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Preface 

Macrophages occupy a central position within the immune system, at the intersection 
of defense, homeostasis, and tissue repair. Their remarkable plasticity enables them to 
adopt a variety of phenotypes, thereby responding to microenvironmental signals 
and contributing to both normal physiology and the pathogenesis of many diseases. 

Macrophages – Physiological and Pathological Hallmarks provides an in-depth synthesis 
of current knowledge about these key cells. It highlights their multiple roles, from 
phagocytosis and antigenic presentation to the fine regulation of inflammation and 
tissue remodeling processes. By bringing together perspectives from cell biology, 
immunology, and experimental medicine, this book highlights the crucial role of 
macrophages as dynamic actors in maintaining biological balance. 

This book is intended for researchers, clinicians, or students who wish to deepen their 
understanding of immune dynamics and the transitions between physiological and 
pathological states. Through this exploration, the reader will discover not only the 
functional diversity of macrophages but also their therapeutic potential, paving the 
way for new approaches in immunomodulation and personalized medicine. 

Soraya Mezouar and Jean-Louis Mege 
Aix-Marseille University, 

Marseille, France 
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Chapter 1

Introductory Chapter:  
Macrophage – A Spatiotemporal 
Orchestrator of Tissue Rheostasis 
and Maladaptive Subversion
Soraya Mezouar and Jean-Louis Mege

1. �Ontological diversity and the maintenance of the tissue niche

According to current macrophage biology, cellular identity is a developing feature 
of ontogenetic imprinting in conjunction with niche-instructive signaling [1]. 
According to current theories, yolk-sac and fetal liver progenitors produce successive 
embryonic waves that create tissue-resident macrophages [2]. These waves determine 
a foundational epigenetic landscape that goes beyond the conventional lineage versus 
environment dichotomy [3, 4]. Under homeostatic conditions, their strong capacity 
for self-renewal and longevity is controlled by a unique “ontogenetic memory” that is 
essentially independent of adult bone marrow hematopoiesis.

These embryonic lineages perform tasks that are essentially different from those 
of their transient, monocyte-derived counterparts and are crucial for extracellular 
matrix patterning and structural morphogenesis [3]. Therefore, the ability of these 
cells to maintain organ-specific rheostasis through a precisely calibrated oscillation 
between interstitial surveillance and reparative intervention while balancing real-
time metabolic sensing with their ancestral developmental program is a defining 
characteristic [5]. The execution of essential physiological functions, particularly 
the preservation of tissue cleanliness and metabolic balance, is made possible by this 
ontological and developmental basis.

2. �Physiological hallmarks: Efferocytosis and metabolic fitness

The macrophage’s function as the major protector of tissue rheostasis, preserving
local homeostasis by constant interstitial environment monitoring, further defines 
its physiological character. According to recent studies, macrophages are no longer 
passive scavengers but rather dynamic rheostat nodes.

Efferocytosis, which is crucial for stopping subsequent necrosis and the collapse 
of self-tolerance, lies at the heart of this stewardship. Efferocytosis, once thought 
to be the last stage of elimination, is now understood to be a highly instructional 
signaling event that actively reprograms the macrophage to maintain a resolutive 
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phenotype [6]. This functional ability is inextricably linked to the bioenergetics of 
mitochondria. A “mitochondrial flick”, a quick response involving calcium absorp-
tion and dynamic fission, is triggered by the swallowing of apoptotic cargo, maxi-
mizing the cell’s ATP generation for successive engulfment cycles [7].

Beyond clearance, macrophages function as systemic metabolic sensors that 
integrate nutritional cues to regulate iron and lipid sequestration, protecting the 
tissue from lipotoxicity and oxidative damage [2]. In this context, metabolic stew-
ardship is extremely spatiotemporal; macrophages act as “metabolic checkpoints” 
to protect organ function against fluctuating systemic demands by modifying their 
intracellular flux through glutaminolysis and the hexosamine biosynthesis pathway. 
However, when exposed to ongoing pathogenic stresses, the very plasticity that for 
such complex homeostatic care also makes macrophages susceptible to maladaptive 
reprogramming.

3. �Pathological hallmarks: Epigenetic scarring and immune evasion

Recent research has focused on the critical function of macrophages across the 
spectrum of cancer and fibro-inflammatory illnesses, demonstrating their ability to 
control clinical outcomes by disrupting their homeostatic routines.

Persistent fibro-inflammatory states are caused by the “maladaptive reprogram-
ming” of macrophages, in which fleeting inflammatory reactions fail to dissipate. By 
secreting ligands that encourage abnormal collagen deposition and myofibroblast 
activation, macrophages in chronic fibrosis undergo significant epigenetic remodeling 
that sustains a pro-fibrotic phenotype [2].

In the malignant environment, when macrophages are appropriated to redefine 
the immunological limits of the tumor, this failure of homeostatic resolution and 
the ensuing loss of niche fidelity are just as important as in organ fibrosis. Tumor-
associated macrophages use their innate plasticity to adopt an immunosuppressive 
profile, thereby actively reducing T-cell-mediated anti-tumor immunity [8, 9]. 
This state is made worse by “metabolic competition,” in which macrophages eat 
local glucose and glutamine, depriving effector cells and encouraging tumor 
growth [10].

4. �Concluding perspectives: Synthetic immunology and repolarization

The latest frontier in macrophage biology is reversing these harmful traits by syn-
thetic engineering. The creation of chimeric antigen receptor macrophages (CAR-M), 
which enable the “re-education” of the immunosuppressive TME and the targeted 
phagocytosis of solid tumors, has enabled a major paradigm change in immuno-
therapy [11]. Understanding the spatiotemporal logic of macrophage activation would 
be necessary to develop precision treatments that restore homeostatic fidelity [12]. In 
conclusion, the macrophage’s dual role as a protector of tissue rheostasis and a catalyst 
for pathological divergence makes it the ideal target for both diagnosis and treatment 
in the upcoming generation of precision medicine.
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Chapter 2

The Physiological and Pathological 
Characteristics of Macrophages
Yan Chen and Teng Li

Abstract

Macrophages, derived from monocytes, are multifunctional immune cells widely 
distributed in various tissues, playing crucial roles in both physiological functions and 
pathological processes within the body. They are integral to the immune defense of 
the body, participating in the detection and elimination of pathogens, the resolution 
of inflammation, and the maintenance of tissue homeostasis. This chapter provides 
an overview of the fundamental physiological characteristics of macrophages, includ-
ing their origins, functions, and roles in immune responses. Furthermore, it delves 
into the modifications of macrophages in diverse pathological scenarios, encom-
passing inflammation, tumorigenesis, and autoimmune disorders. Recent research 
findings have uncovered the remarkable ability of macrophages to efficiently extract 
nutrients from dead bacteria, a process that could be harnessed for therapeutic appli-
cations. This chapter delves into the dual roles of macrophages in maintaining health 
and combating disease, emphasizing the significance of understanding their dynamic 
behaviors for innovative treatment strategies.

Keywords: macrophages, physiological characteristics, pathological changes, immune 
response, inflammation, tumors, autoimmune diseases

1. �Introduction

Macrophages are multifunctional immune cells that originate from monocytes
and are widely distributed across various tissues. They play pivotal roles in both 
physiological and pathological processes, being integral to the immune defense of the 
body. They participate in the detection and elimination of pathogens, the resolution 
of inflammation, and the maintenance of tissue homeostasis. In recent years, research 
has illuminated the complex dynamics of macrophage function, revealing that their 
roles can shift dramatically in response to environmental cues, leading to distinct 
phenotypic and functional states. This plasticity highlights their importance in health 
and disease, as dysregulated macrophage activity is implicated in a variety of condi-
tions, including chronic inflammation, cancer, and cardiovascular diseases [1].

The physiological functions of macrophages extend beyond immune surveillance; 
they are also crucial in tissue repair and remodeling. Macrophages aid in wound 
healing processes by eliminating cellular debris and secreting growth factors essential 
for tissue regeneration. For instance, in the context of cardiac health, resident mac-
rophages in the heart are crucial for angiogenesis, the removal of apoptotic cells, and 
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the maintenance of cardiac function [2]. Studies have shown that these macrophages 
actively clear apoptotic cardiomyocytes through a process known as efferocytosis, 
which is essential for inflammation resolution and tissue repair. Additionally, mac-
rophages contribute to cardiac repair after myocardial infarction by promoting the 
clearance and degradation of apoptotic cells, as evidenced by the identification of 
legumain (Lgmn) as a key mediator in this process. Furthermore, macrophages play a 
significant role in the heart’s electrical conduction system, with their presence being 
vital for preventing fibrosis and stimulating angiogenesis, thereby maintaining car-
diac function. However, when faced with pathological conditions, such as infection 
or injury, macrophages can adopt a pro-inflammatory M1 phenotype, which, if not 
properly regulated, can lead to excessive inflammation and subsequent tissue damage. 
This duality of function highlights the importance of understanding the regulatory 
mechanisms that govern macrophage behavior in various contexts [3].

Recent studies have also highlighted the role of macrophages in metabolic regula-
tion, particularly in the context of obesity and metabolic syndrome. Adipose tissue 
macrophages (ATMs) have been shown to play a pivotal role in systemic metabolism 
by secreting pro-inflammatory cytokines, which contribute to insulin resistance and 
other metabolic disorders [4]. Studies have demonstrated that macrophage UBE2M 
is crucial for obesity-induced inflammation, and the molecular mechanism involv-
ing CD146 promotes inflammatory polarization of ATMs, further highlighting their 
impact on metabolic responses to obesity. The interplay between macrophages and 
metabolic pathways underscores their central role in linking immune responses with 
metabolic health, suggesting that targeting macrophage function could be a viable 
therapeutic strategy for metabolic diseases [5].

Furthermore, the pathological characteristics of macrophages have attracted con-
siderable attention within the oncology field. Tumor-associated macrophages (TAMs) 
display a distinct phenotype that promotes tumor growth, invasion, and metastasis. 
These cells can establish an immunosuppressive microenvironment that aids in cancer 
progression and resistance to treatment [6]. Comprehending the mechanisms behind 

Figure 1. 
The physiological and pathological role of macrophages.
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macrophage polarization within tumors is essential for the development of effective 
immunotherapies that aim to reprogram TAMs into anti-tumor phenotypes [3].

In addition to their roles in cancer and metabolic diseases, macrophages are also 
critical players in the pathogenesis of autoimmune diseases and chronic inflammatory 
conditions. For instance, in rheumatoid arthritis, macrophages contribute to joint 
inflammation and damage by producing inflammatory mediators and interacting 
with other immune cells [7]. The complex interactions between macrophages and 
other cells within the immune system underscore the necessity for a comprehensive 
understanding of macrophage biology to inform therapeutic strategies aimed at 
modulating their activity in various disease states [8].

In summary, macrophages are essential components of the immune system, with 
diverse roles that span from immune defense to tissue repair and metabolic regula-
tion. Their ability to adapt to various physiological and pathological environments 
makes them a focal point of research aimed at understanding disease mechanisms and 
developing targeted therapies. Continued exploration of macrophage biology is vital 
for uncovering new therapeutic opportunities that could improve outcomes in a range 
of diseases, from chronic inflammatory conditions to cancer (Figure 1) [9].

2. �Main text

2.1 Macrophage origin and classification

2.1.1 Developmental process of macrophages

Macrophages originate from distinct hematopoietic progenitor cells during embry-
onic development and throughout life. Initially, they arise from yolk sac progenitors 
in the embryo, which give rise to primitive macrophages that populate various tissues. 
This early wave of macrophages is crucial for establishing tissue homeostasis and 
immune surveillance. As development progresses, definitive hematopoiesis occurs in 
the fetal liver and later in the bone marrow, leading to the generation of monocytes 
that migrate into tissues and differentiate into macrophages. This process is tightly 
regulated by various cytokines and transcription factors, such as colony-stimulating 
factor 1 (CSF1) and its receptor (CSF1R), which play vital roles in monocyte sur-
vival, proliferation, and differentiation into macrophages [6]. Recent studies have 
highlighted the plasticity of macrophages, demonstrating that they can adapt their 
phenotype and function in response to environmental cues, which is essential for 
their roles in both homeostasis and disease [1].

