinflammatory phenotype [121]. While LPS augmented
glycolysis as previously shown, oxidized lipids increased glutamine-mediated oxida-
tive metabolism. This led to the export of citrate generated in the TCA cycle from
the mitochondria to the cytoplasm where it was converted into oxaloacetate which
stabilized HIF1a, as previously reported [122] and thus increasing IL-1b production.

4.2 Oxidative metabolism in M2-alternative activated Mgs

Even though glycolysis is also functioning in M2 cells, M2 polarization has been
associated with mitochondrial oxidative metabolism since 2006 [103]. It was observed
that murine Mgs exposed to IL-4 exhibited an upregulation of the mRNA expression
of acyl-CoA dehydrogenases and enoyl-CoA hydratases, two enzymes involved in
mitochondrial FAO [103]. They also identified PGC-1f as an important coactivator
for the M2 phenotype. The knock-down of PGC1p, or the use of an inhibitor of ETC,
embedded M2 polarization and led to an inflammatory phenotype, even in the pres-
ence of I1-4.

Several years later, triacylglycerol was identified as the main FA supporting the
acquisition of M2 properties in IL-4-generated murine Mgs. The role of the scavenger
receptor CD36, which enables FA internalization and lipolysis by lysosomal acid
lipase (LAL), thus promoting TCA utilization in both murine and human M2 cells,
was highlighted [123]. CD36 expression is now considered as an M2 marker for both
murine and human Mgs [124]. Of note, inhibition of FAO with etomoxir might exert
a confounder effect. Depending on its concentrations, etomoxir might lead to the gen-
eration of etomoxiryl-CoA that depletes CoA and thus disturbs cellular CoA metabo-
lism [125]. Moreover, the role of FAO regarding human Mg polarization is debated
[112]. The importance of FAO for murine M2-like polarization has been described by
multiple labs [103, 126] and multiple substrates fueling FAO permit the acquisition
of the M2 phenotype including glycolysis-derived pyruvate [126]. More generally,
mitochondrial fitness appears as a key event for murine M2 polarization [107].

Glutamine, a non-essential amino acid, is produced from glutamate and NH3 by
glutamine synthetase and is converted by glutaminase into glutamate, thus liberat-
ing NH4. It is a substrate for Mgs and lymphocytes [47]. Glutamine fuels TCA by a
branching to 2-oxoglutarate [127]. Glutaminolysis is required for proper efferocytosis
in vitro and in vivo, as evidenced by LysM-Cre x Gls1fl/fl knock-out mice that do not
phagocytose apoptotic cells correctly [128]. When realizing efferocytosis, IL-4-Mg’s
upregulation of glutamine uptake increases the formation of glutamate through
Glsl-mediated transamination. Glutamate is then metabolized into TCA, thus
providing energy and redox buffering for M2 murine Mgs. Reinforcing its importance
for M2-dependent polarization, the inhibition of Kir2.1, a potassium channel that
senses extracellular K+ concentrations, embedded glutamine uptake by TAM and
was therefore accompanied by their polarization into antitumor M1 Mes [129]. The
metabolization of glutamine, a requirement for the acquisition of IL-4-dependent
markers, permits the increase of intracellular a-KG, a Krebs cycle intermediary that is
also a co-stimulator factor for Jmjd3, a demethylase that decreases the trimethylation
of histone H3 K27 [130] on the promoters of genes encoding for M2-like mark-
ers including Argl and Mrcl. Glutamine induces M2 cell polarization through the
glutamine-UDP-N-acetylglucosamine pathway [10, 130].

Other mitochondrial substrates can be used by Mes, for example, the ketone body
acetoacetate (AcAc) (Figure 2). Two ketone bodies are potent energetic substrates
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for cells to produce ATP [131], AcAc and D-f-hydroxybutyrate (D-BOHB) but only
AcAc can be metabolized by murine and human Mgs due to the absence of expression
of the mitochondrial enzyme D-POHB dehydrogenase (BDH1) [132, 133]. AcAcis
produced by hepatocytes and is shuttled in Kupffer cells, the resident Mgs of the liver.
The importance of this metabolic connection is observed in Mgs which do not express
succinyl-CoA:3-oxoacid-CoA transferase (SCOT, encoded by oxct1). This deletion
resulted in an increase of fibrosis in mice exposed to high-fat diet, AcAc is thus a key
metabolite to preserve Kupffer cell function [132] and AcAc metabolization imprints
Mg’s phenotype. We recently demonstrated that the oxidation of AcAc alleviates the
capacity of human Mgs to survive to lactic acidosis [133]. Human Mgs exposed to
lactic acidosis harbor depolarized mitochondria, decrease transiently their mitochon-
drial mass through mitophagy and stop consuming nutrients. AcAc constitutes an
alternative fuel that prevents mitochondrial integrity and nutrient consumption. We
also identified AcAc as a metabolite that increases VEGF secretion by both murine
and human Mgs (unpublished personal data).

In addition to their action as substrates, KB are seen as signaling molecules that
activate GPCR [134]. Moreover, D-BOHB (and not AcAc) is an inhibitor of NRLP3
inflammasome assembly. NLRP3 is a multi-protein complex whose activation triggers
the activation of caspase-1 and the subsequent cleavage of its substrates including the
pro-form of IL-1p and IL-18. Once cleaved, these inflammatory cytokines are secreted
in their active form. Monocytes treated with D-BOHB secreted less IL-1p and IL-18
[135] in vitro; in vivo the administration of D-BOHB in a model of gout decreased
inflammation.

Most studies characterizing the proinflammatory M1 phenotype associated with
glycolysis and oxidative phosphorylation (OXPHOS) in contrast to the trophic/M2 phe-
notype relying on oxidative phosphorylation have been conducted in vitro using bone
marrow-derived macrophages (BMDM) or monocyte-derived macrophages (M¢s).
However, it appears that resident macrophages exhibit unique metabolic profiles, likely
reflecting the distinct availability of metabolites depending on the tissue context [136,
137]. For example, peritoneum is a glutamate-rich environment and peritoneal Mgs
rely on its use to fuel oxphos via glutaminolysis [136]. Peritoneal Mgs’s oxidative burst
relies on glutamine metabolism, as opposed to neutrophil and this does not depend on
TLR engagement, this study shows that the environment dictates Mg metabolism. Not
all resident Ms are equivalently affected by OXPHOS defect as assessed by Wculek
collaborators [138] who showed that alveolar Mgs, Langherans cells, Kupffer cells and
peritoneal Mgs are partially depleted upon deletion of TFAM expression, a transcrip-
tion factor involved in the expression of several ETC proteins. Heterogeneity of Mg
metabolism has also been described at the organ level, more specifically in the lung that
contains two subsets of resident Ms: alveolar Ms and interstitial Ms [139]. Alveolar
Mgs harbor reduced ECAR rates compared to interstitial M@s [140]. Transcriptomic
studies have also shown that the metabolic discrepancy exists between alveolar and
interstitial Ms [139, 140]. To sustain their activity, alveolar Ms rely on fatty acid
oxidation [139]. In the muscle, glutamine use can restrain the activity of satellite cells
and this decreases tissue regeneration. The inhibition of glutamate dehydrogenase 1
(GLUD1) in Mgs increases the production and export of glutamine in the extracellular
environment, that became available for satellite cells [141]. Glutamine has also been
identified as the mediator of a crosstalk between M@s and ovarian tumor cells, with the
secretion of glutamine by TAM improving tumor cell aggressivity [142]. Finally, recent
data from the Rathmell lab using positron emission tomography tracers indicate that
TAMs are the main glucose consumers in the tumor microenvironment and that glucose
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consumption is not tied to its local concentration but rather to Mgs’ propensity toward
glutamine metabolism [143]. This landmark study shows that, contrary to what was
previously thought, in tumor microenvironment, the consumption of nutrients such as
glucose or glutamine is not dictated by a restricted environment in terms of concentra-
tion, but by the cells’ preference for a metabolic substrate. This notion could be further
challenged by the coexistence of multiple Mg subsets that vary in terms of phenotype
[9] and metabolism [144] eventually over time [145]. Metabolic and phenotypic data
obtained over time will certainly be very informative since Ms survive in tissues for a
long time.

5. Conclusion

In severe or chronic diseases, Mgs accumulate in damaged tissues where they
exhibit inadequate responses and participate in the chronicity of the pathology.
Metabolic reprogramming of M@s has been proposed as a promising therapeutic
target to combat inflammatory disorders [30, 36]. Moreover, tumor-associated Mgs
(TAMs) promote tumor progression and metastasis whereas M¢ in atherosclerosis
exacerbates inflammation [146]. Different strategies to reprogram or eliminate M¢
are currently being evaluated in clinical trials, including novel approaches targeting
their metabolism [26]. However, it must be kept in mind that these approaches must
target M present at inflammatory sites that are characterized by a nutrient-poor and
lactic acid-enriched environment [92]. To date, the metabolic adaptations that allow
Mg to survive and function under these harsh conditions remain largely unknown
[133]. Their identification remains a major challenge and is required to propose
strategies specifically targeting the metabolism of inflammatory Me.

Acknowledgements

This work was supported by institutional fundings from Angers and Sorbonne
Paris Nord universities.
Authors contribution

NJ and LP wrote the manuscript. PJ revised the manuscript. All authors contrib-
uted to the article and approved the submitted version.

48



The Impact of Glucose Intermediates, Lactate and Amino Acids on Macrophage Metabolism...
DOI: http://dx.doi.org/10.5772/intechopen.1005523

Author details
Najia Jeroundi™', Léa Paolini*>" and Pascale Jeannin™*

1 Univ Angers, Nantes Université, Inserm, CNRS, CRCI2NA, SFR ICAT, LabEx IGO,
Angers, France

2 Inserm UMR-1125, Bobigny, France

3 Sorbonne Paris Nord University, Bobigny, France

4 Immunology and Allergology laboratory, University Hospital, Angers, France
*Address all correspondence to: najia jeroundi@univ-angers.fr

tThese authors contributed equally to this work.

IntechOpen

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

the original work is properly cited.

49



Macrophages — Molecular Pathways and Immunometabolic Processes

References

[1] Lazarov T, Juarez-Carrefio S, Cox N,
Geissmann F. Physiology and diseases
of tissue-resident macrophages. Nature.
2023;618:698-707. DOI: 10.1038/
541586-023-06002-x

[2] Mass E, Nimmerjahn F, Kierdorf K,
Schlitzer A. Tissue-specific macrophages:
How they develop and choreograph
tissue biology. Nature Reviews.
Immunology. 2023;23:563-579.

DOI: 10.1038/s41577-023-00848-y

[3] Okabe Y, Medzhitov R. Tissue biology
perspective on macrophages. Nature
Immunology. 2016;17:9-17. DOI: 10.1038/
ni.3320

[4] Cox N, Pokrovskii M, Vicario R,
Geissmann F. Origins, biology, and
diseases of tissue macrophages.
Annual Review of Immunology.
2021;39:313-344. DOI: 10.1146/
annurev-immunol-093019-111748

[5] Xue J, Schmidt SV, Sander J,
Draffehn A, Krebs W, Quester I, et al.
Transcriptome-based network analysis
reveals a spectrum model of human
macrophage activation. Immunity.
2014;40:274-288. DOI: 10.1016/j.
immuni.2014.01.006

[6] Gosselin D, Link VM, Romanoski CE,
Fonseca GJ, Eichenfield DZ, Spann NJ,
et al. Environment drives selection

and function of enhancers controlling
tissue-specific macrophage identities.
Cell. 2014;159:1327-1340. DOI: 10.1016/j.
cell.2014.11.023

[71 Mosser DM, Edwards JP. Exploring
the full spectrum of macrophage
activation. Nature Reviews. Immunology.
2008;8:958-969. DOI: 10.1038/nri2448

(8] Murray PJ, Wynn TA. Obstacles
and opportunities for understanding

50

macrophage polarization. Journal of
Leukocyte Biology. 2011;89:557-563.
DOI: 10.1189/jlb.0710409

[9] Chevrier S, Levine JH, Zanotelli VRT,
Silina K, Schulz D, Bacac M, etal. An
immune atlas of clear cell renal cell
carcinoma. Cell. 2017;169:736-749.¢18.
DOI: 10.1016/j.cell.2017.04.016

[10] Jha AK, Huang SC-C, Sergushichev A,
LampropoulouV, Ivanova,
LoginichevaE, et al. Network integration
of parallel metabolic and transcriptional
data reveals metabolic modules that
regulate macrophage polarization.
Immunity. 2015;42:419-430.

DOI: 10.1016/j.immuni.2015.02.005

[11] Azizi E, Carr AJ, Plitas G,

Cornish AE, Konopacki C, Prabhakaran S,
et al. Single-cell map of diverse immune
phenotypes in the breast tumor
microenvironment. Cell. 2018;174:1293-
1308.e36. DOI: 10.1016/j.cell.2018.05.060

[12] Miller S, Kohanbash G, Liu SJ,
Alvarado B, Carrera D, Bhaduri A, etal.
Single-cell profiling of human gliomas
reveals macrophage ontogeny as a basis

for regional differences in macrophage
activation in the tumor microenvironment.
Genome Biology. 2017;18:234.
DOI:10.1186/s13059-017-1362-4

[13] Reinartz S, Schumann T,
Finkernagel F, Wortmann A, Jansen JM,
Meissner W, et al. Mixed-polarization
phenotype of ascites-associated
macrophages in human ovarian
carcinoma: Correlation of CD163
expression, cytokine levels and early
relapse. International Journal of Cancer.
2014;134:32-42. DOI: 10.1002/ijc.28335

[14] Biswas SK. A distinct and unique
transcriptional program expressed



The Impact of Glucose Intermediates, Lactate and Amino Acids on Macrophage Metabolism...

DOI: http://dx.doi.org/10.5772/intechopen.1005523

by tumor-associated macrophages
(defective NF-B and enhanced IRF-3/
STAT1 activation). Blood. 2006;107:2112-
2122. DOLI: 10.1182/blood-2005-01-0428

[15] Moganti K, Li F, Schmuttermaier C,
Riemann S, Kliter H, Gratchev A, et al.
Hyperglycemia induces mixed M1/

M2 cytokine profile in primary human
monocyte-derived macrophages.
Immunobiology. 2017;222:952-959.
DOI: 10.1016/j.imbio.2016.07.006

[16] Mitsi E, Kamngona R, Rylance J,
Sol6rzano C, Reiné JJ, Mwandumba HC,
et al. Human alveolar macrophages
predominately express combined
classical M1 and M2 surface

markers in steady state. Respiratory
Research. 2018;19:66. DOI: 10.1186/
§12931-018-0777-0

[17] Paolini L, Adam C, Beauvillain C,
Preisser L, Blanchard S, Pignon P, et al.
Lactic acidosis together with GM-CSF
and M-CSF induces human macrophages
toward an inflammatory protumor
phenotype. Cancer Immunology
Research. 2020;8:383-395. DOI: 10.1158/
2326-6066.CIR-18-0749

[18] Locati M, Curtale G, Mantovani A.
Diversity, mechanisms, and significance
of macrophage plasticity. Annual
Review of Pathology: Mechanisms of
Disease. 2020;15:123-147. DOI: 10.1146/
annurev-pathmechdis-012418-012718

[19] Monnier M, Paolini L,

Vinatier E, Mantovani A, Delneste Y,
Jeannin P. Antitumor strategies targeting
macrophages: The importance

of considering the differences in
differentiation/polarization processes
between human and mouse macrophages.
Journal for Immunotherapy of Cancer.
2022;10:¢005560. DOI: 10.1136/
jitc-2022-005560

[20] Bao 'Y, Wang G, Li H. Approaches
for studying human macrophages.

51

Trends in Immunology. 2024;45:237-247.
DOI: 10.1016/j.it.2024.02.007

[21] Stanley ER, Guilbert L], Tushinski R],
Bartelmez SH. CSF-1—A mononuclear
phagocyte lineage-specific hemopoietic
growth factor. Journal of Cellular
Biochemistry. 1983;21:151-159.

DOI: 10.1002/jcb.240210206

[22] Jeannin P, Paolini L, Adam C,
Delneste Y. The roles of CSFs on the
functional polarization of tumor-
associated macrophages. The FEBS
Journal. 2018;285:680-699. DOI: 10.1111/
febs.14343

[23] Helft ], Bottcher J, Chakravarty P,
Zelenay S, Huotari J, Schraml BU, et al.
GM-CSF mouse bone marrow cultures
comprise a heterogeneous population of
CD11c(+)MHCII(+) macrophages and
dendritic cells. Immunity. 2015;42:1197-
1211. DOI: 10.1016/j.immuni.2015.05.018

[24] Gongalves R, Kaliff Teéfilo

Murta G, Aparecida de Souzal,

Mosser DM. Isolation and culture of bone
marrow-derived macrophages from

mice. Journal of Visualized Experiments.
2023;196:e64566. DOI: 10.3791/64566

[25] Biswas SK, Mantovani A.
Macrophage plasticity and interaction
with lymphocyte subsets: Cancer as

a paradigm. Nature Immunology.
2010;11:889-896. DOI: 10.1038/ni.1937

[26] Mantovani A, Sozzani S,

Locati M, Allavena P, Sica A. Macrophage
polarization: Tumor-associated
macrophages as a paradigm for polarized
M2 mononuclear phagocytes. Trends

in Immunology. 2002;23:549-555.

DOI: 10.1016/51471-4906(02) 02302-5

[27] Van Den Bossche J, O’Neill LA,
Menon D. Macrophage
immunometabolism: Where are we
(going)? Trends in Immunology.



Macrophages — Molecular Pathways and Immunometabolic Processes

2017;38:395-406. DOI: 10.1016/].
it.2017.03.001

[28] Sica A, Mantovani A. Macrophage
plasticity and polarization: In vivo
veritas. The Journal of Clinical
Investigation. 2012;122:787-795.

DOI: 10.1172/JCI59643

[29] Mills CD, Kincaid K, AltJM,
Heilman MJ, Hill AM. M-1/M-2

macrophages and the Th1/Th?2 paradigm.

Journal of Immunology. 2000;164:6166-
6173. DOI: 10.4049/
jimmunol.164.12.6166

[30] Van den Bossche J, Baardman J,
Otto NA, van der Velden S, Neele AE,
van den Berg SM, et al. Mitochondrial
dysfunction prevents repolarization
of inflammatory macrophages. Cell

Reports. 2016;17:684-696. DOI: 10.1016/j.

celrep.2016.09.008

[31] Rodriguez-Prados J-C,

Través PG, Cuenca J, Rico D, Aragonés ],
Martin-Sanz P, et al. Substrate fate in
activated macrophages: A comparison
between innate, classic, and alternative
activation. Journal of Immunology.
2010;185:605-614. DOI: 10.4049/
jimmunol.0901698

[32] Viola A, Munari F, Sinchez-
Rodriguez R, Scolaro T, Castegna A.
The metabolic signature of macrophage
responses. Frontiers in Immunology.
2019;10:1462. DOI: 10.3389/
fimmu.2019.01462

[33] Izquierdo E, Cuevas VD,
Fernandez-Arroyo S, Riera-Borrull M,
Orta-Zavalza E, Joven ], et al. Reshaping
of human macrophage polarization
through modulation of glucose catabolic
pathways. Journal of Immunology.
2015;195:2442-2451. DOI: 10.4049/
jimmunol.1403045

[34] Cinelli MA, Do HT, Miley GP,
Silverman RB. Inducible nitric oxide

52

synthase: Regulation, structure, and
inhibition. Medicinal Research Reviews.
2020;40:158-189. DOI: 10.1002/
med.21599

[35] Gross TJ, Kremens K, Powers LS,
Brink B, Knutson T, Domann FE, et al.
Epigenetic silencing of the human NOS2
gene: Rethinking the role of nitric oxide
in human macrophage inflammatory
responses. Journal of Immunology.
2014;192:2326-2338. DOI: 10.4049/
jimmunol.1301758

[36] O’Neill LAJ, Pearce EJ.
Immunometabolism governs dendritic
cell and macrophage function. The
Journal of Experimental Medicine.
2016;213:15-23. DOI: 10.1084/
jem.20151570

[37] Arnold PK, Finley LWS. Regulation
and function of the mammalian
tricarboxylic acid cycle. The Journal of
Biological Chemistry. 2023;299:102838.
DOI: 10.1016/jjbc.2022.102838

[38] Martinez-Reyes I, Chandel NS.
Mitochondrial TCA cycle metabolites
control physiology and disease.
Nature Communications. 2020;11:102.
DOI: 10.1038/s41467-019-13668-3

[39] Han H-S, Kang G, Kim JS,

Choi BH, Koo S-H. Regulation of glucose
metabolism from a liver-centric
perspective. Experimental & Molecular
Medicine. 2016;48:€218-¢218.

DOI: 10.1038/emm.2015.122

[40] TeSlaa T, Ralser M, Fan J,
Rabinowitz JD. The pentose phosphate
pathway in health and disease. Nature
Metabolism. 2023;5:1275-1289.

DOI: 10.1038/s42255-023-00863-2

[41] Rajas F, Gautier-Stein A, Mithieux G.
Glucose-6 phosphate, a central hub

for liver carbohydrate metabolism.
Metabolites. 2019;9:282. DOI: 10.3390/
metab09120282



The Impact of Glucose Intermediates, Lactate and Amino Acids on Macrophage Metabolism...

DOI: http://dx.doi.org/10.5772/intechopen.1005523

[42] Adeva-AndanyMM, Gonzdlez-LucanM,
Donapetry-GarciaC,Fernandez-FerndndezC,
Ameneiros-Rodriguez E. Glycogen
metabolism in humans. BBA Clinical.
2016;5:85-100. DOI: 10.1016/j.
bbacli.2016.02.001

[43] Artyomov MN, Van den Bossche J.
Immunometabolism in the single-cell
era. Cell Metabolism. 2020;32:710-725.
DOI: 10.1016/j.cmet.2020.09.013

[44] Miller A, Nagy C, Knapp B,

Laengle ], Ponweiser E, Groeger M, et al.
Exploring metabolic configurations

of single cells within complex tissue
microenvironments. Cell Metabolism.
2017;26:788-800.e6. DOI: 10.1016/j.
cmet.2017.08.014

[45] Verberk SGS, de Goede KE,

Gorki FS, van Dierendonck XAMH,
Argiiello RJ, Van den Bossche J. An
integrated toolbox to profile macrophage
immunometabolism. Cell Reports
Methods. 2022;2:100192. DOI: 10.1016/j.
crmeth.2022.100192

[46] Bartman CR, Faubert B,
Rabinowitz]D, DeBerardinisR]. Metabolic
pathway analysis using stable isotopes

in patients with cancer. Nature Reviews.
Cancer. 2023;23:863-878. DOI: 10.1038/
s41568-023-00632-z

[47] Newsholme P, Curi R, Gordon S,
Newsholme EA. Metabolism of glucose,
glutamine, long-chain fatty acids and
ketone bodies by murine macrophages.
The Biochemical Journal. 1986;239:121-
125. DOI: 10.1042/bj2390121

[48] Michl J, Ohlbaum D], Silverstein SC.
2-Deoxyglucose selectively inhibits Fc
and complement receptor-mediated
phagocytosis in mouse peritoneal
macrophages. I. Description of the
inhibitory effect. The Journal of
Experimental Medicine. 1976;144:1465-
1483. DOI: 10.1084/jem.144.6.1465

53

[49] Hamilton JA, Vairo G,

Lingelbach SR. CSF-1 stimulates glucose
uptake in murine bone marrow-

derived macrophages. Biochemical

and Biophysical Research
Communications. 1986;138:445-454.,
DOI: 10.1016/0006-291x(86)90301-3

[50] Van den Bossche J, Baardman J, de
Winther MPJ. Metabolic characterization
of polarized M1 and M2 bone
marrow-derived macrophages using
real-time extracellular flux analysis.
Journal of Visualized Experiments.
2015;105:€53424. DOI: 10.3791/53424

[51] Fukuzumi M, Shinomiya H,
ShimizuY, Ohishi K, UtsumiS. Endotoxin-
induced enhancement of glucose influx
into murine peritoneal macrophages

via GLUT1. Infection and Immunity.
1996;64:108-112. DOI: 10.1128/
iai.64.1.108-112.1996

[52] Freemerman AJ, Johnson AR,

Sacks GN, Milner]JJ, Kirk EL, Troester MA,
et al. Metabolic reprogramming of
macrophages: Glucose transporter 1
(GLUT1)-mediated glucose metabolism
drives a proinflammatory phenotype.
The Journal of Biological Chemistry.
2014;289:7884-7896. DOI: 10.1074/jbc.
M113.522037

[53] Nishizawa T, Kanter JE, Kramer F,
Barnhart S, Shen X, Vivekanandan-

Giri A, et al. Testing the role of myeloid
cell glucose flux in inflammation and
atherosclerosis. Cell Reports. 2014;7:356-
365. DOI: 10.1016/j.celrep.2014.03.028

[54] Liu L, Lu Y, Martinez J, Bi Y,

Lian G, Wang T, et al. Proinflammatory
signal suppresses proliferation and

shifts macrophage metabolism from
Myc-dependent to HIF1a-dependent.
Proceedings of the National Academy of
Sciences of the United States of America.
2016;113:1564-1569. DOI: 10.1073/
pnas.1518000113



Macrophages — Molecular Pathways and Immunometabolic Processes

[55] Wang T, Liu H, Lian G, Zhang
S-Y, Wang X, Jiang C. HIFla-induced
glycolysis metabolism is essential

to the activation of inflammatory
macrophages. Mediators of
Inflammation. 2017;2017:9029327.
DOI: 10.1155/2017/9029327

[56] Tannahill GM, Curtis AM,
Adamik J, Palsson-McDermott EM,
McGettrick AF, Goel G, et al. Succinate
is an inflammatory signal that induces
IL-1p through HIF-1a. Nature.
2013;496:238-242. DOI: 10.1038/
naturel1986

[57] Lachmandas E, Boutens L, Ratter JM,
Hijmans A, Hooiveld GJ, Joosten LAB,

et al. Microbial stimulation of different
toll-like receptor signalling pathways
induces diverse metabolic programmes in
human monocytes. Nature Microbiology.
201652:16246. DOI: 10.1038/
nmicrobiol.2016.246

[58] Wolf AJ, Reyes CN, Liang W,
Becker C, Shimada K, Wheeler ML,

et al. Hexokinase is an innate immune
receptor for the detection of bacterial
peptidoglycan. Cell. 2016;166:624-636.
DOI: 10.1016/j.cell.2016.05.076

[59] Baik SH, Ramanujan VK, Becker C,
FettS, Underhill DM, Wolf AJ. Hexokinase
dissociation from mitochondria promotes
oligomerization of VDAC that facilitates
NLRP3 inflammasome assembly and
activation. Science Immunology.
2023;8:eade7652. DOI: 10.1126/
sciimmunol.ade7652

[60] Mor I, Cheung EC, Vousden KH.
Control of glycolysis through regulation
of PFK1: Old friends and recent
additions. Cold Spring Harbor Symposia
on Quantitative Biology. 2011;76:211-216.
DOI: 10.1101/sqb.2011.76.010868

[61] Sadiku P, Willson JA, Ryan EM,
Sammut D, Coelho P, Watts ER, et al.

54

Neutrophils fuel effective immune
responses through gluconeogenesis
and glycogenesis. Cell Metabolism.
2021;33:411-423.e4. DOI: 10.1016/j.
cmet.2020.11.016

[62] Bosca L, Gonzdlez-Ramos S,

Prieto P, Ferndndez-Velasco M,

Mojena M, Martin-Sanz P, et al. Metabolic
signatures linked to macrophage
polarization: From glucose metabolism to
oxidative phosphorylation. Biochemical
Society Transactions. 2015;43:740-744.
DOI: 10.1042/BST20150107

[63] Finucane OM, Sugrue J, Rubio-
Araiz A, Guillot-Sestier M-V,

Lynch MA. The NLRP3 inflammasome
modulates glycolysis by increasing
PFKFB3 in an IL-1p-dependent
manner in macrophages. Scientific
Reports. 2019;9:4034. DOI: 10.1038/
s41598-019-40619-1

[64] Tawakol A, Singh P, Mojena M,
Pimentel-Santillana M, Emami H,
MacNabb M, et al. HIF-1a and PFKFB3
mediate a tight relationship between
proinflammatory activation and
anerobic metabolism in atherosclerotic
macrophages. ATVB. 2015;35:1463-1471.
DOI: 10.1161/ATVBAHA .115.305551

[65] Ngai D, Schilperoort M,

Tabas I. Efferocytosis-induced

lactate enables the proliferation of
pro-resolving macrophages to mediate
tissue repair. Nature Metabolism.
2023;5:2206-2219. DOI: 10.1038/
s42255-023-00921-9

[66] Millet P, Vachharajani V, McPhail L,
Yoza B, McCall CE. GAPDH binding

to TNF-a mRNA contributes to
posttranscriptional repression in
monocytes: A novel mechanism of
communication between inflammation
and metabolism. Journal of Immunology.
2016;196:2541-2551. DOI: 10.4049/
jimmunol.1501345



The Impact of Glucose Intermediates, Lactate and Amino Acids on Macrophage Metabolism...

DOI: http://dx.doi.org/10.5772/intechopen.1005523

[67] Galvan-Pefia S, Carroll RG,
Newman C, Hinchy EC, Palsson-
McDermott E, Robinson EK, et al.
Malonylation of GAPDH is an
inflammatory signal in macrophages.
Nature Communications. 2019;10:338.
DOI: 10.1038/s41467-018-08187-6

[68] O’Neill LAJ, Kishton R],

Rathmell]. A guide toimmunometabolism
for immunologists. Nature Reviews.
Immunology. 2016;16:553-565.

DOI: 10.1038/nri.2016.70

[69] Das Gupta K, Shakespear MR,
Curson JEB, Murthy AMYV,

Iyer A, Hodson MP, et al. Class Ila histone
deacetylases drive toll-like receptor-
inducible glycolysis and macrophage
inflammatory responses via

pyruvate kinase M2. Cell Reports.
2020;30:2712-2728.e8. DOI: 10.1016/j.
celrep.2020.02.007

[70] Palsson-McDermott EM, Curtis AM,
Goel G, Lauterbach MAR, Sheedy FJ,
Gleeson LE, et al. Pyruvate kinase M2
regulates Hif-1a activity and IL-1f
induction and is a critical determinant
of the Warburg effect in LPS-activated
macrophages. Cell Metabolism.
2015;21:65-80. DOI: 10.1016/j.
cmet.2014.12.005

[71] Xie M, YuY, Kang R, Zhu S,

Yang L, Zeng L, et al. PKM2-dependent
glycolysis promotes NLRP3 and AIM2
inflammasome activation. Nature
Communications. 2016;7:13280.

DOI: 10.1038/ncomms13280

(721 Dong Z, LiR, Xu L, Xin K, Xu,
Shi H, et al. Histone hyperacetylation
mediates enhanced IL-1p production
in LPS/IFN-y-stimulated macrophages.
Immunology. 2020;160:183-197.

DOI: 10.1111/imm.13183

[73] Soto-Heredero G, Heras MMGDL,
Gabandé-Rodriguez E, Oller J,

55

Mittelbrunn M. Glycolysis—A key player
in the inflammatory response. The

FEBS Journal. 2020;287:3350-3369.