2.1.2 Classification and functions of macrophages

Macrophages can be broadly classified into two main categories based on their 
activation states: M1 (classically activated) and M2 (alternatively activated) macro-
phages. M1 macrophages are typically associated with pro-inflammatory responses, 
producing cytokines such as TNF-α and IL-6, and are crucial for combating infec-
tions and facilitating tissue damage repair. In contrast, M2 macrophages are linked to 
anti-inflammatory responses, promoting tissue repair and remodeling by secreting 
anti-inflammatory cytokines like IL-10 and TGF-β [10]. This classification, however, 
is an oversimplification, as macrophages exhibit a spectrum of functional phenotypes 
influenced by their microenvironment. For instance, tumor-associated macrophages 
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(TAMs) display a unique phenotype that supports tumor growth and metastasis, 
highlighting the importance of context in macrophage function [11]. Understanding 
the diverse roles of macrophages in various physiological and pathological conditions 
is crucial for developing targeted therapies aimed at modulating their activity in 
diseases such as cancer and chronic inflammatory disorders [12].

2.1.3 Phenotypic characteristics of macrophages

Macrophages display a remarkable degree of heterogeneity in their phenotypic 
characteristics, which can be evaluated using various markers and functional assays. 
Surface markers such as CD68, CD163, and MHC class II are commonly utilized 
to identify macrophage populations and their activation states. For instance, M1 
macrophages typically express high levels of CD80 and low levels of CD206, whereas 
M2 macrophages exhibit the opposite pattern [6]. Furthermore, metabolic profiling 
has uncovered distinct metabolic pathways associated with different macrophage 
phenotypes, with M1 macrophages favoring glycolysis and M2 macrophages showing 
enhanced oxidative phosphorylation [13]. The plasticity of macrophages enables them 
to swiftly adapt to environmental changes, a crucial aspect of their roles in immune 
responses and tissue homeostasis. Recent advances in single-cell transcriptomics have 
further clarified the complexity of macrophage phenotypes, revealing subpopulations 
with unique transcriptional profiles that correspond to specific functional outcomes 
in health and disease [6]. This ongoing research highlights the necessity for a nuanced 
comprehension of macrophage biology to guide therapeutic strategies targeting these 
adaptable immune cells.

2.2 Macrophages in physiological processes

2.2.1 Immune surveillance and pathogen clearance

Macrophages play a pivotal role in immune surveillance, acting as the first line 
of defense against pathogens. They are equipped with various pattern recognition 
receptors (PRRs) that enable them to detect pathogen-associated molecular patterns 
(PAMPs) and danger-associated molecular patterns (DAMPs). Upon recognition, 
macrophages initiate pro-inflammatory responses by secreting cytokines and chemo-
kines, which recruit additional immune cells to the site of infection. This process is 
crucial for the containment and elimination of pathogens. Furthermore, macrophages 
can polarize into distinct phenotypes, primarily M1 (pro-inflammatory) and M2 
(anti-inflammatory), which dictate their functional outcomes. M1 macrophages are 
associated with the clearance of intracellular pathogens and the activation of T cells, 
while M2 macrophages facilitate tissue repair and resolution of inflammation. Recent 
studies have highlighted the importance of macrophage metabolism in modulating 
their immune functions, where metabolic reprogramming influences their polariza-
tion and effector functions during immune responses [1, 10]. This metabolic flex-
ibility allows macrophages to adapt to varying microenvironments and maintain 
homeostasis while effectively responding to infections.

2.2.2 Tissue repair and regeneration

Macrophages play a crucial role in tissue repair and regeneration, in addition 
to their function in immune defense. Following injury, they are recruited to the 
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damaged area where they manage the healing process through a series of well-
coordinated actions. Macrophages clear apoptotic cells and debris via efferocytosis, a 
process essential for preventing chronic inflammation and promoting tissue regenera-
tion. They also secrete various growth factors and cytokines, including transforming 
growth factor-beta (TGF-β) and vascular endothelial growth factor (VEGF), which 
are vital for angiogenesis and the recruitment of progenitor cells to the injury site 
[3, 9]. The balance between M1 and M2 macrophage polarization is critical during 
the healing process; M1 macrophages promote inflammation and pathogen clearance, 
whereas M2 macrophages facilitate tissue repair and remodeling. Dysregulation of 
macrophage function can result in impaired healing and chronic wounds, underscor-
ing the importance of understanding macrophage biology to develop therapeutic 
strategies for enhancing tissue regeneration [14, 15].

2.2.3 Metabolic regulation and homeostasis maintenance

Macrophages are significant not only as immune cells but also in metabolic regula-
tion and the maintenance of tissue homeostasis. They are involved in the regulation 
of energy metabolism, influencing processes such as glucose homeostasis and lipid 
metabolism. In adipose tissue, macrophages can adopt different phenotypes in 
response to the tissue’s metabolic state. For example, in obesity, the accumulation of 
pro-inflammatory M1 macrophages contributes to insulin resistance and metabolic 
dysfunction, while M2 macrophages promote anti-inflammatory responses and tissue 
repair [5, 16]. The interaction between macrophages and other cell types, such as adi-
pocytes and myocytes, is essential for maintaining metabolic balance. Furthermore, 
macrophages can impact systemic metabolism by secreting adipokines and cytokines, 
which can affect insulin sensitivity and energy expenditure. Understanding the meta-
bolic functions of macrophages reveals new opportunities for therapeutic interven-
tions in metabolic disorders, highlighting their role as key players in both immune and 
metabolic homeostasis [17, 18].

2.3 The role of macrophages in inflammation

2.3.1 Acute inflammatory response

Macrophages are essential players in the acute inflammatory response, serving as 
the first line of defense against pathogens and tissue injury. Upon detecting harmful 
stimuli, such as pathogens or damaged cells, macrophages rapidly migrate to the 
site of injury, where they perform several critical functions. They recognize patho-
gens through pattern recognition receptors (PRRs), which leads to the activation 
of pro-inflammatory signaling pathways. This, in turn, results in the production 
and release of cytokines and chemokines. These signaling molecules recruit addi-
tional immune cells, such as neutrophils, to the site of inflammation, amplifying 
the inflammatory response [19]. Furthermore, macrophages exhibit remarkable 
plasticity, allowing them to polarize into distinct phenotypes, primarily the M1 
(pro-inflammatory) and M2 (anti-inflammatory) macrophages. M1 macrophages 
are characterized by their ability to produce pro-inflammatory cytokines such as 
TNF-α, IL-1β, and IL-6, which are crucial for pathogen clearance and the initiation 
of tissue repair processes [3]. However, the prolonged activation of M1 macrophages 
can lead to tissue damage and contribute to chronic inflammatory conditions if 
not properly regulated. Thus, the timely resolution of acute inflammation is vital, 
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and macrophages play a pivotal role in this process by transitioning from a pro-
inflammatory to an anti-inflammatory phenotype, facilitating tissue repair and 
homeostasis [20].

2.3.2 Chronic inflammation and its mechanisms

Chronic inflammation is characterized by the persistent activation of the immune 
response, often due to unresolved acute inflammation, autoimmune diseases, or chronic 
infections. In this context, macrophages undergo a shift in their functional phenotype, 
often becoming pro-inflammatory M1 macrophages that secrete a variety of inflamma-
tory mediators, perpetuating the inflammatory cycle [21]. The mechanisms underlying 
this transition involve a complex interplay of signaling pathways, including the NF-κB 
and MAPK pathways, which are activated by various stimuli, including cytokines and 
pathogen-associated molecular patterns (PAMPs) [22]. Furthermore, the metabolic 
reprogramming of macrophages plays a crucial role in their polarization and function 
during chronic inflammation. For instance, the shift toward aerobic glycolysis in M1 
macrophages supports their inflammatory functions, while M2 macrophages rely more 
on oxidative phosphorylation and fatty acid oxidation for their anti-inflammatory roles 
[20]. The accumulation of pro-inflammatory macrophages in tissues can lead to the 
development of various chronic inflammatory diseases, including rheumatoid arthritis, 
inflammatory bowel disease, and cardiovascular diseases, highlighting the need for 
targeted therapies that can modulate macrophage polarization and function [3].

2.3.3 Impact of inflammation-related diseases

The dysregulation of macrophage function during inflammation plays a significant 
role in the pathology of various diseases. For example, in cardiovascular diseases, 
activated macrophages infiltrate atherosclerotic plaques, contributing to plaque insta-
bility and the progression of atherosclerosis through the release of pro-inflammatory 
cytokines and matrix metalloproteinases [2]. Similarly, in cancer, tumor-associated 
macrophages (TAMs) can adopt an M2-like phenotype that supports tumor growth and 
metastasis by promoting angiogenesis and suppressing anti-tumor immune responses 
[12]. The presence of pro-inflammatory macrophages in chronic inflammatory diseases 
not only exacerbates tissue damage but also creates a microenvironment conducive to 
tumor development and progression [23]. Furthermore, the therapeutic targeting of 
macrophage polarization has emerged as a promising strategy for treating inflamma-
tion-related diseases. For instance, the modulation of macrophage activity through the 
use of small molecules, monoclonal antibodies, or gene therapy could potentially restore 
the balance between pro-inflammatory and anti-inflammatory macrophages, thereby 
alleviating disease symptoms and improving patient outcomes [3]. In conclusion, 
understanding the multifaceted roles of macrophages in inflammation is crucial for 
developing effective therapeutic strategies for a wide range of inflammatory diseases.

2.4 Macrophages and the tumor microenvironment

2.4.1 Characteristics of tumor-associated macrophages

Tumor-associated macrophages (TAMs) constitute a heterogeneous population of 
immune cells that are pivotal in the tumor microenvironment (TME). They exhibit 
remarkable plasticity, with functional states ranging from pro-inflammatory (M1) to 
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anti-inflammatory (M2) phenotypes. The M1 phenotype is generally associated with 
anti-tumor immunity, characterized by the production of pro-inflammatory cyto-
kines and antigen presentation capabilities, whereas the M2 phenotype is linked to 
tumor progression, promoting angiogenesis, tissue remodeling, and immunosuppres-
sion [24, 25]. This functional dichotomy is influenced by various factors within the 
TME, such as cytokines, growth factors, and metabolic signals. For example, hypoxic 
conditions within tumors can drive TAMs toward an M2-like phenotype, thereby aid-
ing tumor growth and metastasis [26]. Furthermore, TAMs can be categorized based 
on their origin, with some originating from circulating monocytes and others from 
tissue-resident macrophages, which contributes to their functional diversity [27]. 
The interaction between TAMs and other components of the TME, such as cancer 
cells, fibroblasts, and the extracellular matrix, highlights their central role in shaping 
tumor biology and affecting therapeutic outcomes [28, 29].

2.4.2 Role of macrophages in tumor progression

Macrophages significantly influence tumor progression through various mecha-
nisms, including modulation of immune responses, promotion of angiogenesis, and 
facilitation of metastasis. Within the TME, TAMs secrete a multitude of cytokines 
and growth factors that support tumor cell proliferation and create an immunosup-
pressive environment, hindering effective anti-tumor immune responses [25, 30]. 
For instance, TAMs produce vascular endothelial growth factor (VEGF) and other 
angiogenic factors that enhance blood vessel formation, supplying tumors with 
essential nutrients and oxygen. Additionally, TAMs can promote epithelial-to-mesen-
chymal transition (EMT) in cancer cells, a critical process for metastasis, by releasing 
transforming growth factor-beta (TGF-β) and other signaling molecules [28]. The 
presence of TAMs has been associated with poor prognosis in various cancers, includ-
ing hepatocellular carcinoma and colorectal cancer, underscoring their role as key 
contributors to tumor aggressiveness and therapeutic resistance [29, 31]. Therefore, 
targeting TAMs to shift their function from pro-tumoral to anti-tumoral phenotypes 
represents a promising therapeutic approach in cancer treatment.

2.4.3 Targeting macrophages in immunotherapy

Considering the critical role of tumor-associated macrophages (TAMs) in tumor 
progression and immune evasion, they have become attractive targets for immuno-
therapy. Various strategies are being explored to modulate TAM function, including 
the use of small molecules, antibodies, and gene-editing technologies to reprogram 
macrophages toward an M1 phenotype [25, 30]. For example, therapies that inhibit the 
signaling pathways driving M2 polarization, such as the inhibition of IL-4 or IL-10, have 
shown promise in preclinical models [24]. Additionally, the use of checkpoint inhibitors 
has been investigated to enhance the anti-tumor activity of macrophages by reversing 
their immunosuppressive states [32]. Another innovative approach involves the use of 
nanoparticles or exosomes engineered to deliver therapeutic agents specifically to TAMs, 
thereby enhancing the efficacy of existing treatments [25, 28]. Clinical trials targeting 
TAMs are ongoing, and preliminary results indicate potential benefits when combined 
with traditional therapies, suggesting that a multifaceted approach to modulate the 
tumor microenvironment (TME) could improve patient outcomes in cancer therapy 
[31]. Overall, understanding the complex interactions between macrophages and the 
TME is essential for developing effective immunotherapeutic strategies against cancer.
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2.5 The role of macrophages in autoimmune diseases

2.5.1 Pathological mechanisms of autoimmune diseases

Autoimmune diseases arise from a breakdown in immune tolerance mechanisms, 
leading to inappropriate immune responses to self-antigens. The core of these diseases’ 
pathology is the dysregulation of immune cell functions, with macrophages playing a 
central role. As pivotal players in the immune system, macrophages can adopt vari-
ous activation states that significantly influence their role in autoimmune pathology. 
In conditions such as rheumatoid arthritis and multiple sclerosis, macrophages are 
attracted to sites of inflammation where they can perpetuate tissue damage by releas-
ing pro-inflammatory cytokines and mediators. The activation of macrophages is 
often triggered by the detection of self-antigens through pattern recognition receptors 
(PRRs), which can lead to the production of inflammatory mediators that exacerbate 
tissue injury and promote further immune cell recruitment [33, 34]. Additionally, the 
interaction between macrophages and other immune cells, such as T cells, can amplify 
the autoimmune response, creating a vicious cycle of inflammation and damage. This 
intricate interplay highlights the need for a deeper understanding of the cellular and 
molecular mechanisms that govern macrophage activation in autoimmune diseases, as 
it may uncover new therapeutic targets for restoring immune balance.

2.5.2 Dysfunction of macrophages

Macrophage dysfunction is a characteristic feature of autoimmune diseases, 
marked by altered polarization states and impaired efferocytosis. In autoimmune 
conditions, macrophages may become biased toward a pro-inflammatory phenotype 
(M1), which is associated with the production of inflammatory cytokines such as 
TNF-α and IL-6, further driving the inflammatory response [35, 36]. This shift in 
macrophage function not only contributes to local tissue damage but also disrupts 
systemic immune regulation, resulting in a failure to resolve inflammation. Moreover, 
defective efferocytosis—the process by which macrophages clear apoptotic cells—can 
exacerbate inflammation and autoimmunity. When apoptotic cells are not efficiently 
cleared, they can release autoantigens that further stimulate the immune response, 
perpetuating the cycle of inflammation and tissue damage [34, 37]. Understanding 
macrophage polarization and its implications in autoimmune diseases is crucial, as 
targeting these pathways may offer therapeutic avenues to restore macrophage func-
tion and mitigate disease progression.

2.5.3 Research progress in therapeutic interventions

Recent advances in therapeutic targeting of macrophages in autoimmune dis-
eases have shown promising potential. Strategies aimed at modulating macrophage 
polarization, enhancing efferocytosis, and inhibiting pro-inflammatory pathways 
are being investigated. For example, the use of biologics targeting specific cytokines 
produced by activated macrophages, such as TNF-α inhibitors, has shown efficacy in 
conditions like rheumatoid arthritis [34, 38]. Additionally, emerging research on the 
role of long noncoding RNAs (lncRNAs) in regulating macrophage function suggests 
that these molecules could serve as novel therapeutic targets to modulate macrophage 
responses in autoimmune diseases [39]. Furthermore, the exploration of extracel-
lular vesicles derived from macrophages as potential therapeutic agents is gaining 
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momentum, as these vesicles can carry anti-inflammatory signals and promote tissue 
repair [40]. Overall, ongoing research into the multifaceted roles of macrophages in 
autoimmune diseases underscores the importance of developing targeted therapies 
that can effectively restore immune homeostasis and alleviate disease symptoms.

2.6 Macrophage signaling pathways

2.6.1 The role of cytokines and receptors

Cytokines and their receptors are crucial in the signaling pathways that control 
macrophage function and polarization. Macrophages possess a range of receptors that 
enable them to respond to cytokines, which are essential for initiating and modulat-
ing immune responses. For example, the interaction of cytokines like Interleukin-6 
(IL-6) with its receptor can result in various outcomes, depending on the activated 
signaling pathways. IL-6 can trigger classic signaling via membrane-bound receptors 
and trans-signaling through soluble receptors, leading to either pro-inflammatory 
or anti-inflammatory responses [41]. The complexity of these interactions is fur-
ther emphasized by the presence of various pattern recognition receptors (PRRs), 
macrophages are able to detect pathogens and tissue damage. These receptors, which 
include Toll-like receptors (TLRs), activate intracellular pathways such as NF-κB 
and MAPK, which are vital for the production of pro-inflammatory cytokines and 
chemokines [42]. Additionally, the balance between pro-inflammatory (M1) and 
anti-inflammatory (M2) macrophage polarization is significantly affected by the 
cytokine environment. For example, TNF-α and IL-1β are pivotal in promoting M1 
polarization, whereas IL-4 and IL-10 support M2 polarization, underscoring the 
critical role of cytokines in shaping macrophage destiny and function in both health 
and disease [25, 43]. Comprehending these signaling dynamics is fundamental for the 
development of targeted therapies aimed at adjusting macrophage activity in various 
diseases, including autoimmune conditions and cancer.

2.6.2 Regulation of signaling pathways

The regulation of macrophage signaling pathways is a complex and dynamic 
process that involves various intracellular mechanisms. Key signaling pathways, such 
as the NF-κB, JAK/STAT, and MAPK pathways, are crucial for mediating macrophage 
responses to cytokines and other stimuli. For instance, the NF-κB pathway is acti-
vated upon engagement of PRRs by pathogens or cytokines, leading to the transcrip-
tion of pro-inflammatory genes [43]. This pathway’s regulation is tightly controlled 
by various feedback mechanisms, including the action of negative regulators such 
as IκB proteins, which sequester NF-κB in the cytoplasm. Additionally, the JAK/
STAT pathway, particularly STAT3, plays a significant role in mediating the effects of 
IL-6 and IL-10, promoting anti-inflammatory responses and M2 polarization [41]. 
Furthermore, metabolic reprogramming within macrophages is increasingly recog-
nized as a regulatory mechanism that influences signaling pathways. For example, 
the metabolic shift from oxidative phosphorylation to glycolysis in M1 macrophages 
enhances their inflammatory capabilities, while M2 macrophages exhibit increased 
oxidative metabolism, supporting tissue repair and resolution of inflammation [42]. 
This interplay between metabolic state and signaling pathways highlights potential 
therapeutic targets for modulating macrophage function in various diseases, includ-
ing chronic inflammatory conditions and cancer.
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2.6.3 Metabolic reprogramming and functional regulation

Metabolic reprogramming is a critical aspect of macrophage activation and func-
tion, influencing their roles in both homeostasis and disease. When macrophages 
encounter pathogens or inflammatory signals, they undergo metabolic shifts that 
enable them to meet the energy demands of their activated state. M1 macrophages 
typically exhibit increased glycolysis and lactate production, which supports rapid 
proliferation and the synthesis of pro-inflammatory mediators [42, 43]. In contrast, 
M2 macrophages favor oxidative phosphorylation and fatty acid oxidation, reflecting 
their role in tissue repair and anti-inflammatory responses. This metabolic plasticity 
is regulated by various signaling pathways, including AMPK and mTOR, which sense 
changes in nutrient availability and energy status [42]. Moreover, recent studies have 
identified specific metabolites, such as succinate and itaconate, that can modulate 
macrophage signaling and function, further emphasizing the importance of meta-
bolic pathways in shaping immune responses [42]. The understanding of how meta-
bolic reprogramming influences macrophage polarization and function opens new 
avenues for therapeutic interventions aimed at modulating macrophage activity in 
diseases characterized by chronic inflammation, such as obesity, diabetes, and cancer. 
By targeting metabolic pathways, it may be possible to enhance the resolution of 
inflammation or promote the anti-tumor activities of macrophages, thereby improv-
ing clinical outcomes in various pathological conditions.

2.7 Macrophage cross-species research

2.7.1 Research progress in mouse models

Mouse models have been pivotal in advancing our understanding of macrophage 
biology, particularly in the context of both physiological and pathological processes. 
These models allow researchers to manipulate genetic and environmental variables to 
observe changes in macrophage behavior and function. For instance, studies utilizing 
genetically modified mice have elucidated the roles of specific genes in macrophage 
activation and polarization. One notable advancement is the use of transgenic mouse 
models that express fluorescent markers in macrophages, enabling real-time visual-
ization of these cells during inflammatory responses. This has facilitated the investi-
gation of macrophage dynamics in various disease models, such as atherosclerosis and 
cancer. The application of advanced imaging techniques, including intravital micros-
copy, has provided insights into the interactions between macrophages and other cell 
types within live tissues. For instance, researchers have shown that macrophages can 
directly affect the behavior of tumor cells, promoting either tumor progression or 
regression depending on their polarization state. Additionally, the use of mouse mod-
els has enabled the testing of novel therapeutic approaches targeting macrophages, 
such as modulating their polarization through pharmacological agents or genetic 
interventions. Overall, mouse models remain an invaluable tool for unraveling the 
complex biology of macrophages and their roles in health and disease [44, 45].

2.7.2 Characteristics of human macrophages

Human macrophages exhibit a significant degree of heterogeneity, influenced 
by their tissue microenvironment and the specific signals they encounter. Unlike 
mouse macrophages, which are often studied in isolation, human macrophages exist 
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within a complex network of interactions with other immune and non-immune 
cells. This complexity is particularly evident in tissues such as the lungs and liver, 
where macrophages play critical roles in maintaining homeostasis and responding to 
injury. Human macrophages can be broadly categorized into pro-inflammatory M1 
and anti-inflammatory M2 phenotypes, each characterized by distinct functional 
capabilities and metabolic profiles. Recent studies have emphasized the importance 
of macrophage plasticity, demonstrating that these cells can rapidly switch between 
phenotypes in response to changing environmental cues. For example, in the context 
of chronic diseases such as obesity and diabetes, macrophages in adipose tissue can 
adopt a pro-inflammatory state that contributes to insulin resistance. Conversely, dur-
ing tissue repair, macrophages may shift toward an M2 phenotype to promote healing 
and resolution of inflammation. Furthermore, the study of human macrophages 
has uncovered unique surface markers and secretory profiles that distinguish them 
from their murine counterparts, underscoring the necessity of using human models 
to accurately reflect macrophage behavior in clinical settings. This understanding is 
crucial for developing targeted therapies aimed at modulating macrophage function 
in various diseases [46, 47].

2.7.3 Significance of comparative studies

Comparative studies between human and mouse macrophages are essential for 
translating preclinical findings into clinical applications. These studies not only high-
light the similarities and differences in macrophage biology across species but also 
inform the development of more effective therapeutic strategies. For example, while 
mouse models have provided significant insights into the mechanisms of macrophage 
activation and polarization, discrepancies in macrophage responses between spe-
cies can complicate the prediction of human outcomes. This is particularly relevant 
in the context of drug development, where therapies that are effective in mouse 
models may not produce the same results in human patients. Comparative research 
has also revealed that certain signaling pathways and regulatory mechanisms may be 
conserved across species, while others may be uniquely adapted to human physiol-
ogy. Understanding these nuances is crucial for identifying potential therapeutic 
targets that can be effectively manipulated in humans. Moreover, the integration of 
advanced technologies such as single-cell RNA sequencing and mass spectrometry 
in comparative studies has enhanced our ability to dissect the functional diversity 
of macrophages at an unprecedented resolution. This knowledge not only advances 
our understanding of macrophage biology but also paves the way for innovative 
approaches to treat diseases characterized by macrophage dysfunction, such as cancer 
and autoimmune disorders [48, 49].

2.8 The therapeutic potential of macrophages

2.8.1 Macrophages as drug targets

Macrophages have emerged as significant therapeutic targets due to their pivotal 
role in various physiological and pathological processes. Their ability to adopt distinct 
functional phenotypes, primarily categorized as M1 (pro-inflammatory) and M2 
(anti-inflammatory), makes them crucial in mediating immune responses and tissue 
homeostasis. This phenotypic plasticity is influenced by the microenvironment, 
which can be manipulated to enhance therapeutic outcomes. For instance, targeting 
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specific signaling pathways that regulate macrophage polarization can shift the bal-
ance toward the M2 phenotype, promoting tissue repair and reducing inflammation 
in diseases such as rheumatoid arthritis and atherosclerosis [50, 51]. Additionally, 
the development of novel drug delivery systems that specifically target macrophages 
enhances the efficacy of therapeutic agents while minimizing systemic side effects. 
For example, liposomal formulations modified with ligands that bind to macrophage 
surface receptors have shown promise in delivering anti-inflammatory drugs directly 
to inflamed tissues, thereby improving treatment outcomes in conditions like ulcer-
ative colitis and chronic inflammatory diseases [51, 52]. Furthermore, the identifica-
tion of macrophage-specific markers and the use of nanotechnology to create targeted 
therapies represent exciting avenues for enhancing the specificity and effectiveness of 
treatments aimed at modulating macrophage function in various diseases.