DOI: 10.1111/febs.15327

[74] Lu L-G, Zhou Z-L, Wang X-, Liu
B-Y, LuJ-Y, Liu S, et al. PD-L1 blockade
liberates intrinsic antitumourigenic
properties of glycolytic macrophages
in hepatocellular carcinoma. Gut.
2022;71:2551-2560. DOI: 10.1136/
gutjnl-2021-326350

[75] Palsson-McDermott EM, Dyck L,
Zastona Z, Menon D, McGettrick AF,
Mills KHG, et al. Pyruvate kinase

M2 is required for the expression of

the immune checkpoint PD-L1 in
immune cells and tumors. Frontiers in
Immunology. 2017;8:1300. DOI: 10.3389/
fimmu.2017.01300

[76] Aki T, Funakoshi T, Noritake K,
Unuma K, Uemura K. Extracellular
glucose is crucially involved in the fate
decision of LPS-stimulated RAW264.7
murine macrophage cells. Scientific
Reports. 2020;10:10581. DOI: 10.1038/
s41598-020-67396-6

[77] Stanton RC. Glucose-6-phosphate
dehydrogenase, NADPH, and cell
survival. IUBMB Life. 2012;64:362-369.
DOI: 10.1002/iub.1017

[78] Ge T, Yang J, Zhou S, Wang Y,
LiY, Tong X. The role of the pentose
phosphate pathway in diabetes and
cancer. Frontiers in Endocrinology.
2020;11:365. DOI: 10.3389/
fendo.2020.00365

[79] Ham M, Lee J-W, Choi AH,

Jang H, Choi G, Park], et al. Macrophage
glucose-6-phosphate dehydrogenase
stimulates proinflammatory responses
with oxidative stress. Molecular and
Cellular Biology. 2013;33:2425-2435.
DOI: 10.1128/MCB.01260-12



Macrophages — Molecular Pathways and Immunometabolic Processes

[80] Haschemi A, Kosma P, Gille L,

Evans CR, Burant CF, Starkl P, et al. The
sedoheptulose kinase CARKL directs
macrophage polarization through control
of glucose metabolism. Cell Metabolism.
2012;15:813-826. DOI: 10.1016/j.
cmet.2012.04.023

[81] Ma ], Wei K, Liu ], Tang K,

Zhang H, Zhu L, et al. Glycogen
metabolism regulates macrophage-
mediated acute inflammatory responses.
Nature Communications. 2020;11:1769.
DOI: 10.1038/s41467-020-15636-8

[82] MaR, Ji T, Zhang H, Dong W,
Chen X, Xu P, et al. A Pckl-directed
glycogen metabolic program regulates
formation and maintenance of
memory CD8+ T cells. Nature Cell
Biology. 2018;20:21-27. DOI: 10.1038/
s41556-017-0002-2

[83] Thwe PM, Amiel E. The role of nitric
oxide in metabolic regulation of dendritic
cell immune function. Cancer Letters.
2018;412:236-242. DOI: 10.1016/j.
canlet.2017.10.032

[84] Zois CE, Harris AL. Glycogen
metabolism has a key role in the

cancer microenvironment and

provides new targets for cancer
therapy. Journal of Molecular Medicine.
2016;94:137-154. DOI: 10.1007/
s00109-015-1377-9

[85] Qian L, Chen X-Q, Kong D,

Wang G, Cao, XiaoY, et al. MK8617
inhibits M1 macrophage polarization
and inflammation via the HIF-1a/
GYS1/UDPG/P2Y14 pathway. Peer].
2023;11:€15591. DOI: 10.7717/peerj.15591

[86] Everts B, Amiel E, Huang SC-C,
Smith AM, Chang C-H, Lam WY,

et al. TLR-driven early glycolytic
reprogramming via the kinases
TBK1-IKKe supports the anabolic
demands of dendritic cell activation.

56

Nature Immunology. 2014;15:323-332.
DOI: 10.1038/ni.2833

[87] Krawczyk CM, Holowka T, Sun J,
Blagih J, Amiel E, DeBerardinis RJ, et al.
Toll-like receptor-induced changes

in glycolytic metabolism regulate
dendritic cell activation. Blood.
2010;115:4742-4749. DOI: 10.1182/
blood-2009-10-249540

[88] Meiser ], Kramer L, Sapcariu SC,
Battello N, Ghelfi J, D’Herouel AF,

etal. Pro-inflammatory macrophages
sustain pyruvate oxidation through
pyruvate dehydrogenase for the synthesis
of itaconate and to enable cytokine
expression. Journal of Biological
Chemistry. 2016;291:3932-3946.

DOI: 10.1074/jbc.M115.676817

[89] Lampropoulou V, Sergushichev A,
Bambouskova M, Nair S, Vincent EE,
LoginichevaE, et al. Itaconate links
inhibition of succinate dehydrogenase
with macrophage metabolic remodeling
and regulation of inflammation.

Cell Metabolism. 2016;24:158-166.

DOI: 10.1016/j.cmet.2016.06.004

[90] Murugina NE, Budikhina AS,
Dagil YA, Maximchik PV,

Balyasova LS, Murugin VV, etal.
Glycolytic reprogramming of
macrophages activated by NOD1 and
TLR4 agonists: No association with
proinflammatory cytokine production
in normoxia. Journal of Biological
Chemistry. 2020;295:3099-3114.

DOI: 10.1074/jbc.RA119.010589

[91] Zhang Q, Wang ], Yadav DK,

Bai X, Liang T. Glucose metabolism: The
metabolic signature of tumor associated
macrophage. Frontiers in Immunology.
2021;12:702580. DOI: 10.3389/
fimmu.2021.702580

[92] Sun S, Li H, Chen J, Qian Q. Lactic
acid: No longer an inert and end-product



The Impact of Glucose Intermediates, Lactate and Amino Acids on Macrophage Metabolism...

DOI: http://dx.doi.org/10.5772/intechopen.1005523

of glycolysis. Physiology (Bethesda).
2017;32:453-463. DOI: 10.1152/
physiol.00016.2017

[93] Colegio OR, Chu N-Q, Szabo AL,
Chu T, Rhebergen AM, Jairam V, et al.
Functional polarization of tumour-
associated macrophages by tumour-
derived lactic acid. Nature.
2014;513:559-563. DOI: 10.1038/
nature13490

[94] Halestrap AP. The SLC16 gene
family—Structure, role and regulation
in health and disease. Molecular
Aspects of Medicine. 2013;34:337-349.
DOI: 10.1016/j.mam.2012.05.003

[95] Arts RJW, Plantinga TS, Tuit S,

Ulas T, Heinhuis B, Tesselaar M, et al.
Transcriptional and metabolic
reprogramming induce an inflammatory
phenotype in non-medullary thyroid
carcinoma-induced macrophages.
Oncoimmunology. 2016;5:€1229725.
DOI: 10.1080/2162402X.2016.1229725

[96] Samuvel DJ, Sundararaj KP,

Nareika A, Lopes-Virella MF,

Huang Y. Lactate boosts TLR4 signaling
and NF-kappaB pathway-mediated

gene transcription in macrophages via
monocarboxylate transporters and MD-2
up-regulation. Journal of Immunology.
2009;182:2476-2484. DOI: 10.4049/
jimmunol.0802059

[97] Zhang D, Tang Z, Huang H,

Zhou G, Cui C, Weng Y, et al. Metabolic
regulation of gene expression by histone
lactylation. Nature. 2019;574:575-580.
DOI: 10.1038/s41586-019-1678-1

[98] Noe JT, Rendon BE, Geller AE,
Conroy LR, Morrissey SM, Young LEA,
etal. Lactate supports a metabolic-
epigenetic link in macrophage
polarization. Science Advances.
2021;7:eabi8602. DOI: 10.1126/sciadw.
abig8602

57

[99] Shi W, Cassmann TJ, Bhagwate AV,
Hitosugi T, Ip WKE. Lactic acid induces
transcriptional repression of macrophage
inflammatory response via histone
acetylation. Cell Reports. 2024;43:113746.
DOI: 10.1016/j.celrep.2024.113746

[100] Galvan-Peiia S, O’Neill LA]J.
Metabolic reprograming in macrophage
polarization. Frontiers in Immunology.
2014;5:420. DOI: 10.3389/
fimmu.2014.00420

[101] Cheng C-F, Ku H-C, Lin H. PGC-1«
as a pivotal factor in lipid and metabolic
regulation. International Journal of
Molecular Sciences. 2018;19:3447.

DOI: 10.3390/ijms19113447

[102] Chen L, Qin Y, Liu B, Gao M,

Li A, Li X, etal. PGC-1a-mediated
mitochondrial quality control: Molecular
mechanisms and implications for

heart failure. Frontiers in Cell and
Development Biology. 2022;10:871357.
DOI: 10.3389/fcell.2022.871357

[103] Vats D, Mukundan L, Odegaard ]I,
Zhang L, Smith KL, Morel CR, et al.
Oxidative metabolism and PGC-1beta
attenuate macrophage-mediated
inflammation. Cell Metabolism.
2006;4:13-24. DOI: 10.1016/j.
cmet.2006.05.011

[104] Tang J, Dong W, Wang D,
Deng Q, Guo H, Xiao G.
Upregulation of PGC-1a expression
by pioglitazone mediates prevention
of sepsis-induced acute lung injury.
Brazilian Journal of Medical and
Biological Research. 2024;57:€13235.
DOI: 10.1590/1414-431x2024€13235

[105] Covarrubias AJ, Aksoylar HI,

YuJ, Snyder NW, Worth AJ, Iyer SS,

et al. Akt-mTORC1 signaling regulates
Acly to integrate metabolic input to
control of macrophage activation. eLife.
2016;5:€11612. DOI: 10.7554/eLife. 11612



Macrophages — Molecular Pathways and Immunometabolic Processes

[106] Hung SSC, Van Bergen NJ,
Jackson S, Liang H, Mackey DAA,
Herndndez D, et al. Study of
mitochondrial respiratory defects on
reprogramming to human induced
pluripotent stem cells. Aging. 2016;8:
945-957. DOI: 10.18632/aging.100950

[107] Tan Z, Xie N, Cui H, Moellering DR,
Abraham E, Thannickal V], et al. Pyruvate
dehydrogenase kinase 1 participates in
macrophage polarization via regulating
glucose metabolism. The Journal of
Immunology. 2015;194:6082-6089.

DOI: 10.4049/jimmunol.1402469

[108] Namgaladze D, Zukunft S,
Schniitgen F, Kurrle N, Fleming I,
Fuhrmann D, et al. Polarization of human
macrophages by interleukin-4 does not
require ATP-citrate lyase. Frontiers in
Immunology. 2018;9:2858. DOI: 10.3389/
fimmu.2018.02858

[109] Mills EL, Kelly B, Logan A,

Costa ASH, Varma M, Bryant CE, et al.
Succinate dehydrogenase supports
metabolic repurposing of mitochondria
to drive inflammatory macrophages. Cell.
2016;167:457-470.€13. DOI: 10.1016/j.
cell.2016.08.064

[110] West AP, Brodsky IE, Rahner C,

Woo DK, Erdjument-Bromage H,

Tempst P, et al. TLR signalling augments
macrophage bactericidal activity through
mitochondrial ROS. Nature. 2011;472:476-
480. DOI: 10.1038/nature09973

[111] Garaude J, Acin-Pérez R,
Martinez-Cano S, Enamorado M,
Ugolini M, Nistal-Villan E, et al.
Mitochondrial respiratory-chain
adaptations in macrophages contribute
to antibacterial host defense. Nature
Immunology. 2016;17:1037-1045.

DOI: 10.1038/ni.3509

[112] Infantino V, Convertini P, Cucci L,
Panaro MA, Di Noia MA, CalvelloR,

58

et al. The mitochondrial citrate carrier: A
new player in inflammation. Biochemical
Journal. 2011;438:433-436. DOI: 10.1042/
BJ20111275

[113] Infantino V, Iacobazzi V, Palmieri F,
Menga A. ATP-citrate lyase is essential
for macrophage inflammatory response.
Biochemical and Biophysical Research
Communications. 2013;440:105-111.
DOI: 10.1016/j.bbrc.2013.09.037

[114] Infantino V, lacobazzi V, Menga A,
Avantaggiati ML, Palmieri F. A key

role of the mitochondrial citrate carrier
(SLC25A1) in TNFa- and IFNy-triggered
inflammation. Biochimica et Biophysica
Acta (BBA) - Gene Regulatory
Mechanisms. 2014;1839:1217-1225.

DOI: 10.1016/j.bbagrm.2014.07.013

[115] Lauterbach MA, Hanke JE,
Serefidou M, Mangan MS]J, Kolbe C-C,
Hess T, et al. Toll-like receptor signaling
rewires macrophage metabolism

and promotes histone acetylation

via ATP-citrate lyase. Immunity.
2019;51:997-1011.e7. DOI: 10.1016/j.
immuni.2019.11.009

[116] Verberk SGS, Van Der Zande HJP,
Baardman J, De Goede KE, Harber KJ,
Keuning ED, et al. Myeloid ATP citrate
lyase regulates macrophage inflammatory
responses In vitro without altering
inflammatory disease outcomes. Frontiers
in Immunology. 2021;12:669920.

DOI: 10.3389/fimmu.2021.669920

[117] Santarsiero A, Convertini P,

Todisco S, Pierri CL, De Grassi A,
Williams NC, et al. ACLY nuclear
translocation in human macrophages
drives proinflammatory gene

expression by NF-kB acetylation. Cells.
2021;10:2962. DOI: 10.3390/cells10112962

[118] Christofides A, Strauss L, Yeo A,
Cao C, Charest A, Boussiotis VA. The
complex role of tumor-infiltrating



The Impact of Glucose Intermediates, Lactate and Amino Acids on Macrophage Metabolism...

DOI: http://dx.doi.org/10.5772/intechopen.1005523

macrophages. Nature Immunology.
2022;23:1148-1156. DOI: 10.1038/
s41590-022-01267-2

[119] Beatty GL, Chiorean EG,

Fishman MP, Saboury B, Teitelbaum UR,
Sun W, et al. CD40 agonists alter tumor
stroma and show efficacy against
pancreatic carcinoma in mice and
humans. Science. 2011;331:1612-1616.
DOI: 10.1126/science.1198443

[120] Liu P-S, Chen YT, Li X,

Hsueh P-C, Tzeng S-F, Chen H, et al.
Author correction: CD40 signal

rewires fatty acid and glutamine
metabolism for stimulating macrophage
anti-tumorigenic functions. Nature
Immunology. 2023;24:1591. DOI: 10.1038/
s41590-023-01611-0

[121] Di Gioia M, Spreafico R,

Springstead JR, Mendelson MM,

Joehanes R, Levy D, etal. Endogenous
oxidized phospholipids reprogram cellular

metabolism and boost hyperinflammation.

Nature Immunology. 2020;21:42-53.
DOI: 10.1038/s41590-019-0539-2

[122] Koivunen P, Hirsild M, Remes AM,
Hassinen IE, Kivirikko KI, Myllyharju J.
Inhibition of hypoxia-inducible factor
(HIF) hydroxylases by citric acid cycle
intermediates. Journal of Biological
Chemistry. 2007;282:4524-4532.

DOI: 10.1074/jbc.M610415200

[123] Huang SC-C, Everts B, Ivanova,
O’Sullivan D, Nascimento M, Smith AM,
etal. Cell-intrinsic lysosomal lipolysis

is essential for alternative activation

of macrophages. Nature Immunology.
2014;15:846-855. DOI: 10.1038/ni.2956

[124] Martinez FO, Gordon S, Locati M,
Mantovani A. Transcriptional profiling
of the human monocyte-to-macrophage
differentiation and polarization:

New molecules and patterns of gene
expression. Journal of Immunology.

59

2006;177:7303-7311. DOI: 10.4049/
jimmunol.177.10.7303

[125] Divakaruni AS, Hsieh WY,
Minarrieta L, Duong TN, Kim KKO,
Desousa BR, et al. Etomoxir inhibits
macrophage polarization by disrupting
CoA homeostasis. Cell Metabolism.
2018;28:490-503.€7. DOI: 10.1016/j.
cmet.2018.06.001

[126] Huang SC-C, Smith AM, Everts B,
Colonna M, Pearce EL, Schilling JD, et al.
Metabolic reprogramming mediated

by the mTORC2-IRF4 signaling Axis

is essential for macrophage alternative
activation. Immunity. 2016;45:817-830.
DOI: 10.1016/j.immuni.2016.09.016

[127] Curi R, Newsholme P,
Marzuca-Nassr GN, Takahashi HK,
Hirabara SM, CruzatV, et al. Regulatory
principles in metabolism-then and now.
The Biochemical Journal. 2016;473:1845-
1857. DOI: 10.1042/BCJ20160103

[128] Merlin J, Ivanov S, Dumont A,
Sergushichev A, Gall ], Stunault M, et al.
Non-canonical glutamine transamination
sustains efferocytosis by coupling redox
buffering to oxidative phosphorylation.
Nature Metabolism. 2021;3:1313-1326.
DOI: 10.1038/s42255-021-00471-y

[129] Chen S, Cui W, Chi Z, Xiao Q,
HuT, Ye Q, et al. Tumor-associated
macrophages are shaped by intratumoral
high potassium via Kir2.1. Cell
Metabolism. 2022;34:1843-1859.¢e11.
DOI: 10.1016/j.cmet.2022.08.016

[130] Liu P-S, Wang H, Li X, Chao T,
Teav T, Christen S, et al. a-Ketoglutarate
orchestrates macrophage activation
through metabolic and epigenetic

reprogramming. Nature Immunology.
2017;18:985-994. DOI: 10.1038/ni.3796

[131] Puchalska P, Crawford PA. Metabolic
and signaling roles of ketone bodies in



Macrophages — Molecular Pathways and Immunometabolic Processes

health and disease. Annual Review of
Nutrition. 2021;41:49-77. DOI: 10.1146/
annurev-nutr-111120-111518

[132] Puchalska P, Martin SE,

Huang X, Lengfeld JE, Daniel B,

Graham M]J, et al. Hepatocyte-
macrophage acetoacetate shuttle protects
against tissue fibrosis. Cell Metabolism.
2019;29:383-398.e7. DOI: 10.1016/j.
cmet.2018.10.015

[133] Adam C, Paolini L, Gueguen N,
Mabilleau G, Preisser L, Blanchard S,

et al. Acetoacetate protects macrophages
from lactic acidosis-induced
mitochondrial dysfunction by metabolic
reprograming. Nature Communications.
2021;12:7115. DOI: 10.1038/
s41467-021-27426-x

[134] Nelson AB, Queathem ED,
Puchalska P, Crawford PA. Metabolic
messengers: Ketone bodies. Nature
Metabolism. 2023;5:2062-2074.

DOI: 10.1038/s42255-023-00935-3

[135] Youm Y-H, Nguyen KY,

Grant RW, Goldberg EL, Bodogai M,
Kim D, et al. The ketone metabolite
p-hydroxybutyrate blocks NLRP3
inflammasome-mediated inflammatory
disease. Nature Medicine. 2015;21:263-
269. DOI: 10.1038/nm.3804

[136] Davies LC, Rice CM, Palmieri EM,
Taylor PR, Kuhns DB, McVicar DW.
Peritoneal tissue-resident macrophages
are metabolically poised to engage
microbes using tissue-niche fuels.
Nature Communications. 2017;8:2074.
DOI: 10.1038/s41467-017-02092-0

[137] Heieis GA, Patente TA, Almeida L,
Vrieling F, Tak T, Perona-Wright G,

et al. Metabolic heterogeneity of tissue-
resident macrophages in homeostasis
and during helminth infection. Nature
Communications. 2023;14:5627.

DOI: 10.1038/s41467-023-41353-z

60

[138] Wculek SK, Heras-Murillo I,
Mastrangelo A, Maiianes D,

Galan M, Miguel V, et al. Oxidative
phosphorylation selectively orchestrates
tissue macrophage homeostasis.
Immunity. 2023;56:516-530.€9.

DOI: 10.1016/j.immuni.2023.01.011

[139] Svedberg FR, Brown SL, Krauss MZ,
Campbell L, Sharpe C, Clausen M,

et al. The lung environment controls
alveolar macrophage metabolism and
responsiveness in type 2 inflammation.
Nature Immunology. 2019;20:571-580.
DOI: 10.1038/s41590-019-0352-y

[140] Huang L, Nazarova EV, Tan S, Liu Y,
Russell DG. Growth of Mycobacterium
tuberculosis in vivo segregates with host
macrophage metabolism and ontogeny.
The Journal of Experimental Medicine.
2018;215:1135-1152. DOI: 10.1084/
jem.20172020

[141] Shang M, Cappellesso F,

Amorim R, Serneels ], Virga F, Eelen G,
et al. Macrophage-derived glutamine
boosts satellite cells and muscle
regeneration. Nature. 2020;587:626-631.
DOI: 10.1038/s41586-020-2857-9

[142] Menga A, Favia M, Spera I,
Vegliante MC, Gissi R, De Grassi A,
et al. N-acetylaspartate release by
glutaminolytic ovarian cancer cells
sustains protumoral macrophages.
EMBO Reports. 2021;22:e51981.
DOI: 10.15252/embr.202051981

[143] Reinfeld BI, Madden MZ, Wolf MM,
Chytil A, Bader JE, Patterson AR, etal.
Cell-programmed nutrient partitioning
in the tumour microenvironment.
Nature. 2021;593:282-288. DOI: 10.1038/
s41586-021-03442-1

[144] Geeraerts X, Ferndndez-Garcia J,
Hartmann FJ, de Goede KE,

Martens L, Elkrim Y, et al. Macrophages
are metabolically heterogeneous within



The Impact of Glucose Intermediates, Lactate and Amino Acids on Macrophage Metabolism...
DOI: http://dx.doi.org/10.5772/intechopen.1005523

the tumor microenvironment. Cell
Reports. 2021;37:110171. DOI: 10.1016/j.
celrep.2021.110171

[145] Willenborg S, Sanin DE, Jais A,
Ding X, Ulas T, Niichel J, et al.
Mitochondrial metabolism coordinates
stage-specific repair processes in
macrophages during wound healing.
Cell Metabolism. 2021;33:2398-2414.e9.
DOI: 10.1016/j.cmet.2021.10.004

[146] Sheu KM, Hoffmann A. Functional
hallmarks of healthy macrophage
responses: Their regulatory

basis and disease relevance.

Annual Review of Immunology.
2022;40:295-321. DOI: 10.1146/
annurev-immunol-101320-031555

61






Section 2

Macrophages Functions
in Cancer

63






Chapter 3

Macrophages and Myeloid-Derived
Suppressor Cells in the Tumor
Microenvironment: Unraveling
Molecular Pathways,
Immunometabolic Processes,

and Their Significance in
Immunotherapy for Hepatocellular

Carcinoma (HCC)

Chia-Sheng Chu and Li-Ling Wu

Abstract

Hepatocellular carcinoma (HCC) is a major global health concern, and under-
standing the complex interplay of immune cells within the tumor microenvironment
is crucial. This review explores the roles of myeloid-derived suppressor cells (MDSCs)
and macrophages in HCC, focusing on their molecular pathways, immunometabolic
processes, and implications for immunotherapy. We begin by elucidating the origin,
expansion, and immunosuppressive mechanisms of MDSCs, emphasizing the impor-
tance of molecular pathways and immunometabolism in regulating their functions.

In parallel, we delve into the dual nature of tumor-associated macrophages (TAMs)
and discuss the molecular and metabolic cues governing their plasticity. Tumor
metabolism is a central theme, with a comprehensive overview of altered metabolic
processes in cancer cells and their impact on immune cells in the tumor microenviron-
ment. We examine the metabolic crosstalk between tumor cells, MDSCs, and mac-
rophages, shedding light on how tumor metabolism contributes to immune evasion.
Furthermore, we discuss the challenges and limitations faced in the clinical applica-
tion of immunotherapy in HCC. In conclusion, this review highlights the intricate
web of molecular pathways and immunometabolic processes shaping the functions

of MDSCs and macrophages in HCC. Understanding these dynamics is essential for
the innovative immunotherapeutic interventions in HCC, improving outcomes of this
devastating disease.
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Keywords: macrophages, myeloid-derived suppressor cells (MDSCs), tumor
microenvironment, hepatocellular carcinoma (HCC), immunotherapy,
immunometabolism, tumor-associated macrophages (TAMs), metabolic crosstalk,
immunotherapy

1. Introduction

Hepatocellular carcinoma (HCC) stands as a formidable global health challenge,
representing the most prevalent type of liver cancer and posing a substantial burden
on public health systems worldwide [1, 2]. Its formidable nature arises from its insidi-
ous progression, often remaining asymptomatic until reaching an advanced stage,
limiting therapeutic options and yielding a high mortality rate [3-5]. Therefore, it is
imperative to unravel the intricacies of HCC pathogenesis and discover innovative
therapeutic strategies.

The tumor microenvironment (TME) constitutes an indispensable player in the
context of HCC progression [6, 7]. Beyond the tumor cells themselves, the TME is an
intricate ecosystem comprising a multitude of cell types, extracellular matrix com-
ponents, and signaling molecules. This dynamic milieu serves as a critical regulator
of disease evolution, influencing tumor growth, metastasis, and the response to
therapy [8].

Within the TME, two key players come into focus: myeloid-derived suppressor
cells (MDSCs) and macrophages. These immune cell populations, although integral
components of the immune system, paradoxically wield immunosuppressive capabili-
ties that can be harnessed by HCC to its advantage. Their recruitment, activation,
and subsequent functions within the TME significantly contribute to the evasion of
immune surveillance and immune-mediated tumor destruction.

Myeloid-derived suppressor cells, a heterogeneous population of immature
myeloid cells, expand in response to chronic inflammation and are potent inhibitors
of T-cell responses. Through various mechanisms, including the production of immu-
nosuppressive cytokines and the induction of regulatory T cells, MDSCs suppress the
antitumor immune response, thereby facilitating tumor progression. Understanding
the molecular pathways governing MDSC activation and function is pivotal for the
development of targeted immunotherapies [9-11].

Similarly, macrophages, versatile immune cells, adopt diverse phenotypes in
response to cues from the TME. They can polarize into M1 macrophages with pro-
inflammatory and antitumor properties or M2 macrophages, which promote an
anti-inflammatory environment and support tumor growth [12-14]. The balance
between these macrophage subsets can significantly impact HCC progression [9, 15].
Molecular signaling pathways and immunometabolic processes play a crucial role in
determining macrophage polarization within the TME.

In this review, we embark on a comprehensive exploration of the roles of
MDSCs and macrophages in the context of HCC, shedding light on their contri-
butions to immunosuppression and tumor progression. We will delve into the
intricate molecular pathways and immunometabolic processes that govern their
activities within the TME. Additionally, we will discuss the implications of these
findings for the development of innovative immunotherapeutic strategies in HCC,
offering a glimpse of hope for improved outcomes for patients grappling with this
formidable disease.
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2. Myeloid-derived suppressor cells (MDSCs)

MDSCs represent a heterogeneous population of myeloid cells with potent immu-
nosuppressive properties. They are characterized by their ability to suppress the
immune response, particularly the activation and effector functions of T cells and
natural killer (NK) cells [16, 17]. MDSCs play a significant role in promoting tumor
immune evasion and have been extensively studied in the context of cancer immunol-
ogy [18-20].

2.1 MDSC subsets

MDSCs can be broadly categorized into two main subsets: granulocytic MDSCs
(G-MDSCs) and monocytic MDSCs (M-MDSCs) [21]. G-MDSCs are morphologically
similar to neutrophils and are characterized by the expression of cell surface markers
such as CD11b + and Ly6G+. M-MDSCs share phenotypic similarities with mono-
cytes and are typically identified as CD11b + and Ly6C+ cells. These subsets may
exhibit distinct mechanisms of immunosuppression and differentially impact tumor
progression.

2.2 Origin and expansion of MDSCs in cancer

MDSCs originate from myeloid precursor cells in the bone marrow. Under
pathological conditions, such as cancer, chronic inflammation, or infection, a
dysregulated myelopoiesis process leads to the accumulation and expansion of
MDSCs. Factors within the tumor microenvironment, including tumor-derived
soluble mediators (cytokines and growth factors), can drive the recruitment and
expansion of MDSCs. MDSC expansion is also influenced by the crosstalk between

tumor cells and immune cells, leading to an immunosuppressive feedback loop
[20, 22, 23].

2.3 Immunosuppressive mechanisms of MDSCs

MDSCs employ various mechanisms to suppress the immune response, primarily
targeting T cells [19, 24, 25]: T-cell suppression: MDSCs inhibit T-cell activation and
proliferation through direct cell-cell contact or the production of immunosuppressive
molecules. Cytokine production: MDSCs secrete immunosuppressive cytokines such
as interleukin-10 (IL-10), transforming growth facto beta (TGF-f), and interleukin-6
(IL-6), which dampen T-cell functions and promote regulatory T-cell (Treg) expan-
sion. Induction of T-cell anergy: MDSCs induce T-cell dysfunction and exhaustion,
leading to reduced cytotoxicity and cytokine production.

2.4 Molecular pathways and immunometabolic processes regulating MDSC
functions

MDSC functions are tightly regulated by molecular pathways and immuno-
metabolic processes. Key aspects include [26-28] signal transducer and activator of
transcription 3 (STAT3) and nuclear factor-kappa B (NF-kB) signaling: these tran-
scription factors are activated in MDSCs, driving the expression of immunosuppres-
sive molecules and cytokines. Metabolic reprogramming: MDSCs exhibit metabolic
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Figure 1.

MDSCs establish an immunosuppressive milieu within tumors by impeding the activity of T effector cells and NK
cells while enhancing the functionality of Tregs. Macrophages polarized into M1 and M2 macrophages, producing
an anti-inflammatory and pro-inflammatory microenvironment within the tumor.

changes, such as increased glycolysis and upregulated arginase-1 activity, which
contribute to their immunosuppressive functions. Reactive oxygen species (ROS)
production: MDSCs generate ROS, which not only suppress T-cell responses but also
modulate immune cells in the TME [16, 19, 29]. Understanding these molecular and
metabolic processes is critical for the development of targeted therapies aimed at
disrupting MDSC-mediated immunosuppression in cancer, including hepatocellular
carcinoma (Figure 1). Strategies to inhibit MDSC recruitment, differentiation, or
function hold promise for enhancing the efficacy of immunotherapies in HCC and
other cancers.

3. Macrophages

Macrophages are versatile immune cells that play a pivotal role in the tumor
microenvironment (TME) [30-32]. They exhibit remarkable plasticity, allowing them
to adopt different phenotypes and functions depending on local cues. In the context
of cancer, macrophages can be broadly categorized into two polarized states: M1 (pro-
inflammatory) and M2 (anti-inflammatory) phenotypes, each with distinct roles and
functions [33-35].

3.1 Polarization of macrophages
3.1.1 M1 macrophages (pro-inflammatory)

M1 macrophages are classically activated and driven by pro-inflammatory signals,
such as interferon-gamma (IFN-y) and lipopolysaccharide (LPS). They are char-
acterized by M1 macrophages release cytokines, such as interleukin-1 beta (IL-1p),
interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-a). These cytokines
promote inflammation and activate immune responses. M1 macrophages have an
increased ability to present antigens to T cells, thereby stimulating cytotoxic T-cell
responses. This is crucial for combating infections and initiating adaptive immunity.
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M1 macrophages play a key role in host defense by efficiently clearing pathogens and
exhibiting cytotoxic activity against tumor cells [35-39].

3.1.2 M2 macvrophages (anti-inflammatory)

M2 macrophages are alternatively activated and influenced by anti-inflammatory
signals such as interleukin-4 (IL-4) and interleukin-13 (IL-13). They exhibit: M2
macrophages are characterized by the secretion of anti-inflammatory cytokines,
including IL-10 and transforming growth factor-beta (TGF-f). These cytokines help
to suppress inflammatory responses, thereby promoting tissue repair and resolution
of inflammation. M2 macrophages play a crucial role in tissue repair and remodel-
ing. They contribute to the resolution of inflammation by promoting the clearance
of cellular debris and facilitating tissue regeneration. Additionally, M2 macrophages
produce factors that stimulate the proliferation and differentiation of fibroblasts,
aiding in the deposition of extracellular matrix components necessary for tissue heal-
ing. M2 macrophages are involved in angiogenesis, the process of forming new blood
vessels. They release angiogenic factors, such as vascular endothelial growth factor
(VEGF) and platelet-derived growth factor (PDGF), which promote the growth of
blood vessels. Angiogenesis is essential for supplying oxygen and nutrients to tissues
undergoing repair and regeneration. M2 macrophages possess immunosuppressive
properties, which help to dampen immune responses and maintain tissue homeo-
stasis. They inhibit the activity of immune cells, such as T cells and NK cells, and
contribute to the establishment of an immunosuppressive microenvironment. This
immunosuppression can be exploited by tumors to evade immune surveillance and
promote tumor growth. M2 macrophages play a significant role in promoting tumor
growth and metastasis. They create an immunosuppressive microenvironment that
supports tumor cell survival and proliferation. Additionally, M2 macrophages con-
tribute to tumor angiogenesis, extracellular matrix remodeling, and the suppression
of antitumor immune responses, thereby facilitating tumor growth and metastatic
spread. Understanding the functions of M2 macrophages in promoting tissue repair,
angiogenesis, immunosuppression, and tumor progression is crucial for developing
therapeutic strategies targeting these cells in various pathological conditions, includ-
ing cancer. Modulating the activity of M2 macrophages holds promise for improving
clinical outcomes and reducing the progression of diseases characterized by chronic
inflammation and tissue damage.