2.8.2 Prospects for cell therapy applications

The application of macrophages in cell therapy presents a novel approach to treat-
ing a range of diseases, particularly those characterized by chronic inflammation or 
immune dysregulation. Recent advances in regenerative medicine have highlighted 
the potential of using engineered macrophages to restore tissue homeostasis and 
promote healing. For instance, the reprogramming of macrophages to adopt an anti-
inflammatory phenotype has been explored as a therapeutic strategy in conditions 
such as myocardial infarction and neurodegenerative diseases [15, 53]. Moreover, the 
use of induced pluripotent stem cell-derived macrophages (iMacs) offers a promising 
platform for personalized medicine, allowing for the generation of patient-specific 
macrophages that can be tailored to target specific disease mechanisms [54]. These 
iMacs can be utilized to study disease pathogenesis, screen for drugs, and develop 
novel therapeutic strategies that leverage the unique properties of macrophages. 
Additionally, combining macrophage-based therapies with other modalities, such as 
gene editing or immunotherapy, may enhance their therapeutic efficacy and broaden 
their application across various conditions, including cancer and autoimmune 
diseases [27, 55].

2.8.3 Future research directions

Future research on macrophages should concentrate on clarifying the complex 
mechanisms behind their functional plasticity and the interplay between their 
metabolic states and phenotypes. Understanding how metabolic pathways affect 
macrophage polarization and function will be crucial for developing targeted thera-
pies that can modulate macrophage activity in disease contexts. Moreover, exploring 
the heterogeneity of macrophages within various tissue microenvironments and their 
responses to different stimuli will offer insights into their roles in health and disease 
[17, 20]. Additionally, the incorporation of advanced technologies such as single-cell 
transcriptomics and metabolomics will enable a more comprehensive understand-
ing of macrophage biology and their interactions with other immune cells and the 
extracellular matrix. This knowledge can propel the development of innovative 
therapeutic strategies that leverage the unique properties of macrophages, ultimately 
leading to enhanced treatment outcomes for a broad spectrum of inflammatory and 
degenerative diseases. Lastly, clinical trials assessing macrophage-targeted therapies 
will be vital to ensure their safety and efficacy in human populations, facilitating 
their adoption into standard clinical practice.
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2.9 Advances in macrophage research

2.9.1 Single-cell sequencing technology

Single-cell sequencing technology has revolutionized our understanding of 
macrophage biology by enabling the detailed analysis of individual cells within 
heterogeneous populations. This approach allows researchers to dissect the complex 
phenotypic and functional diversity of macrophages, which are crucial for immune 
responses and tissue homeostasis. This approach has recently utilized single-cell RNA 
sequencing (scRNA-seq) to identify distinct macrophage subpopulations and their 
specific roles in various physiological and pathological contexts, such as inflamma-
tion, cancer, and tissue repair [56, 57]. For instance, the application of scRNA-seq has 
revealed unique transcriptional profiles associated with macrophage polarization, 
highlighting the dynamic nature of these cells in response to microenvironmen-
tal cues [3]. Moreover, this technology has facilitated the identification of novel 
macrophage-associated biomarkers and therapeutic targets, paving the way for more 
personalized approaches in treating diseases linked to macrophage dysfunction [10]. 
By integrating single-cell transcriptomics with other omics technologies, research-
ers can gain a comprehensive understanding of macrophage metabolism, signaling 
pathways, and interactions with other immune cells, thus advancing our knowledge 
of their roles in health and disease [58].

2.9.2 Application of imaging technologies

Imaging technologies have become indispensable tools in macrophage research, 
allowing for real-time visualization of these cells in vivo and providing insights into 
their dynamic behaviors and interactions within tissues. Techniques such as positron 
emission tomography (PET) and two-photon microscopy have enabled researchers 
to track macrophage migration, activation, and polarization in various pathological 
conditions, including cardiovascular diseases and cancer [21, 22]. For example, PET 
imaging has been successfully used to quantify macrophage accumulation in inflamed 
tissues, offering a non-invasive method to assess disease progression and response 
to therapies [15]. Additionally, advanced imaging modalities facilitate the study of 
macrophage interactions with other cell types, such as endothelial cells and fibro-
blasts, within the tumor microenvironment, thereby elucidating the complex cellular 
networks that drive inflammation and tissue remodeling [3, 59]. The integration 
of imaging technologies with molecular probes that specifically target macrophage 
markers further enhances the ability to monitor their functional states and assess 
therapeutic efficacy in real-time, ultimately contributing to the development of 
macrophage-targeted therapies [15].

2.9.3 Construction and application of in vitro models

The construction of in vitro models has significantly advanced our understanding 
of macrophage biology by providing controlled environments to study their dif-
ferentiation, activation, and interactions with other cell types. Recent innovations 
include the development of three-dimensional (3D) culture systems that better mimic 
the physiological conditions of tissues, allowing for more accurate assessments of 
macrophage function and behavior [60]. For example, 3D organoid models have been 
utilized to study macrophage responses to various stimuli, including pathogens and 
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inflammatory signals, revealing insights into their role in tissue homeostasis and dis-
ease [61]. Additionally, co-culture systems that incorporate macrophages with other 
cell types, such as fibroblasts or endothelial cells, have proven valuable for investi-
gating the complex cellular interactions that occur during inflammation and tissue 
repair [62]. These in vitro models not only facilitate the exploration of macrophage 
polarization and functional plasticity but also serve as platforms for testing potential 
therapeutic agents aimed at modulating macrophage activity in various diseases 
[56]. By leveraging these advanced models, researchers can gain deeper insights into 
the mechanisms underlying macrophage-mediated pathologies and identify novel 
therapeutic strategies to target these critical immune cells effectively.

3. �Conclusion

Macrophages play a crucial role in both physiological and pathological processes, 
exhibiting remarkable versatility in their functions. As we have discussed throughout 
this chapter, the complex characteristics and mechanisms of action of macrophages 
have significant implications for our understanding of various diseases, ranging 
from chronic inflammatory conditions to cancer. The dual roles of macrophages—as 
facilitators of tissue homeostasis and contributors to disease pathology—necessitate a 
nuanced appreciation of their behavior in different contexts.

The research landscape surrounding macrophages has evolved significantly, 
driven by advances in technology and a deeper understanding of cellular biology. 
The identification of distinct macrophage phenotypes and their functional plasticity 
has opened new avenues for therapeutic intervention. For example, the recognition 
of pro-inflammatory M1 macrophages versus anti-inflammatory M2 macrophages 
has underscored the importance of macrophage polarization in determining disease 
outcomes. This polarization is not static; rather, it reflects a dynamic response to local 
microenvironments and systemic signals. Future studies should focus on elucidat-
ing the triggers and pathways that govern these transitions, as this knowledge could 
inform strategies for modulating macrophage activity in disease contexts.

Moreover, the influence of macrophages extends beyond their direct interactions 
with other immune cells. Their function within the tumor microenvironment high-
lights the complexity of macrophage biology, as they can either foster tumor growth 
and metastasis or provoke anti-tumor responses. This duality poses a challenge for 
therapeutic strategies aimed at utilizing macrophages for cancer treatment. Achieving 
a balance between promoting beneficial macrophage activities and reducing their 
potential to worsen the disease necessitates a thorough comprehension of the signal-
ing pathways that govern macrophage activation and differentiation.

As researchers persist in exploring the diverse roles of macrophages, it is crucial 
to integrate findings from various disciplines, including immunology, oncology, and 
regenerative medicine. Cross-disciplinary collaboration will enhance our understand-
ing of macrophage biology and facilitate the translation of basic research into clinical 
applications. For instance, the exploration of macrophage-targeted therapies, such 
as the use of nanoparticles for drug delivery, highlights the potential for innovative 
treatment strategies that can improve patient outcomes across a range of diseases.

Moreover, the development of personalized medicine approaches necessitates 
consideration of individual variability in macrophage function. Genetic, epigenetic, 
and environmental factors can influence macrophage behavior, and understand-
ing these variations will be essential for tailoring therapies to individual patients. 
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Moving forward, it will be important to establish robust biomarkers that can predict 
macrophage responses in various disease states, allowing for more precise therapeutic 
interventions.

In conclusion, the multifaceted roles of macrophages in health and disease rep-
resent a promising frontier in biomedical research. Continued investigation into the 
dynamic changes of macrophages in various pathological conditions will not only 
enhance our understanding of disease mechanisms but also pave the way for novel 
therapeutic strategies. By fostering a holistic view that balances different research 
perspectives and findings, we can unlock the full potential of macrophage-targeted 
therapies, ultimately contributing to more effective prevention and treatment options 
for a variety of diseases. The ongoing evolution of macrophage research holds great 
promise, and the insights gained will undoubtedly shape the future of clinical practice 
in profound and meaningful ways.
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Chapter 3

Phagocytes as Key Players: 
Unveiling Cell-Death Patterns 
Induced by Vaccines in Combating 
Infectious Diseases 
Paulo R.Z. Antas 

Abstract 

This chapter delves into an in-depth analysis of the central role played by phago-
cytes—particularly macrophages—in modulating immune responses elicited by vac-
cines against infectious diseases. It emphasizes the functional plasticity and 
immunological versatility of macrophages, focusing on their capacity to integrate 
signals from vaccine-induced cell-death pathways, including apoptosis, necrosis, and 
pyroptosis. These cell-death modalities are examined in the context of their capacity 
to influence antigen availability, inflammatory milieu, and subsequent immune acti-
vation. Here, macrophages are further characterized beyond their canonical role in 
pathogen clearance, with detailed attention to their contributions to antigen 
processing and presentation, cytokine and chemokine secretion, tissue remodeling, 
and the orchestration of both innate and adaptive immune responses. Particular 
emphasis is placed on their immunoregulatory functions in viral pathogenesis and 
vaccine responsiveness. The chapter also interrogates the bidirectional crosstalk 
between vaccine-induced cell death and macrophage activation states, delineating 
how this interplay shapes immunogenicity and vaccine efficacy. It explores the trans-
lational implications of these findings for rational vaccine design, including strategies 
to potentiate macrophage-mediated immunomodulation through targeted adjuvants 
or delivery systems. By elucidating the mechanistic underpinnings of macrophage 
involvement in vaccine-induced immunity, this chapter aims to inform the develop-
ment of next-generation vaccines that leverage programmed cell-death pathways to 
optimize immunological outcomes and therapeutic efficacy. 

Keywords: phagocytes, cell-death, vaccines, infectious diseases, immune response 

1. Introduction 

The mononuclear phagocyte system (MPS), comprising monocytes and macro-
phages, constitutes a fundamental component of the host immune defense. Nonethe-
less, macrophages are particularly indispensable to the immunological response 
elicited by vaccination. These cells play a central role in orchestrating immune
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responses to diverse vaccine platforms, thereby contributing to protective immunity 
against a broad spectrum of infectious agents. As professional phagocytes, MPS con-
stituents are not only first-line responders to invading pathogens but also serve as 
critical regulators of immune homeostasis, inflammation, and tissue regeneration. In 
the context of vaccination, macrophages are instrumental in antigen processing and 
presentation, cytokine secretion, and the execution of various forms of programmed 
cell death (PCD), all of which collectively shape the immunological milieu. The 
relevance of these functions is underscored by their involvement in the efficacy of 
several licensed vaccines targeting pathogens where MPS cells are key immunological 
mediators. This chapter centers on these immunobiological dynamics. 

Macrophages – Physiological and Pathological Hallmarks

Beyond antigen presentation, MPS cells are actively engaged in immunomodula-
tory cell-death pathways that potentiate vaccine-induced immune responses 
(Figure 1). These cells can undergo multiple forms of PCD—including apoptosis, 
autophagy, netosis, pyroptosis, necroptosis, and ferroptosis—each contributing 
uniquely to pathogen control and immune regulation [1, 2]. Apoptosis, a non-
inflammatory form of PCD, facilitates the clearance of infected or damaged cells while 
preserving tissue integrity and promoting immune tolerance [1]. Autophagy, a cata-
bolic process involving the lysosomal degradation of cytoplasmic components, plays a 
dual role in innate and adaptive immunity by eliminating intracellular pathogens and 
enhancing antigen presentation [2]. Netosis, predominantly observed in neutrophils, 
entails the release of neutrophil extracellular traps (NETs) composed of chromatin

Figure 1. 
Sequence of interactions and transformations involving a prototype vaccine (e.g., Bacillus Calmette-Guérin or 
BCG) and a mononuclear phagocyte system member (e.g., MPS = macrophage), leading to a programmed cell 
death (PCD). 1. BCG vaccine vs. MPS interaction: BCG (left) interacts with a macrophage (right); 2. 
Engulfment: The macrophage engulfs BCG, initiating the cellular fate process; 3. PCD: The final stage shows 
scattered, multiple apoptotic bodies after specific cell death. Generated by the Mind the Graph app.
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and antimicrobial proteins, which immobilize and neutralize pathogens [3]. 
Pyroptosis, in contrast, is a lytic and pro-inflammatory form of cell death that 
amplifies immune signaling and pathogen clearance [1]. Necroptosis and ferroptosis 
also contribute to the elimination of infected cells and the modulation of inflamma-
tory responses [1, 2].

Phagocytes as Key Players: Unveiling Cell-Death Patterns Induced by Vaccines in Combating…
DOI: http://dx.doi.org/10.5772/intechopen.1012657

In addition to their roles in cell death, MPS cells are integral to broader immuno-
logical processes. They modulate immune responses through cytokine production and 
crosstalk with other immune cell subsets, thereby coordinating and amplifying host 
defense mechanisms [4]. These interactions are essential for the effective targeting 
and elimination of pathogens. Moreover, MPS cells contribute to tissue homeostasis 
and repair, processes that are vital for recovery following infection or injury [5]. 

The execution of distinct PCD pathways in MPS cells is governed by complex 
signaling cascades and molecular checkpoints. Although a detailed discussion of these 
regulatory mechanisms lies beyond the scope of this chapter, it is important to note 
that these pathways ensure the controlled induction of cell death, thereby preventing 
excessive inflammation and collateral tissue damage [4]. Furthermore, the regulation 
of these pathways is context-dependent, influenced by the tissue microenvironment 
and the nature of the infecting pathogen, underscoring the functional adaptability of 
MPS cells in diverse immunological settings [6]. 

In summary, this chapter focuses on the multifaceted roles of macrophages in 
vaccine-induced immunity, with particular emphasis on their involvement in apopto-
sis, necrosis, and pyroptosis. These forms of PCD are not merely consequences of 
immune activation but are actively exploited by vaccines to enhance immunogenicity 
and promote durable protection. By dissecting the interactions between vaccine plat-
forms and macrophage biology, this section aims to elucidate the cellular and molec-
ular mechanisms underpinning vaccine efficacy. In doing so, it contributes to the 
overarching objective of this book: to illuminate the diverse and dynamic roles of 
macrophages in health and disease. Through this lens, the text explores how 
macrophage-targeted strategies can be leveraged to optimize vaccine design and ther-
apeutic innovation. 

Vaccines leverage those cell-death pathways to enhance their efficacy. For exam-
ple, live-attenuated vaccines activate MPS members to initiate a potent immune 
response, while inactivated vaccines rely on these cells to process the disarmed path-
ogens and present antigens effectively [2]. Subunit, recombinant, polysaccharide, and 
conjugate vaccines utilize MPS members to process specific pathogen components and 
elicit a targeted immune response [2]. Both viral vector and mRNA vaccines also 
depend on MPS members to process and present viral antigens, ensuring a robust 
immune response without the risk of causing the disease [2]. 

In addition to these mechanisms, adjuvants play a crucial role in enhancing vaccine 
efficacy by rapidly inducing chemokines and inflammatory cytokines, recruiting 
multiple immune cells, including the MPS members, and promoting benign apoptosis 
of certain innate immune cells [3]. This adjuvanticity effect is particularly beneficial 
in generating vaccine-specific antibodies and effector T cells, even in immunocom-
promised individuals. Furthermore, several cell-death pathways are essential for 
eliminating infected cells and regulating inflammation, thereby enhancing the overall 
immune response [4]. In sum, the MPS cells adapt to different immune challenges by 
regulating cell-death mechanisms based on the microenvironment and specific path-
ogens [5]. 

Strikingly, herbal plants have been shown to coordinate immune responses in 
multiple dimensions, including the modulation of apoptosis of MPS cells and the
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enhancement of its antioxidative activity, which can further support the efficacy of 
vaccines [6]. These multifaceted roles of MPS members and adjuvants underscore 
their importance in maintaining a robust and effective immune response, making 
them key players in the body’s defense against infections and diseases. 

Macrophages – Physiological and Pathological Hallmarks

Specifically, the MPS members play a crucial role in the immune response to 
vaccines by engaging in the clearance of senescent or dead cells, tissue repair, and the 
maintenance of tissue integrity and homeostasis [1, 7]. These cells are highly plastic 
and can adapt to various microenvironments, performing diverse functions such as 
antimicrobial defense, inflammation resolution, and tissue regeneration [1, 7]. The 
interplay between different forms of cell death in macrophages creates a coordinated 
and flexible system that promptly responds to the microenvironment, enhancing the 
overall immune response [1, 7]. 

Besides their crucial functions in immune response and tissue maintenance, MPS 
members also play a key role in regulating lipid metabolism and iron homeostasis, 
which are critical for their function and survival [8]. This regulation is essential for 
preventing the accumulation of toxic substances and ensuring the proper functioning 
of immune cells. For instance, natural polyphenols have been shown to modulate the 
activity of MPS cells, enhancing their ability to maintain immune homeostasis and 
respond to infections [9]. 

Furthermore, the interaction between MPS members and viral proteins can signif-
icantly impact the immune response. For instance, the spike protein of SARS-CoV-2 
has been shown to modulate the activity of MPS cells, affecting their ability to respond 
to infections and maintain tissue homeostasis [10]. This interaction underscores the 
importance of further understanding the molecular mechanisms that govern MPS cell 
function and their role in immune response. 

Overall, the multifaceted roles of MPS members in antigen presentation, PCD, 
cytokine production, and tissue repair highlight their importance in maintaining a 
robust and effective immune response. Their ability to adapt to various immune 
challenges and regulate inflammation makes them key players in the body’s defense 
against infections and diseases. Through the diverse vaccine types and their respective 
PCD induction, the innate immune system, particularly the MPS members, is lever-
aged to provide effective protection against infectious diseases caused by pathogenic 
viruses, while other immunogens play a crucial role in preventing bacterial infections 
and their complications [2]. 

As previously stated, vaccines can induce cell-death patterns largely encompassing 
apoptosis, necrosis, and pyroptosis to combat infectious diseases, primarily through 
mechanisms that activate the immune system (Table 1). Here are some key patterns: 

2. Apoptosis 

This is a form of PCD where cells die in a pretty controlled manner, preventing the 
release of harmful substances. Most vaccines can trigger apoptosis when infecting 
immune cells, particularly MPS members, and then help to eliminate pathogens with-
out causing collateral inflammation. This PCD may be split into 2.1 natural and 2.2 
immunogenic (Table 2). While the mechanism of natural apoptosis involves the 
ordinary process of PCD, the one for immunogenic apoptosis involves PCD that 
enhances the immune response. Concerning immune activation, natural apoptosis 
activates MPS members to process and present antigens, while immunogenic apopto-
sis stimulates MPS members to recognize and respond to pathogens.
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Vaccine type Mechanism Target disease Vaccine name References 

Live-
Attenuated 

A weakened form of 
the pathogen induces a 
strong immune 
response 

Measles, 
mumps, 
rubella, 
COVID-19, 
MVA, yellow 
fever 

MMR, PRIORIX, BCG, BK2102 [11–13] 

Inactivated A killed version of the 
pathogen induces an 
immune response 

HAV, HBV, 
influenza, PV, 
RABV, COVID-
19 

Imovax, RabAvert, Havrix, 
Vaqta, Twinrix, IPOL, 
Pentacel, Pediarix, LAIV, IIV, 
BK2102 

[14–17] 

Subunit, 
recombinant, 
polysaccharide, 
and conjugated 

Use specific pieces of 
the pathogen to induce 
a strong immune 
response 

HBV, HPV, 
Hib, influenza, 
PCV, 
meningococcal 

Engerix-B, Recombivax HB, 
Heplisav-B, Twinrix, Gardasil, 
Cervarix, Prevnar 13, 
Vaxneuvance or PCV15, 
Prevnar 20, Pneumovax 23, 
Daptacel, Infanrix, Kinrix, 
Pediarix, Pentacel, Quadracel, 
Vaxelis, ActHIB, PedvaxHIB 

[13, 18] 

Viral Vector Use a modified virus to 
deliver genetic 
material that induces 
an immune response 

COVID-19, 
Ebola, MVA, 
VSV 

Vaxzevria, Covishield, Sputnik 
V, Convidecia, ERVEBO, 
Zabdeno + Mvabea, ChAdOx1 
nCoV-19, Imvanex, 
Imvamune, Jynneos, Ervebo 

[13, 19–21] 

mRNA mRNA instructs cells 
to produce a protein 
that triggers an 
immune response 

COVID-19 Comirnaty, Spikevax [13, 22–24] 

Table 1. 
Overview of certified vaccines against infectious diseases. 

2.1 Licensed vaccines targeting infectious diseases and inducing natural 
apoptosis 

2.1.1 Live-attenuated vaccines 

The attenuation process often involves genetic modifications to reduce the patho-
gen’s virulence while maintaining its ability to elicit immunity [11]. Recent advance-
ments in genetic engineering have improved the safety and efficacy of this class of 
vaccines [12]. These include vaccines for diseases like measles, mumps, and rubella 
(MMR/PRIORIX) and TB (BCG), which activate MPS members to initiate a strong 
immune response [25]. 

2.1.2 Inactivated vaccines 

This class of vaccines uses killed versions of the pathogen that causes a given 
disease, such as rabies (RABV; Imovax/RabAvert), hepatitis A (HAV; Havrix/Vaqta/ 
Twinrix), and poliovirus (PV; IPOL/Pentacel/Pediarix). They usually require multiple 
doses to build and maintain immunity. The inactivated viruses are processed by MPS 
members, which present antigens to other specific cells, thereby stimulating an
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immune response [26, 27]. Studies have shown that inactivated vaccines can effec-
tively reduce the incidence of severe disease and maintain long-term immunity with 
booster doses [14, 28]. 

Macrophages – Physiological and Pathological Hallmarks

Vaccine type Natural apoptosis Immunogenic apoptosis 

Live-Attenuated • Genetic modifications reduce 
pathogen virulence while preserving 
immunity. 

• Activate MPS members for a robust 
immune response.

• Identifies MPS members for 
humoral and cellular immune 
responses. 

• Evaluated in animal models 
showing long-term protection.

Inactivated • Uses killed versions of pathogens. 
• It requires multiple doses for 

immunity. 
• Processed by MPS members to 

stimulate the immune response.

• Generally, it does not induce 
immunogenic apoptosis directly. 

• Indirectly contributes to 
immunogenic apoptosis. 

• Strong humoral and cellular
immune responses.

Subunit, recombinant, 
polysaccharide, and 
conjugated 

• Uses specific pieces of the pathogen. 
• Provides a targeted immune 

response. 
• Processed by MPS members.

• It does not directly induce 
immunogenic apoptosis. 

• Stimulates MPS members to 
recognize and respond to
pathogens.

Viral Vector • Uses replication-controlled virus as a 
vector. 

• Genetic material instructs cells to 
produce protein for the immune 
response. 

• Processed by MPS members.

• Might induce immunogenic 
apoptosis. 

• Enhances immune response by 
stimulating MPS members. 

• Strong cellular and humoral
immune responses.

mRNA • Uses mRNA to instruct cells to 
produce a protein for the immune 
response. 

• High efficacy and safety. 
• Processed by MPS members.

• Induces immunogenic apoptosis. 
• Leverages natural immune 

mechanisms for strong 
protection. 

• Swift development and large-
scale production.

Table 2. 
Comparison of two kinds of apoptosis in certified vaccines against infectious diseases. 

2.1.3 Subunit, recombinant, polysaccharide, and conjugate vaccines 

These vaccines use specific pieces of the pathogen, such as its protein, sugar, or 
capsid, to elicit a targeted immune response. They provide a strong immune response 
targeted to key parts of the etiologic agent, such as hepatitis B (HBV; Engerix-B/ 
Recombivax HB/Heplisav-B/Twinrix), papillomavirus (HPV; Gardasil/Cervarix), and 
pneumococcal (PCVs; Prevnar 13/Vaxneuvance or PCV15/Prevnar 20; and PPSV; 
Pneumovax 23), in which MPS members process virus-like particles and present them 
to other immune cells [26]. The toxoid vaccines might also be part of this category, 
such as diphtheria and tetanus (DTP; Daptacel/Infanrix/Kinrix/Pediarix/Pentacel/ 
Quadracel/Vaxelis), in which MPS members process both diphtheria and tetanus 
toxins (plus the killed whooping cough whole bacterium) and present them to other 
immune cells [26].
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2.1.4 Viral vector vaccines 

This class of vaccines uses a replication-controlled virus as a vector to deliver 
genetic material from the pathogen that causes the given disease, such as for COVID-
19 (Vaxzevria/Covishield/Sputnik V/Convidecia) and Ebola (ERVEBO/Zabdeno + 
Mvabea). This genetic material instructs cells to produce a protein that triggers an 
immune response. The MPS members play a role in processing and presenting the 
viral antigens [26]. Viral vectors can induce strong cellular and humoral immune 
responses, often without the need for adjuvants [20, 29]. 