3.2 Plasticity of macrophages and their diverse roles in cancer

Macrophages are highly plastic and can transition between M1 and M2 states in
response to changing microenvironmental signals. In cancer, macrophages can exert
both pro-tumorigenic and antitumorigenic effects:

3.2.1 Pro-tumorigenic voles

M2-like macrophages are often associated with tumor promotion. They can stimu-
late angiogenesis, suppress antitumor immunity, and support tumor invasion and
metastasis. Angiogenesis promotion: M2-like macrophages can secrete pro-angiogenic
factors, such as VEGF and matrix metalloproteinases (MMPs), promoting the forma-
tion of new blood vessels that support tumor growth and metastasis. M2-like macro-
phages produce anti-inflammatory cytokines, such as IL-10 and TGF-f, dampening
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antitumor immune responses and creating an immunosuppressive microenvironment
that facilitates tumor evasion from immune surveillance. Tumor invasion and metas-
tasis: M2-like macrophages contribute to tumor invasion and metastasis by promoting
extracellular matrix remodeling, facilitating cancer cell migration, and enhancing the
establishment of metastatic niches in distant organs [35, 40, 41].

3.2.2 Antitumorigenic roles

Conversely, M1-like macrophages have the potential to inhibit tumor growth
through various mechanisms: M1-like macrophages produce pro-inflammatory cyto-
kines, such as TNF-a and interleukin-1 beta (IL-1B), promoting inflammation within
the tumor microenvironment and activating antitumor immune responses. M1-like
macrophages possess enhanced phagocytic activity, allowing them to engulf and
eliminate cancer cells directly, thereby inhibiting tumor growth. M1-like macrophages
express increased levels of major histocompatibility complex (MHC) molecules and
co-stimulatory molecules, facilitating the presentation of tumor antigens to T cells
and enhancing antitumor immune responses.

3.3 Molecular pathways and immunometabolic processes shaping macrophage
phenotypes

Macrophage polarization is intricately regulated by molecular pathways and
immunometabolic processes:

3.3.1 Signal transduction pathways

Key signaling pathways, such as signal transducer and activator of transcription 1/
signal transducer and activator of transcription 6 (STAT1/STAT6), NF-«B, and janus
kinase (JAK)/STAT, play crucial roles in driving M1 or M2 polarization in response to
cytokines and other signals: activation of the STAT1 pathway by interferon-gamma
(IFN-y) promotes M1 polarization, leading to the expression of pro-inflammatory genes.
Conversely, activation of the STAT6 pathway by interleukin-4 (IL-4) and interleukin-13
(IL-13) induces M2 polarization, resulting in the expression of anti-inflammatory and
tissue repair genes. NF-kB signaling is involved in M1 polarization in response to pro-
inflammatory stimuli, such as lipopolysaccharide (LPS) and TNF-«. Activation of NF-xB
leads to the expression of pro-inflammatory cytokines and antimicrobial effectors
characteristic of M1 macrophages. The JAK/STAT pathway is essential for transmitting
signals from cytokine receptors to the nucleus, regulating gene expression in response
to extracellular stimuli. Cytokines, such as IFN-y and IL-4, activate JAK/STAT signaling
pathways, driving M1 or M2 polarization, respectively.

3.3.2 Immunometabolism

Metabolic reprogramming is crucial for macrophage polarization, with distinct
metabolic profiles characterizing M1 and M2 macrophages: M1 macrophages exhibit
enhanced glycolytic metabolism to meet the energy demands of their pro-inflamma-
tory functions. Glycolysis supports the rapid production of adenosine triphosphate
(ATP) and provides intermediates for the biosynthesis of pro-inflammatory cytokines
and effector molecules. In contrast, M2 macrophages rely on oxidative phosphoryla-
tion and fatty acid metabolism for energy production. Oxidative phosphorylation is
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more efficient in generating ATP and supports the biosynthetic requirements of M2
macrophages involved in tissue repair and immunosuppression.

3.3.3 Epigenetic regulation

Epigenetic modifications, including DNA methylation and histone acetylation,
play critical roles in controlling gene expression patterns that define macrophage
phenotypes: DNA methylation regulates gene expression by altering chromatin
structure and accessibility. Changes in DNA methylation patterns can influence
macrophage polarization by modulating the expression of genes involved in inflam-
matory responses and metabolic pathways. Histone acetylation is associated with
transcriptional activation, promoting an open chromatin conformation that facilitates
gene expression. Histone acetylation patterns are dynamically regulated during mac-
rophage polarization, influencing the expression of genes associated with M1 or M2
phenotypes. Understanding the molecular underpinnings of macrophage polarization
and their immunometabolic adaptations is vital for targeting them effectively in
cancer therapy. Strategies to modulate macrophage polarization, inhibit pro-tumor-
igenic functions, and enhance anti-tumorigenic properties are under investigation
to improve cancer treatment outcomes, including those in hepatocellular carcinoma
(HCC). Metabolism plays a central role in cancer biology, influencing various aspects
of tumor development and progression. Altered metabolic processes in cancer cells
not only support their rapid proliferation but also have profound effects on the tumor
microenvironment (TME), including immune cells. Here, we delve into the key meta-
bolic changes in cancer cells, the metabolic crosstalk within the TME, and the role of
tumor metabolism in immune evasion and immunosuppression [39, 42-44].

4. Altered metabolic processes in cancer cells

Cancer cells often exhibit enhanced glycolysis, even in the presence of oxygen, a
phenomenon known as the Warburg effect. This increased glucose metabolism pro-
vides a rapid source of energy and biosynthetic precursors for cell growth (Figure 2).
Key features of glycolysis in cancer cells include Refs. [45-47].
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Figure 2.
T cells and cancer cells disrupt glucose and amino acids. T cell loss effector function and glycolytic metabolism are
elevated in the tumor microenvironment.
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4.1 Glycolysis

Cancer cells upregulate glucose transporters, such as glucose transporter type 1
(GLUT1), to enhance glucose uptake from the extracellular environment. Glycolytic
enzymes are upregulated in cancer cells, leading to increased flux through the gly-
colytic pathway. This results in the production of ATP and metabolic intermediates
necessary for cellular proliferation. Cancer cells convert a significant portion of
glucose-derived pyruvate to lactate, even under aerobic conditions. Lactate produc-
tion contributes to the acidic microenvironment of tumors and may promote cancer
cell invasion and metastasis.

4.2 Glutaminolysis

Glutaminolysis is upregulated in cancer cells to support the synthesis of amino
acids and nucleotides. Glutamine, a non-essential amino acid, is catabolized to
provide carbon and nitrogen for biosynthesis. Key aspects of glutaminolysis in cancer
cells include: many cancer cells exhibit dependence on glutamine for survival and
proliferation. Glutamine serves as a major nitrogen donor for nucleotide biosynthesis
and a carbon source for the tricarboxylic acid (TCA) cycle. Enzymes involved in glu-
tamine metabolism, such as glutaminase and glutamate dehydrogenase, are upregu-
lated in cancer cells to facilitate glutamine catabolism. Glutamine-derived metabolites
contribute to the synthesis of amino acids, nucleotides, and other macromolecules
essential for cancer cell growth and proliferation.

4.3 Fatty acid metabolism

Lipid metabolism is rewired in cancer cells, with increased fatty acid synthesis
and lipid droplet formation to support membrane biogenesis and energy storage.
Key features of fatty acid metabolism in cancer cells include: cancer cells upregulate
enzymes involved in de novo fatty acid synthesis, such as fatty acid synthase (FASN),
to meet the demands for membrane biogenesis and lipid signaling. Cancer cells accu-
mulate lipid droplets, which serve as reservoirs for stored energy and essential lipids.
Lipid droplets play roles in maintaining lipid homeostasis and supporting cancer cell
survival under metabolic stress. Lipids and lipid-derived signaling molecules regulate
various cellular processes in cancer, including proliferation, migration, and survival.
Alterations in lipid metabolism contribute to the dysregulated signaling pathways
observed in cancer cells.

4.4 Metabolic crosstalk between tumor cells and immune cells
4.4.1 Metabolic competition

Tumor cells compete with immune cells, such as T cells, for essential nutrients
like glucose and amino acids within the TME. This competition can impair immune
cell function and contribute to immunosuppression. Tumor cells can consume large
amounts of glucose and amino acids, depriving nearby immune cells of these essential
nutrients necessary for their activation and effector functions. Nutrient competi-
tion within the TME can impair the function of immune cells, including T cells and
antigen-presenting cells (APCs), leading to reduced antitumor immune responses
and immune evasion by the tumor [48-50].
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4.4.2 Metabolic reprogramming of immune cells

Immune cells within the TME can undergo metabolic reprogramming. For
example, T cells can shift toward glycolytic metabolism when exposed to the TME,
which can limit their effector functions. Immune cells within the TME can undergo
metabolic reprogramming in response to environmental cues. For example: T cells
exposed to the TME often undergo metabolic reprogramming, shifting from oxidative
phosphorylation to glycolytic metabolism. This metabolic shift can limit their effector
functions, including cytokine production and cytotoxicity, thereby compromising
antitumor immune responses. Immune cells, such as macrophages and dendritic cells,
may also undergo changes in amino acid metabolism within the TME, impacting their
polarization and function.

4.4.3 Metabolites as signaling molecules

Metabolites produced by cancer cells (e.g., lactate and kynurenine) can act as
signaling molecules that modulate the behavior of immune cells, promoting an
immunosuppressive environment. Metabolites produced by cancer cells, such as
lactate and kynurenine, can act as signaling molecules that modulate the behavior of
immune cells. Accumulation of lactate within the TME can suppress the function of
immune cells, including T cells and NK cells, leading to immunosuppression. Lactate
can also promote the polarization of immune cells toward immunosuppressive
phenotypes, such as M2-like macrophages. Metabolism of tryptophan by indoleamine
2,3-dioxygenase (IDO) in cancer cells results in the production of kynurenine, which
has immunosuppressive effects. Kynurenine can inhibit the proliferation and function
of T cells and promote the generation of regulatory T cells (Tregs), contributing to
immune evasion by the tumor.

4.4.4 Role of tumor metabolism in immune evasion and immunosuppression

Cancer cells can produce metabolites that inhibit immune responses. For
example, the production of adenosine within the TME can suppress T-cell activity.
Altered tumor metabolism can lead to an acidic and hypoxic TME, which impairs
immune cell function and promotes immune evasion. Metabolic changes can influ-
ence the expression of immune checkpoint molecules on both cancer cells and
immune cells, regulating immune responses. Targeting specific metabolic pathways
in cancer cells is being explored as a strategy to improve immunotherapy responses.
For example, inhibiting glycolysis or glutaminolysis may enhance the antitumor
immune response [51]. Understanding the intricate relationship between tumor
metabolism and immune responses is essential for developing novel therapeutic
approaches. Targeting metabolic vulnerabilities in both cancer cells and immune
cells may provide new avenues for cancer treatment, with the potential to overcome
immune evasion and immunosuppression in hepatocellular carcinoma (HCC)
and other cancers. Immunotherapy has emerged as a promising approach for the
treatment of hepatocellular carcinoma (HCC), offering the potential to harness
the patient’s immune system to target and destroy cancer cells. Here, we provide an
overview of the current state of immunotherapeutic approaches for HCC, including
immune checkpoint inhibitors and adoptive cell therapies, while also addressing
the associated challenges and limitations. We further discuss potential strategies
to enhance the efficacy of immunotherapy in HCC by targeting myeloid-derived
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suppressor cells (MDSCs) and macrophages within the tumor microenvironment
(TME) [52-56].

5. Immunotherapy
5.1 Current state of immunotherapeutic approaches for HCC
5.1.1 Immune checkpoint inhibitors (ICIs)

Immune checkpoint inhibitors (ICls), such as anti-PD-1/PD-L1 and anti-CTLA-4
(cytotoxic T-lymphocyte-associated protein 4) antibodies, have shown promise in
HCC. Immune checkpoint inhibitors, such as anti-PD-1/PD-L1 and anti-CTLA-4
antibodies, have shown promise in HCC treatment. ICIs work by blocking inhibitory
signals that dampen T-cell activity, thereby allowing the immune system to mount a
more effective antitumor response against HCC cells. Clinical trials evaluating IClIs,
both as monotherapy and in combination with other agents, have demonstrated
encouraging results in terms of tumor response rates and overall survival in patients
with advanced HCC [57, 58].

5.1.2 Adoptive cell therapies

Adoptive cell therapies, particularly chimeric antigen receptor (CAR) T-cell
therapy and tumor-infiltrating lymphocyte (TIL) therapy, are being investigated for
HCC. These therapies involve the infusion of engineered or expanded immune cells
with enhanced tumor-targeting capabilities. This approach involves the engineering
of T cells to express chimeric antigen receptors (CARs) targeting specific antigens
expressed on HCC cells. CAR T cells are then infused into patients to selectively target
and kill tumor cells. Tumor-infiltrating lymphocyte (TIL) therapy involves the isola-
tion and expansion of T cells from tumor tissue, followed by infusion back into the
patient to enhance antitumor immune responses [59, 60].

5.1.3 Cytokine-based therapies

Interleukin-2 (IL-2) and interferon-alpha (IFN-a) have been used in HCC
treatment to stimulate immune responses, although their efficacy can be limited
by toxicity. IL-2 stimulates the proliferation and activation of T cells and NK cells,
enhancing antitumor immune responses. However, its use in HCC may be limited
by toxicity, including cytokine release syndrome and vascular leak syndrome.
IFN-a has antiproliferative and immunomodulatory effects, including activation
of immune effector cells and inhibition of angiogenesis. However, its efficacy as
a monotherapy in HCC is modest, and it is often used in combination with other
agents [61, 62].

5.2 Challenges and limitations of immunotherapy in HCC
5.2.1 Heterogeneity of HCC

HCC is a highly heterogeneous disease, with variations in tumor biology, genetics,
and microenvironment among patients [63-65]. This heterogeneity can influence
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treatment response and contribute to differences in patient outcomes following
immunotherapy.

5.2.2 Tumor microenvivonment

The immunosuppressive tumor microenvironment (TME) in HCC poses a signifi-
cant challenge to immunotherapy. MDSCs are immune cells that suppress antitumor
immune responses and promote tumor growth. Their accumulation in the TME can
hinder the effectiveness of immunotherapy by inhibiting the activity of T cells and
other immune effector cells. M2-like macrophages, which exhibit anti-inflammatory
and immunosuppressive properties, are often enriched in the HCC TME. Their
presence can contribute to immune evasion and resistance to immunotherapy. Various
other factors present in the HCC TME, such as regulatory T cells (Tregs), cytokines,
and chemokines, contribute to immune suppression and create a hostile environment
for antitumor immune responses.

5.2.3 Resistance mechanisms

Some HCC tumors develop resistance to immunotherapy through various
mechanisms, including HCC tumors may upregulate alternative immune checkpoint
molecules, such as T-cell immunoglobulin-3 (TIM-3), lymphocyte-activation (LAG-
3), and V-domain immunoglobulin g (Ig)-containing suppressor of T-cell activation
(VISTA), which can bypass inhibition by conventional immune checkpoint inhibitors
(ICIs) like anti-PD-1/PD-L1 antibodies. Tumor cells may downregulate major histo-
compatibility complex (MHC) molecules or antigen presentation machinery, limiting
the recognition of cancer cells by T cells and reducing the effectiveness of immuno-
therapy. Some HCC tumors may exhibit intrinsic resistance to immunotherapy due to
genetic alterations, tumor cell plasticity, or other tumor-intrinsic factors.

5.3 Enhancing immunotherapy efficacy by targeting MDSCs and macrophages
5.3.1 Targeted therapies
5.3.1.1 Myeloid-derived suppressor cell targeting

Inhibitors of chemokine receptors involved in MDSC recruitment, such as CXCR2
(CXC motif chemokine receptor 2) inhibitors, can reduce the influx of MDSCs into
the tumor microenvironment [18, 19, 66, 67]. Agents targeting MDSC immunosup-
pressive mechanisms, such as arginase-1 inhibitors or inhibitors of reactive oxygen
species (ROS) production, can neutralize MDSC-mediated suppression of antitumor
immune responses. Differentiation-inducing agents, such as all-trans retinoic acid
(ATRA) or inhibitors of STAT3 signaling, can promote the differentiation of MDSCs
into less suppressive phenotypes, such as mature dendritic cells or granulocytes.

5.3.1.2 Macrophage repolarization

Efforts to repolarize tumor-associated macrophages (TAMs) toward a pro-inflam-
matory M1 phenotype represent a promising strategy in cancer immunotherapy.
Macrophage repolarization strategies: Targeted therapies aim to specifically modulate
signaling pathways and molecules involved in macrophage polarization. Signal
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transducer and activator of transcription 3 (STAT3) signaling is often associated with
the polarization of TAMs toward an M2 phenotype. Inhibiting STAT3 activation can
shift TAMs toward an M1 phenotype. Various small molecule inhibitors of STAT3
signaling are under investigation for their potential in repolarizing TAMs. Nuclear
factor-kappa B (NF-kB) signaling promotes the expression of genes associated with
M2 macrophage polarization. Inhibiting NF-xB activation can promote the repolar-
ization of TAMs toward an M1 phenotype.

5.3.2 Immunomodulatory agents

Immunomodulatory agents can stimulate the immune system and promote the
repolarization of TAMs toward an M1 phenotype. Interferon-gamma (IFN-y): IFN-y is
a cytokine known for its potent pro-inflammatory effects. It can activate macrophages
and promote their polarization toward an M1 phenotype. Administration of IFN-y or
strategies to enhance IFN-y signaling in the tumor microenvironment can repolarize
TAMs and enhance antitumor immune responses. Toll-like receptor (TLR) agonists:
TLR agonists are compounds that activate toll-like receptors, which play a crucial
role in initiating innate immune responses. Activation of TLRs on macrophages can
promote their polarization toward an M1 phenotype and enhance their antitumor
activity.

5.3.2.1 Combination therapies

Combining immunotherapy with agents that target MDSCs and TAMs may syner-
gistically enhance antitumor immune responses.

5.3.2.1.1 Targeting MDSCs and TAMs

Agents that target MDSC recruitment, function, or differentiation can reduce
their immunosuppressive effects within the tumor microenvironment. This can be
achieved using CXCR2 inhibitors, arginase-1 inhibitors, or differentiation-inducing
agents. Strategies aimed at repolarizing TAMs toward a pro-inflammatory M1
phenotype can enhance their antitumor activity. This can involve targeted thera-
pies directed at specific signaling pathways or immunomodulatory agents such as
interferon-gamma (IFN-y) or toll-like receptor (TLR) agonists.

5.3.2.1.2 Immunotherapy

Immune checkpoint inhibitors (ICIs) such as anti-PD-1/PD-L1 antibodies can
unleash the antitumor immune responses by blocking inhibitory signals that dampen
T-cell activity. They can enhance the activation and function of cytotoxic T cells
within the tumor microenvironment. Adoptive cell therapies, such as chimeric anti-
gen receptor (CAR) T-cell therapy or tumor-infiltrating lymphocyte (TIL) therapy,
involve the infusion of engineered or expanded immune cells with enhanced tumor-
targeting capabilities. These therapies can directly target and kill cancer cells.

5.3.2.1.3 Synergistic effects

Overcoming immunosuppression: Combining immunotherapy with agents
targeting MDSCs and TAMs can alleviate immunosuppression within the tumor
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microenvironment. This can enhance the efficacy of immunotherapy by overcoming
resistance mechanisms and promoting antitumor immune responses.

Enhancing tumor recognition: repolarization of TAMs toward an M1 phenotype
can improve antigen presentation and promote the activation of cytotoxic T cells. This
can enhance the recognition and elimination of tumor cells by the immune system.

Augmenting immune activation: inhibition of MDSCs and repolarization
of TAMs can create a more favorable immune microenvironment, allowing for
increased activation and function of immune effector cells, including T cells and
NK cells. Immunotherapy holds promise as a treatment option for HCC, but chal-
lenges related to tumor heterogeneity and the immunosuppressive TME need to be
addressed. Strategies to enhance immunotherapy efficacy, such as targeting MDSCs
and macrophages, are actively being explored and may unlock the full potential of
immunotherapy in HCC, offering hope for improved outcomes in patients with this
challenging malignancy.

6. Conclusions

In this comprehensive review, we have explored the intricate interplay between
myeloid-derived suppressor cells (MDSCs), macrophages, tumor metabolism, and
immunotherapy in the context of hepatocellular carcinoma (HCC). The key findings
and insights from this review can be summarized as follows [68-70]:

1.MDSCs and macrophages in HCC: MDSCs and macrophages are pivotal com-
ponents of the tumor microenvironment in HCC, where they play multifaceted
roles. MDSCs promote immunosuppression through diverse mechanisms, while
macrophages exhibit plasticity, shifting between pro-inflammatory (M1) and
anti-inflammatory (M2) phenotypes, influencing tumor progression.

2. Molecular pathways and immunometabolism: molecular pathways and immu-
nometabolic processes profoundly impact the functions of MDSCs and macro-
phages. These immune cells undergo dynamic changes in response to the tumor
microenvironment, shaping their immunosuppressive or pro-inflammatory
functions. Understanding these pathways is essential for therapeutic targeting.

3. Tumor metabolism: altered metabolic processes in cancer cells, including
increased glycolysis, glutaminolysis, and fatty acid metabolism, drive tumor
growth and influence the immune response within the TME. Metabolic crosstalk
between tumor cells and immune cells further impacts immune function.

4.Immunotherapy in HCC: immunotherapy has emerged as a promising strategy
for HCC treatment, including immune checkpoint inhibitors and adoptive cell
therapies. However, challenges such as tumor heterogeneity and the immuno-
suppressive TME must be addressed to maximize therapeutic efficacy.

5. Targeting MDSCs and macrophages: targeting MDSCs and macrophages within
the TME represents a potential avenue for improving immunotherapy outcomes
in HCC. Strategies to inhibit MDSC recruitment, suppress MDSC immuno-
suppressive functions, and repolarize macrophages toward pro-inflammatory
phenotypes are actively under investigation.
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7. Future directions

As we continue to explore the complexities of hepatocellular carcinoma (HCC)

and its interaction with the immune system, several areas for future research and
development of therapeutic strategies emerge. These directions are essential to
advance our understanding of HCC immunotherapy and translate preclinical findings
into clinical applications effectively.

1.Identification of novel targets: microenvironmental targets: investigate
additional immune and stromal components of the TME in HCC, such as
cancer-associated fibroblasts and regulatory T cells, to identify new therapeu-
tic targets.

2.Metabolic targets: explore metabolic vulnerabilities in HCC cells and immune
cells to identify novel metabolic inhibitors that can be combined with immuno-
therapy.

3.Epigenetic regulation: investigate the epigenetic modifications that govern
MDSC and macrophage functions in the TME, with a focus on potential drug-
gable targets.

4. Combination therapies: immunotherapy combinations: explore rational com-
binations of immunotherapies, such as combining immune checkpoint inhibi-
tors with MDSC- and macrophage-targeted therapies, to overcome resistance
mechanisms.

5.Metabolic modulators: evaluate the efficacy of combining metabolic inhibitors
with immunotherapy to enhance antitumor immune responses while mitigating
the impact of metabolic competition in the TME.

6. Patient stratification: biomarker discovery: identify reliable biomarkers that can
predict response to immunotherapy in HCC, enabling patient stratification for
personalized treatment approaches.

7.Genomic profiling: conduct comprehensive genomic profiling of HCC tumors to
uncover genetic alterations that influence immunotherapy response.

8. Translational studies: clinical trials: design and conduct well-designed clinical
trials that incorporate the insights gained from preclinical studies. Investigate the
safety and efficacy of combination therapies in diverse patient populations.

9. Biomarker validation: validate promising biomarkers in clinical settings to guide
treatment decisions and monitor therapeutic responses.

10. Patient-derived models: develop and utilize patient-derived models (organoids,
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11. Immunotherapy resistance mechanisms: investigate the molecular and cellular
mechanisms underlying immunotherapy resistance in HCC. This includes study-
ing the role of immune checkpoints, immune cell dysfunction, and TME altera-
tions. Develop strategies to overcome resistance mechanisms, such as combining
immunotherapy with targeted therapies or immune-potentiating agents.

In summary, the future of HCC immunotherapy research lies in the identification
of novel therapeutic targets, the development of combination therapies, improved
patient stratification, and a strong focus on translational studies. Bridging the gap
between preclinical findings and clinical applications will be essential to bring inno-
vative immunotherapies to HCC patients, offering them more effective and personal-
ized treatment options in the fight against this challenging malignancy.
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Perspective Chapter: Monocytes
on the Interface of Metabolic
Disorders and Colorectal Cancer
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Abstract

Colorectal cancer (CRC) is a prevalent malignancy with high incidence and mor-
tality rates worldwide. Metabolic disorders, such as obesity, dyslipidemia, hypergly-
cemia, and hypertension, have been identified as significant risk factors contributing
to the development and progression of CRC. These metabolic conditions often result
in low-grade inflammation, which plays a crucial role in tumor initiation and progres-
sion. Monocytes, which differentiate into tumor-associated macrophages (TAMs)
within the tumor microenvironment (TME), are pivotal in mediating these inflam-
matory responses. Monocytes in the individuals with metabolic disorders exhibit
altered phenotypes and functions, enhancing their pro-inflammatory and tumor-
promoting activities. Our review describes the intricate links between metabolic
disorders and CRC on the level of circulating monocytes, highlighting how metabolic
conditions can drive CRC initiation and aggravate tumor progression via program-
ming of immunity. Various monocyte subsets, their phenotypic changes, and their
impact on CRC are elucidated, providing insights into potential therapeutic targets
for CRC prevention and treatment. Understanding the interplay between metabolic
alterations and programming of monocytes-derived TAMs in the TME is essential for
developing effective strategies against CRC.

Keywords: colorectal cancer, metabolic syndrome, monocytes, macrophages, obesity,
inflammation

1. Introduction

Colorectal cancer (CRC) is the third most common cancer globally, with impactful
incidence and mortality rates [1, 2]. The burden of CRC varies significantly by the
geographic regions, with higher incidence rates in developed countries, particularly
in North America, Europe, and Australia/New Zealand, compared to lower rates
in many parts of Africaand Asia [3]. Alarmingly, the incidence of early-onset CRC
(diagnosed in individuals under 50 years) is rising, highlighting the need for earlier
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screening and increased awareness [1, 2, 4]. Risk factors for CRC include genetic
predisposition, Western dietary habits, lifestyle choices (such as smoking, drinking,
and physical inactivity), as well as metabolic diseases like obesity and insulin resis-
tance [1, 2, 5].

Metabolic syndrome (MetS) is a cluster of pathological alterations that include
abdominal obesity, hypertension, hyperglycemia, and dyslipidemia [6]. The National
Cholesterol Education Program Adult Treatment Panel III (NCEP ATP III) criteria
for metabolic syndrome are among the most widely used. These criteria were pub-
lished in 2001 and include the following components: (1) hyperglycemia, (2) visceral
obesity, (3) dyslipidemia, and (4) hypertension. According to the NCEP ATP III
definition, the presence of three or more of these criteria qualifies as a diagnosis of
metabolic syndrome [7, 8]. These criteria are used widely in clinical practice and
research to identify individuals at increased risk of developing cardiovascular disease
and type 2 diabetes. Recent studies have shown that metabolic disorders increase inci-
dence of colon cancer, postmenopausal breast cancer, gastric cancer, ovarian cancer,
liver cancer, endometrial cancer, hepatocellular carcinoma, and melanoma [9-12].
Metabolic syndrome can drive the initiation of CRC and aggravate tumor progression
[13-15]. Study conducted on a Korean population-based cohort of over 9 million
individuals found that MetS correlated with an increased risk of both early-onset and
late-onset CRC [13]. This large-scale cohort study demonstrated that higher body
mass index (BMI) and larger waist circumference strongly correlate with the develop-
ment of early-onset CRC, particularly located in the distal colon and rectal sections
[13]. Another study of Taiwanese cohort (N = 364,000) established that individuals
with three to four MetS components (obesity, hypertension, hyperlipidemia, and/
or diabetes mellitus) had a higher risk of CRC and increased all-cause mortality rate
compared to those with one or two MetS components [16].

Monocytes, which are the major precursors of tissue macrophages in adult body, play
essential role in the tumor development that may occur in the sites of low-grade inflam-
mation [6]. Metabolic disorders can directly affect the functional role of monocytes in
the TME [6, 17]. In obese individuals, monocytes are accumulated in adipose tissue, trig-
gering inflammation and leading to systemic metabolic dysfunction, including insulin
resistance [18]. The pro-inflammatory activity of adipose tissue induces the imbalance in
energy and glucose metabolism, as well as promotes immune dysregulation in the TME
supporting tumor progression [19]. Recent study demonstrated that obesity-induced
monocytes promoted the development of lung metastasis in breast cancer through the
activation of neutrophils in diet-induced obesity mouse model [20]. Obesity-induced
monocytes exhibited characteristics of professional antigen-presenting cells expressing
high levels of MHCII and CXCL2 [20]. Activation of CXCL2-CXCR?2 axis in monocytes
led to neutrophil activation and release of neutrophil extracellular traps, which pro-
moted metastasis in a diet-induced obesity mouse model [20]. This signaling axis was
also observed in lung metastases from obese cancer patients [20].

Dyslipidemia, characterized by abnormal lipid levels, correlates with poor out-
comes in cancer patients [21, 22]. It is associated with tumor invasion, metastasis, and
resistance to anti-cancer drugs [21, 22]. Dyslipidemia is implicated in the develop-
ment and progression of cancer, particularly in patients with type 2 diabetes mellitus
[23]. Studies demonstrated a potential link between dyslipidemia and hepatocellular
carcinoma (HCC) development, underscoring the impact of lipid profiles on specific
cancer types [24]. Recent study demonstrated that mild dyslipidemia, induced by
a high-fat high-cholesterol diet, promotes tumor growth by increasing the pool of
circulating Ly6Chi monocytes, which facilitate tumor growth and angiogenesis [9].
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Under high-fat high-cholesterol diet (HFHCD) conditions, monocytes promote tumor
growth via VEGF-A production in mouse model of HFHCD-induced melanoma [9].
Understanding the interplay between cancer cells and the metabolic alterations in
monocytes is needed for the development of targeted therapeutic strategies [19].

2. Association between metabolic disorders and colorectal cancer

Metabolic syndrome is a complex disease that is defined by a group of interrelated
metabolic disorders [7, 8, 25]. Accumulated evidence demonstrates that the presence
of obesity and metabolic syndrome can increase the risk of cancer that is explained
by the formation of low-grade inflammation and increased secretion of factors in
the TME, which stimulate cancer cell proliferation and inhibit their apoptosis [26].
Metabolic syndrome is associated with a risk of early development of colorectal can-
cer (CRC). The risk of CRC initiation is increased by 9% with one metabolic disorder,
by 12% with 2 metabolic disorders, and by 31% with 3 or more metabolic disorders
compared to individuals without any metabolic comorbid conditions [27].

2.1 Obesity and CRC

Obesity is associated with low-grade inflammation that is one of the leading causes of
insulin resistance, type 2 diabetes, and cancer [28]. Obesity-related inflammation may
induce an increase in circulating fatty acids and the recruitment of immune cells with
pro-inflammatory activity, as well as the production of pro-inflammatory cytokines
in the adipose tissue [29, 30]. Metabolic changes in obese individuals lead to the sterile
inflammation within the adipose tissue. At the same time, gut microbiota can also modify
metabolism by activating low-grade inflammatory response. Using a mouse model, the
influence of the intestinal microbiota of obese individuals on the occurrence of CRC was
demonstrated [31]. Compared to microbiota from non-obese individuals, fecal micro-
biota from obese individuals transferred to mice promoted colon tumorigenesis [31].