2.1.5 mRNA vaccines 

These vaccines, such as for COVID-19 (Comirnaty/Spikevax), the MPS members 
help process the spike protein of SARS-CoV-2 produced by cells and present it to T 
cells using mRNA to instruct cells to produce a protein that triggers an immune 
response. This class of vaccines does not contain live organisms, so there is no risk of 
causing the disease [26]. The mRNA vaccines have shown high efficacy and safety, 
with rapid development and scalability [14, 29]. 

2.2 Licensed vaccines targeting infectious diseases and inducing immunogenic 
apoptosis 

2.2.1 Live-attenuated vaccines 

These include immunogens for diseases like COVID-19 (BK2102). This vaccine 
candidate has shown promising results targeting the MPS members for later inducing 
humoral and cellular immune responses without significant tissue damage. It has been 
tested in animal models and has demonstrated long-term protection [12]. 

2.2.2 Inactivated vaccines 

These vaccines generally do not induce immunogenic apoptosis directly. Instead, they 
work by stimulating the immune system to recognize and respond to the antigens present 
in the vaccine. However, there are some instances where inactivated vaccines can indi-
rectly contribute to immunogenic apoptosis, aiding MPS members in clearing infected 
cells. These include influenza (LAIV and IIV) and SARS-CoV-2 (BK2102) vaccines, which 
are known to induce strong humoral and cellular immune responses, including immuno-
genic apoptosis, which are crucial for effective, protective immunity [14, 28, 30]. 

2.2.3 Subunit, recombinant, polysaccharide, and conjugate vaccines 

Once again, while this class of vaccines does not directly induce immunogenic 
apoptosis, they are highly effective in stimulating the MPS members to help recognize 
and respond to specific pathogens [31]. These include HBV (Engerix-B/Recombivax 
HB), HPV (Gardasil/Cervarix), Haemophilus influenzae type b (Hib; ActHIB/ 
PedvaxHIB), and the PCV (Prevnar 13/Vaxneuvance/Prevnar 20/Pneumovax 23). 

2.2.4 Viral vector vaccines 

These vaccines might indeed induce immunogenic apoptosis, enhancing the immune 
response by first stimulating the MPS members. For instance, the COVID-19 (ChAdOx1
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nCoV-19), smallpox (MVA; Imvanex/Imvamune/Jynneos), and VSV (Ervebo) vaccines 
are a few platforms to be used for this end [30, 32]. Viral vectors are advantageous due 
to their ability to elicit strong cellular and humoral immune responses [20, 29]. 
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2.2.5 mRNA vaccines 

These vaccines have shown promising results in inducing immunogenic apoptosis, 
which enhances the immune response. A promising technology for COVID-19 
(Comirnaty/Spikevax) is able to leverage the natural immune mechanisms triggered 
by the MPS members to provide strong and long-lasting protection [33]. The technol-
ogy used in mRNA vaccines enables swift development and large-scale production, 
positioning them as a highly effective tool in contemporary vaccinology [34]. 

3. Necrosis 

This is an uncontrolled form of cell death that often results in inflammation 
(Figure 2). Some vaccines can induce necrosis to alert the immune system to the 
presence of an infection. Though very few vaccines have been associated with inducing 
necrosis, particularly among MPS members, this is not a common or intended effect. 

3.1 Licensed vaccines targeting infectious diseases and inducing necrosis 

3.1.1 Live-attenuated vaccines 

This class of vaccines is generally designed to be safe and effective, very rarely 
inducing cell necrosis, particularly in individuals with compromised immune system.

Figure 2. 
Comparison of the main processes for necrosis vs. apoptosis in immune cells. Adapted from a BioRender template.
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These include vaccines for diseases like measles, mumps, and rubella (MMR II) that are 
generally safe, but there have been rare instances of severe inflammatory responses that 
could lead to cell necrosis [11] Also, for yellow fever (YF-VAX), the vaccine might cause 
severe reactions, including viscerotropic disease, whichmay involve necrosis of theMPS 
members [35], and for MVA (ACAM2000), the vaccine induces necrosis at the site of 
inoculation, especially in immunocompromised individuals [35].
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3.1.2 Inactivated vaccines 

These vaccines use destroyed versions of the pathogen, such as RABV (RabAvert), 
where severe local reactions have been reported, which can include cell necrosis [36], 
IPV (IPOL), that in rare cases, significant limited adverse events may occur, poten-
tially leading to cell necrosis [36], and influenza (Fluzone), where there have been 
rare reports of severe inflammatory responses that could lead to necrosis of MPS 
members [37]. 

3.1.3 Subunit, recombinant, polysaccharide, and conjugate vaccines 

While it is very unusual, a few of those vaccines may induce cell necrosis, particu-
larly in individuals with compromised immune systems or underlying health conditions. 
Examples are HBV (Engerix-B) with intense localized responses including cell necrosis 
[11], HPV (Gardasil), embracing rare instances of severe inflammatory responses that 
could lead to necrosis of MPS members [38], PCV (Prevnar 13), including pronounced 
site-specific reactions [31], and meningococcal (Menactra) quite rarely accompanying 
severe local inflammatory responses potentially leading to cell necrosis [39]. 

3.1.4 Viral vector vaccines 

This class of immunogens employs a virus with controlled replication as a vector to 
introduce genetic material from the pathogen responsible for the disease, such as for 
Ebola (Ervebo), which uses an rVSV as a vector to express the Ebola virus glycopro-
tein. Studies indicate that this immunogen may induce cell necrosis in certain contexts 
[40]. The COVID-19 vaccine (Ad26.COV2.S or Jcovden) employs an rAd26 vector to 
express the SARS-CoV-2 spike protein. A few studies have reported inflammatory 
responses that could lead to cell necrosis of MPS members [32]. Finally, the MVA 
vaccine (ACAM2000) is a highly attenuated vaccinia virus strain. Trials have shown 
that it may induce cell necrosis under certain conditions [33]. 

3.1.5 mRNA vaccines 

Once again, and due to their nature, those single vaccines target the SARS-CoV-2 
only and have been associated with inducing necrosis of MPS members. These vac-
cines for COVID-19 (BNT162b2/mRNA-1273) are currently widely used, and studies 
have shown that they might induce acute local inflammation [33, 34]. 

4. Pyroptosis 

This is a highly inflammatory form of PCD, often triggered by infections 
(Figure 3). It helps to release inflammatory signals that recruit immune cells, mostly
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MPS members, to the site of infection. The majority of research on pyroptosis cur-
rently focuses on its role in the immune response to natural infections rather than 
vaccine-induced responses. 

Macrophages – Physiological and Pathological Hallmarks

Figure 3. 
Pyroptosis in an MPS member (e.g., macrophage): Main inflammatory mechanisms and pathways. Adapted from 
a BioRender template. 

4.1 Licensed vaccines targeting infectious diseases and inducing pyroptosis 

4.1.1 Live-attenuated vaccines 

While this class of vaccines is known to induce strong immune responses, specific 
evidence linking these immunogens to the induction of pyroptosis is limited. Cur-
rently, there are no specific experimental or licensed vaccines in this category that 
have been documented to induce pyroptosis.
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4.1.2 Inactivated vaccines 

These vaccines use inactive forms of the pathogen, such as influenza (Fluzone/ 
Flucelvax), where vaccine research has indicated a fairly induction of pyroptosis in 
MPS members through the activation of the NLRP3 inflammasome [41]. Similarly, 
studies on the HBV (Engerix-B/Heplisav-B) have shown triggering of pyroptosis in 
hepatocytes via the AIM2 inflammasome [42]. 

4.1.3 Subunit, recombinant, polysaccharide, and conjugate vaccines 

This class of vaccines leverages the inflammatory nature of pyroptosis to enhance 
immune responses, making them promising candidates for immunotherapy. Exam-
ples are HBV (Engerix-B), a subunit that has been shown to induce pyroptosis in 
hepatocytes via the AIM2 inflammasome [43], the PCV (PPSV23), where a study has 
indicated that polysaccharide nanofiber-stabilized microparticles may induce 
pyroptosis in liver cells [44], and Hib (OMPC), a complex comprising the outer 
membrane in a conjugated vaccine, engaging human Toll-like receptor 2 in a MyD88-
dependent manner, leading to cytokine production and immune responses [45]. The 
activation of TLR2 can trigger inflammasome pathways, potentially leading to the 
induction of pyroptosis in MPS members like dendritic cells [41]. 

4.1.4 Viral vector vaccines 

These vaccines utilize a replication-limited virus as a carrier to introduce genetic 
material from the pathogen responsible for the disease, such as for COVID-19 
(Vaxzevria/Ad26.COV2.S or Jcovden). Once again, the MPS members play a role in 
processing and presenting the SARS-CoV-2 antigens [26]. Those are adenovirus-
vectored vaccines shown to induce pyroptosis in MPS members through the activation 
of the NLRP3 inflammasome [20, 41]. 

4.1.5 mRNA vaccines 

Currently, there is limited evidence directly linking licensed mRNA vaccines to the 
induction of pyroptosis. In these immunogens, such as for COVID-19 (Comirnaty/ 
Spikevax), the MPS members help process the spike protein of SARS-CoV-2 produced 
by cells and present it to T cells using mRNA to instruct cells to produce a protein that 
triggers an immune response. Besides, those most well-known licensed mRNA vac-
cines have not been specifically documented to induce pyroptosis [34, 46]. 

The field of BCG vaccine research has significant potential for advancement, particularly in understanding 
its immunological effects and applications. Dr. Paulo Antas has extensively studied the BCG Moreau strain, 
which has demonstrated a superior ability to induce inflammatory cytokine profiles compared to other strains. 
This strain has been shown to upregulate crucial immune markers on human monocytes, thereby enhancing 
the body’s immune response. Dr. Antas has focused primarily on the mechanisms of cell death and 
inflammatory responses triggered by BCG infection. His studies have revealed that the BCG Moreau strain 
induces caspase-1 expression and dependent cell death, underscoring the importance of cell integrity in the 
immune response to BCG vaccination. These findings are vital for understanding how the immune system 
interacts with mycobacterial antigens and controlling infections. Furthermore, Dr. Antas’ research suggests
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that revamping the BCG revaccination strategy could be beneficial. By leveraging the unique properties of the 
BCG Moreau strain, it is possible to boost immune responses more effectively. Overall, Dr. Antas’ work has 
provided valuable insights into the immunomodulatory effects of the BCG vaccine, paving the way for 
improved vaccination strategies and therapeutic approaches in the fight against tuberculosis.
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5. Conclusions 

These classes of vaccines leverage the innate immune system, particularly the 
MPS, to provide effective protection against infectious diseases caused by pathogenic 
viruses. Other immunogens are crucial in preventing bacterial infections and their 
complications. 

Understanding the mechanisms of apoptosis, necrosis, and pyroptosis is crucial in 
the development and optimization of vaccines. Each of these processes plays a unique 
role in the immune response, influencing the efficacy and safety of various vaccine 
types. As such, apoptosis is the prototypic PCD that allows for the controlled elimina-
tion of infected or damaged cells without causing inflammation. This process is 
essential for maintaining tissue homeostasis and ensuring that the immune system can 
effectively respond to pathogens without causing collateral damage. Conversely, 
necrosis is an uncontrolled form of cell death that often results from severe injury or 
infection. While necrosis can lead to inflammation and tissue damage, understanding 
its triggers and effects is vital for improving vaccine formulations to minimize adverse 
reactions, especially in individuals with compromised immune systems. Finally, 
pyroptosis is an inflammatory form of PCD that plays a significant role in the immune 
response by eliminating infected cells and alerting the immune system to the presence 
of pathogens. Leveraging pyroptosis in vaccine design can enhance immune 
responses, making vaccines more effective in combating diseases. 