The representative cohort studies confirming the development of CRC on the
background of obesity are listed in Table 1. A hospital-based case-control study
in Malaysia (N = 313) revealed that individuals consuming foods with high pro-
inflammatory potential had a higher risk of CRC than did those consuming an
anti-inflammatory diet [51]. Many studies have shown a positive association between
the risk of CRC and increased body weight [32-36, 52]. A 14-year prospective
cohort Korean study (N = 1,213,829) found that high, but not low body mass index
(BMI) was positively associated with the risk of both rectal and colon cancers. The
association between the risk of CRC and BMI was statistically significant in both
men and women, but in men the statistical significance was stronger than in women
[32]. A cohort study of Australian patients with CRC (N = 41,114) found that high
waist circumference, weight, and fat mass were associated with an increased risk of
rectal cancer [33]. A case-control study conducted in Poland (N = 800) showed that
increased BMI aggravated the risk of developing CRC [34]. Controversially, a study of
a cohort of patients from Iran (N = 693) showed that BMI was lower in patients with
colon adenocarcinoma compared to the control group [35]. A nation-wide popula-
tion-based cohort study (N = 3,858,228) demonstrated that the CRC risk has been
increasing with elevating body weight. The risk of development of both rectal and
colon cancers was higher in obese individuals compared to normal-weight individu-
als. This trend was slightly more significant for men, especially in those suffered from
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Metabolic disorders  Type of cancer Patient cohorts Relationship between Reference
CRC and disorder
Obesity Rectal and colon Korea, Positively associated [32]
cancer N =1,213,829, aged
30-95 years
Rectal cancer Australia, High waist circumference, [33]
N = 41,114, aged high weight, and high fat
27-75 years mass were associated with
an increased risk of rectal
cancer
Colorectal cancer  Poland, N = 800, Positively associated [34]
aged 34-85 years
Colon cancer Iran, N = 693, mean Positively associated [35]
age of 49-84 years
Colorectal cancer  USA, N = 85,256, Positively associated [36]
only women, aged
25-42 years
Dyslipidemia Rectal and colon China, N = 843, HDL cholesterol level was [37]
cancer averageage 59 years  negatively correlated with
tumor size; TC/HDL level
was positively correlated
with tumor size
Rectal and colon UK, N = 384,862, TG levels are higher in [38]
cancer aged 40-70 years cancer.
Low cholesterol levels
negatively correlated with
cancer risk
Colorectal cancer ~ Taiwan, N = 6600, High levels of TG and [39]
aged 30-80 years cholesterol positively
associated with the risk of
CRC development
Colorectal cancer ~ Japan, N =123,aged  Positive association of [40]
34-73 years serum TC levels and
triglyceride levels with
CRC risk
Colorectal cancer UK, N = 2667, aged No significant differences [41]
40-69 years
Colon and rectal Italy, N = 850, High plasma levels of TC [42]
cancer average age 50 years and LDL were associated
with a high risk of CRC.
Plasma TG and HDL
cholesterol were not
associated with the risk
of CRC.
Colon and rectal China, N =576, aged ~ Serum free cholesterol level ~ [43]

cancer

35-75 years

was higher, whereas serum
TC and LDL cholesterol
levels were significantly
lower in patients with CRC
than in healthy controls

90



Perspective Chapter: Monocytes on the Interface of Metabolic Disorders and Colorectal Cancer
DOI: http://dx.doi.org/10.5772/intechopen.1007011

Metabolic disorders  Type of cancer Patient cohorts Relationship between Reference
CRC and disorder
Hyperglycemia and Colorectal cancer ~ US, N =54,597,aged  Positively associated [44]
diabetes mellitus 40-79 years
Colorectal cancer ~ Sweden, Positively associated with [45]
N = 12,614,256, age the risk of early-onset CRC
range at baseline 0
to 107 years
Colorectal cancer  Japan, N = 1,441,311,  Fasting glucose levelsand [46]
aged 40-54 years DM increased the risk
of CRC in men, while in
women the risk of CRC
increased only with the
DM
Colorectal cancer  Iran, N = 693, mean No significant differences [35]
age 49.84
Colon cancer US, N = 1923, aged No significant differences [47]
>18 years in recurrence rates
Hypertension Colorectal cancer  US, N = 54,597, Positively associated in [48]
meanage 44.1years  men
Colorectal cancer  Iran, N = 499, aged Consumption of foodshigh  [49]
30-79 years in blood pressure-lowering
ingredients was associated
with a low risk of CRC in
men and women
Colorectal cancer  US, N = 121,700 No significant differences [50]
female, aged
30-55 years,

N = 51,529 male
aged 40-75 years

Notes: CRC — colorectal cancer; HDL — high-density lipoproteins; TC — total cholesterol; TG — triglycerides; LDL — low-
density lipoproteins; DM — diabetes mellitus.

Table 1.

Association between metabolic disorders and colorectal cancer.

colon cancer [52]. The prospective cohort study of women from the United States
(N = 85,256) established that there was an increased risk of early-onset CRC with a
high BMI at 18 years of age, with a higher current BMI, and with weight gain since
early adulthood [36]. The association between obesity and risk of early-onset CRC
was greater in young women compared to women at age 50 years or older [36].
Although the most common criterion for overweight is assessed by BMI, it was

hypothesized that the risk of CRC in men is increased with a higher BMI, and the risk
of CRC in women—with higher waist-to-hip ratio (WHR) [53]. Despite a wealth of
evidence showing a positive association of obesity with the higher chance of develop-
ing CRC, an analysis of data from a population-based case-control study conducted
in southwest Germany (N = 11,887) showed that involuntary pre-diagnostic weight
loss may be an early marker of CRC [54]. It can introduce some mistakes in statistical
assessment of the relationship between obesity and CRC. Weight loss in the 2 years
before diagnosis was associated with an increased risk of CRC, and weight data
obtained several years before diagnosis were a predictor of CRC [54].
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2.2 Dyslipidemia and CRC

Dyslipidemia is a pathological condition characterized by changes in lipid levels
in the blood serum. Indicators such as the level of total cholesterol (TC), low-density
lipoproteins (LDL), triglycerides (TG), and high-density lipoproteins (HDL) are
used to determine dyslipidemia [37, 38, 55, 56].

A retrospective analysis of a group of patients from China (N = 843) showed that
serum HDL cholesterol levels and the ratio of TC, HDL cholesterol, and LDL choles-
terol levels were significantly correlated with tumor size and cancer stage in patients
with CRC [37]. A prospective cohort study in the UK (N = 384,862) demonstrated
that individuals who took cholesterol-lowering medications had a 15% increased risk
of CRC [38]. At the same time, these patients had increased levels of TG in the blood
serum. This trend was observed for both men and women, as well as in cases of both
rectal and colon cancers. However, among those not taking cholesterol-lowering
medications, elevated TC and LDL cholesterol were moderately associated with CRC
risk [38]. A prospective cohort study in Taiwan (N = 6600) showed that high levels
of TG and cholesterol were positively associated with the risk of CRC [39]. A case-
control study in Japan (N = 123) showed a significant positive association of serum
TC levels with CRC risk and a moderate association of triglyceride levels with CRC
risk [40]. A population-based prospective study in the South Caucasus (N = 2667)
did not find a statistically significant association between the occurrence of CRC and
serum levels of HDL, LDL, TC, and TG after such confounding factors as BMI and
waist circumference [41]. A cohort study in Italy (N = 850) revealed that high plasma
levels of TC and LDL, but not TG and HDL cholesterol, were associated with a high
risk of CRC. When comparing the risk of CRC in men and women who have high
plasma levels of TC and LDL, it was shown that for men the chance of developing
CRC is higher than for women. However, among women, the increased risk is typical
for postmenopausal people. The highest risk of tumor occurrence was observed in the
large intestine, but in less extent in the rectum [42]. In a Chinese cohort (N = 576),
the level of free cholesterol in the blood serum was increased, but the levels of TC
and LDL were significantly lower in patients with CRC, compared to the control
group. The levels of TC and TG in the serum of CRC patients, as well as the levels of
TC and HDL cholesterol in tumor tissue, were significantly associated with the TNM
stage. The differences were also observed depending on tumor location: patients with
rectal cancer had significantly higher free cholesterol and TG levels, but lower HDL
cholesterol levels in the blood compared to patients with colon cancer [43]. In a cohort
of Chinese patients with non-metastatic CRC (N = 266), TG level was negatively
correlated with N stage and Tumor-Node-Metastasis (TNM) stage, HDL cholesterol
level was positively correlated with perineural invasion, and LDL cholesterol level
was negatively correlated with lymphovascular invasion [57].

2.3 Hyperglycemia and diabetes mellitus

Hyperglycemia and insulin resistance are key chronic pathological changes in type
1 and type 2 diabetes mellitus [58]. Type 2 diabetes mellitus (T2DM) and hyperglyce-
mia contribute to cancer initiation, progression, and tumor response to chemotherapy
[58, 59]. In a US cohort study that predominantly included African-Americans
(N = 54,597), patients with diagnosed T2DM had an increased risk of developing CRC
[44]. A nation-wide cohort study in Sweden (N = 12,614,256) showed that diabetes
mellitus is associated with the risk of early development of CRC [45]. An analysis of
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the Japan Medical Data Center (JMDC) Claims Database in Japan (N = 1,441,311)
showed that high fasting blood glucose concentration and diabetes mellitus (DM)
were factors that increased the risk of CRC in men, while in women higher risk of
CRC was observed only in the presence of DM [46]. In a retrospective cohort study
in the US (N = 136), in patients with synchronous CRC and diabetes, hyperglycemia
aggravated the general condition of patients [60]. In the Chinese study, patients with
concomitant stage II or III CRC (N = 203) and diabetes were more likely to have liver
metastases than patients with CRC without diabetes. In addition, the survival rate of
patients with concomitant CRC and DM was significantly lower than that of patients
without DM [61]. Patients with CRC having DM (US cohort, N = 534) were more
likely to have a high TNM stage and lymphovascular invasion, as well as a higher
depth of invasion compared to CRC patients without DM [62]. A retrospective chart
review of patients with metastatic CRC in South Korea (N = 206) showed that mean
glucose level and the presence of DM did not affect patient survival, but elevated
glucose concentration was associated with a high risk of infection-related adverse
events in patients receiving palliative chemotherapy [63]. People consuming a diet
high in fiber and polyunsaturated fatty acids and with low glycemic index had low
risk of CRC that was confirmed in a case-control study from Italy (N = 6107) [64].

In vitro and in vivo studies also confirmed the stimulatory effect of high glucose
on tumor growth. Using human CRC cell line HCT116, it was shown that insulin
stimulated the growth, proliferation, and migration of tumor cells i vitro [65]. Ina
mouse model of colon adenocarcinoma, hyperglycemia stimulated tumor growth by
changing the polarization of macrophages toward the pro-tumor M2 phenotype: the
expression of the IL1b, CXCL1, CCL5, SI00A9, and SI00A8 genes was suppressed,
while the expression of the CD163 and CD276 genes was increased [66]. In addition,
in vitro studies using human colon cancer cell lines WiDr and HT29 demonstrated
that high glucose enhanced the migration and invasion of tumor cells compared to a
normal glucose condition [61].

There are also studies that did not reveal the association of hyperglycemia and dia-
betes with the occurrence of CRC. A study of a cohort of patients from Iran (N = 693)
did not show the relation of type 1 and 2 DM to the occurrence of CRC [35]. A cohort
study (N = 1923) of colon adenocarcinoma patients from US found that DM was not
associated with the risk of colon cancer recurrence. The risk of a second primary
cancer was not significantly higher in patients with diabetes [47].

2.4 Hypertension and CRC

Arterial hypertension, manifested in increased blood pressure (BP), may be a fac-
tor affecting the course of cancer, in particular the response of tumor to chemother-
apy [67, 68]. Several studies showed a positive association of hypertension with the
risk of CRC [48, 69, 70]. An analysis using a nation-wide health care claims database
collected from the Japan Medical Data Center claims database (N = 2,220,112) showed
that the highest incidence of CRC was in the group with stage 2 hypertension with
decreasing in patients with type 1 hypertension, and the lowest incidence of CRC
was observed in the group with elevated BP. Increased systolic or diastolic BP was
associated with a higher risk of developing CRC in men but not in women. Among
men, those who suffered from type 1 or type 2 hypertension had a higher chance of
developing CRC compared to men without hypertension [48].

Opposite results were also found between CRC risk and antihypertension therapy.
Thus, the risk of CRC was reduced with the use of antihypertensive drugs such as
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angiotensin-converting enzyme inhibitors/receptor blockers and beta blockers in
Europe and Asian cohorts [71-73], but others studies found that the use of beta
blockers, angiotensin-converting enzyme inhibitors/receptor blockers, and calcium
channel blockers did not affect survival of patients with CRC in North American and
Europe cohorts [50, 74, 75]. Use of diuretics as an antihypertensive drug was associ-
ated with decreased survival in CRC patients in North American and Asian cohorts
in some studies [71, 74], but other studies found no association between diuretics use
and CRC risk in Asian and Western cohorts [50, 76, 77]. Interestingly, a diet aimed at
lowering blood pressure was associated with a reduced risk of developing CRC; for
example, a case-control study in Iran (N = 499) showed that a consumption of food
high in blood pressure-lowering ingredients was associated with a low risk of devel-
oping CRC in both men and women [49].

Numerous studies have assessed the impact of hypertension on patient sur-
vival when receiving chemotherapy or targeted therapy [78-80]. In patients with
metastatic CRC (N = 289) diagnosed with hypertension, longer overall survival
and progression-free survival may be observed in those ones treated with vascular
endothelial growth factor (VEGF) inhibitor therapy—bevacizumab, ramucirumab,
and aflibercept [78]. A retrospective population-based cohort study in Taiwan
(N = 3781) found that increasing age, history of hypertension, and chronic kidney
disease were associated with a higher risk of cardiotoxicity in patients with CRC
treated with chemotherapy (5-FU, capecitabine) and/or targeted therapy (cetuximab,
bevacizumab) [79]. In patients with metastatic CRC from Finland (N = 101) who
received bevacizumab, the development of arterial hypertension was the predictor of
better survival [80].

3. Monocyte phenotypes in metabolic disorders

Peripheral blood monocytes are a heterogeneous cell population that are tradition-
ally classified into three major subpopulations based on the expression of distinct
surface markers: classical (CD14**CD167), non-classical (CD14*CD16""), and inter-
mediate monocytes (CD14"*CD16") [81-83]. These subpopulations are distinguished
by their functions in homeostasis and disease [81]. The heterogeneity of monocytes
strongly depends on the surrounding microenvironment that determines the com-
plexity of monocytes in various physiological and pathological conditions, including
inflammation, immune responses, metabolic disorders, and cancer progression
[17, 84].

In tumors, monocytes are the major plastic source of tumor-associated macro-
phages (TAMs) that are an essential component of the TME. TAMs play a crucial role
in tumor progression and metastasis due to their ability to interact with cancer cells
and other components of the TME [85]. TAMs are crucial regulators of angiogenesis, a
pivotal process for the supply of growing tumor with nutrition and oxygen [86, 87].

TAMs can exhibit different phenotypes depending on the signals from the TME.
They can adopt either a pro-inflammatory (M1) or an anti-inflammatory (M2)
phenotype. M1 macrophages are usually associated with anti-tumor activities, pro-
ducing pro-inflammatory cytokines and reactive oxygen species (ROS), whereas M2
macrophages facilitate tumor growth by inducing immune suppression, promoting
tissue remodeling, and intensifying an angiogenesis [88]. Although in many tumors
TAMs predominantly display an M2-like phenotype that promotes tumor growth
and suppresses anti-tumor immune responses, several recent studies identified
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that TAMs are not strictly dichotomous (M1 or M2) [89, 90]. Instead, they display
arange of phenotypes depending on various signals from the tumor microenviron-
ment, including cytokines, growth factors, and cellular interactions [85, 90]. TAMs
can exhibit transitional states and functional plasticity, adapting dynamically to the
evolving TME [91]. This plasticity is driven by signals from tumor cells, stromal cells,
and other immune cells, making TAM phenotypes highly context-dependent and
heterogeneous [85]. Upon recruitment to the tumor site by chemokines such as CCL2,
CCL3, and CSF-1, monocytes differentiate into macrophages and are influenced by
the local microenvironment to adopt an M2-like phenotype [92, 93]. These TAMs
contribute to tumor growth by secreting growth factors that stimulate cell prolifera-
tion and survival, angiogenesis, and remodeling the extracellular matrix to facilitate
tumor expansion [91, 94]. Clinically, high levels of TAMs are often associated with
poor prognosis, and targeting TAMs through various therapeutic strategies, such as
inhibiting their recruitment, blocking their differentiation, or reprogramming their
phenotype, holds potential for improving cancer treatment outcomes [94-96]. Spatial
transcriptomic technologies enable identification of not only diverse phenotypes of
TAMs but also the molecular spatial interactions between TAMs and other cells in
TME, for example fibroblasts [97].

Interesting is the fact, that instead of numerous cancers, the total amount of
TAMs in CRC tumor tissue is associated with favorable prognosis [98-103]. However,
the direct mechanisms are still unknown. However, several studies indicated that
intestinal microenvironment could induce the pro-inflammatory programming of
macrophages [104-106]. Metabolic disorders are associated with alterations in the
distribution and function of monocyte subsets. Accumulating evidence demonstrates
that monocytes play essential role in the pathogenesis of obesity, dyslipidemia,
hypercholesterolemia, metabolic syndrome, and diabetes [107].

3.1 Monocytes in obesity

Numerous studies confirmed that patients with obesity have a higher percentage
of total monocytes as well as intermediate and classical monocyte subpopulations
compared to healthy individuals (Table 2) [110, 120].

At the same time, the number of non-classical monocytes remains similar among
obese, overweight, and normal-weight individuals [110]. Elevated levels of classical
and intermediate monocytes can be explained by persisting low-grade inflamma-
tion in the adipose tissue [120-122]. A recent study demonstrated substantial role
of intermediate monocyte subpopulation in obesity-mediated inflammation [120].
CD14'"CD16" monocytes were increased in patients with obesity and were associ-
ated with pro-inflammatory CD163°"HLA-DR™*" intestinal macrophages [120].
Adipocytes in bone marrow can regulate myelopoiesis in individuals with obesity
[123]. A short-term high-fat diet caused a shift in the metabolic reprogramming of
monocytes toward glycolysis, reduced oxidative potential, and increased mitochon-
drial fission leading to the whitening of adipose tissue and the activation of Ly6C"&"
monocytes both in vivo and iz vitro [122]. Accumulation of Ly6Chigh monocytes in the
bone marrow led to increase in pro-inflammatory adipose tissue macrophages [122].
In obese patients, CD14"*CD16™ and CD14"CD16"" monocyte subpopulations showed
a higher response to TLR4 and TLRS activation as compared to normal weight indi-
viduals [124]. CD14**CD16™ monocytes produced higher level of IL-1p in response to
LPS and a higher level of TNF and IL-10 upon ssRNA stimulation in obese patients
compared to healthy individuals [124].
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Other pro-inflammatory subpopulations of monocytes were detected in obese
patients, and included CD56°, M-MDSC", and CD163" monocytes [110]. The number
of CD14"¢"/CD56* monocytes and M-MDSC monocytes among the classical mono-
cytes was increased in obese patients compared to normal individuals [110]. CD56"
monocytes were associated with higher levels of inflammation and produced more
pro-inflammatory cytokines and ROS in obese individuals than healthy individuals
[110]. CD163 is a receptor that is almost exclusively expressed on monocytes and
perivascular macrophages, and it may participate in the modulation of inflamma-
tory response [125]. A number of total monocytes as well as CD14"*CD16" monocyte
count correlated positively to circulating sCD163 levels in obese patients [108].

A recent study analyzed gene expression in CD14+ monocytes and subcutaneous
adipose tissue biopsies before and after diet-induced weight loss in well-defined male
individuals [126]. The body mass index (BMI) declined significantly by 12.6%, serum
levels of triglycerides by30.5%, LDL cholesterol by 11.9%, HOMA-IR by 48.7%,
leptin by 62.6%, IL-6 by 4.7%, and hsCRP by 45.4% in the treatment arm during the
6-month weight loss intervention [126]. Lifestyle-induced weight loss was associated
with specific changes in gene expression of circulating CD14" monocytes, which

may affect ubiquitination, histone methylation, and autophagy. The study provided
insights into the potential effects of lifestyle-induced weight loss on gene expression
in individuals with metabolic syndrome.

In vivo the population of macrophages in the adipose tissue of obese mice differed
from the macrophages of non-obese mice. At the same time, macrophages from the
adipose tissue of lean mice expressed markers of anti-inflammatory M2 macrophages
(YM1, ARGINASE 1 and IL10), while macrophages from the adipose tissue of obese
mice expressed predominantly markers of pro-inflammatory M1 macrophages (TNF-
a and iNOS). It was suggested that the anti-inflammatory cytokine IL-10, secreted
by macrophages from lean mice, protected adipocytes from TNF-a-induced insulin
resistance [28].

3.2 Monocytes in hyperglycemic and diabetic conditions

Pro-inflammatory shifting of monocytes was demonstrated not only in obese
patients but in diabetic patients and in vivo in mouse models of diabetes [119]. In
patients with diabetic macular edema (DME), monocytes exhibited increased expres-
sion of pro-inflammatory genes, including TNF, IL1B, NFKBIA, DUSP2, NLRP3, and
TNFAIP6, compared to healthy individuals [119]. These genes are involved in promot-
ing inflammation and are specifically upregulated in the pro-inflammatory CD14"*
monocytes (with high expression of canonical lineage markers [CD14 and CD16]
and inflammatory-related markers [IL1B and TNF]) of DME patients. Additionally,
monocytes also showed increased expression of inflammation-related chemokine
genes such as CCL3, CCL3L1, CCL4L2, CXCL2, and CXCLS, as well as transcription
factors including FOS, FOSB, and JUNB. These findings highlight the role of mono-
cytes in promoting inflammation in the DME [119]. Another study demonstrated
that diabetic mice showed an increase in monocyte subpopulations characterized
by the presence of markers associated with inflammatory response (ARG1, PDPN,
CCL2, CXCL1, FN1, PLACS8, CHIL3, VCAN, LY6C2hi, and CCR2hi) in comparison to
wild-type mice [118]. Similar results were obtained in patients with genetic disorder
Prader-Willi syndrome (PWS) closely associated with obesity and type 2 diabetes
(Figure 1) [117]. Monocytes from patients with PWS exhibited increased expression
of genes associated with inflammatory responses (PTGS2, PTGER3, and ICAM]I),
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Figure 1.

The impact of metabolic disorders on programming of circulating monocytes leading to the initiation and
progression of colovectal cancer. Schematic presentation of a complex network of interactions between metabolic
disorders, monocyte activation, and multiple phases of cancer development. Individuals with obesity, metabolic
syndrome, and type 2 diabetes mellitus chavacterized by elevated levels of blood inflammatory cytokines such

as IL-6 and TNFa, elevate levels of oxidized LDL (oxLDL) and native LDL (nLDL), and increased levels of
SHP-2 which facilitate low-grade inflammation. Low-grade inflammation is supporting by NLRP12*, CD274",
TLR4"" TLRS"®" CD36", Tie2', CD14"*CD16" monocytes that potentially led to tumor initiation and tumor
progression.

as well as chemokine (CCL2 and CXCL9) and cytokine genes (IL-18, OSM, and TNF)
compared to the healthy group. Furthermore, a positive correlation was observed
between serum cytokine levels, IL-1p transcription levels in monocytes, and serum
IL-1p levels in PWS patients [117]. A similar result was also observed for the TNF
transcription levels in monocytes and serum TNF-a levels [117].

Monocytes exposed to high glucose conditions showed significant alteration in
the metabolic programming and skewing phenotype toward pro-inflammatory one
[116, 127]. Monocytes isolated from healthy individuals demonstrated a higher level
of the pro-inflammatory cytokines (TNFa and IL1f) and increased oxidized LDL
uptake under the high glucose conditions (16.7 mM) in comparison with low glucose
conditions (5 mM) [116]. Moreover, high glucose conditions led to elevated levels of
glycolysis and mitochondrial respiration in monocytes, indicating a notable change in
the metabolic programming of these monocytes [116]. In patients with hyperglyce-
mia, elevation in CD11c(+) monocytes correlated with obesity, insulin resistance, and
triglyceridemia as well as with low serum levels of IL-10 [128].

Mice transplanted with bone marrow from hyperglycemic mice showed an
increase in circulating levels of TNF-a after LPS treatment, in comparison to mice
who received bone marrow from normoglycemic animals [129]. High glucose concen-
trations (10 and 20 mM) enhanced adhesion, migration, transmigration, and pseu-
dopodia formation of THP-1 monocytes in vitro. Hyperglycemia enhanced monocyte
activity by the activation of specific proteins, such as AKT and GSK [115]. Monocyte
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activation via the AKT-GSK axis involved Rho-A and Rac-1 signaling, emphasizing
the complex regulation of monocyte activity in diabetes [130]. Recent study revealed
that hyperglycemia in gestational diabetes mellitus enhances monocyte-endothelial
adhesion through the overexpression of Connexin 43 (Cx43) and activation of the
PI3K/AKT/NF-kB pathway [131].

Individuals with chronic hyperglycemia, especially those with type 2 diabetes,
have compromised phagocytosis through complement or Fc-Gamma receptors, and
are more susceptible to pathogens like Mycobacterium tuberculosis [132].

The angiopoietin receptor tunica intima endothelial kinase 2 (T7e2)-expressing
monocytes are a specialized subset of pro-angiogenic monocytes [133, 134]. Tie2"
monocytes play role in tissue repair and regeneration, and their presence is often
associated with pathological conditions including cancer, ischemic diseases, and
diabetes [133]. Functional activity of Tie2* monocytes linked to inflammation and
immune modulation, suggesting that they may have a broader impact on the immune
response and vascular remodeling due to their angiogenic functions [133, 135]. A
recent study suggested that Tie2" monocytes may play a role in the vascular compli-
cations associated with type 2 diabetes mellitus (T2DM) [136]. In individuals with
T2DM, there is often impaired vascular function, leading to micro- and macrovas-
cular complications such as atherosclerosis, retinopathy, and nephropathy [136].
Patients with T2DM had higher expression of Tie2 on CD14**CD16" monocytes in
comparison with CD14"*CD16™ and CD14*CD16"" monocytes [137]. The elevated
amount of CD14""CD16'Tie2" monocytes correlated with heightened plasma
concentrations of Tie2 ligands, Angl and Ang2, in individuals with T2DM [137].

A recent systematic review and meta-analysis demonstrated that individuals with
cardiometabolic disorders like T2DM and cardiovascular disease have higher levels of
intermediate and non-classical monocytes, which is attributed to an elevated release
of pro-inflammatory factors [138].

3.3 Monocytes and dyslipidemia

CD14'CD16" monocytes may play a role in detoxifying oxLDL via CD36 in familial
hypercholesterolemia (FH) [107]. The expression levels of both LRP1 and CD36 on
the surface of CD16™ and CD16" FH-associated monocyte subsets were increased
[107]. FH-CD14'CD16" monocytes exhibited an increased uptake of oxLDL via CD36,
whereas FH-CD14"* CD16™ monocytes preferentially engulfed native LDL (nLDL).
FH-CD14'CD16" monocytes have an increased expression of surface proteins CD68,
stabilin-1, and CD11c and a higher adherence to activated endothelial cells in response
to oxLDL and nLDL stimuli [107]. CD36 expression was higher on CD14"*CD16™ and
CD14'CD16" than on CD14%™CD16" monocytes of patients with hypertriglyceride-
mia [114]. In patients with dyslipidemia, the counts of CD14"*CD36"ABCA1"PLIN2"
monocytes were elevated compared to healthy individuals [112].

Metabolically activated monocytes, also known as MoMe cells, are a type of
immune cells that undergo metabolic alteration during inflammation. Before activa-
tion, monocytes primarily use oxidative phosphorylation (OXPHOS) for energy
production [139]. However, during acute inflammation, MoMe cells shift their metab-
olism toward increased glycogenolysis, glycolysis, and pentose phosphate pathways
[140]. Additionally, MoMe facilitate low-grade inflammation in dyslipidemia patients
[112]. Their presence, along with metabolically activated macrophages, contributes to
the production of pro-inflammatory cytokines such as IL-6 and IL-10 in dyslipidemia
patients [112]. Metabolic alteration during inflammation facilitated the adhesion and
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accelerated chemotaxis in monocytes in response to chemokines [141]. Dyslipidemia
diet (DD) with high levels of saturated fat, cholesterol, and simple sugars led to
monocyte dysfunction in non-human primates via reprogramming of the epigenetic
landscape [141]. We recently demonstrated that hyperglycemia and dyslipidemia
have a cooperative pro-inflammatory effect on human primary monocyte-derived
macrophages. Thus, hyperglycemia elevated expression of Toll-like receptors not only
in M1 but also in M2 macrophages, and sensitized M2 macrophages to dyslipidemic
ligands resulting in the elevated production of L1beta and suppression of IL10 [142].
Collectively, these findings emphasize the intricate interplay between metabolic
dysregulation, immune dysfunction, and the pathogenesis of various metabolic
disorders, providing insights into potential therapeutic targets for intervention.

4. Monocyte phenotypes in colorectal cancer

Monocytes play a crucial role in colon cancer by contributing to tumor progression
and affecting patient prognosis [143]. The characteristics of monocytes in metabolic
disorders closely resemble those found in colon cancer. The incubation of PBMCs
with the supernatant of the metastatic colon cancer cell line SW620 led to a moder-
ate increase in the proportion of intermediate monocytes (37%) among CD14"" cells
after 24 hours [144]. Patients with colorectal cancer had a notable increase in levels of
intermediate monocytes (CD14"*CD16") [144].

Intermediate monocytes are significantly elevated in the peripheral blood of CRC
patients, particularly in stages I-III. They have been identified as a sensitive diag-
nostic marker for CRC with higher diagnostic potential observed in localized disease
compared to metastatic CRC [144]. Single-cell profiling of immunogenic landscape
of CRC patients demonstrated that monocytes were divided into four clusters accord-
ing to CD14 and CD16 expression: Mo0O (CD14**CD167), Mol (CD14"*CD16"), Mo2
(CD14°CD167), and Mo3 (CD14*CD16") [145]. MoO monocytes produced cytokines
and chemokines including IL6, IL1A, CXCL1, CXCLS, and CCL20, which are capable
of attracting monocytes to the tumor [145]. Furthermore, MoO monocytes highly
expressed INHBA, also known as inhibin subunit beta A, a protein that facilitates the
growth of colon cancer cells [146]. Mol exhibited distinct gene expression patterns
compared to MoO, with increased expression of specific chemokines, including
CXCL9, CXCL10, and CXCL11 [145]. Additionally, high expression of IFN induction
genes IFIT2 and IFIT3 as well as gene IDO1 were observed in Mol monocytes [145].
The Mo2 monocytes demonstrated the elevated expression of genes of complement
system (CIQA, CIQB, C1QC), as well as APOE and APOCI1, which are related to lipid
metabolism [145].

In obesity, intermediate monocytes are also significantly elevated [120].
Intermediate monocytes are known to exhibit a pro-inflammatory profile, which
is further enhanced in obesity as shown by an increased migratory capacity and
response upon TLR stimulation [124]. Both obesity and CRC are characterized by
chronic inflammation and immune system dysregulation. Intermediate monocytes,
which are elevated in both conditions, play a significant role in mediating these
inflammatory responses. In obesity, the increased pro-inflammatory activity of
intermediate monocytes contributes to a systemic inflammatory state that can create a
favorable environment for tumor initiation and progression.

Remarkably, in T2DM, Tie2 expression was significantly upregulated in all mono-
cyte subpopulations [137]. However, Tie2" monocyte levels showed an elevation
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trend in patients with CRC without metastasis, despite no significant difference being
observed between healthy individuals and cancer patients overall [144].