The interplay between these cell-death mechanisms and vaccine-induced immune 
responses underscores the importance of continued research and innovation in 
vaccinology. By harnessing the beneficial aspects of apoptosis and pyroptosis while 
mitigating the risks associated with necrosis, studies and trials might be developed to 
be safer and deemed to uncover aspects for more effective vaccines. This knowledge 
not only advances our understanding of immunology but also paves the way for the 
creation of the next generation of vaccines against infectious diseases that offer robust 
protection with minimal side effects. 

In sum, the intricate balance between apoptosis, necrosis, and pyroptosis is a 
cornerstone of vaccine development. As we continue to explore and refine these 
processes, we move closer to achieving optimal vaccine efficacy and safety, ultimately 
contributing to better public health outcomes worldwide.
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Chapter 4

Autophagy in Macrophages: 
Physiological Guardians and 
Pathological Biomarkers in Health 
and Disease
Jiexing Tan, Changsheng He and Li Gong

Abstract

Macrophages, as pivotal sentinels of the immune system, rely on autophagy to 
maintain cellular homeostasis, modulate immune responses, and adapt to dynamic 
microenvironments. This chapter investigates the twofold function of autophagy in 
macrophages, with a focus on its essential roles in the physiological processes of tissue 
restoration, pathogen clearance, and metabolic regulation, alongside its pathological 
implications in chronic inflammation, autoimmune disorders, cancer, and infectious 
diseases. We dissect the molecular machinery of autophagy—including ATG proteins, 
mTOR/AMPK signaling, and lysosomal pathways—and their integration with mac-
rophage polarization (M1/M2 phenotypes) and immunometabolic reprogramming. 
Key biomarkers of autophagic flux, such as LC3-II, p62/SQSTM1, and LAMP-1, are 
evaluated for their diagnostic and prognostic utility in diseases such as atherosclero-
sis, sepsis, and rheumatoid arthritis. Furthermore, we highlight emerging therapeutic 
strategies targeting macrophage autophagy, such as pharmacological enhancers 
(e.g., rapamycin) and inhibitors (e.g., chloroquine), while addressing challenges 
in translating these approaches due to context-dependent outcomes and off-target 
effects. By bridging mechanistic insights with clinical relevance, this chapter under-
scores autophagy as a dynamic interface between macrophage physiology and pathol-
ogy, offering novel avenues for biomarker discovery and precision medicine.

Keywords: autophagy, macrophages, biomarkers, immunometabolism, inflammation, 
disease pathogenesis, therapeutic targeting, lysosomal degradation, cellular 
homeostasis, regulatory mechanisms

1. �Introduction

As an evolutionarily conserved quality control system, autophagy serves as a 
crucial mechanism for cellular homeostasis through its capacity to eliminate damaged 
organelles, misfolded proteins, and invasive pathogens. Within macrophages—ver-
satile sentinel cells bridging innate and adaptive immunity—this self-digestive 
process undergoes sophisticated regulation, profoundly influencing their functional 
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adaptability. Current classifications delineate three principal autophagic subtypes: 
macroautophagy, mitophagy, and chaperone-mediated autophagy (CMA), each 
exhibiting unique molecular signatures and physiological consequences [1–3].

Classic macroautophagy begins when unique double-membrane autophagosomes 
are generated. These autophagosomes sequester cytoplasmic elements and eventually 
combine with lysosomes, triggering the breakdown of their enclosed substances. A 
group of evolutionarily preserved autophagy-related (ATG) proteins governs this 
sequential process. Significantly, the lipid modification of LC3, where cytosolic LC3-I 
is transformed into membrane-anchored LC3-II, marks the completion of autopha-
gosome maturation [4]. Beyond its fundamental role in cellular housekeeping, 
macrophage macroautophagy demonstrates immunomodulatory prowess through 
dual functionality: sustaining metabolic demands under stress while orchestrat-
ing immune responses via antigen processing and microbial clearance. Mitophagy 
represents a specialized quality control mechanism that selectively removes compro-
mised mitochondria through receptor-mediated recognition systems, including the 
PINK1/Parkin axis and NIX/BNIP3 pathways. By eliminating mitochondria prone 
to generating reactive oxygen species (mtROS), this selective autophagy subtype 
in macrophages exerts anti-inflammatory effects through suppression of NLRP3 
inflammasome activation, a critical checkpoint in inflammation resolution [5, 6]. 
Distinguished from vesicle-dependent pathways, CMA employs a precise substrate 
recognition system where cytosolic HSC70 chaperones identify proteins containing 
KFERQ-targeting motifs, facilitating their lysosomal translocation through LAMP2A 
receptor complexes. Emerging evidence suggests macrophage CMA not only main-
tains proteomic equilibrium but also modulates inflammatory cascades through 
controlled degradation of regulatory enzymes and transcriptional activators [3].

2. �Interplay between autophagic machinery and macrophage functional 
dynamics (phagocytosis, cytokine secretion)

The intricate dialog between autophagy and macrophage effector functions 
operates through multiple molecular circuits. Mechanistically, this interplay manifests 
most prominently in phagocytic processes—the sentinel function of these immune 
sentinels. Autophagic membranes dynamically contribute to phagosome biogenesis, 
with nascent autophagosomes providing lipid bilayers that accelerate phagocytic cup 
formation during microbial engulfment. Core autophagy machinery components, 
including ATG5 and Beclin-1, facilitate phagolysosome maturation through mem-
brane remodeling, thereby optimizing intracellular pathogen destruction. Conversely, 
genetic ablation of autophagy pathways compromises efferocytosis (the clearance of 
apoptotic cells), resulting in cellular debris accumulation that triggers necroinflam-
mation—a hallmark of chronic inflammatory disorders [5–7].

The regulatory influence of autophagy extends to cytokine networks through dual 
modulation mechanisms. In terms of protein stability, selective autophagic degrada-
tion of pro-interleukin-1β precursors and direct inhibition of NLRP3 inflammasome 
assembly serve as critical brakes on excessive inflammatory responses. Paradoxically, 
autophagy simultaneously enables anti-inflammatory programming through 
mitochondrial quality control in alternatively activated macrophages. By eliminat-
ing ROS-generating mitochondria via mitophagy, this process preserves metabolic 
flexibility required for IL-10 production during tissue repair phases. Emerging studies 
reveal autophagy’s role as a metabolic integrator, interfacing with glycolytic flux and 
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oxidative phosphorylation to dictate macrophage polarization states. This energy 
sensor function ultimately determines whether macrophages adopt pro-inflammatory 
M1 phenotypes or transition towards wound-healing M2 phenotypes [8, 9].

Autophagy in macrophages acts as a variable resistor, balancing immune activation 
and degradation. Dysregulation of autophagy can lead to chronic inflammation, auto-
immune diseases, and impaired host defense, highlighting its therapeutic potential in 
macrophage centric diseases.

2.1 The physiological functions of autophagy in macrophages

Autophagy, a crucial cellular mechanism, plays a pivotal role in determining the 
functionality of macrophages in multiple physiological scenarios. Through regulat-
ing the renewal of cellular substances and modulating immune activities, autophagy 
enables macrophages to maintain tissue equilibrium, resist microbial invasions, and 
contribute to tissue restoration. In the following sections, we will discuss the major 
physiological functions of autophagy in macrophages in detail.

2.2 Homeostasis: Clearance of damaged organelles and proteins

Macrophages operate in dynamic environments where they encounter oxida-
tive stress, metabolic byproducts, and damaged organelles. Autophagy serves as a 
quality control mechanism by selectively degrading dysfunctional mitochondria 
(mitophagy), endoplasmic reticulum (reticulophagy), and aggregated proteins. 
For instance, mitophagy in macrophages is driven by the PINK1/Parkin pathway 
or hypoxia-induced receptors like FUNDC1, which tags depolarized mitochondria 
for autophagosomal engulfment [2]. Defective mitophagy leads to mitochondrial 
dysfunction, contributing to Parkinson’s disease pathology through ROS accumula-
tion and neuronal death [10]. Moreover, mitophagy prevents inflammation by 
clearing mitochondrial DNA (mtDNA). In aged macrophages, impaired mitophagy 
results in cytosolic mtDNA leakage, activating the cGAS-STING pathway and 
driving sterile inflammation in liver injury [11]. Parkin and PINK1 further suppress 
STING signaling by removing damaged mitochondria, highlighting mitophagy’s 
anti-inflammatory role [10].

Inability to clear impaired mitochondria leads to mitochondrial reactive oxygen 
species (mtROS) accumulation. This subsequent mtROS accumulation initiates the 
activation of the NLRP3 inflammasome, prompting an overabundant release of 
pro-inflammatory cytokines, including IL-1β and IL-18. Analogously, chaperone-
mediated autophagy (CMA) selectively degrades oxidized or malformed proteins, 
such as SOD1 and IκBα. Through this process, CMA averts proteotoxic stress, thus 
safeguarding cellular integrity.

By preserving organelle and proteome health, autophagy enables macrophages 
to sustain their functional capacity under homeostatic and stress conditions [3, 12]. 
CMA deficiency in macrophages promotes lipid accumulation, linking CMA dysfunc-
tion to metabolic disorders such as atherosclerosis [13]. As a pivotal lysosomal stress 
adaptation pathway, the TFEB-GDF15 axis combats obesity and insulin insensitivity 
by boosting autophagic activity and accelerating lipid breakdown [14]. Autophagy 
proteins restrict NLRP3 inflammasome activation by sequestering mtDNA and 
preventing its interaction with NLRP3. Conversely, defective autophagy in aging or 
disease exacerbates mtDNA-driven inflammation, underscoring the delicate balance 
between mitochondrial clearance and immune activation [15].
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2.3 Antimicrobial defense: Xenophagy in pathogen elimination

Autophagy contributes significantly to innate immunity via xenophagy, a specific 
autophagic process. Xenophagy selectively eliminates intracellular pathogens, includ-
ing bacteria, viruses, and parasites, directly bolstering the body’s first-line defense 
mechanisms. Upon pathogen recognition via pattern recognition receptors (PRRs), 
macrophages initiate xenophagy by recruiting autophagy machinery (e.g., LC3, 
ATG5) to pathogen-containing vacuoles or cytosolic invaders. For example: autopha-
gosomes engulf Mycobacterium tuberculosis and subsequently merge with lysosomes, 
triggering the bacterium’s degradation process. Salmonella Typhimurium escaping 
into the cytosol is tagged with ubiquitin, recruiting autophagy adaptors (e.g., p62/
SQSTM1, NDP52) for autophagic destruction. Autophagy also enhances antimicro-
bial activity by delivering pathogen-derived antigens to MHC-II compartments, 
bridging innate and adaptive immunity. Furthermore, autophagy-related proteins 
like ATG12-ATG5 conjugate inhibit inflammasome hyperactivation, preventing col-
lateral tissue damage during infection [4, 8, 16, 17]. Pathogens exploit autophagy to 
evade immune detection. For example, M. tuberculosis inhibits mitophagy to sustain 
intracellular survival, yet paradoxically, mitophagy-deficient macrophages mount 
stronger antimicrobial responses via unfolded protein response (UPR) pathways 
[18]. SARS-CoV-2 disrupts iron metabolism, elevating ROS and impairing autophagic 
clearance, which compromises antiviral immunity [19]. Therapeutic interventions, 
such as zinc oxide nanoparticles, exhibit biphasic effects—inducing ROS-dependent 
autophagy to inhibit Mycobacterium at low doses while causing cytotoxicity at higher 
concentrations [19].

2.4 Tissue repair: Resolution of inflammation and M2 polarization

Autophagy extends its function beyond pathogen elimination, playing a pivotal 
role in inflammation resolution and promoting tissue repair. When macrophages 
undergo a phenotypic shift from pro-inflammatory M1 to anti-inflammatory and 
reparative M2, autophagy is instrumental in orchestrating metabolic reprogram-
ming. M2 macrophages primarily utilize oxidative phosphorylation (OXPHOS) and 
fatty acid oxidation (FAO). These metabolic pathways are maintained by autophagy, 
which regulate mitochondrial quality control and facilitate the turnover of lipid 
droplets. For instance: Autophagy clears damaged mitochondria in M2 macrophages, 
reducing mtROS and NLRP3 inflammasome activity. Lysosomal degradation of lipid 
droplets via lipophagy provides free fatty acids to fuel FAO, a metabolic hallmark 
of M2 macrophages. Autophagy also enhances antimicrobial activity by delivering 
pathogen-derived antigens to MHC-II compartments, bridging innate and adap-
tive immunity. Furthermore, Autophagy also promotes efferocytosis (clearance of 
apoptotic cells) by enhancing lysosomal acidification and degrading engulfed cel-
lular debris. This prevents secondary necrosis and the release of pro-inflammatory 
damage-associated molecular patterns (DAMPs). Additionally, autophagy acts as a 
crucial regulator by curbing the overproduction of pro-inflammatory cytokines such 
as IL-1β and TNF-α, while simultaneously boosting the secretion of anti-inflamma-
tory factors including IL-10 and TGF-β. This dynamic equilibrium fosters a microen-
vironment ideal for tissue remodeling, as evidenced by studies [9, 19, 20]. Moreover, 
autophagy is pivotal in the transformation of pro-inflammatory M1 macrophages 
into their anti-inflammatory M2 counterparts. A case in point is USP19, which 
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accelerates the autophagy-mediated degradation of the NLRP3 inflammasome. 
This process inhibits IL-1β release, thereby facilitating the polarization toward 
the M2 phenotype [21]. Metabolic reprogramming is central to this process: 
Succinate dehydrogenase activity fuels M1 inflammatory responses [22], while 
autophagy supports fatty acid oxidation to drive M2 polarization [23]. The Nrf2 
pathway, a master regulator of antioxidant responses, collaborates with autophagy 
to mitigate tissue injury. Nrf2 deficiency exacerbates sepsis-induced lung damage 
by dysregulating autophagy-dependent NF-κB/PPARγ signaling, impairing M2 
polarization [23].