PD-L1, also known as CD274, is a protein found on cancer cells that regulates the
immune system’ response to cancer. Increased levels of CD274 expression are associ-
ated with unfavorable outcomes and treatment resistance in various cancer types,
including gastric and endometrial cancer [147]. Furthermore, CD274 expression has
been recognized as a predictor of how patients with CRC will respond to immuno-
therapy [147]. The expression of CD274 on classical, intermediate, and non-classical
monocytes was elevated in tumor samples compared to non-tumor samples in
patients with liver metastasis from CRC [147]. Moreover, colorectal tumor samples
with a desmoplastic growth pattern showed a notable decrease in the percentage of
CD274-positive and CD206-positive cells across all monocyte populations when com-
pared to non-desmoplastic samples [147]. IL-6, a cytokine involved in inflammation
and immune responses, was shown to increase the expression of CD274 in monocytes
and macrophages in both in vivo and in vitro models of hepatocellular carcinoma and
colorectal cancer [148, 149]. IL-6 downregulates the expression of protein tyrosine
phosphatase receptor type O (PTPRO) in monocytes [149]. This downregulation led
to an increase in CD274 expression in monocytes, contributing to the immunosup-
pressive environment that supported tumor survival and progression of HCC [149].
Although the detailed mechanism of CD274" monocytes’ interaction with compo-
nents of CRC microenvironment are not clear, their roles in hepatocellular carcinoma
might share similarities.

Different populations of monocytes have tumor-specific programming and
express markers indicating metastasis [150]. Monocytes infiltrate colon tumors and
differentiate into TAMs, which further contribute to cancer progression [143]. The
peripheral monocyte count has also been linked to prognosis, serving as a useful
marker reflecting the TME [143]. CRC patients have elevated levels of monocytes
compared to controls, and those with liver metastasis demonstrated even higher
monocyte levels in comparison to patients with the primary disease [151]. Our most
recent study compared transcriptome of monocytes in patients with colon and rectal
cancer, and identified overexpression of PFKFB3, a critical factor that facilitates
glycolysis providing energy for inflammatory macrophage reactions [152]. Spatial
transcriptomic analysis identified correlation of PFKFB3 with amount and tumor-
promoting properties of TAMs in colon but not in rectal cancer. PFKFB3 appeared to
be a biomarker for bad prognosis and was indicative for tumor relapse specifically in
patients with colon cancer [152]. It remains to be explored whether PFKFB3 facilitates
hyperglycemia-mediated low-grade inflammation resulting in CRC progression.

In colon cancer, monocytes can be fused with colon cancer cells to form tumor
hybrid cells (THCs) [153]. THCs are a unique population of cells that arise from the
fusion of different cell types within the TME. This fusion gives rise to hybrid cells
with a mixed genetic and functional profile, thereby possessing unique character-
istics distinct from their parental cell types [153]. One of the prominent features of
tumor hybrid cells is their enhanced migratory potential [154, 155]. Due to the fusion
of different cell types, these hybrid cells can acquire the ability to migrate more
effectively, potentially contributing to cancer metastasis [153]. Additionally, tumor
hybrid cells may exhibit altered immunogenic properties, allowing them to evade
immune surveillance and persistence within the host [154]. The fusion of colorectal
cancer stem cells with monocytes results in the formation of tumor hybrid cells that
possess unique characteristics [153]. These hybrid cells are reported to have increased
migratory capabilities and the ability to evade the immune system, contributing to the
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spread and progression of CRC [153]. CD45'CD14"EpCAM* THCs created by co-cul-
ture of CRC stem cells with human monocytes exhibit enhanced migratory, prolifera-
tive, and immune evasion abilities [153]. The presence of CD45'CD14"EpCAM* THCs
is considered as a poor prognosis marker in CRC patients [153].

CD?36, a scavenger receptor expressed on various immune cells, including monocytes,
macrophages, dendritic cells, and T cells, plays a significant role in the development and
progression of CRC [156-158]. CD36 is a protein involved in fatty acid uptake and lipid
metabolism in cancer cells [156]. CD36 facilitated colorectal cancer invasion iz vitro and
metastasis in vivo in mouse model of CRC [156]. Overexpression of CD36 enhanced the
expression of the matrix metalloproteinase MMP28 in CRC cells [156]. Furthermore,
MMP28 cleaved and reduced the expression of E-cadherin, a marker of epithelial-to-
mesenchymal transition in CRC [156]. Single-cell sequencing data of PBMCs verified
the highest level of CD36 in monocytes among PBMCs in CRC patients [159]. CD36"
monocytes were elevated in metabolic disorders such as dyslipidemia and hypertriglyc-
eridemia, but the role of CD36" monocytes in colon cancer is still not clear.

Colon cancer cell lines HCT8 and HCT116 secreted EGF to activate PI3K/AKT/mTOR
pathway in THP-1 cell via binding to EGFR [160]. Levels of cytokines IL-6 and IL-1f
decreased by approximately 25% in THP-1 co-cultured with colon cancer cells, whereas
the level of IL-10 and Arginase-1 increased by about 100% in THP-1 co-cultured with
colon cancer cells compared to THP-1 group [160]. Western blot analysis exhibited
significantly higher level of phosphorylated form of PI3K, AKT, and mTOR in THP-1
cells co-cultured with HCT8 or HCT116 cells relative to THP-1 cells alone [160].

Pattern recognition receptors (PRRs) play a crucial role in immune responses by
recognizing specific molecular patterns on pathogens and damaged cells [161, 162].
The main types of PRRs are Toll-like receptors (TLRs), nucleotide oligomerization
domain (NOD)-like receptors (NLRs), retinoic acid-inducible gene-I (RIG-I)-like
receptors (RLRs), C-type lectin receptors (CLRs), and absent in melanoma-2
(AIM2)-like receptors (ALRs) [161, 163]. PRRs can shift TME toward pro-inflam-
matory direction to support chronic inflammation in CRC [163]. Expression of
pattern recognition receptor (PRR)-related genes TLR2, TLR4, GAL1, and MBL1
were significantly higher in monocytes from CRC patients compared to healthy
controls [164]. NLRP12 is a member of PRRs that has a therapeutic potential for CRC
treatment. NLRP12 knockout mice exhibit increased colon inflammation and CRC
due to enhanced non-canonical NF-xB, ERK, and AKT pathway activation in both
macrophages and tumor cells [165]. NLRP12 suppressed inflammation and helped to
regulate the levels of Lachnospiraceae, a family of bacteria that produces short-chain
fatty acids beneficial for metabolic health. In NLRP12-deficient mice, an imbalance in
gut microbiota led to increased inflammation and susceptibility to obesity. In obesity,
NLRP12 regulated the activity of monocytes, preventing excessive inflammation
[166]. The RNA-seq profile of LPS-treated CD14" monocytes showed that NLRP12
expression decreased, while IL1B, TNF, and IL6 expression increased in monocytes.
Thus, NLRP12 allowed maintaining gut microbiota composition by modulating
monocyte activity and inflammation.

5. Conclusions and perspectives

The intricate interplay between metabolic disorders and CRC has significant
implications for understanding the pathogenesis of CRC as well as development
of personalized therapeutic approaches. Monocytes, as key players in the innate
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immune system, exhibit considerable heterogeneity and plasticity in response to
various signals from the TME and metabolic state of the host. Firstly, it is evident
that monocytes are pivotal in shaping the TME. TAMs, derived from monocytes, can
develop a range of phenotypes from pro-inflammatory (M1) to anti-inflammatory
(M2), depending on the signals they receive from the TME. M2-like TAMs, which are
predominant in many tumors, facilitate tumor growth and metastasis by promot-
ing angiogenesis, remodeling the extracellular matrix, and suppressing anti-tumor
immune responses [167, 168]. Such plasticity and functional diversity make TAMs
attractive targets for therapeutic interventions aimed at reprogramming them to
support anti-tumor immunity [167]. Monocytes also sense and modify their pheno-
types and transcriptional programs in response to all types of anti-cancer therapies
(surgery, radiotherapy, chemotherapy, immunotherapy), and can also predict the
sensitivity of patients to therapy [169, 170]. It is of particular interest to identify how
monocyte interaction with anti-cancer therapy changes in patients with metabolic
conditions.

Obesity, a major component of metabolic syndrome, is particularly associated
with increased CRC risk [32-36, 52]. Obesity-induced inflammation results in the
accumulation of fatty acids and the recruitment of pro-inflammatory immune cells in
adipose tissue [29, 30]. This pro-inflammatory environment not only enhances insulin
resistance and type 2 diabetes but also creates a conducive environment for tumor
cell growth and metastasis [28-30]. Studies involving human cohorts and mouse
models have demonstrated that microbiota from obese individuals can promote colon
tumorigenesis, underscoring the multifactorial influence of obesity on CRC develop-
ment [31, 166]. Moreover, metabolic disorders such as obesity, dyslipidemia, and type
2 diabetes mellitus (T2DM) significantly influence monocyte behavior and function
[120, 122, 123]. Obesity, characterized by chronic low-grade inflammation, increases
the proportion of pro-inflammatory intermediate monocytes, which can enhance
systemic inflammation and create a favorable environment for tumor initiation
and progression [120, 122, 123]. Similarly, dyslipidemia and T2DM alter monocyte
metabolism and function, leading to increased production of pro-inflammatory
cytokines and altered immune responses [107, 112, 114].

Dyslipidemia, characterized by abnormal lipid levels, is another metabolic
disorder that impacts CRC risk [37, 38, 55, 56]. Dyslipidemia is associated with
changes in lipid metabolism that influence monocyte function and inflammation [37,
38, 55, 56, 107, 112, 114]. Elevated triglyceride levels and altered cholesterol ratios are
positively correlated with increased CRC risk, as evidenced by several cohort studies
across different populations [37-40, 42, 43]. Notably, dyslipidemia-induced changes
in monocyte subsets, such as increased CD36 expression, further highlight the role of
lipid metabolism in CRC pathogenesis [107, 112, 114].

Hyperglycemia and diabetes mellitus also play crucial roles in CRC development.
High glucose levels and insulin resistance promote cancer cell proliferation and alter
immune cell function, particularly macrophage polarization toward a pro-tumor
M2 phenotype [58, 59, 66]. Studies demonstrated that hyperglycemia enhances the
migration and invasion of tumor cells, emphasizing the direct impact of metabolic
dysregulation on cancer progression [61, 65]. Hypertension, another component of
metabolic syndrome, has been linked to CRC through various mechanisms. Increased
blood pressure can affect tumor response to chemotherapy [78-80]. While some
studies show a positive association between hypertension and CRC risk [48, 49], the
usage of antihypertensive drugs presents mixed results, with certain classes of drugs
potentially reducing CRC risk in specific populations [71, 72, 74, 75, 171].
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Interestingly, the study of monocyte subpopulations in CRC patients has revealed
potential diagnostic markers [144-146]. Intermediate monocytes (CD14"*CD16") are
elevated in the early stages of CRC and show promise as sensitive diagnostic mark-
ers [144-146]. Understanding the distinct roles and dynamics of these monocyte
subsets in CRC could aid in developing targeted therapies and improving diagnostic
strategies.

Furthermore, the expression of specific regulators of metabolism like PFKFB3,
such as CD36 and Tie2 on monocytes, provides insights into their roles in metabolic
disorders and CRC. CD36, involved in lipid metabolism, is upregulated in monocytes
from patients with dyslipidemia and familial hypercholesterolemia, contributing to
lipid uptake and inflammation [107]. Tie2-expressing monocytes (TEMs) are associ-
ated with angiogenesis and tissue repair, and their elevated levels in T2DM highlight
the link between metabolic dysregulation and vascular complications [136-138].
PFKFB3 activates glycolysis and can potentially amplify the pro-inflammatory effects
of hyperglycemia [152].

Further levels of monocyte programming in cancer can be on the level of their
amino acid metabolism. In monocytes of CRC patients, we found that aspartic acid
and citrulline are specifically elevated in monocytes of patients with colorectal cancer
compared to other cancer types [172]. Our current interpretation is that such changes
contribute to the anti-tumor activity of monocyte-derived TAMs in CRC patients.
How metabolic conditions can affect amino acid metabolism in monocytes of cancer
patients remains to be identified.

Overall, the accumulated data justify the importance of monocytes in the intersec-
tion of metabolic disorders and CRC. The interplay between metabolic disorders and
CRC is mediated through complex changes in monocyte function and phenotype.
Understanding these mechanisms offers potential therapeutic targets for CRC preven-
tion and treatment, particularly in patients with concurrent metabolic disorders. The
next task for the research community is to unravel the precise molecular pathways
linking metabolic alterations to monocyte-driven tumor progression, paving the way
for personalized therapeutic strategies in CRC management.
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Mechanisms and Implications
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Abstract

Pulmonary pathogenic fungi cause severe to fatal disseminated infections, espe-
cially in immunocompromised patients. Alveolar macrophages form an essential early
innate cellular barrier implicated in immunity to pulmonary mycoses. The complex
interactions of alveolar macrophages with pathogenic fungi lead to either effective
clearance or disease progression. After sensing fungi through pattern-recognizing
receptors, alveolar macrophage activation enhances phagocytic and non-phagocytic
killing, secretion of cytokines/chemokines, and activation of other immune cells,
including adaptive immune cells and neutrophils. Such an orchestrated response
involves transcriptomic and metabolic adaptations by macrophages and epigenomic
imprinting. Despite their high plasticity with the inflammatory cues, recent studies
have shed light on their longevity and functional stability. Nevertheless, some patho-
genic fungi have evolved strategies to evade or subvert alveolar macrophage function,
leading to persistent and disseminated infections. Understanding the mechanisms of
the macrophage-fungal interface helps develop a new line of immune therapeutics
and mitigates the challenges of limited arsenals of antifungals.

Keywords: alveolar macrophages, immune response, fungal infections, lung,
immunocompromised individuals

1. Introduction
1.1 Pulmonary pathogenic fungi

Invasive pulmonary fungal infections cause severe complications in immunocom-
promised patients, resulting in at least 13 million infections and more than 1.5 million
deaths annually [1]. However, these numbers are considered to be underestimated
due to unconfirmed or misdiagnosed cases with challenges of pulmonary fungal
infections mimicking other commonly occurring lung diseases, such as tuberculosis
[2]. Underdiagnosed or misdiagnosed invasive fungal infections lead to treatment
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failures that increase hospitalizations, morbidity, and poor clinical outcomes [3].
Common pulmonary fungal pathogens that cause life-threatening conditions include
Aspergillus, Cryptococcus, and Pneumocystis, and endemic fungi such as Blastomyces,
Histoplasma, and Coccidioides. The most common route of infection is direct inhala-
tion of fungal spores from the environment. With climate change and global warm-
ing, there is a threat of new fungal pathogens’ emergence and the rapid spread of
geographically restricted endemic fungal infections [4]. Thus, the development of
new preventive and therapeutic measures is warranted.

The host-pathogen interface in the lung involves many cells, including various
types of epithelial cells, goblet cells, myeloid cells, and lymphoid cells. Despite
the independent and interdependent role of these cells in fungal immunity, the
instrumental immune cell type that essentially orchestrates the fungal pathogenesis
is alveolar macrophages (AMs), which constitute more than 80% of leukocytes in
bronchoalveolar lavage in a healthy human or animal. This chapter will focus on the
role of alveolar macrophages and their mechanisms of action, epigenetic imprinting,
and plasticity in relevance to pulmonary fungal infections.

1.2 Development and homeostasis of alveolar macrophages

Although described as hematopoietic cells, AMs primarily derive from embryonic
progenitor cells in the embryo’s yolk sac and the fetus’s liver [5]. The nuclear receptor
and transcription factor, peroxisome proliferator-activated receptor-y (PPAR-y),
determines the perinatal differentiation and identity of AMs [5, 6]. Once populated
in the lung, AMs have a long lifespan (half-life in mice is ~30 days) and proliferate to
replenish themselves iz situ at a rate of 40% per year in the presence of granulocyte-
macrophage colony-stimulating factor (GM-CSF), encoded by Csf2 gene [7, 8].
GM-CSF is mainly derived from alveolar type 2 cells that help develop and maintain
the mature AM population [9]. However, the relative dispensability of M-CSF is
noted in the survival of alveolar macrophages and interstitial macrophages [10, 11].
The signaling node—mTORC1 (mammalian/mechanistic target of rapamycin
complex 1), supports AMs to respond optimally to GM-CSF, which in turn controls
metabolic reprogramming, such as glycolysis and lipid biosynthesis, to fulfill the
energy requirements for self-renewal [12]. GM-CSF also upregulates the expression
of anti-apoptotic proteins, MCL-1 and BCL-2, leading to an increased lifespan of AMs
[13, 14]. Despite the essentiality of GM-CSF for the homeostasis of AMs, fine-tuning
of GM-CSF signaling is essential, regulated by Ssu72 phosphatase, and its loss leads to
dysregulated development and functions of AMs [7, 15]. Unlike other tissue macro-
phages, besides GM-CSF, TGF- is also necessary for the development, maturation,
and maintenance of AMs, primarily secreted by themselves [16].

During the development and differentiation of AM (Figure 1), a transient monocytic
stage occurs [5, 17, 18], and parabiosis and fate-mapping studies revealed that the tran-
sitional monocytes of AM fate may have both fetal and adult origins [19]. The increased
demand for alveolar macrophages during acute inflammatory responses requires rapid
recruitment of adult-origin monocyte-derived macrophages to the lung to eliminate
pathogens [19]. During inflammation resolution, most macrophages originating from
circulating monocytes undergo apoptosis, and some parenchymal macrophages derived
from recruited Ly6C" monocytes become phenotypically and functionally similar to
resident AMs, suggesting an alternative mechanism of replenishment of AM population
[20, 21]. However, in general homeostasis, circulating monocytes minimally contribute
to the AM pool, and Ccr2 deficiency did not reduce the number of AMs [8, 18, 22].
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Figure 1.

Development of alveolar macrophages. Alveolar macrophages (AMs) embryonically arise from monocytes of the
fetal liver or yolk sac. The postnatal origin of monocytes occurs in bone marrow from common myeloid progenitors
(CMPs) derived from hematopoietic stem cells (HSCs). The monocytes migrate to the lungs to develop into
pre-AMs before finally mature into AMs. AM differentiation is mediated by the presence of GM-CSF, which
activates the expression of PPAR-y to establish their identity. The maturation of pre-AMs velies on the GM-CSF
and TGF-f signaling for transcriptional modifications in the signature genes of AMs. AM: alveolar macrophage;
GM-CSF: granulocyte-macrophage colony-stimulating factor; PPAR-y: peroxisome proliferator-activated receptor
gamma.

2. Alveolar macrophage activation and response to fungal infections

AMs are specialized innate immune cells that maintain pulmonary homeostasis
and protect against respiratory infections. The activation of AMs includes a series of
steps that are essential for initiating an effective immune response. Pattern recogni-
tion receptors (PRRs) on AMs recognize antigenic/structural components of the
fungal pathogens, and the recognition activates the AMs and triggers intracellular
signaling cascades resulting in enhanced phagocytosis and destruction of antigens
or debris larger than 0.5 pM, including inhaled pathogens and residual dead cells in
the alveolar space [23]. Further, AMs release pro- and anti-inflammatory cytokines,
chemokines, and ROS/RNS that aid in recruiting and activating other immune cells,
killing of pathogens, and inflammation resolution [24]. These mechanisms are neces-
sary to protect the lungs from pulmonary infections and maintain respiratory health.

2.1 Pattern-recognizing receptors

Fungal pathogens are diverse and express common and species-specific unique
surface antigens involved in activating immune cells or evading host recognition. The
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host PRRs sense several fungal components called pathogen-associated molecular
patterns (PAMPs), such as f-glucans, mannans, zymosan, mannoproteins, chitin,
fungal-derived RNA, and unmethylated DNA [25]. The major classes of PRRs present
in AMs include toll-like receptors (TLRs), C-type lectin receptors (CLRs), nucleotide-
binding oligomerization domain (NOD)-like receptors (NLRs), and retinoic acid-
inducible gene-I (RIG-I)-like receptors (RLRs) [25]. The fungal cell wall is primarily
composed of polysaccharides and lipid moieties essential for cell integrity, morphol-
ogy, viability, and phase transition in dimorphic fungi. More than 90% of the cell
wall comprises polysaccharides arranged in layers [26], such as a-glucans, p-glucans,
mannans, chitin, and chitosan, and the remaining cell wall components involve
lipids, proteins, and melanin. The components of each of these vary in their amounts
and types in various pathogenic fungi. For example, Cryptococcus species uniquely
contain an immunoregulatory outer polysaccharide capsule containing primarily
glucuronoxylomannan and glucuronoxylomannogalactan. The innermost layer typi-
cally contains chitin, an N-acetylglucosamine polymer, followed by highly immuno-
reactive p-1,3-glucans, and toward the outer cell wall, several other polysaccharides
such as mannose-linked glycoproteins, galactomannan, galactosaminogalactan, and
a-1,3-glucan, glucuronoxylomannan (GXM), and galactoxylomannan (GalXM) are
arranged [26, 27].

TLRs such as TLR2, TLR4, TLR6, TLR7, and TLR9 are involved in the recognition
of fungal pathogens, including Aspergillus and Candida species [28, 29]. Aspergillus
conidia or spores contain a proteinaceous hydrophobin layer, whereas the active
hyphal cell wall layer contains heteropolysaccharide galactosaminogalactan and
galactomannan, which regulates the virulence [30, 31]. The galactosaminogalac-
tan shields inflammatory p-glucan ligands from host detection by TLR2 [32] and
Dectin-1. Upon recognition, the TLRs trigger the activation of downstream signaling
adaptor protein MyD88, activating transcription factors NF-kB and MAP kinases and
secreting pro-inflammatory cytokines [29]. Another TLR, TLRY, is also involved in
recognizing unmethylated CpG DNA in A. fumigatus [33]. The data from these studies
offer contrasting views on TLR’s role in A. fumigatus-mediated immunity. TLR4 and
mannose receptors on the surface of AMs bind to glycoproteins, including N- and
O-linked mannans, present on the outer cell wall of C. albicans [34]. While the macro-
phage mannose receptor utilizes the FcRy signaling chain for inducing inflammatory
responses, the TLR4 signaling depends on the MyD88-dependent pathway [34].

The C. neoformans capsule consisting of glucuronoxylomannan and galactoxyloman-
nan conceals chitin and p-glucan from host recognition. Glucuronoxylomannans are
recognized by TLR1 and TLR2 and signal via the MyD88-dependent pathway [35]. In
contrast, galactoxylomannan binds to CD209 (DC-SIGN) and pentraxin-3 (soluble)
and activates the immune cells via a tyrosine-based motif, lymphocyte-specific
protein 1 (LSP1).

Among C-type lectin receptors, Dectin-1 is predominantly expressed by AMs that
recognize fungal cell wall component $-1,3-glucan, a highly immunogenic molecule
on most pathogenic fungi such as Aspergillus, Candida, Histoplasma, Coccidiosis, and
Pneumocystis [36, 37]. The successful recognition of p-1,3-glucans leads to down-
stream signaling via phosphorylation SYK-induced p65 at Ser276 [38], leading to
NFkB-induced inflammatory cytokine production. However, some yeasts, such as
C. albicans and C. glabrata, evade Dectin-1 recognition by masking $-1,3-glucan by
layers of mannans [39, 40]. Similarly, the a-1,3-glucan layer in H. capsulatum conceals
the p-1,3-glucans and prevents effective immune response following infection [41].
Other CLRs, Dectin-2 and Mincle, recognize a-mannan in the outer layer of the
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fungal cell wall [29] and are necessary for immunity to blastomycosis, aspergillosis,
and pneumocystosis [42-44]. AMs upregulate Dectin-2 in response to a-mannan of
A. fumigatus, Candida, and C. posadasii and the glycolipids of some Candida spp. bind
to another CLR, Mincle (encoded by Clec4e) [34, 45]. Dectin-2 mediates an NF-kB-
dependent pro-inflammatory response against fungal pathogens [28]. Glycoprotein
Blastomyces Eng2 (Bl-Eng2) of B. dermatitidis binds to Dectin-2 and promotes
Ag-specific Thy; and Thy cell responses, augmented activation and killing of fungi

by myeloid effector cells, and protection of mice from lethal fungal challenge [46].
DC-SIGN (CD209), another CLR expressed on macrophages, binds to Aspergillus
conidia by recognizing galactomannan [47].

NOD-like receptor (NLR) family members are being recognized as receptors for
several pathogenic fungi involved in immunity. Although NLRP3’s immunity against
various fungal pathogens is evident by activating inflammasomes and secretion of
IL-1p and IL-18 [29], the role of NOD1/2 is less clear. Intracellular NOD2 receptor in
AMs recognizes A. fumigatus conidia and induces the production of cytokines and
chemokines such as [L-12, IFN-y, GM-CSF, CXCL2/MIP-2, CXCL1/KC, and CCL2/
MIP-2 [48, 49]. Yet, the identity of fungal PAMPs for NLR recognition is not clear.

The involvement of retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs)
in antifungal immunity has recently emerged. The C. albicans hyphae induced the
expression of MDA5 (IFTHI) in macrophages, and the cells lacking MDAS5 secreted
lower levels of IFN- [50]. In Aspergillus fumigatus infection, AMs play an important
role in the induction of the MDA5/MAVS-dependent IFN responses required for host
resistance [51]. The cGAS (cyclic-AMP-GMP synthase)-STING (stimulator of inter-
feron genes) pathway is an important component of innate immunity that detects
cytosolic DNA and induces IFN-stimulating genes (ISGs) and type I IFNs (a- and
B-) via phosphorylation of transcription factor IRF3 (interferon regulatory factor 3)
[52]. Recent studies show that C. albicans extracellular vesicles triggered the cGAS-
STING pathway and induced type I IFN, ISGs, and activation of IRF3 independent of
the Dectin-1-Card9 pathway and TLR9 [53]. However, the role of this mechanism in
AMs is still unexplored. After recognition of PAMPs by PRRs and activation, the AMs
perform effector functions such as phagocytosis and killing, secretion of cytokines
and chemokines, killing by oxidative burst, and activation of other immune cells.

2.2 Phagocytic and non-phagocytic killing

AMs phagocytize and kill pathogens and secrete pro-inflammatory cyto-
kines (Figure 2) that recruit other immune cells to the site of infection [54, 55].
Phagocytosis by the AMs is mediated by opsonin-dependent and independent
classes (PRRs) of cell-surface receptors [23]. For opsonin-mediated phagocytosis,
Fc receptors on AMs recognize the Fc portion of an immunoglobulin (IgG) bound
to the fungus [56]. Cross-linking of Fc receptors is crucial for various biological and
protective functions such as phagocytosis, antibody-dependent cellular cytotoxic-
ity, and respiratory burst [57]. Opsonized particles bound with complement proteins,
such as C3b and C3bi, are recognized via their complement receptors [58]. However,
opsonization-mediated phagocytosis and killing are evaded by pathogenic fungi by
antigen variation or encapsulation, resulting in increased virulence.

AM phagocytosis is influenced by FcyR expression. Sphingosine-1-phosphate
enhanced the expression of FCyR and complement receptor 3 (CR3) in the AMs and
promoted the opsonization and phagocytosis of C. neoformans spores [59-61]. The
soluble receptor pentraxin-3 (PTX-3) binds to galactomannan present on Aspergillus

127



Macrophages — Molecular Pathways and Immunometabolic Processes

Fungal

Homeostasis 4fa infections

Activated AM
iNOS cD86

3

Homeostatic IM

' e LB

(Wos (o kI RN B Y -

icxcLio osViIL-23 {7 Infim
1 '.., TNF \'_‘}f s

Poriphora rained AM @,1\
@ 5‘? - Peripheral trained
Phagocytosis ', Metabolic %,“-:_- . immunity

;"a' changes
Epigenatic
4. reprogramming

Non-phagocytic
killing

B-glucans, Candida,
Cryptococcus, IFN-y, stc. S

Figure 2.

Ro%e of alveolar macrophages in homeostasis and fungal infections. Homeostasis: Tissue-resident alveolar
macrophages (AMs) undergo local proliferation utilizing GM-CSF that activates the expression of PPAR-y and
its maintenance depends on autocrine TGF-f. AMs ave adept at efferocytosis of apoptotic cells and preventing
pro-inflammatory responses in the alveoli. Fungal infections: Upon infection, the AMs are activated and
express CD80, CD86, MHC-II, and iNOS (Mz). Further, they secrete pro-inflammatory cytokines such as IL-1f3,
IL-6, IL-23, TNE and chemokines such as CXCL9 and CXL1o. AMs combat the fungi by phagocytic or ROS/
RNS-mediated non-phagocytic killing. The fungal exposure may lead to the development of peripherally trained
AM in the lung by epigenetic reprogramming and metabolic changes to provide trained immunological memory.
Centrally trained immunity can occur to a vapid and heightened innate immune vesponse to certain adjuvants
and antigens which reprogram the HSC in the bone marrow. HSC diffeventiates into CMP, GMP, and then

to circulating monocyte, which subsequently enter pevipheral ovgans such as lungs to differentiate into tissue
macrophages. However, this mechanism and migration of IMs into the airways is not in fungal infections. AEC I:
Type 1 alveolar epithelial cell; AEC II: Type II alveolar epithelial cell; AM: alveolar macrophage; CMP: common
myeloid progenitor; GM-CSF R: granulocyte-macrophage colony-stimulating factor receptor; GMP: granulocyte-
monocyte progenitor; HSC: hematopoietic stem cell; IM: interstitial macrophage; Inf-IM: inflammatory
interstitial macrophage; iNOS: inducible nitric oxide synthase; PPARy: peroxisome proliferator-activated receptor
gamma; RNS: veactive nitrogen species; ROS: reactive oxygen species; HSC: hematopoietic stem cell; CMP:
common myeloid progenitors; GMP: granulocyte-macrophage progenitors.

conidia and promotes FCyRIIA (Cd32)-dependent conidial endocytosis in an actin-
dependent manner [62]. While neutrophils are the major immune cells responsible for
complement-mediated opsonization, phagocytosis, and fungal killing, AMs can also
kill internalized A. fumigatus conidia [63]. FcyR-dependent phagocytosis is enhanced
by the stimulation of the PPAR-y ligand in alveolar macrophages [64]. Similarly,
leukotrienes LTB4, LTC4, and 5-hydroxyeicosatetraenoic acid (5-HETE) also stimu-
late AM phagocytosis [65]. During phagosome acidification, a phagosome containing
conidia fuses with a lysosome to form a phagolysosome, which leads to ATPase-
mediated acidification and activation of enzymes such as chitinases and proteases
that lead to the degradation of the cell wall, which then exposes some of the pathogen
ligands for pattern recognition receptors (PRR), TLRs, and Dectin-1 [66-68]. Syk,
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a protein tyrosine kinase, is essential for transporting internalized Fc receptors to
lysosomes [69].

Opsonin-independent receptors, including mannose receptors, scavenger recep-
tors, Siglecs, DC-SIGN, or Dectin-1, directly bind pathogen-associated molecular
patterns, such as glycan structures with terminal mannose or sialic acid residues
or fungal B-glucans [70-72] and phagocytose. Along with pathogens, opsonin-
independent receptors recognize apoptotic cells and other non-opsonized materials.
AM-driven efferocytosis of apoptotic cells such as neutrophils prevents immunopa-
thology or reduces inflammation in the alveoli [73-75]. In addition, efferocytosis by
AMs promotes the secretion of anti-inflammatory factors such as TGF-f, prostaglan-
din E2, and platelet-activating factors [76, 77].

Aging, smoking, and certain systemic diseases can significantly impair the ability
of the AMs to phagocytize [78-80]. Phagocytosis is severely impaired in patients with
severe asthma or COPD, increases the susceptibility to fungal infections, and reduces
the uptake of apoptotic cells resulting in dysregulated anti-inflammation [81, 82].
Thus, AMs protect the hosts from fungal infections by direct phagocytosis and killing
and clearing the apoptotic cells to reduce pathology and maintain host fitness.

Non-phagocytic killing by alveolar macrophages requires specific differentiation
following the pathogen encounter and in cue to the inflammatory micro milieu. Type
I or M1 macrophages are distinct, differentiated by inflammatory cytokines or PRR
signals, have several features of pro-inflammatory type and are microbicidal. Type
IT or M2 macrophages differentiated by regulatory cytokines are anti-inflammatory
and help in tissue repair but are implicated in fungal evasion and dissemination. One
of the features of M1 macrophages is the non-phagocytic killing of fungi by secreting
reactive oxygen species (ROS) and reactive nitrogen species (RNS), which include
oxygen radicals (027) and nitric oxide (NO"), respectively, and their derivatives [83].
These inflammatory mediators directly damage DNA, lipids, and proteins by oxida-
tive mechanisms [84]. An enzyme, inducible nitric oxide synthase (iNOS), converts
substrate L-arginine to form nitric oxide (NO) and is increased in various microbial
infections and inflammatory conditions [85]. For instance, during non-tuberculosis
mycobacterium (NTM), intermittently inhaled high doses of NO proved effective
in reducing the bacterial burden and improving the quality of life in a cystic fibrosis
patient [86]. iNOS knockout mice are more susceptible to infections, including
Mycobacterium tuberculosis [87]. Similarly, nitric oxide production is implicated in
containing fungal growth in several fungal diseases such as histoplasmosis [88], para-
coccidioidomycosis [89], coccidioidomycosis [90], and cryptococcosis [91]. During
aspergillosis, mitochondrial ROS enhances the fungicidal properties of AMs, although
ROS is dispensable and may be compensated by other killing mechanisms [92]. ROS
is produced immediately following a microbial stimulus by cytosolic and mitochon-
drial sources [93]; however, RNS production requires de novo protein synthesis since
transcription of iNOS is triggered by the combined stimulation of PRRs and signaling
by pro-inflammatory cytokines, such as IFNs, IL-1p, and TNF [94], activating several
signaling pathways, including the p38 mitogen-activated protein kinase (MAPK),
NF-kB, and Janus-activated kinase-signal transducer and activator of transcription-
interferon regulatory factor 1 (JAK-STAT-IRF1) pathways [95-98]. PPAR-y agonists
reduce ROS production and decrease the expression of pro-inflammatory cytokines
and iNOS [99, 100]. On the contrary, the pathogens can use various strategies to
counteract or evade the effects of ROS and RNS, including but not limited to evasion,
suppression, enzymatic inactivation, scavenging, iron sequestration, stress responses,
and repair mechanisms [87, 101, 102]. For example, in Blastomyces dermatitidis and
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Preumocystis pneumonia, the nitric oxide production by AMs is inhibited, possibly
by interfering with iNOS enzymatic activity and reduced dimerization of iNOS
[103, 104].

2.3 Signaling and secretion of cytokines/chemokines

Another important function of AMs is the production of cytokines, chemokines,
lysozyme, antimicrobial peptides, and proteases that can further enhance the
immune responses to combat fungal infections in the lung [8]. AMs crosstalk with
other cells of the alveolar environment by producing chemokines and cytokines,
recruiting inflammatory monocytes, neutrophils, and adaptive immune cells for
coordinated immune defense against pathogens.

Following the downstream activation of TLRs such as TLR2, TLR4, and TLRY,
AMs secrete TNF and interleukins, IL-1, IL-6, IL-10, and IL-12, macrophage
inflammatory protein (MIP)-1a, chemokines, lysozyme, antimicrobial peptides,
proteases, and other inflammatory mediators [105-109]. IL-1f produced by AMs
facilitates CXC chemokine expression, such as macrophage inflammatory protein-2
(MIP-2/CXCL2) and CXCL1, to recruit neutrophils at the site of infection [110, 111].
Dectin-1-mediated recognition of f-glucans on the fungal cell surface stimulates the
production of pro-inflammatory cytokines such as TNF, IL-6, and IL-18 [112, 113].
The sensing of fungi by intracellular NOD2 in AMs enhances the production of
cytokines such as IFN-vy, IL-12, GM-CSF, CXCL2/MIP-2, CCL2-MCP-1, and CXCL1/
KC [48, 49]. Despite most of these studies were in vitro, using isolated AMs or cell
lines, the cytokines and chemokine expressions are noted in iz vivo. Nevertheless,
the protein expression profile of in vivo AMs during fungal infections needs further
investigation.

The secreted inflammatory cytokines result in the polarization of macrophages
into various phenotypes, mainly M1 and M2, during pulmonary fungal infections
[114]. M1 macrophages are polarized due to IFN-y secreted by T helper type 1 (Thy)
cells and natural killer (NK) [115] and secrete pro-inflammatory cytokines such
as TNF, IL-12, IFN-y, and chemokines such as CXCL9, CXCL10, and CXCL11. M1
macrophages protect against several fungi, such as Cryptococcus neoformans, Candida
albicans, Paracoccidioides brasiliensis, Histoplasma capsulatum, and A. fumigatus [114].

The macrophages polarize toward the M2 phenotype due to enhanced damage to
the tissue and increased production of anti-inflammatory cytokines such as IL-4 and
IL-13 [116, 117]. M2a macrophages, while not efficient in fungal killing, play a sig-
nificant role in the production of extracellular matrix and growth factors that aid in
wound healing [115, 116, 118]. Moreover, they promote the maintenance/generation
of Th2 responses and express arginase 1 (Argl), MR (CD206), found in inflammatory
zone 1 (FIZZ-1, also known as resistin-like o or Relm-a), and chitinase and chitinase-
like molecules, such as YM1 (Chi3I3) and YM2 [116, 119]. M2 macrophages are be
implicated in protection against Preumocystis spp. but contrastingly aggravating the
disease condition in C. neoformans [104, 120, 121]. The polarized macrophages have
a special ability to change their functions depending on the cytokine microenviron-
ment. Activated M2 macrophages increase IL-10 secretion and reduce IL-12 and IL-23
secretion, exerting anti-inflammatory effects [122]. During C. neoformans infection,
alternative activation of AMs facilitates fungal growth and disease progression [123].
Pathogens have evolved mechanisms to interfere with macrophage polarization,
exploiting the different immune functions of macrophage phenotypes [124].
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Host signaling cascades activate AMs’ antimicrobial responses and alter their
activation state to adapt to dynamic environmental cues. Two main factors can lead to
differential gene expression in AMs. First, changes in transcriptional programs may
occur in response to specific stimuli, and second, metabolic reprogramming causes
gene-specific transcriptional changes and alterations. Signal-regulated transcription
factors activate different macrophage gene expression programs by binding to numer-
ous cis-regulatory regions [125-127]. The major transcription factors involved in
modulating macrophage functions are signal transducer and activator of transcription
(STATs) [128], NF-xp [129, 130], PPAR-y [131, 132], IRFs [133, 134], AP-1(activator
protein) [135], and cAMP-responsive element-binding protein (CREB) [136]. STAT1
and STAT? activation in response to type-1 IFNs (a- and -p) influence macrophage
polarization [137]. STAT1 signaling protects against cryptococcal infections by acti-
vating nitric-oxide-producing classical macrophages [138-140] and STAT6/IRF-4 and
Dectin-1 signaling pathways trigger IL-33 production in macrophages [134] during
Histoplasma infection. Fungal recognition by Dectin-1, Dectin-2, and Mincle leads to
NF-«B signaling, promoting antifungal responses of macrophages [129]. IkBa kinase
(IKK) 2-complex, which tightly controls NF-kB activity, undergoes ubiquitination-
dependent proteasomal degradation, releasing NF-xB dimer to translocate into the
nucleus, facilitating its target genes [141].

Alveolar macrophage differentiation regulator, PPARy, controls the expression of
Dectin-1 and enhances defense against C. albicans [142]. PPARy signaling induced by
IL-13 or its ligands promoted the macrophage mannose receptor (MMR) expression
[132]. CREB, the IL-1p-dependent transcription factor, promotes regulatory macro-
phage markers [136], and Preumocystis lung infection in COPD animals increased the
phosphorylated CREB and exhibited elevated inflammation [143].

2.4 Activation of adaptive immune cells

Activated AMs can process and present antigens to T cells essential for the activa-
tion and proliferation of T cells against pathogens [144]. However, compared with
dendritic cells, AMs are not considered good antigen presenters as they downregulate
the expression of the co-stimulatory molecules, B7-1 (CD80) and B7-2 (CD86), to
induce peripheral tolerance to the many continuously exposed antigens in the lung
[145]. However, AMs can effectively transport the antigens to the draining lymph
nodes for antigen presentation [146]. Under certain pathological states, such as
sarcoidosis, AMs develop distinctive antigen-presenting characteristics of DCs [147].
Interestingly, during Influenza A virus infection, cross-presentation of viral antigens
by AMs is essential for the expansion of virus-specific CD103*CD8" tissue-resident
memory (TRM) cells to inhibit virus replication in the lungs during secondary infec-
tion [148]. Thus, AMs have the potential to modulate T cell responses during fungal
infections.

3. Transcriptomic and metabolic adaptations at the macrophage-fungal
Interface
It is increasingly evident that innate immune cells are imparted with a memory-

like phenotype during infection or inflammation that is durable called trained
immunity. The trained immunity exhibits a long-lasting functional reprogramming
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that leads to an enhanced response to subsequent inflammatory stimuli or infections
[149]. Trained immunity involves mechanisms such as epigenetic and metabolic
reprogramming of innate cells that linger and help in recalling quickly and robustly
following re-exposure [150]. Despite the epigenetic imprinting, the duration of
trained immunity is much shorter than adaptive immune memory and is reported

to be between 3 months and 1 year [149]. The induction of trained immunity can
occur both at the hematopoietic region (central) and at tissues (peripheral). Central
induction of trained immunity involves hematopoietic stem cells (HSCs) responding
to stimuli that enhance biased, possibly, epigenetically programmed daughter cells
for directed response in the periphery [150]. Whereas the peripheral induction in the
cells occurs at the site of tissues responding to infection or the stimuli. In infectious
disease conditions, innate immunological memory can be advantageous or detrimen-
tal, leading to disease progression or persistent immunological tolerance based on the
host immune status, infectious agent, and the nature of the disease.

The epigenetic reprogramming includes chromatin remodeling, modification of his-
tones by methylation, and acetylation [151]. Epigenetic regulation significantly impacts
macrophage activity, governing the behavior of tissue-resident and activated macro-
phages through distinct alterations, and the changes are regulated by intricate cellular
mechanisms, highlighting the importance of epigenetic modifications in the immune
response [152]. The p-glucans, one of the major PAMPs in fungi, have been shown to
mediate trained immunity to monocytes/macrophages by increasing the production of
IL-6 and TNF in C. albicans, Mycobacterium tuberculosis, and Pseudomonas aeruginosa
[153-155] with stable changes in histone trimethylation at H3K4 [155]. In a Cryptococcus
neoformans infection, the transcriptome of pulmonary macrophages of immunized mice
showed increased expression of genes associated with signal transducer and activator of
transcription 1 (STAT1) signaling pathway [156] correlated with enhanced immunity.
Further, in immunized but unchallenged pulmonary macrophages, an increased binding
of STAT1 to the promoter regions of known IFN-y-induced genes was observed, which
correlates with these macrophages’ ability to rapidly respond to a secondary challenge
and showing memory-like responses [156]. Similarly, studies with Cryptococcus and
Aspergillus infections showed epigenetic modifications of AMs that are highly plastic
to produce chemoattractant CXCL2 or immunoregulatory molecules IL-10 and Clq
[154, 157]. Preumocystis infection in the lung elevates the concentration of chloride
channel accessory 1 (hCLCAL1) in the infant lung parenchyma and causes overproduction
of mucin 5 AC (MUC5AC) [158]. Epigenetic regulation of innate immune cells has been
comprehensively reviewed elsewhere [159].

Epigenetic stability and trained immunity durability are coupled with metabolic
adaptations during polarization [160]. Classically activated macrophages (M1),
necessary for antifungal immunity, utilize Warburg metabolism with lower oxygen
dependency [161]. The glycolysis dependency and increased glucose-6-phosphate
shuttled to the pentose phosphate pathway help the formation of NADPH, which is
crucial for generating ROS in the macrophage phagosome [162]. In contrast, alterna-
tively, activated M2 macrophages utilize oxidative phosphorylation, mainly driven by
fatty acid oxidation [163, 164]. Interestingly, the trained immunity following beta-
glucan exposure required the glycolysis and pharmacological inhibition of glycolysis
either by 2-DG or by PFKFB3 inhibitor to prevent the formation of innate memory
[165, 166]. Although there is a tremendous integration of various metabolic pathways
linked to trained immunity, including glutaminolysis [167], mechanistic insights
during in vivo infection for the development of trained immunity in different macro-
phage subsets are lacking during fungal infections.
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4, Conclusions

Significant progress has been made in the past decade in understanding how
transcriptional, epigenetic, and metabolic mechanisms affect macrophage pheno-
type and function. Alveolar macrophages are highly plastic cells that perform various
functions such as pathogen defense, efferocytosis, pulmonary tolerance, and inflam-
mation resolution. Alveolar macrophages adapt to different phenotypes in response
to the inflammatory milieu and have been a target for many therapeutics. The lack of
understanding of macrophage mechanisms of adaptation during pulmonary fungal
infections has been a major hurdle. Further, the stability, durability, plasticity, and
metabolic switches of trained immunity are not clear. Thus, identifying the AM
transcriptional or metabolic pathways would significantly advance the development
of AM-directed strategies to treat or develop effective fungal vaccines against pulmo-
nary fungal diseases.
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Chapter 6

Macrophages in the Inner Ear:
Discoveries and Innovative
Techniques Illustrating Their
Key Roles in Homeostasis and
Inflammation
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Abstract

Inner ear macrophages, also known as cochlear macrophages, are immune cells
that play a crucial role in maintaining the homeostasis and hearing function of the
inner ear. They are responsible for responses to cochlear insults, such as noise expo-
sure, ototoxic drugs, and surgical injuries. These cells have been shown to be present
in the spiral ganglion, spiral ligament, and stria vascularis of the inner ear. As our
understanding of inner ear macrophages continues to evolve, it is becoming evident
that these cells are not just inert populations in the auditory system but are active
participants in the complicated mechanics of inner ear homeostasis. Nevertheless, a
comprehensive understanding of the roles and functions of macrophages within the
auditory system is lacking. This review explores the presence, origin, and multifac-
eted roles of inner ear macrophages, elucidating their significance in maintaining
auditory function, while also highlighting their potential inimical role in inner ear
inflammation. The information collated herein has important implications for the
development of therapeutic strategies aimed at preserving or restoring auditory
function.

Keywords: macrophage, inner ear, hearing loss, inflammation, ototoxicity, noise
exposure

1. Introduction

The inner ear is an extraordinary sensory organ responsible for two of the most
vital senses: hearing and balance. Located within the labyrinth of the inner ear,
sensory hair cells and neural pathways orchestrate sound perception and spatial ori-
entation. However, the functionality of the inner ear extends beyond its sensory com-
ponents; it hosts a dynamic microenvironment and is carefully regulated to ensure
optimal auditory and vestibular functions [1]. Within this complex environment,
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immune cells, particularly macrophages, appear to maintain the proper functioning
of the inner ear.

Inner ear macrophages, also known as cochlear macrophages, respond to cochlear
insults such as noise exposure, ototoxic drugs, and surgical injuries. A long-held view
was that the inner ear was immune-free because of the presence of the blood-laby-
rinth barrier, which restricts the entry of blood cells into the inner ear [2]. However,
recent studies have shown that inner ear macrophages do exist and play essential
roles in the inner ear [3, 4]. These cells have been shown to be present in the spiral
ganglion, spiral ligament, and stria vascularis of the inner ear [3, 5-7]. The origin and
distribution of these macrophages within the inner ear are linked to their functions,
which are not yet entirely understood [8].

Although these macrophages are classically associated with immune defense,
their roles within the inner ear are diverse. Not only are they equipped to respond
to infections and inflammatory stimuli, but they also actively participate in tissue
maintenance and repair and the resolution of inflammation [3, 4, 9].

The advancement of our knowledge about inner ear macrophages has made it
patently apparent that these cells are not merely a passive “audience” but rather
dynamic “players” in the intricate symphony of inner ear homeostasis. This chapter
aims to explore in detail the current understanding of inner ear macrophages, includ-
ing their origin, functions, and involvement in physiological and pathological condi-
tions. By shedding light on their significance in maintaining cochlear homeostasis,
we also unveil their potential as therapeutic targets in the management of inner ear
disorders.

2. Complex origin of inner ear macrophages from embryonic development
to adult maintenance

The origin of inner ear macrophages, both during embryonic development and
adulthood, is a prospective field of research. The prevailing theory is that these
macrophages are derived from precursors present in both the embryonic and adult
stages. Resident macrophages first appear on embryonic day (E) 10 in the otic vesicle,
migrating to the mesenchyme surrounding the otocyst [10, 11]. The yolk sac, which
contains primitive macrophages from E7 to E9, is suggested to be the primary source,
playing a vital role in early hematopoiesis and macrophage development [11, 12].

In adulthood, inner ear macrophages are thought to originate from three sources:
yolk sac macrophages, fetal liver monocytes, and bone marrow-derived precursor
cells [13]. The presence of distinct markers such as F4/80, Ibal, CD68, and CD11b
helps categorize and track the differentiation of these macrophages during embryonic
development and adulthood. Csf1 signaling plays a crucial role in the development
of macrophages originating from the yolk sac, while fetal liver hematopoiesis con-
tributes to monocyte precursors independently of Csf1 signaling (Figure 1) [11].
Furthermore, resident macrophages in the mature inner ear maintain a consistent
presence and actively respond to stimuli. The precursors, which migrate to the
cochlea, exhibit variations in gene expression depending on their origins. Studies
have compared gene expression in bone marrow-derived macrophages after genotoxic
irradiation [14] or after conditional macrophage depletion [15]. Thus, bone mar-
row precursors can differentiate into cochlear macrophages in response to injury or
inflammation, as observed in the cases of noise exposure [16] or surgical stress [6].
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Figure 1.

A sgchematic view of resident macrophage ovigin and localization in the cochlea. This figure illustrates the
developmental origins of resident macrophages in the embryonic cochlea, identifying two distinct pathways. The
first subtype, originating from the yolk sac, vequives Csfir signaling for its development and is positive for F4/8o,
Ibai, and CD68 markers. In contrast, the second subtype arises from the fetal liver, migrating through systemic
circulation, and is Csf1r signaling-independent, as indicated by CD11b positivity. Macrophages from the bone
marrow continuously infiltrate the cochlea, resulting in the progressive substitution of resident macrophages with
bone marrow-derived cells. In the lower panel, macrophages in the adult cochlea ave stained with the F4/80
marker (ved). (A) A mid-modiolar paraffin-section of the adult cochlea, highlighting macrophages located in
various regions, including the stria vascularis (SV), auditory nerve (AN), and spiral ganglion (SG). Scale bar:
200 um. (B) (C) Magnified view of the SV (B) and AN (C). Scale bar for (B) and (C): 50 pm.

Some studies have shown that inner ear macrophages can also arise from resident
precursor cells in the inner ear [7, 17].

In the mature inner ear, resident macrophages, which are derived from the
bone marrow, maintain a consistent presence within the spiral ligament, auditory
nerve, and stria vascularis [6]. These macrophages create an active and adaptable
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population that is regularly renewed by monocytes in the bloodstream [7, 18]. In the
stria vascularis of the mature cochlea, resident macrophages can be distinguished by
the expression of markers, such as F4/80, CD68, Ibal, and CD11b [18-20], and they
are primarily positioned close to blood vessels, serving as perivascular macrophages
(PVMs). One hypothesis suggests that PVMs in the stria vascularis originate from
cochlear melanocytes, which are neural crest derivatives that migrate to this location
[21, 22]. This hypothesis has been challenged by the discrepancies observed between
distinctive cell populations originating from the neural crest and CD68" cells within
the embryonic cochlea [11]. Considering the different developmental pathways and
phenotypes of macrophages and melanocytes, it appears unconvincing that PVMs
have neural crest origins [23]. Some evidence suggests that PVMs within the stria vas-
cularis undergo changes in their marker expression as they progress through postnatal
development, ultimately being renewed by monocytes from the bloodstream in the
adult inner ear [24].

3. Cochlear macrophage classification supersedes M1/M2 dichotomy,
revealing diverse components

Macrophage diversity within the cochlea has emerged as a fascinating aspect of
inner ear immunology, challenging traditional classification. On the basis of their
activation states and functions, macrophages were initially categorized as M0, M1,
and M2. MO macrophages are the “resting” or non-activated state of macrophages.
M1 macrophages or “classically activated” macrophages are activated and have pro-
inflammatory functions. M2 macrophages, also known as “alternatively activated”
macrophages [25, 26], are activated and have anti-inflammatory or repair functions.
However, the expression of each marker alone is not sufficient to define macrophage
or microglial identity, as expression levels may change depending on microglial
adaptation to site-specific conditions [27, 28]. Recent advancements, particularly
multi-parameter techniques, have revealed a spectrum of macrophage phenotypes
beyond the established M1/M2 paradigms. In a cutting-edge study employing multi-
plex immunohistochemistry (mIHC) with six distinct markers, cochlear macrophages
exhibited remarkable versatility in marker expression. This approach revealed a
diverse array of phenotypes that contradicts the established M1/M2 dichotomy.
Further, each macrophage exhibited a remarkable degree of plasticity, demonstrat-
ing its ability to express one or multiple markers. This study expanded the repertoire
of macrophage phenotypes and led to the identification of a novel category termed
M1/M2 mixed macrophages [3]. These findings underscore the remarkable diversity
among cochlear macrophages, and the wide spectrum of responses implies that the
roles of these immune cells in auditory pathology might be far more complex and
multifaceted than previously envisioned. The integration of novel technologies is
expected to deepen our understanding of cochlear macrophages and their contribu-
tion to the auditory immune system.

4. Advancements in techniques for studying tissue-resident macrophages
bridge cellular function and spatial context

Tissue-resident macrophages, a highly diverse group of macrophages in
the immune system, are influenced by factors unique to specific tissues and
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environmental niches. Researchers have developed and applied various pioneering
techniques to understand the complex roles of these cells, particularly in immunome-
tabolism. These methodologies aim to elucidate the functions and subtypes of these
cells, with a focus on preserving their spatial context. This is crucial for the accurate
localization of proteins, nucleic acids, and other elements of immunometabolism
within tissue structures.

Flow cytometry, the cornerstone of immune cell profiling, can detect an array of
over 20 protein markers. However, its dependence on cell suspension may modify
cell properties and obscure spatial information. This limitation is particularly notable
in structures such as the cochlea, where isolating cells is difficult because of tight
intercellular junctions [29]. This challenge is highlighted by tissue-resident macro-
phages and PVMs in the lateral wall of the cochlea, which are vital for maintaining the
endocochlear potential. High-throughput multi-parameter flow cytometry has been
developed for cellular metabolism analyses, offering new insights into immune cell
metabolism [30]. However, these approaches are time-consuming and only provide
an indirect assessment of metabolic activity.

To address the limitations of flow cytometry, new iterative immunohistochemis-
try/immunofluorescence methods have emerged, particularly in cancer immunology.
Techniques such as sequential immunoperoxidase labeling and erasing (SIMPLE)
[31], chromogenic mIHC with image cytometry [3, 32, 33], and iterative bleaching
extend multiplexity (IBEX) [34] have been developed. SIMPLE, introduced by Glass
etal. in 2009, is a valuable tool for immune profiling of various cancers. IBEX is an
ingenious method that allows for multiplexed imaging across different tissues through
iterative immunolabeling and chemical bleaching. The multiple iterative labeling by
antibody neodeposition (MILAN) method employs primary antibodies coupled with
fluorochrome-conjugated secondary antibodies to refine staining processes [35].

Despite these advancements, challenges such as the need for highly specific
antibodies, optimized staining conditions, and advanced computational tools for
data analysis, persist. The integration of iterative immunohistochemistry with other
omics data, such as transcriptomics and proteomics, is underway to offer a more
comprehensive view of complex immune systems. Omics approaches offer unique
insights into the molecular landscape of cells within tissues, enabling the measure-
ment of gene expression and other molecular features at a single-cell resolution. By
capturing the spatial context within the cellular microenvironment, spatial omics
technologies provide a more comprehensive understanding of cellular heterogeneity,
microenvironmental interactions, and various biological processes. Similarly, single-
cell multimodal omics (scMulti-omics) techniques enable the simultaneous measure-
ment of multiple cellular features, elucidating cellular characteristics and functional
dynamics [36-38].

A particularly exciting advancement in this field is the development of subcellular
imaging transcriptomics platforms, which provide high-resolution spatial map-
ping of gene expression [36]. Technologies such as Xenium (10x Genomics), CosMx
(NanoString), Stereo-seq (BGI), and MERSCOPE (Vizen) have revolutionized our
approach to biological questions, owing to their ultra-high-resolution capabilities.
These tools not only enhance our understanding of tissue-resident macrophages but
also pave the way for an in-depth exploration of immunometabolism and cell functions.

This underscores the importance of integrating traditional and cutting-edge
techniques to unravel the complexities of these cells within the unique environment
of the cochlea, thus furthering our understanding of their roles in auditory health and
disease.
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5.1bal in the cochlear microenvironment helps elucidate the dynamics of
macrophages and their potential role as microglia-like cells

In the cochlear microenvironment, the presence of Ibal, a specialized calcium-
binding protein associated with microglia and macrophages, signifies a crucial aspect
of immune surveillance and response. Ibal" cells have been consistently observed
in various regions of the cochlea, from the modiolus and spiral lamina to the spiral
ganglion, spiral ligament, and organ of Corti [6, 39]. The use of Ibal as a marker has
facilitated extensive investigations into cochlear macrophages, clarifying their role
in responses to stimuli or pathological conditions. Besides its conventional use in
characterizing macrophages, the connection between Ibal and microglia-like cells
(MLCs) has become increasingly evident. The discovery of MLCs in the cochlea,
which resemble microglia of the central nervous system, draws attention to the
notable possibility that these cells contribute to neuroimmune interactions within the
auditory system [40, 41].

Following exposure to oxaliplatin, a platinum-based antineoplastic agent, Ibal
expression increases notably in the nervous system [42-44]. This upregulation of
Ibal suggests increased activation of microglia and macrophages in response to
oxaliplatin-induced neuropathy. An appreciable increase in Ibal* cells indicates an
inflammatory response within the nervous system, wherein macrophages or MLCs,
are activated and recruited. This highlights their involvement in the neuroinflamma-
tory processes triggered by oxaliplatin.

Similarly, exposure to cisplatin, another platinum-based antineoplastic agent,
causes a substantial increase in Ibal expression in the cochlea, particularly in
macrophages in the auditory nerve area. This increased expression is distinctive
of neuroinflammation, as it is not significantly observed in the stria vascularis
or organ of Corti [3]. The concurrent expression of markers associated with both
M1 and M2 macrophages, such as Ibal, in activated macrophages adds a layer of
complexity to the current understanding of cochlear immune responses. Increased
Ibal expression in response to cisplatin prompts further investigation into the
precise roles of cochlear macrophages, raising notable questions about whether
these cells exhibit the characteristics of true macrophages or share features with
MLCs. A deeper understanding of Ibal expression patterns after cisplatin treat-
ment is important for resolving the questions about complicated immune processes
in the cochlea.

6. Cochlear macrophages protect tissue integrity and contribute to
sensory epithelium maintenance

Macrophages are being recognized as key players in cochlear dynamics, with their
roles surpassing traditional immunity. Equipped with receptors that detect pathogen-
derived molecules, macrophages can respond swiftly to foreign microorganisms by
engulfing them and releasing harmful substances [8]. However, in the context of the ear,
inflammation triggered by ototoxic drugs or excessive noise leads to a unique scenario
termed sterile inflammation [45, 46]. In this setting, damage-associated molecular
patterns (DAMPs) released by cochlear hair cells activate pattern recognition receptors
(PRRs) [47-49]. Upon PRR activation, resident macrophages quickly become activated,
leading to the release of pro-inflammatory cytokines and the generation of reactive
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oxygen species (ROS); this elaborate response involves the elimination of damaged

cells and the initiation of wound healing by infiltrating innate immune cells [50, 51].
Infiltrating innate immune cells, including macrophages and neutrophils, respond to
inflammation in early stages by eliminating damaged cells and promoting wound healing
in a non-targeted manner, such as by releasing ROS and engaging in phagocytosis. In

the subsequent phase, T cells from the adaptive immune system target and eliminate
specific cells, releasing cytokines that regulate the activation state of innate immune cells
[48, 52, 53]. Following exposure to noise or ototoxic drugs, T cells recognize self-antigens
from damaged cells, whereas T regulatory cells suppress inflammation and promote
wound healing. These mechanisms of the adaptive immune response aid in resolving
inflammation and contribute to effective recovery [54, 55].

The multifarious functions of macrophages extend beyond immunity, with
research underscoring their fundamental role in maintaining the integrity of normal
tissues. By rapidly identifying and removing apoptotic cells, macrophages ensure the
preservation of typical tissue structure [8, 56].

Inside the cochlea, the sensory epithelium includes inner and outer hair cells,
along with various supporting cell types. Although macrophages are seldom observed
within the intact cochlear sensory epithelium, they are present in adjacent tissues
[57, 58]. Hair cell death initiates diverse cellular removal processes by engaging both
supporting cells and macrophages. These crucial contributors to sensory epithelium
maintenance likely fulfill complementary roles, implying that the suppression of the
activity of one cell type prompts compensatory actions by other cell types [10].

Overall, macrophages, initially recognized for their immune functions, also play
versatile roles in cochlear dynamics, including the maintenance of tissue integrity
and efficient clearance of apoptotic cells. In the cochlea, the interplay between hair
cells and supporting cells is integral for maintaining the sensory epithelium. Clearer
insights into these mechanisms will facilitate effective therapeutic advancements for
inner ear conditions and drug-induced toxicity.

7. Macrophage dynamics in ototoxicity and noise-induced hearing loss
reveals neuroinflammatory responses and healing potential

In the last couple of years, there has been a growing recognition of the key role
played by inflammation and immune responses in the pathophysiology of cochlear
acoustic injury [5, 57]. Prolonged exposure to excessive noise is primarily associated
with noise-induced hearing loss (NIHL), characterized by the damage and loss of
cochlear hair cells and spiral ganglion neurons (SGNs) [59, 60]. This hair cell loss
triggers the infiltration of immune cells, including macrophages and neutrophils, into
the cochlea [57, 61-64]. Macrophages play a multi-pronged role in auditory pathology,
particularly cochlear synaptopathy, and are important for maintaining auditory func-
tion. One significant aspect is their involvement in fractalkine signaling mediated by
the ligand CX3CL1 and its receptor CX3CR1 [58, 60, 65]. This signaling pathway is
pivotal for neuronal survival and communication with SGNs. Studies have demon-
strated that intact fractalkine signaling promotes spontaneous recovery in response
to noise-induced temporary hearing threshold shifts, even in the absence of hair cell
loss. However, mice without CX3CR1 show enhanced synaptic degeneration, correlat-
ing with reduced neural responses and increased cell loss [60]. Macrophages express-
ing CX3CR1 migrate to damaged synaptic regions, indicating their dynamic role in
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the cochlear microenvironment. Macrophages also exhibit neuroprotective functions
via fractalkine signaling. A disruption of this signaling pathway following hair cell
death reduces macrophage recruitment to the injured cochlea, resulting in increased
loss of SGNs [65]. The intricate interplay between macrophages, fractalkine signaling,
and neuronal survival in injured cochlea is worth further exploration.

In the context of noise-induced synaptopathy, a recent study employed the CSF1R
inhibitor PLX5622 and demonstrated the indispensable role of resident cochlear
macrophages. Initial synaptic degeneration and hearing loss were not affected by
macrophage elimination; however, the absence of macrophages significantly impeded
the subsequent repair of damaged synapses. The ability of macrophages to facilitate
synaptic repair, along with their impact on cochlear neuron survival, underscores
their critical involvement in the recovery of auditory injuries [66].

Latest transcriptomic analyses have shown a remarkable upregulation of pro-
inflammatory genes, including tumor necrosis factor-alpha (TNF-a), interleukin
(IL)-1p, and IL-6, subsequent to noise exposure [67-69]. This increased expression
has been linked to the Toll-like receptor 4 (TLR4) signaling pathway, which is recog-
nized as a potent driver of NIHL genesis [69]. TLR4 activation triggers downstream
nuclear transcription factor-kappa B (NF-«B signaling), organizing the direct target-
ing and amplification of pro-inflammatory genes [69]. Insights from studies using
TLR4 knockout models have proven their pivotal role in inhibiting the inflammatory
response and reducing cochlear damage caused by noise exposure [63, 70].

In a recent study investigating the functional consequences of extracellular high-
mobility group box 1 (HMGB1)—a prototypical DAMP involved in inflammatory
pathway activation—researchers explored its interaction with TLR4. Using adeno-
associated virus transfection with the HMGB1-HA-tag, this study precisely examined
the early cytoplasmic accumulation of HMGBI in cochlear hair cells after noise
exposure. The administration of an HMGB1-neutralizing antibody promptly after
noise exposure was a potent intervention, markedly minimizing hearing loss and
preventing the death of outer hair cells (OHCs). The study further identified signal
transducer and activator of transcription 1 (STAT1) activation and cellular hyper-
acetylation as recognized initiators of cytoplasmic accumulation of HMGBI. These
findings demonstrate the detrimental effects of extracellular HMGBI on the cochlea,
identifying potential pharmacotherapeutic targets to reduce NIHL [71].

Another form of cochlear injury is ototoxicity, which refers to damage to the inner
ear caused by toxic substances. More than 130 therapeutic drugs have been recog-
nized for their ototoxic side effects. Two major classes of ototoxic drugs are aminogly-
coside antibiotics and platinum-based antineoplastic agents such as cisplatin [72-75].
These medications are used extensively in medical practice and can damage hair cells,
leading to hearing loss.

Extended exposure to aminoglycosides is associated with the degradation of
OHCs within the organ of Corti and sensory hair cells in the vestibular organ [76].
This results in an irreversible loss of hair cells and the impairment of the hearing
system, advancing from the cochlear base, which corresponds to the high-frequency
sound region, to the apex, which represents the low-frequency sound area. A study
investigating macrophage reactions following aminoglycoside exposure showed a
direct correlation between the number of recruited macrophages and hair cell damage
in mice transplanted with CX3CR1 knockout marrow but not in those transplanted
with CX3CR1 wild-type or heterozygous marrow. This suggests a protective role of
CX3CR1 mediated by cochlear macrophages, potentially limiting hearing impairment
in aminoglycoside ototoxicity [77].
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In an investigation into the response of macrophages to ototoxic injury in lateral
line hair cells in larval zebrafish, macrophages rapidly migrated into neuromasts dur-
ing the initial phases of ototoxic injury, where they actively engaged in both physical
contact and phagocytosis of deteriorating hair cell debris. The study demonstrated
that ototoxicity induces rapid externalization of phosphatidylserine to the apical
surfaces of hair cells, a likely indication for their targeted removal [78].

Similarly, cisplatin targets OHCs in the basal turn of the cochlea, causing high-
frequency sensorineural hearing loss [79]. This adverse effect manifests as bilateral,
irreversible, and progressively worsening hearing impairment [80, 81]. Cisplatin
induces a local inflammatory response in the inner ear through the generation of ROS.
This activates NF-kB, which in turn regulates the expression of pro-inflammatory
cytokines such as IL-1p, TNF-a, and IL-6 [82, 83]. In a previous study, we investigated
the response of macrophages to acute cisplatin exposure and found a notable increase
in the activated M1/M2 mixed macrophages and Ibal® macrophages, especially in the
auditory nerve area, suggesting a neuroinflammatory response. It is worth noting
that this activation declined starting 15 days after exposure, implying that transient
macrophage activation was associated with temporary inflammation due to cisplatin.
Interestingly, these activated macrophages did not strictly adhere to the conventional
M1 or M2 classification. Instead, they exhibited a mixed M1/M2 phenotype, with
a tendency to shift toward M2 macrophages over time. This transition toward M2
macrophages may contribute to the subsequent healing process [3].

In summary, macrophages are a major contributor to inflammatory responses fol-
lowing ototoxic events. A comprehensive understanding of their roles holds signifi-
cant promise for uncovering potential avenues for drug discovery.

8. Re-evaluation of the role of macrophages in cochlear health identifies
potential harmful impacts

Contrary to the traditional role of macrophages as protectors of the inner ear, some
recent studies have proposed a divergent perspective, suggesting that macrophages
may contribute to cochlear damage under certain conditions. Pertinent findings have
challenged the conventional notion that depleting macrophages could potentially
serve as a protective mechanism and reduce hearing loss after exposure to ototoxicity.

In a study employing kanamycin-induced hearing loss in mice, a notable increase
in Ibal® activated macrophages was observed 3 days after kanamycin injection. This
macrophage activation was concurrent with an increase in the number of neurons
expressing activating transcription factor 3 (ATF3), a marker of early neuronal dam-
age. Subsequent depletion of macrophages with clodronate after kanamycin adminis-
tration led to reduced early neuronal damage on day 3 and overall decreased neuronal
death on day 28. These findings suggest a potentially harmful role of macrophages in
the case of cochlear insults [9].

Another study investigated the impact of macrophage depletion on NIHL using
clodronate liposomes to target macrophages and monocytes. The results showed
that mice treated with clodronate exhibited significantly lower permanent threshold
shifts at specific frequencies and smaller losses of OHCs in the cochlear turn than
those in controls. After noise exposure, the number of F4/80" macrophages increased,
indicative of macrophage infiltration, particularly in the stria vascularis, a struc-
ture crucial for cochlear function. However, clodronate treatment suppressed this
effect. Interestingly, the presence of IL-1p, which is produced by these infiltrating
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macrophages, was observed; however, inhibition of IL-1p did not reverse the cochlear
damage induced by noise exposure [84]. These findings suggest that macrophages
infiltrating the cochlea after noise exposure may play a role in NIHL.

Another study investigated the impact of macrophage migration inhibitory factor
(MIF) in NIHL using MIF-deficient (MIF(—/-)) mice. Following exposure to noise,
MIF(—/-) mice experienced more severe hearing loss and OHC damage compared
to wild-type mice, indicating prolonged hearing impairment in the absence of MIF.
These findings suggest that MIF plays a critical role in recovery from acoustic trauma.
Therefore, targeting MIF might serve as an effective therapeutic strategy for the
management of NIHL [85].

This emerging perspective challenges the traditional understanding of macro-
phages as purely protective entities in the inner ear. The notion that macrophage
depletion might be a protective strategy against cochlear damage, particularly in oto-
toxicity and NIHL, prompts novel directions for therapeutic exploration. Meanwhile,
studies on the potentially harmful role of macrophages will inspire state-of-the-art
interventions and modified clinical strategies to address the challenges associated
with inner ear conditions and drug-induced ototoxicity.

9. Conclusion

In-depth investigations on cochlear macrophages have revealed a complex milieu
within the auditory system. The detection of MLCs in the cochlea, identified using
the marker Ibal, suggests a role for MLCs in cochlear maturation and remodeling
during postnatal development.

Particularly in the context of cochlear injuries, e.g., ototoxicity induced by drugs
such as cisplatin, the consistent increase in Ibal expression underscores the active
involvement of macrophages. However, the exact nature of cochlear macrophages—
whether they are true macrophages or share traits with MLCs—warrants further
investigation. Similarly, future research must clarify their precise roles in the inner ear.

Considering the participation of macrophages in inflammation, particularly in
response to cytotoxicity, their crucial role in auditory health must be highlighted.
Potential therapeutic interventions aimed at preserving or restoring auditory func-
tion will hinge on a clearer understanding of the diverse phenotypes, origins, and
responses of cochlear. Continued research on the complex interactions of macro-
phages in the cochlear microenvironment is expected to advance the fields of auditory
health and pathology.

Acknowledgements

This study was supported by the Japanese Society for the Promotion of
Science (JSPS) KAKENHI (JP20K18321 to Y.N.) and the Society for Promotion of
International Oto-Rhino-Laryngology (SPIO) (SR21002 to M.B.). M.B. was supported
by the Otsuka Toshimi Scholarship Foundation (OTSF). We thank Editage for editing
and reviewing the manuscript for the English language.

Conflict of interest

The authors declare no conflict of interest.

156



Macrophages in the Inner Ear: Discoveries and Innovative Techniques Illustrating Their Key...
DOI: http://dx.doi.org/10.5772/intechopen.1005106

Author details

Mai Mohamed Bedeir and Yuzuru Ninoyu*

Department of Otolaryngology, Head and Neck Surgery, Kyoto Prefectural University
of Medicine, Kyoto, Japan

*Address all correspondence to: ninoyu@koto.kpu-m.acjp

IntechOpen

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

the original work is properly cited.

157



Macrophages — Molecular Pathways and Immunometabolic Processes

References

[1] Perin P, Marino F, Varela-Nieto I,
Szczepek AJ. Editorial:
Neuroimmunology of the inner ear.
Frontiers in Neurology. 2021;12:635359.
DOI: 10.3389/fneur.2021.635359

[2] Harris JP. Immunology of the

inner ear: Response of the inner ear

to antigen challenge. Otolaryngology
Head and Neck Surgery. 1983;91:18-23.
DOI: 10.1177/019459988309100105

[3] Bedeir MM, Ninoyu Y, Nakamura T,
Tsujikawa T, Hirano S. Multiplex
immunohistochemistry reveals

cochlear macrophage heterogeneity

and local auditory nerve inflammation
in cisplatin-induced hearing loss.
Frontiers in Neurology. 2022;13:1015014.
DOI: 10.3389/FNEUR.2022.1015014

[4] Miwa T, Okano T. Role of inner

ear macrophages and autoimmune/
autoinflammatory mechanisms in the
pathophysiology of inner ear disease.
Frontiers in Neurology. 2022;13:861992.
DOI: 10.3389/FNEUR.2022.861992

[5] Yang W, Vethanayagam RR, Dong Y,
Cai Q, Hu BH. Activation of the antigen
presentation function of mononuclear
phagocyte populations associated with
the basilar membrane of the cochlea after
acoustic overstimulation. Neuroscience.
2015;303:1-15. DOI: 10.1016/].
NEUROSCIENCE.2015.05.081

[6] Okano T, Nakagawa T, Kita T, Kada S,
Yoshimoto M, Nakahata T, et al. Bone
marrow-derived cells expressing Ibal

are constitutively present as resident
tissue macrophages in the mouse cochlea.
Journal of Neuroscience Research.
2008;86:1758-1767. DOI: 10.1002/jnr.21625

[71 Miwa T, Rengasamy G, Liu Z,
Ginhoux F, Okano T. Contribution of

158

circulating monocytes in maintaining
homeostasis of resident macrophages
in postnatal and young adult mouse
cochlea. Scientific Reports. 2024;14:62.
DOI: 10.1038/s41598-023-50634-y

[8] Warchol ME. Interactions between
macrophages and the sensory cells

of the inner ear. Cold Spring Harbor
Perspectives in Medicine. 2019;9:a033555.
DOI: 10.1101/cshperspect.a033555

[9] Shimada MD, Noda M, Koshu R,
Takaso Y, Sugimoto H, Ito M, et al.
Macrophage depletion attenuates
degeneration of spiral ganglion neurons
in kanamycin-induced unilateral
hearing loss model. Scientific Reports.
2023;13(1):16741. DOI: 10.1038/
s41598-023-43927-9

[10] Hirose K, Rutherford MA,

Warchol ME. Two cell populations
participate in clearance of damaged hair
cells from the sensory epithelia of the
inner ear. Hearing Research. 2017;352:70-
81. DOI: 10.1016/j.heares.2017.04.006

[11] Kishimoto I, Okano T,
Nishimura K, Motohashi T, Omori K.
Early development of resident
macrophages in the mouse cochlea
depends on yolk sac hematopoiesis.
Frontiers in Neurology. 2019;10:1115.
DOI: 10.3389/FNEUR.2019.01115/
BIBTEX

[12] Ginhoux F, Greter M, Leboeuf M,
Nandi S, See P, Gokhan S, et al. Fate
mapping analysis reveals that adult
microglia derive from primitive
macrophages. Science (80-).
2010;330:841-845. DOI: 10.1126/
science.1194637

[13] Ginhoux F, Guilliams M. Tissue-
resident macrophage ontogeny and



Macrophages in the Inner Ear: Discoveries and Innovative Techniques Illustrating Their Key...

DOI: http://dx.doi.org/10.5772/intechopen.1005106

homeostasis. Immunity. 2016;44:439-
449. DOI: 10.1016/j.immuni.2016.02.024

[14] Lavin Y, Winter D, Blecher-Gonen R,
David E, Keren-Shaul H, Merad M, et al.
Tissue-resident macrophage enhancer
landscapes are shaped by the local
microenvironment. Cell. 2014;159:1312-
1326. DOI: 10.1016/j.cell.2014.11.018

[15] Bruttger ], Karram K, Wortge S,
Regen T, Marini F, Hoppmann N, et al.
Genetic cell ablation reveals clusters
of local self-renewing microglia in

the mammalian central nervous
system. Immunity. 2015;43:92-106.
DOI: 10.1016/].IMMUNI.2015.06.012

[16] Sato E, Shick HE, Ransohoff RM,
Hirose K. Repopulation of cochlear
macrophages in murine hematopoietic
progenitor cell chimeras: The role of
CX3CR1. The Journal of Comparative
Neurology. 2008;506:930-942.

DOI: 10.1002/cne.21583

(171 Dong Y, Zhang C, Frye M, Yang W,
Ding D, Sharma A, et al. Differential
fates of tissue macrophages in the
cochlea during postnatal development
HHS Public Access. Hearing Research.
2018;365:110-126. DOI: 10.1016/j.
heares.2018.05.010

[18] Shi X. Resident macrophages in the
cochlear blood-labyrinth barrier and
their renewal via migration of bone-
marrow-derived cells. Cell and Tissue
Research. 2010;342:21-30. DOI: 10.1007/
s00441-010-1040-2

[19] Jabba SV, Oelke A, Singh R,
Maganti R], Fleming S, Wall SM, et al.
Macrophage invasion contributes

to degeneration of stria vascularis

in Pendred syndrome mouse

model. BMC Medicine. 2006;4:37.
DOI: 10.1186/1741-7015-4-37

[20] Steinacher C, Chacko L], Liu W,
Rask-Andersen H, Bader W, Dudas J,

159

et al. Visualization of macrophage subsets
in the development of the fetal human
inner ear. Frontiers in Immunology.
2022;13:965196. DOI: 10.3389/
FIMMU.2022.965196

[21] Zhang W, Dai M, Fridberger A,
Hassan A, DeGagne J, Neng L, et al.
Perivascular-resident macrophage-like
melanocytes in the inner ear are essential
for the integrity of the intrastrial
fluid-blood barrier. Proceedings of

the National Academy of Sciences

of the United States of America.
2012;109:10388-10393. DOI: 10.1073/
PNAS.1205210109

[22] Neng L, Zhang F, Kachelmeier A,
Shi X. Endothelial cell, pericyte, and
perivascular resident macrophage-
type melanocyte interactions regulate
cochlear intrastrial fluid-blood
barrier permeability. JARO - Journal
of the Association for Research in
Otolaryngology. 2013;14:175-185.
DOI: 10.1007/s10162-012-0365-9

[23] Hirose K, Li SZ. The role of
monocytes and macrophages in the
dynamic permeability of the blood-
perilymph barrier. Hearing Research.
2019;374:49-57. DOI: 10.1016/].
HEARES.2019.01.006

[24] Szczepek AJ, Ghosh S, Liu W, Ito T,
Kurata N, Fukunaga Y. Tissue-resident
macrophages in the stria vascularis.
Frontiers in Neurology. 2022;13:818395.
DOI: 10.3389/fneur.2022.818395

[25] Wynn TA, Chawla A, Pollard JW.
Macrophage biology in development,
homeostasis and disease. Nature.
2013;496:445-455. DOI: 10.1038/
naturel2034

[26] Van Der Vlist M, Raoof R,
Willemen HLDM, Khoury-Hanold W,
Meyaard L, Correspondence NE.
Macrophages transfer mitochondria to



Macrophages — Molecular Pathways and Immunometabolic Processes

sensory neurons to resolve inﬂammatory
pain. Neuron. 2022;110(4):613-626.€9.
DOI: 10.1016/j.neuron.2021.11.020

[27] Ginhoux F, Schultze JL, Murray PJ,
Ochando J, Biswas SK. New insights
into the multidimensional concept

of macrophage ontogeny, activation

and function. Nature Immunology.
2015;17:34-40. DOI: 10.1038/ni.3324

[28] Paolicelli RC, Sierra A, Stevens B,
Tremblay ME, Aguzzi A, Ajami B, etal.
Microglia states and nomenclature:

A field at its crossroads. Neuron.
2022;110:3458-3483. DOI: 10.1016/J.
NEURON.2022.10.020

[29] Rai V, Wood MB, Feng H,

Schabla NM, Tu S, Zuo J. The immune
response after noise damage in

the cochlea is characterized by a
heterogeneous mix of adaptive and
innate immune cells. Scientific Reports.
2020;10(1):15167. DOI: 10.1038/
$41598-020-72181-6

[30] Fan 'Y, Naglich JG, Koenitzer JD,
Ribeiro H, Lippy ], Blum J, et al.
Miniaturized high-throughput
multiparameter flow cytometry
assays measuring in vitro human
dendritic cell maturation and T-cell
activation in mixed lymphocyte
reactions. SLAS Discovery: Advancing
Life Sciences R&D. 2018;23:742-750.
DOI: 10.1177/2472555218775409

[31] Glass G, Papin JA,

Mandell JW. SIMPLE: A sequential
immunoperoxidase labeling and erasing
method. The Journal of Histochemistry
and Cytochemistry. 2009;57:899-905.
DOI: 10.1369/JHC.2009.953612

[32] Tsujikawa T, Kumar S,

Borkar RN, AzimiV, Thibault G,

Chang YH, et al. Quantitative multiplex
immunohistochemistry reveals myeloid-
inflamed tumor-immune complexity

160

associated with poor prognosis. Cell
Reports. 2017;19:203-217. DOI: 10.1016/].
CELREP.2017.03.037

[33] Banik G, Betts CB, Liudahl SM,
Sivagnanam S, KawashimaR, Cotechini T,
et al. High-dimensional multiplexed
immunohistochemical characterization
of immune contexture in human cancers.
Methods in Enzymology. 2020;635:1-20.
DOI: 10.1016/BS.MIE.2019.05.039

[34] Radtke AJ, Kandov E, Lowekamp B,
Speranza E, Chu CJ, Gola A, et al. IBEX:
A versatile multiplex optical imaging
approach for deep phenotyping and
spatial analysis of cells in complex
tissues. Proceedings of the National
Academy of Sciences of the United States
of America. 2020;117:33455-33465.

DOI: 10.1073/PNAS.2018488117/SUPPL _
FILE/PNAS.2018488117.SM09.MP4

[35] Cattoretti G, Marcelis L,
Bolognesi MM. Multiple Iterative
Labeling by Antibody Neodeposition
(MILAN). Protocol Exchange. 2019.
DOI: 10.21203/r5.2.1646/v5

[36] Lewis SM, Asselin-Labat ML,
Nguyen Q, Berthelet ], Tan X,

Wimmer VC, et al. Spatial omics and
multiplexed imaging to explore cancer
biology. Nature Methods. 2021;18:997-
1012. DOI: 10.1038/s41592-021-01203-6

[37] Bressan D, Battistoni G, Hannon GJ.
The dawn of spatial omics. Science
(80-).2023;381:eabq4964. DOI: 10.1126/
science.abg4964

[38] Ma A, McDermaid A, Xu]J,

Chang Y, Ma Q. Integrative methods
and practical challenges for single-cell
multi-omics. Trends in Biotechnology.
2020;38:1007-1022. DOI: 10.1016/].
TIBTECH.2020.02.013

[39] O’Malley JT, Nadol JB, McKenna MJ.
Anti CD163+, Ibal+, and CD68+ cells



Macrophages in the Inner Ear: Discoveries and Innovative Techniques Illustrating Their Key...

DOI: http://dx.doi.org/10.5772/intechopen.1005106

in the adult human inner ear: Normal
distribution of an unappreciated class of
macrophages/microglia and implications
for inflammatory otopathology in
humans. Otology & Neurotology.
2016;37:99-108. DOI: 10.1097/
MAO.0000000000000879

[40] Chen P, ChaiY, Liu H, Li G, Wang L,
Yang T, et al. Postnatal development of
microglia-like cells in mouse cochlea.
Neural Plasticity. 2018;2018:1970150.
DOI: 10.1155/2018/1970150

[41] Paciello F, Pisani A, Rolesi R,
Montuoro R, Mohamed-Hizam V, Boni G,
et al. Oxidative stress and inflammation
cause auditory system damage via

glial cell activation and dysregulated
expression of gap junction proteins

in an experimental model of styrene-
induced oto/neurotoxicity. Journal

of Neuroinflammation. 2024;21:4.

DOI: 10.1186/512974-023-02996-3

[42] Kim C, Lee JH, Kim W, Li D,
KimY, Lee K, et al. The suppressive
effects of cinnamomi cortex and
its phytocompound coumarin on
oxaliplatin-induced neuropathic
cold allodynia in rats. Molecules.
2016;21:1253. DOI: 10.3390/
MOLECULES21091253

[43] Makker PGS, Duffy SS, Lees JG,
Perera CJ, Tonkin RS, Butovsky O,

et al. Characterisation of immune and
neuroinflammatory changes associated
with chemotherapy-induced
peripheral neuropathy. PLoS ONE.
2017;12:e0170814. DOI: 10.1371/
JOURNAL.PONE.0170814

[44] Jung Y, Lee JH, Kim W, Yoon SH,
Kim SK. Anti-allodynic effect of Buja
in a rat model of oxaliplatin-induced
peripheral neuropathy via spinal
astrocytes and pro-inﬂammatory
cytokines suppression. BMC
Complementary and Alternative

161

Medicine. 2017;17:1-8. DOI: 10.1186/
$12906-017-1556-Z/FIGURES/3

[45] Rock KL, Latz E, Ontiveros F,
Kono H. The sterile inflammatory
response. Annual Review of
Immunology. 2010;28:321-342.

DOI: 10.1146/ANNUREV-IMMUNOL-
030409-101311

[46] Zhang Y, LiY, Fu X, Wang P, Wang
Q, Meng W, et al. The detrimental and
beneficial functions of macrophages
after cochlear injury. Frontiers in

Cell and Development Biology.
2021;9:631904. DOI: 10.3389/
fcell.2021.631904

[47] Tang D, Kang R, Coyne CB,

Zeh HJ, Lotze MT. PAMPs and DAMPs:
Signal Os that spur autophagy

and immunity. Immunological

Reviews. 2012;249:158-175.

DOI: 10.1111/].1600-065X.2012.01146.X

[48] Marshall JS, Warrington R,

Watson W, Kim HL. An introduction

to immunology and immunopathology.
Allergy, Asthma & Clinical Immunology.
2018;14:1-10. DOI: 10.1186/
$13223-018-0278-1/TABLES/4

[49] Frye MD, Ryan AF, Kurabi A.
Inflammation associated with noise-
induced hearing loss special collection:
Noise-induced hearing loss: Translating
risk from animal models to real-world
environments inflammation associated
with noise-induced hearing loss. The
Journal of the Acoustical Society

of America. 2019;146:4020-4032.

DOI: 10.1121/1.5132545

[50] Park HS, Jung HY, Park EY, Kim J,
Lee WJ, Bae YS. Cutting edge: Direct
interaction of TLR4 with NAD(P)

H oxidase 4 isozyme is essential for
lipopolysaccharide-induced production
of reactive oxygen species and activation
of NF-kappa B. Journal of Immunology.



Macrophages — Molecular Pathways and Immunometabolic Processes

2004;173:3589-3593. DOI: 10.4049/
JIMMUNOLL.173.6.3589

[51] Tsung A, Klune JR, Zhang X,
Jeyabalan G, Cao Z, Peng X, etal.
HMGBI release induced by liver ischemia
involves toll-like receptor 4 dependent
reactive oxygen species production

and calcium-mediated signaling. The
Journal of Experimental Medicine.
2007;204:2913-2923. DOI: 10.1084/
JEM.20070247

[52] Stein M, Keshav S, Harris N,

Gordon S. Interleukin 4 potently
enhances murine macrophage mannose
receptor activity: A marker of alternative
immunologic macrophage activation.
The Journal of Experimental Medicine.
1992;176:287-292. DOI: 10.1084/
JEM.176.1.287

[53] Chaplin DD. Overview of the
immune response. The Journal of Allergy
and Clinical Immunology. 2010;125:S3.
DOI: 10.1016/]JACIL.2009.12.980

[54] Fontenot JD, Gavin MA,
Rudensky AY. Foxp3 programs the
development and function of
CD4+CD25+ regulatory T cells.
Nature Immunology. 2003;4:986-992.
DOI: 10.1038/NI904

[55] Brodeur TY, Robidoux TE,

Weinstein JS, Craft ], Swain SL,
Marshak-Rothstein A. IL-21 promotes
pulmonary fibrosis through the
induction of profibrotic CD8+ T cells.
Journal of Immunology. 2015;195:5251-
5260. DOI: 10.4049/JIMMUNOL.1500777

[56] Gregory CD, Devitt A. The
macrophage and the apoptotic cell:

An innate immune interaction viewed
simplistically? Immunology. 2004;113:1.
DOI: 10.1111/].1365-2567.2004.01959.X

[57] Hirose K, Discolo CM, Keasler JR,
Ransohoff R. Mononuclear phagocytes

162

migrate into the murine cochlea

after acoustic trauma. The Journal of
Comparative Neurology. 2005;489:180-
194. DOI: 10.1002/cne.20619

[58] Kaur T, Ohlemiller KK, Warchol ME.
Genetic disruption of fractalkine
signaling leads to enhanced loss of
cochlear afferents following ototoxic

or acoustic injury. The Journal of
Comparative Neurology. 2018;526:824.
DOI: 10.1002/CNE.24369

[59] He W, Yu ], SunY, Kong W.
Macrophages in noise-exposed cochlea:
Changes, regulation and the potential
role. Aging and Disease. 2019;11:191-199.
DOI:10.14336/AD.2019.0723

[60] Kaur T, Clayman AC, Nash A]J,
Schrader AD, Warchol ME,

Ohlemiller KK. Lack of fractalkine
receptor on macrophages impairs
spontaneous recovery of ribbon synapses
after moderate noise trauma in c57bl/6
mice. Frontiers in Neuroscience.
2019;13:620. DOI: 10.3389/
FNINS.2019.00620/BIBTEX

[61] Dai M, Yang Y, Omelchenko I,

Nuttall AL, Kachelmeier A, Xiu R, etal.
Bone marrow cell recruitment mediated
by inducible nitric oxide synthase/
stromal cell-derived factor-1a signaling
repairs the acoustically damaged cochlear
blood-labyrinth barrier. The American
Journal of Pathology. 2010;177:3089-
3099. DOI: 10.2353/ajpath.2010.100340

[62] Fredelius L, Rask-Andersen H. The
role of macrophages in the disposal of
degeneration products within the organ
of corti after acoustic overstimulation.
Acta Oto-Laryngologica. 1990;109:76-82.
DOI: 10.3109/00016489009107417

[63] Vethanayagam RR, Yang W, Dong Y,
Hu BH. Toll-like receptor 4 modulates
the cochlear immune response to
acoustic injury. Cell Death & Disease.



Macrophages in the Inner Ear: Discoveries and Innovative Techniques Illustrating Their Key...

DOI: http://dx.doi.org/10.5772/intechopen.1005106

2016;7(6):€2245. DOI: 10.1038/
cddis.2016.156

[64] Shin SH, Yoo JE, Jung ],

ChoiJY, Bae SH. Inflammatory
monocytes infiltrate the spiral ligament
and migrate to the basilar membrane
after noise exposure. Clinical and
Experimental Otorhinolaryngology.
2022;15:153-159. DOI: 10.21053/
CE0.2021.00857

[65] Kaur T, Zamani D, Tong L, Rube EW,
Ohlemiller KK, Hirose K, et al.
Fractalkine signaling regulates
macrophage recruitment into the cochlea
and promotes the survival of spiral
ganglion neurons after selective hair

cell lesion. The Journal of Neuroscience.
2015;35:15050-15061. DOI: 10.1523/
JNEUROSCI.2325-15.2015

[66] Manickam V, Gawande DY,

Stothert AR, Clayman AC, Batalkina L,
Warchol ME, et al. Macrophages promote
repair of inner hair cell ribbon

synapses following noise-induced
cochlear synaptopathy. The Journal

of Neuroscience. 2023;43:2075-2089.
DOI: 10.1523/JNEUROSCI.1273-22.2023

[67]1 Wang Q, Shen Y, HuH, Fan C,
Zhang A, Ding R, et al. Systematic
transcriptome analysis of noise-induced
hearing loss pathogenesis suggests
inflammatory activities and multiple
susceptible molecules and pathways.
Frontiers in Genetics. 2020;11:968.

DOI: 10.3389/fgene.2020.00968

[68] Fuentes-Santamaria V, Alvarado JC,
Melgar-Rojas P, Gabald6n-Ull MC,
Miller JM, Juiz JM. The role of glia in

the peripheral and central auditory
system following noise overexposure:
Contribution of TNF-« and IL-1f to the
pathogenesis of hearing loss. Frontiers in
Neuroanatomy. 2017;11:9. DOI: 10.3389/
fnana.2017.00009

163

[69] Zhang G, Zheng H, Pyykko I, Zou].
The TLR-4/NF-xB signaling pathway
activation in cochlear inflammation of
rats with noise-induced hearing loss.
Hearing Research. 2019;379:59-68.
DOI:10.1016/].HEARES.2019.04.012

[70] Yang S, Cai Q, Vethanayagam RR,
Wang J, Yang W, Hu BH. Immune defense
is the primary function associated with
the differentially expressed genes in

the cochlea following acoustic trauma.
Hearing Research. 2016;333:283-294.
DOI:10.1016/]. HEARES.2015.10.010

[71] Xiao L, Zhang Z, Liu ], Zheng Z,
Xiong, Li C, etal. HMGB1
accumulation in cytoplasm mediates
noise-induced cochlear damage. Cell
and Tissue Research. 2023;391:43-54.
DOI: 10.1007/s00441-022-03696-9

[72] Francis SP, Cunningham LL.
Non-autonomous cellular responses

to ototoxic drug-induced stress

and death. Frontiers in Cellular
Neuroscience. 2017;11:252. DOI: 10.3389/
FNCEL.2017.00252/BIBTEX

[73] Hinojosa R, Nelson EG, Lerner SA,
Redleaf MI, Schramm DR.
Aminoglycoside ototoxicity: A human
temporal bone study. Laryngoscope.
2001;111:1797-1805. DOI: 10.1097/
00005537-200110000-00025

[74] Wu W-], Sha S-H, McLaren ]JD,
Kawamoto K, Raphael Y, Schacht]J.
Aminoglycoside ototoxicity in adult
CBA, C57BL and BALB mice and the
Sprague-Dawley rat. Hearing Research.
2001;158:165-178. DOI: 10.1016/
S0378-5955(01)00303-3

[75] Gersten BK, Fitzgerald TS,
FernandezKA,CunninghamLL.Ototoxicity
and platinum uptake following cyclic
administration of platinum-based
chemotherapeutic agents. JARO -

Journal of the Association for Research



Macrophages — Molecular Pathways and Immunometabolic Processes

in Otolaryngology. 2020;21:303-321.
DOI: 10.1007/s10162-020-00759-y

[76] Jiang H, Sha S-H, Forge A, Schacht]J.
Caspase-independent pathways of hair
cell death induced by kanamycin in
vivo. Cell Death and Differentiation.
2006;13:20-30. DOI: 10.1038/
sj.cdd.4401706

[77] Sato E, Shick HE, Ransohoff RM,
Hirose K. Expression of fractalkine
receptor CX3CR1 on cochlear
macrophages influences survival of hair
cells following ototoxic injury. JARO -
Journal of the Association for Research
in Otolaryngology. 2010;11:223-234.
DOI: 10.1007/s10162-009-0198-3

[78] Warchol ME, Schrader A, Sheets L.
Macrophages respond rapidly to ototoxic
injury of lateral line hair cells but are

not required for hair cell regeneration.
Frontiers in Cellular Neuroscience.
2021;14:613246. DOI: 10.3389/
FNCEL.2020.613246/BIBTEX

[79] Jamesdaniel S, Coling D, Hinduja S,
Ding D, Li], Cassidy L, et al. Cisplatin-
induced ototoxicity is mediated by
nitroxidative modification of cochlear
proteins characterized by nitration

of Lmo4. The Journal of Biological
Chemistry. 2012;287:18674-18686.
DOI: 10.1074/JBC.M111.297960

[80] Rybak LP, Ramkumar V. Ototoxicity.

Kidney International. 2007;72(8):931-935.

DOI: 10.1038/sj.ki.5002434

[81] Callejo A, Sed6-Cabezén L, Domé
Nech Juan I, Llorens J, Cavaletti G,
Carozzi V. Cisplatin-induced ototoxicity:
Effects, mechanisms and protection
strategies. Toxics. 2015;3:268-293.

DOI: 10.3390/toxics3030268

[82] Waissbluth S, Salehi P, He X,
Daniel SJ. Systemic dexamethasone for
the prevention of cisplatin-induced

164

ototoxicity. European Archives of Oto-
Rhino-Laryngology. 2013;270:1597-1605.
DOI: 10.1007/s00405-012-2150-0

[83] Zhang N, Cai J, Xu L, Wang H,
Liu W. Cisplatin-induced Stria
Vascularis damage is associated with
inflammation and fibrosis. Neural
Plasticity. 2020;2020:8851525.

DOI: 10.1155/2020/8851525

[84] Mizushima Y, Fujimoto C, Kashio A,
Kondo K, Yamasoba T. Macrophage
recruitment, but not interleukin 1 beta
activation, enhances noise-induced
hearing damage. Biochemical and
Biophysical Research Communications.
2017;493:894-900. DOI: 10.1016/].
BBRC.2017.09.124

[85] Kariya S, Okano M, Maeda,

Hirai H, Higaki T, NoyamaV, et al.
Macrophage migration inhibitory factor
deficiency causes prolonged hearing loss
after acoustic overstimulation. Otology
& Neurotology. 2015;36:1103-1108.

DOI: 10.1097/MAO.0000000000000755



Chapter7

Role of Macrophages in Promoting
Inflammation and Fibrosis in
Systemic Sclerosis

Sandra Lopez Garces, Liyang Pan and Richard Stratton

Abstract

Systemic sclerosis (SSc) is a severe autoimmune disease characterized by chronic
inflammation, vascular damage and fibrosis. The hallmark clinical manifestation is
fibrotic skin thickening; however, the clinical outcome is determined by the extent
of internal organ fibrosis. Macrophages, integral to the innate immune system, play a
crucial role in phagocytosing invading pathogens and efferocytosis of apoptotic cells,
while also contributing significantly to tissue homeostasis and repair. These highly
adaptable cells, particularly in the M2-like polarization state, have been associated
with a pro-fibrotic environment, implicated in various fibrotic disorders as well as
cancer invasion. In SSc, these cells may be dysfunctional, having the potential to
produce inflammatory and pro-fibrotic cytokines, recruit other inflammatory cells
and stimulate fibroblast differentiation into myofibroblast, thus promoting extracel-
lular matrix (ECM) deposition and fibrosis. Accordingly, we hypothesize that abnor-
mally activated macrophages have a central role in SSc, promoting inflammation and
fibrosis, and driving the disease process.

Keywords: systemic sclerosis, macrophages, fibrosis, autoimmune disease,
inflammation

1. Introduction

Systemic sclerosis (SSc) is a severe condition of uncertain etiology, in which
dysregulated immune responses are somehow linked to vascular damage, inflam-
mation, autoantibody production, and persisting fibroblast activation, leading to
skin and organ-based fibrosis [1]. In SSc, the characteristic clinical manifestation
is fibrotic thickening of the skin, which starts at the extremities and then spreads
proximally to varying extents and is linked in severity to outcome and survival [2].
Moreover, the clinical outcome is strongly associated with the pattern of internal
organ involvement, particularly the development of lung fibrosis (interstitial lung
disease, ILD), now the leading cause of excess mortality in SSc [1].

SScis classified into three main clinical subsets: limited cutaneous SSc (1cSSc),
diffuse cutaneous SSc (dcSSc) and SSc sine scleroderma (ssSSc). This classification
system is based on the pattern of fibrotic skin involvement. In 1cSSc, skin thickening
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is confined to the extremities and face; this pattern accounting for 50-60% of cases.
In contrast, in dcSSc, the thickening of the skin spreads more proximally to involve
the upper arms, the torso and potentially affects skin throughout the body. This
pattern of disease accounts for 30-40% of cases and is the more severe form, show-
ing early development of visceral organ complications and rapid disease progression
[3]. Finally, ssSSc is characterized by the absence of cutaneous manifestations and is
identified by typical SSc vascular or organ involvement with positive SSc-associated
autoantibody testing [4].

1.1 Epidemiology

The prevalence and incidence of SSc have been reported to vary widely across
the globe, showing a pooled prevalence of 176 per million, with a high prevalence in
North America (259 per million) and the lowest in Asia (68 per million). Incidence
and prevalence are higher in women, with a 5 to 1 female-to-male ratio [5]. The
incidence pooled was 14 per million person-years. A study in the United Kingdom
showed a prevalence of 307 per million, age being a contributing factor and an annual
incidence of 19 per million person-years, 9.7 higher in women. The reported mortality
rate was 43.6 per thousand person-years, with risk factors for higher mortality being
male sex and age [6].

The standardized mortality ratio for patients suffering from SSc has been reported
to be 2.72-5.73. The cumulative survival rates at 5 and 10 years from diagnosis were
85.9 and 71.7% respectively. For the lcSSc subtype, the cumulative survival rates at
5 and 10 years from disease onset are estimated to be 90.9 and 78.2%, respectively.
Cumulative survival is significantly lower for dcSSc, with a survival rate of 69.6 and
55.6% at 5 and 10 years [7]. Taken as a whole, these data indicate SSc as a significant
healthcare burden which affects more than 2 million individuals worldwide and is
linked to significant mortality and disability [6].

1.2 Current therapies

Treatment for SSc is not curative but instead focuses on managing active organ-
specific complications. When treating vascular manifestations such as SSc-related
pulmonary arterial hypertension (PAH), the objective is to reduce pulmonary arte-
rial vascular resistance through the use of medications like prostacyclin analogues
[8], endothelin receptor antagonists [9], and phosphodiesterase-5 inhibitors [10];
treatments which combine vasodilator activity with anti-proliferative effects against
vascular smooth muscle cells [11]. Raynaud’s phenomenon (RP) and the associated
digital ulcers are addressed with vasodilators such as calcium channel blockers,
prostacyclin infusions and topical nitroglycerin. Gastrointestinal issues are managed
with proton-pump inhibitors, H2 blockers, and prokinetic agents to ameliorate acid
reflux and ulcers [12]. Renal disease is commonly treated with angiotensin-converting
enzyme inhibitors to control blood pressure and improve renal plasma flow [13].
Cardiac complications, which may be associated with immune cell infiltration,
fibrosis and vasculopathy, are managed using strong immunosuppressive treatments
such as cyclophosphamide or rituximab, combined with supportive cardiac care such
as anti-arrhythmics and diuretics [14]. Individual treatment plans may vary based on
the specific manifestations and severity of the disease.

Aside from organ-specific treatments, immunosuppression has been attempted
and demonstrates some effectiveness in reducing skin involvement as measured by
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the modified Rodnan skin score (mRSS) [15] and lung fibrosis in SSc patients [16].
Commonly used immunosuppressive therapies as a first line of defense include cyto-
toxic drugs like mycophenolate mofetil, and cyclophosphamide. Recently, biologic
agents targeting specific cells or pathways have shown promise in improving skin
scores and managing organ complications. Biologics such as rituximab [17] (anti-
CD20), tocilizumab [18] (anti-IL-6 receptor), and abatacept [19] (T-cell co-stimula-
tory modulator) fall into this category. For severe SSc cases with poor prognosis and
non-responsive to traditional immunosuppression and other treatments, autologous
hematopoietic stem cell transplantation (AHSCT) has been employed [20]. AHSCT
has shown significant improvement in skin fibrosis and quality of life. However, it
comes with a higher treatment-related mortality rate of 5-10% and an association
with early and late malignancies. Therefore, careful consideration and evaluation of
risks and benefits are necessary when considering AHSCT as a treatment option for
severe SSc cases [21].

2. Macrophages in SSc

Macrophage infiltration in SSc was first observed by Ishikawa and Ishikawa in 1992
[22]. They observed phagocytic cells located between collagen bundles and around
the skin adnexa and vessels. Later in 2009, Higashi-Kuwata et al. found an elevated
number of CD68, CD163, and CD204 positive cells in SSc skin biopsies [23]. The same
group found that the population of CD14+, a marker for monocytes, was significantly
increased in PBMC from SSc patients compared to healthy controls [24]. These mono-
cytes co-expressed CD204+ and CD163+, markers also used for macrophage identifi-
cation, indicating a possible monocyte to macrophage differentiation. Furthermore,
CD16+ monocytes were found to be increased in SSc and correlated with the severity
of skin fibrosis and pulmonary function [25]. Classical monocytes, expressing
CD14+CD16-, derived from hematopoietic stem and progenitor cells, appear to
actively migrate into the lung tissue, and differentiate into alveolar macrophages [26],
whereas non classical, CD14loCD16+, monocytes are confined to the lung vasculature
and preferentially differentiate into intravascular macrophages [27, 28].

In summary, the evidence supports the notion of monocyte differentiation
into macrophages in SSc, proposing that monocyte-derived macrophages might
play a pivotal role in the pathogenesis of SSc. This highlights a dysregulation in
monocyte-macrophage differentiation, potentially contributing to an aberrant
macrophage polarization and a possible increase in migration to the fibrotic tissue
in SSc. Macrophages are the bridge between innate and adaptive response, these are
highly heterogeneous, and have been shown to potentially contribute to all facets
of SSc pathogenesis. These cells can be of embryonic origin as well as monocyte-
derived [29]. Therefore, in the context of the disease it is thought that monocytes are
activated producing an initial inflammatory response, which develops to fibrosis,
contributing to the disease. In the following sections we will discuss the involvement
of macrophages and monocytes in promoting inflammation and fibrosis in SSc as well
as crosstalk to the microenvironment.

2.1 Autoimmunity

SSc patients exhibit a wide range of autoantibodies, with antinuclear antibodies
being reported in 85-99% of cases. These antibodies encompass anti-topoisomerase
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I (ATA), anti-RNA polymerase (ARA), anti-centromere antibodies (ACA), anti-
fibrillarin (anti-U3RNP), and anti-ribonucleoprotein (anti-Th/To). The frequency of
antinuclear antibodies differs among subsets of SSc and is linked to different clini-

cal manifestations, as seen in Table 1. Other autoantibodies, targeting non-nuclear
autoantigens, have been less studied in the context of the disease with poor clinical
characterization; these includes anti-endothelial cell antibodies (AECAs) [30],
anti-fibroblast, anti-platelet-derived growth factor receptor (PDGFR), anti-fibroblast
antibodies, anti-fibrillin-1 antibodies, antibodies against matrix metalloproteinases
(MMPs) antibodies, and anti-epithelium antibodies (AEpCA) [31] each of which may
contribute to disease pathogenesis. Their mechanisms of action involve inflammation
induction, fibroblast activation, collagen accumulation induction, and endothelial
cell activation [32].

It is unclear how autoantibodies contribute to pathogens and their role with
macrophages. However, the initial insult to the vascular system might be related to the
antigen presenting capabilities in SSc. In other rheumatic diseases such as Systemic
Lupus Erythromatosis (SLE), the capabilities of antigen presenting cells including
macrophages and dendritic cells have been shown to play a role in the production of
autoantibodies [33]. Efferocytosis is involved in the uptake of apoptotic bodies from
the environment. In macrophages efferocytosis has been shown to trigger the change
from pro-inflammatory macrophages to a wound healing repair subset [34]. Failure
of efferocytosis could then lead to apoptotic bodies in the extracellular space and may
lead to the release of DNA and DNA associated proteins into the environment, which
induce inflammation and also provide a substrate for autoantibody development
[35]. In SSc, monocyte-derived macrophages have proven to be defective at clearing T
cells, which might lead to the survival of autoreactive T cells [36]. This might be due
to failure to trigger adequate response to apoptotic cells, as expression of mer tyro-
sine kinase (MERTK), a receptor that binds to apoptotic cells, has been shown to be
upregulated in SSc compared to controls [37]. Failure to remove apoptotic cells could

Autoantibodies Frequency Disease Clinical association
(%) subset

Anti-topoisomerase I (Topo I, ATA, 15-24 dcSSc Interstitial lung diseases

SCI-70) Cardiomyopathy

Renal crisis
Digital ulcers

Anti-RNA polymerase (anti-RNP) 4-20 dcSSc Esophageal involvement
Renal crisis
Calcinosis cutis
Malignancy
Myositis

Anti-centromere antibodies (ACA) 20-57.8 1cSSc Long-standing Raynaud’s
phenomenon
Pulmonary arterial hypertension

Anti-fibrillarin (anti-U3NP) 4-10 dcSSc Multiple skeletal manifestations
Renal crisis and cardiac
involvement
Anti-Th/To ribonucleoprotein 1-13 lcSSc Pulmonary fibrosis

Table 1.
Autoantibodies linked to Systemic Sclerosis and clinical association.

168



Role of Macrophages in Promoting Inflammation and Fibrosis in Systemic Sclerosis
DOI: http://dx.doi.org/10.5772/intechopen.1005524

also take place in germinal zones where macrophages might fail to clear autoreactive B
cells. Furthermore, polymorphisms in MHC class genes have been reported widely in
SSc [38]. It is possible that certain MHC class II variants lead to an increased affinity
for self-antigens, which together with macrophage activation due to vascular damage
leads to exposure of self-antigens, activating the adaptive immune system [39].
Another possible explanation is that vascular damage initiates macrophage
recruitment and activation. Macrophages secrete ROS and other pro-inflammatory
cytokines that could trigger oxidations of autoantigens, making them more suscep-
tible to binding to MHC class II or creating neoepitopes and triggering activation of
self-reactive T-cells and B-cells [40]. In addition, SSc plasma has elevated IL-6 and
other inflammatory mediators [41, 42] and SSc monocytes have been shown to secrete
elevated levels of B activator factor [43], which might combine to induce B and T cell
activation, altogether suggesting a role of macrophages in contributing towards auto-
immunity through T cell activation and promoting autoantibody formation in SSc.

2.2 Vasculopathy

The most frequent clinical manifestation of vascular damage in systemic sclerosis
is Raynaud’s phenomenon, which is one of the major criteria for the diagnosis of the
disease, alongside renal crisis and other vascular disease. It is thought that an initial
insult such as viral infection or exposure to toxins, triggers endothelial cell activation,
initiating the disease in genetically susceptible individuals. This, coupled to autoanti-
body driven endothelial cell dysfunction, leads to a vascular profile characteristic of
limited systemic sclerosis or in some patients triggering an early inflammatory profile
which can progress towards diffuse cutaneous system sclerosis [44]. Endothelial cell
apoptosis and altered expression of adhesion molecules and cytokines might lead
to the release of reactive oxygen species (ROS), resulting in continuous microvessel
damage [45]. Serum levels of vascular dysfunction markers have been shown to cor-
relate with the early stages of SSc [46]. ROS production and microvasculature damage
promote inflammation, leading to the recruitment of immune cells.

One possible explanation for monocyte activation mediated by autoantibodies
could be the release of topoisomerase I from apoptotic endothelial cells. This release
might be triggered by the initial vascular damage and inflammation characteristic of
the disease. Once released, topoisomerase I binds to heparin sulphate proteoglycans
and CCRY receptors expressed on the surface of fibroblasts. This binding event
recruits ATA, forming immunocomplexes (IC) that subsequently trigger monocyte
adhesion and activation [47]. Accumulation of apoptotic bodies, and ICs feeds
inflammation which in turn polarizes macrophages towards a pro-inflammatory phe-
notype. In SSc, FCGR3A positive monocytes and macrophages have been shown to be
expanded [48, 49]. These cells were reported to express higher inflammatory markers
(ERE, S100A8, and S100A9), and to be enriched for interferon signature genes. In
an SSc-related ILD study, a higher percentage of mixed M1/M2 macrophage subset
was found; specifically two populations expressing CD163+, D206+, TLR4+, CD80+,
CD86+ and either CD204+ or CD14+ were found in ATA positive SSc patients [50].
Further experiments need to be performed to assess whether the single cell popula-
tions and those previously reported using flow cytometry are the same, however, it
suggest a link between activated macrophages and organ fibrosis in the disease.

Monocytes patrol the blood vessels and transvasate to the tissue of injury where
they differentiate to monocyte-derived macrophages [51]. In SSc, CD52, an anti-
adhesion molecule, has been found to be decreased in monocytes. Decreased CD52
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expression was linked to enhancement of p2 integrin CD11b and CD18 complex
which was observed to be upregulated in SSc. Furthermore, an increased level of
VEGF165b, a VEGF isoform generated by alternative splicing in VEGF mRNA, has
been shown to be elevated in SSc skin [52]. In macrophages, binding of VEGF165b to
VEGFR-2 induces an antiangiogenic M1-like phenotype that directly impairs angio-
genesis [53]. It is possible that vascular damage and pro-inflammatory macrophage
activation occurs in a positive feedback loop failing to repair vasculature, leading
vascular leakage and ultimately to vascular remodeling. M1 macrophages thus feed
inflammation, and vascular damage. In an attempt to resolve inflammation, M2
macrophages secrete remodeling factors, including transforming growth factor beta
(TGF-), CCL2, IL-10 and clear debris. In SSc, genes for M1 and M2 macrophages
have been shown to be enriched, including CD68, COL6A1, CXCL1, CXCL2, HLA-
DRB4, IL6ST, PLAU, S100A8, SERPINE2, SERPINH1, and WDFY4 [54]. This dual
macrophage signature, could be due to the presence of both M1 and M2 populations,
failing in homeostasis, or a mixed M1/M2 signature where macrophages fail to polar-
ize towards a resolving phenotype. The mixture of macrophage factors will eventu-
ally lead to activation of fibroblasts and fibrosis.

2.3 Fibrosis

Organ fibrosis, reviewed in [55], is the distinguishing hallmark of SSc.
Successful wound repair that leads to localized scarring, is a transient, non-
chronic process that terminates via a resolution phase, leading to the rapid
restoration of local tissue integrity. However, continuing insult or inflamma-
tion results in persistently high levels of cytokines, growth factors and locally
destructive enzymes such as collagenases. This process leads to persistent fibrosis
and the replacement of normal tissue architecture with compact, mechanically
stressed, and rigid connective tissue. Fibrogenesis is characterized by excessive
ECM deposition, defective crosslinking, and poor ECM degradation. Fibroblasts
and myofibroblasts produce ECM components: collagen, fibronectin, elastin, and
matrix glycoproteins. These molecules interlink with each other, giving the ECM
its chemical and mechanical properties. In SSc, genetic and epigenetic variations
affecting fibroblast function and ECM protein expression, altering normal con-
nective tissue structure [56]. This is exacerbated by fibroblast to myofibroblast
differentiation introduced through ischaemia and local cytokine tissue environ-
ments. Additionally, the new pathogenic ECM in SSc is characterized by increased
stiffness, which triggers fibroblasts to myofibroblast differentiation in a positive
feedback loop via mechano-transduction [57].

As described previously, macrophages play a key role in promoting fibrosis; they
feed inflammation, leading to vascular leakage and promoting immune cell recruit-
ment, secrete pro-fibrotic mediators, activating fibroblasts, and respond to tissue
stiffness in a positive feedback loop. TGF is a pleiotropic cytokine known to activate
fibroblasts, induce endothelial-to-mesenchymal transition and enhance stem cell
recruitment. Wound-healing macrophages secrete growth factors such as TGFp,
platelet derived growth factor (PDGF), fibroblast growth factor (FGF), vascular
endothelial growth factor (VEGF) and insulin-like growth factor 1 (IGF-1), promot-
ing cellular proliferation, fibroblast differentiation to myofibroblast and angiogenesis
[58]. Nintedanib, a treatment licensed for interstitial lung disease in SSc, targets
tyrosine kinases inhibiting PDGF, FGF, VEGF andCSF1R, which in macrophages has
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been shown to decrease pro-inflammatory markers including CD204, CD206, CD163
and MERTK and to reduce TGFp secretion. Overall these data are indicating a poten-
tial role for macrophage-fibroblast activation through the secretion of TGFp, thus
promoting fibrosis [37].

Macrophages regulate wound healing by producing MMPs and tissue inhibitor of
metalloproteinases (TIMPs) controlling ECM turnover; they engulf and digest dead
cells, debris, and various ECM components. Activation by TGFp leads to the heterodi-
merization of TGFPRII with TGFPRI, which is also known as activin receptor-like
kinase 5 (ALK5). This interaction enables downstream canonical TGFp signaling. The
process involves the phosphorylation of SMAD2/3 and the translocation of phos-
phorylated SMAD2/3 to the nucleus, where it activates gene transcription. Research
has shown that the deletion of Alk5 in monocytes inhibits proinflammatory markers
while promoting anti-inflammatory macrophage markers.

Furthermore, macrophages engage in crosstalk with T and B cells to modulate
immune responses. Adaptive immune cells are linked to autoimmunity in SSc,

T cells and B cells interact with macrophages to exacerbate fibrosis. In mice, B

cell depletion using Rituximab, has been shown to decrease M2 polarization and
fibrosis and to be linked to decreased IL-6 production by B cells. T cells from SSc
have been shown to secrete elevated IL-4, which polarizes macrophages towards
an M2 pro-fibrotic phenotype. Similarly, T cell derived IL-4 has been shown to
increase GM-CSF secretion from B cells [59]. Furthermore, Th2 cytokines includ-
ing IL-4 and IL-13 have been shown to have increased levels in the serum of SSc
patients compared to controls [59]. These cytokines bind to the IL4Ra and IL13Ral
heterodimer Type II receptor. Receptor activation leads to downstream phosphory-
lation of STAT6 and subsequent transcription to the nucleus. Both STAT6 and
SMAD?2/3 signaling lead to M2 macrophage polarization and subsequent fibroblast
activation. Although further research is needed to elucidate crosstalk with the
adaptive immune system, there is evidence implicating this crosstalk in the patho-
genesis of the disease.

Under normal wound healing conditions, macrophages orchestrate clearance of
apoptotic cells and the regulation of fibroblast activation. In fact, a 3D co-culture
experiment using primary human macrophages and myofibroblast has shown a
decrease in myofibroblast activity dependent on the number of co-cultured macro-
phages [60], highlighting the essential role of healthy macrophages in modulating
fibrosis. In SSc, fibroblast differentiation into myofibroblast and the consequent
production of ECM products leads to tissue loss of function and tissue stiffness [1].
Macrophage activation in SSc contributes to fibrosis through the secretion of profi-
brotic mediators such as TGFp and matrix remodeling proteins [61]. Additionally,
CXCL10, CCL19 and CCL7 (MCP3) chemokines have been observed to be upregu-
lated in SSc, with CCL19 being expressed adjacent to CD163 macrophages [39]. In
addition, SSc macrophages have been shown to have an increased level of CCL2,
TGF-B, and IL-6 [54]. This increase is further exacerbated by autologous plasma
stimulation, indicating a possible systemic macrophage activation that might lead to
continuing macrophage induction. Furthermore, a higher proportion of CD163 and
CD204 positive macrophages have been reported in blood and skin biopsies from SSc
patients. This provides evidence for the recruitment of macrophages and monocytes
to the tissue in SSc. The phenotype of these macrophages seems to be disrupted; this
disruption is probably the end result of genetic and epigenetic modifications which
lead to silencing or overexpression of proteins mediating fibrosis. FLI1, a member of
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the Ets family of transcription factors, is expressed in endothelial cells, fibroblasts
and immune cells and has been reported to be decreased in SSc skin. FLI1 has been
identified as one of the factors orchestrating changes seen in SSc myeloid cells.
Depletion of FLI1 in myeloid cells has shown to induce CCL2 and CCL7 gene expres-
sion [62]. The depletion was also correlated with the upregulation of CXCL10, and
CXC11 chemokines and MMP12 and HMOX1, stress inducible protein. Furthermore,
macrophages from silenced FLI1 induced collagen production in vitro.

Accordingly, macrophage-directed fibroblast activation might be the result of
different pathways signaling cascades. A recent study has shown that CXCL4 mac-
rophage stimulation leads to an increase secretion of PDGF-B protein, which has
been shown to act on fibroblasts, inducing the expression of pro fibrotic and pro-
inflammatory cytokines. Furthermore, fibroblasts treated with macrophage culture
supernatants after CXCL4 activation have been shown to have an increased produc-
tion of collagen and fibronectin. Furthermore, co-culture of SSc macrophages and
fibroblast increased macrophage TNF/NF«B signaling and increased the expression
of interferon response and aSMA in fibroblasts [54]. Additionally, SSc macrophages-
fibroblast cocultures have been shown to induce expression of CCL2, IL-6, MMP1,
CCL5, CXCL10, G-CSF, and IL-1Ra [63]. In SSc, this regulation seems to be disrupted,
since macrophage secretion of IL-10 seemed to act in a paracrine way, inducing
myofibroblast differentiation. Fibroblast activation can feedback and further drive
macrophage activation. Exosomes from SSc fibroblast, have been shown to activate
macrophages increasing levels of IL-6, IL-10, IL-12p40 and TNF. This further
exacerbates fibrosis by activating fibroblasts and inducing collagen and fibronectin
deposition. In addition to paracrine stimulation, macrophage and fibroblasts crosstalk
might be due to cell-to cell contact. Cadherin, a transmembrane adhesion molecule
expressed in SSc skin macrophages, has been shown to create a contact bridge
between macrophages and fibroblasts and induce TGFp signaling between latent
TGFp-producing macrophages and myofibroblasts [64].

As a consequence of the alteration to matrix composition and myofibroblast hyper-
activation in SSc, stiffness of ECM increases dramatically at fibrotic niches. The young’s
modulus of the skin increases from 4 to 14 KPa in healthy controls to 50-80 KPa in
SSc patients in the forearm, chest and abdomen [65]. During wound healing, matrix
stiffness also increases due to the deposition of the provisional ECM. In rat models
of tissue fibrosis, the Young’s modulus of skin tissue increases from 1 to 4 KPa up to
20 KPa in granulation tissue. Taken together, these data implicate increased ECM
stiffness as a contributory factor in the failure of resolution in the pathogenesis of SSc
[66]. Mechanical properties of the ECM have been shown to affect cellular function.
Increased expression of MRTF signaling network associated with mechanosensing,
has been reported in skin from SSc patients [67]. Macrophages express MRTF-A and
are able to sense stiffness and adapt to the mechanical properties [68]. The response
to mechanical stimuli has been shown to play a role in cancer. A similar role of mac-
rophages and mechanosensing might feedback in SSc in response to fibrosis [69]. In
vitro mechanosensing properties of macrophages have been studied using hydrogels,
water-swollen fibrillary three-dimensional (3D) networks where collagen type I is the
major component. The adhesion of macrophages to soft ECM hydrogels has been shown
to inhibit inflammatory activation compared to adhesion to stiff glass or polystyrene
culture dishes (~GPa) and is dependent on RhoA kinase signaling [68]. MRTF-A isa
transcription factor downstream of RhoA signaling; its inhibition could affect stiffness
mediated macrophage pathogenesis in fibrosis and cancer. In fact, in macrophages,
MRTF-A, MRTF-B, and SRF regulate cytoskeletal gene expression programs and appear
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to promote macrophage function, with specificity for proinflammatory macrophages.
MRTF-A has also been found to recruit members of the H3K4 methylation complex of
inflammatory promoters and activate pro-inflammatory transcription [70].

3. CD206 macrophages as therapeutic targets

CD206 is a mannose scavenger receptor member of the group 6 C-type lectin
receptor family. It has eight cysteine-rich domains, which allow it to bind to gly-
cans, monosaccharides and fibronectin type II. It is expressed on the surface of
monocytes, macrophages, endothelial and dendritic cells and is encoded by the
MRC1 gene. It functions as a pattern recognition receptor, triggering immunity,
although it is not clear which domains or ligands trigger this response. The short
cytoplasmic C-terminal domain has a di-aromatic motif that regulates its clathrin-
dependent internalization and recycling [71]. Macrophages expressing CD206
have been shown to produce high levels of IL-10, IL-6, TNFa and TGFf1 and to
induce endocytosis. Genetic ablation of CD206 in mice leads to the accumulation
of multiple glycoproteins in plasma. In SSc, cells positive for CD86, CD163 and
CD206 have been shown to be increased in skin, heart and lung biopsy specimens,
and CD206 to be overexpressed in SSc monocytes [54, 72, 73]. A recent study using
RP832c, a therapeutic 10 amino acid peptide which targets CD206, has been shown
to repolarize macrophages from M2 to M1 signature, suggesting a role of CD206
in the profibrotic macrophage signature [74]. Using the bleomycin mouse model,
researchers showed a decrease in fibrosis when injecting RP-832c subcutaneously
[74]. Altogether, there is evidence of a potential therapeutic approach targeting
macrophages for the treatment of the disease. Further research during clinical trials
is needed to evaluate the safety and effectiveness of these approaches in modulating
fibrosis in patients (Figure 1).
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Schematic summary of proposed role for activated macrophages in promoting inflammatory fibrosis in SSc.
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4. Concluding remarks

This chapter has examined the intricate pathophysiology of SSc, a disease marked
by severe fibrosis, immune dysregulation, and extensive vascular damage leading
to significant clinical heterogeneity and morbidity. We have delineated the clinical
subsets of SSc, its global epidemiology, and the current therapeutic approaches,
emphasizing the complexity of its management. Particularly noteworthy is the role of
macrophages in SSc progression, suggesting that targeting macrophage differentia-
tion and function could offer new therapeutic avenues. The discussion on autoimmu-
nity and vasculopathy in SSc provides further insight into the potential mechanisms
driving the disease, presenting opportunities for innovative research aimed at
disrupting these processes.

As we look to the future, it is clear that advancing our understanding of the
cellular and molecular mechanisms underpinning SSc, especially the roles of macro-
phages and the specific autoantibodies involved, will be crucial. This could lead to the
development of more effective, targeted therapies that not only alleviate symptoms
but also potentially alter the disease course. Continued interdisciplinary research and
collaboration will be essential in tackling the complexities of SSc, with the ultimate
goal of enhancing patient outcomes and providing a framework for more personal-
ized treatment strategies.

Acronyms and abbreviations

ACA anti-centromere antibody

AECAs anti-endothelial antibodies

AHSCT autologous hematopoietic stem cell transplantation

ALK5 activin receptor-like kinase 5

anti-Th/To anti-RNAse p and mitochondrial RNAse ribonucleoprotein
complexes antibodies

anti-U3NP anti-U3-RNP/fibrillarin antibody

ARA anti-RNA polymerase III antibody

ATA anti-topoisomerase antibody

dcSSc difuse cutaneous systemic sclerosis

ECM exctracellular matrix

FGF fibroblast growth factor

IC immune complex

IGF-1 insulin-like growth factor 1

ILD interstitial lung disease

1cSSc localized cutaneous systemic sclerosis

MCP3 monocyte chemotactic protein 3

MERTK mer tyrosine kinase

MMPs matrix metalloproteinases

mRSS modified Rodnan skin score

MRTF-A myocardin related transcriptor factor a

PAH pulmonary arterial hypertension

PDGF platelet derived growth factor

PDGFR platelet derived growth factor receptor

ROS reactive oxygen species

RP Raynaud’s phenomenon
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