3. �Autophagy dysregulation as a pathological biomarker: Insights into 
chronic inflammation, cancer, and neurodegeneration

Autophagy, while essential for cellular homeostasis, becomes a double-edged 
sword when dysregulated. Emerging evidence highlights autophagy dysfunction as 
a critical pathological biomarker across diverse diseases, reflecting its role in driving 
chronic inflammation, tumor progression, and neurodegenerative pathology. Below, 
we discuss how impaired autophagy in macrophages contributes to these disease 
states. Understanding these mechanisms provides insights into potential therapeutic 
strategies targeting autophagy for disease treatment.

3.1 Chronic inflammatory diseases: NLRP3 inflammasome activation

Inflammasomes, especially the NLRP3 inflammasome, are essential components 
of the innate immune system, responding to pathogens and cellular stressors [24, 25]. 
Nevertheless, uncontrolled activation of the NLRP3 inflammasome is the characteris-
tic of numerous chronic inflammatory disorders. Mitochondrial impairment is central 
to NLRP3 inflammasome activation; when mitochondria are damaged, they release 
reactive oxygen species (ROS) and mitochondrial DNA. These substances initiate the 
process of inflammasome assembly [26].

The process of autophagy, particularly mitophagy—the targeted elimination of 
damaged mitochondria—is fundamental for preserving mitochondrial integrity 
and preventing excessive activation of the NLRP3 inflammasome [27]. Genetic 
abnormalities in autophagy-related genes, including Atg16l1, can disrupt mitophagy. 
As Saitoh et al. reported, the absence of Atg16L1 increases endotoxin-induced IL-1β 
production, underscoring autophagy’s pivotal role in modulating the NLRP3 inflam-
masome [28]. Autophagy also directly engages with inflammasome components. 
Proteins associated with autophagy often function to suppress inflammasome activa-
tion. When autophagic processes malfunction, these regulatory mechanisms break 
down, leading to unregulated secretion of pro-inflammatory cytokines such as IL-1β 
and IL-18. This cytokine overproduction contributes to the chronic inflammation 
observed in conditions like atherosclerosis. Qiao et al. found that impaired chaper-
one-mediated autophagy exacerbates inflammation and atherosclerosis by promoting 
NLRP3 inflammasome activation [29]. Recent findings by Cui et al. further reveal 
that MafB controls NLRP3 inflammasome activation in macrophages by maintaining 
p62 expression [30]. These discoveries highlight the intricate relationship between 
autophagy-associated proteins and inflammasome regulation, which is central to the 
development of chronic inflammatory diseases.
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3.2 Cancer: Tumor-associated macrophages (TAMs) and immunosuppression

Tumor-associated macrophages (TAMs) are the integral components of the tumor 
microenvironment, and their activities are intricately modulated by autophagy [31]. 
Dysregulation of autophagy within TAMs can foster tumor progression via diverse 
mechanisms, with immunosuppression being a primary driver. Recent investigations 
have indicated that inhibiting autophagy can trigger the M2 polarization of macro-
phages, a process linked to a pro-tumorigenic and immunosuppressive phenotype. 
Gao et al. reported that in hepatocellular carcinoma, suppressed autophagy heightens 
the instability of the NF-κB pathway, thus promoting the M2 polarization of macro-
phages. M2-polarized TAMs secrete cytokines like TGF-β and IL-10, which dampen 
the activity of anti-tumor immune cells, including T cells and natural killer cells, 
enabling tumor cells to elude immune detection [32].

Autophagy also contributes significantly to the regulation of tumor metastasis by 
myeloid cells. Jinushi et al. demonstrated that myeloid cells regulate tumor metastasis 
in an autophagy-dependent manner. Tumor cells have the capacity to induce altera-
tions in autophagy within TAMs [33]. For instance, Wang et al. discovered that tumor 
cells stimulate the expression of LAMP2a in TAMs, a phenomenon associated with 
cancer progression [34]. Moreover, Kuo et al. revealed that autophagy drives the plas-
ticity and functional polarization of TAMs, further augmenting the immunosuppres-
sive nature of the tumor microenvironment [35]. The interaction between autophagy 
and myeloid-derived suppressor cells (MDSCs) is equally crucial in the context of 
cancer [36]. When autophagy malfunctions in these cells, normal immune-regulatory 
functions are disrupted, facilitating tumor growth and metastasis.

3.3 Neurodegeneration: Defective clearance of protein aggregates

Neurodegenerative disorders, notably Alzheimer’s disease (AD) and Parkinson’s 
disease (PD), are typified by the aggregation of abnormal proteins within neurons, 
and autophagy is fundamental to their elimination. A defining pathological feature of 
AD is the buildup of amyloid-β (Aβ) plaques. Pickford et al. [37] found that beclin 1, a 
protein essential for autophagy, exhibits diminished expression in the early stages of AD. 
In mouse models, this reduction was linked to elevated Aβ accumulation. With beclin 
1-dependent autophagy impaired, the removal of Aβ is compromised, triggering aggrega-
tion and subsequent neurotoxic consequences [37]. In PD, the aggregation of α-synuclein 
into Lewy bodies is a hallmark. Both autophagy and mitophagy within neurons are 
indispensable for preserving neuronal viability in PD [38, 39]. The PINK1/PARKIN 
signaling pathway, which orchestrates mitophagy, frequently malfunctions in PD patients 
[40]. Pathway defects result in the accumulation of damaged mitochondria, which release 
pro-apoptotic substances and reactive oxygen species (ROS), intensifying neuronal 
injury. Moreover, the failure of autophagy to efficiently clear α-synuclein contributes 
to disease progression. Li et al. demonstrated that in PD, the macrophage migration 
inhibitory factor exerts neuroprotective effects by modulating inflammation, apoptosis, 
and autophagy, underscoring the therapeutic importance of autophagy regulation [41]. 
Collectively, the impaired autophagic clearance of protein aggregates in neurodegenera-
tive diseases precipitates the gradual deterioration of neuronal function and cell death, 
highlighting the pivotal role of autophagy in maintaining neuronal balance.

Understanding the mechanisms underlying autophagy dysregulation in these 
diseases provides a foundation for developing targeted therapeutic strategies. Future 
research should focus on exploring novel ways to modulate autophagy, either by 
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enhancing autophagic function in neurodegenerative diseases or by inhibiting 
autophagy-related processes in cancer and chronic inflammation, to improve the 
disease management and patient outcomes.

4. �Diagnostic and therapeutic implications of autophagy in macrophages

4.1 Diagnostic aspects: Biomarker panels for disease staging

Autophagy in macrophages has emerged as a critical process influencing disease 
progression, making it a potential source of biomarkers for clinical staging. Recent 
studies highlight that autophagic flux markers, such as LC3-II accumulation, p62/
SQSTM1 degradation, and lysosomal activity, correlate with macrophage functional 
states in inflammatory and infectious diseases. For instance, in sepsis, dysregulated 
macrophage autophagy is linked to excessive inflammation and organ damage, sug-
gesting that autophagic markers could stratify disease severity and predict outcomes 
[42]. Similarly, during an infection caused by the influenza A virus, autophagy col-
laborates with exosome secretion to promote the polarization of macrophages toward 
the M1 phenotype; exosomal cargo (e.g., miRNAs, DAMPs) may serve as non-invasive 
biomarkers to monitor immune activation and tissue injury [43]. Advances in multi-
omics approaches further support the integration of autophagy-related proteins, 
miRNAs (e.g., miR-33, which regulates mitochondrial autophagy in lung fibrosis), 
and exosomal signatures into diagnostic panels for conditions like acute kidney injury 
and neurodegenerative disorders [44, 45]. Such panels could enhance precision in 
tracking macrophage-mediated pathophysiology across diseases.

4.2 Therapeutic aspects: Targeting autophagy in macrophages

Modulating macrophage autophagy offers promising therapeutic avenues. In 
infectious diseases, enhancing autophagy restricts intracellular pathogens like 
Mycobacterium tuberculosis by promoting lysosomal degradation, suggesting that 
mTOR inhibitors (e.g., rapamycin) or TFEB activators could bolster host defense 
[46]. Conversely, in hyperinflammatory states such as sepsis, fine-tuning autophagy 
may mitigate organ damage—pharmacological inhibitors of excessive autophagy 
(e.g., chloroquine) have shown potential in preclinical models [42]. In fibrotic 
diseases, targeting autophagy in macrophages shows organ-specific benefits. For 
instance, miR-33 deficiency enhances mitophagy, resolves mitochondrial stress, and 
attenuates lung fibrosis [47]. The absence of Atg5 in macrophages prevents kidney 
fibrosis through the disruption of the CCR6-CCL20 axis, thus revealing an innovative 
pathway for therapeutic strategies [48].

Additionally, exosome-based therapies, which exploit autophagic machinery to 
modulate the macrophage polarization, are being explored for regenerative purposes, 
such as kidney repair [45]. However, context-dependent roles of autophagy—protec-
tive or detrimental—demand careful therapeutic design. For instance, in the realm 
of oncology, blocking autophagy in tumor-associated macrophages has the potential 
to enhance the efficacy of chemotherapy through a synergistic effect. Conversely, 
activating autophagy pathways in these cells could reverse the state of immunosup-
pression prevalent in the tumor microenvironment. In the field of oncology, for 
example, blocking autophagy in tumor-associated macrophages has the potential 
to combine effectively with chemotherapy, while its activation might alleviate the 
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immunosuppressive state [49]. The development of novel technologies, such as 
mitophagy-based reporting systems [50], allows for the instant evaluation of treat-
ment outcomes. This advancement sets the stage for the creation of customized 
therapeutic approaches.

5. �Future directions

Translating autophagy biomarkers into clinical practice and refining context-
specific therapies will require deeper insights into macrophage heterogeneity and 
autophagic network dynamics. Collaborative efforts to map autophagic networks in 
macrophage subtypes across diseases will be essential for advancing diagnostics and 
targeted interventions.
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Abstract

Macrophages are central coordinators of innate immune responses and are 
involved in the inflammatory aspect of many chronic disorders. Marine compounds, 
such as omega-3 fatty acids or bioactive algae molecules, are known for their anti-
inflammatory and antioxidative effects. There is a vast potential for new natural med-
icines of marine origin, and knowledge on how these affect macrophages is essential 
for their development. Also, a better understanding of the resulting effects of dietary 
intake of seafood has potential in the maintenance of inflammatory and oxidative 
homeostasis and prevention of chronic inflammation. This chapter gives a qualitative 
overview of the effects of marine fatty acids, polysaccharides, polyphenols, pigments, 
peptides, and few other marine compounds with a focus on known modes of action 
of antioxidative and immunomodulatory effects in macrophages. The relevance of 
these effects is also discussed in the context of chronic inflammatory diseases, which 
are important health challenges of our time and in which macrophages are interesting 
targets for modification by marine compounds.

Keywords: omega-3 fatty acids, specialized pro-resolving mediators, algae, 
polysaccharides, polyphenols, pigments, marine peptides

1. �Introduction

Acute inflammation is crucial for the defense against pathogens, but tight regula-
tion of inflammatory processes is essential for tissue homeostasis. Macrophages exert 
important functions in the acute phase of inflammation but are also initiators of reso-
lution and repair to restore tissue homeostasis. Macrophages have a high plasticity, 
and their activation state is often connected to a rather pro-inflammatory (M1-like) 
or pro-resolving and anti-inflammatory (M2-like) polarization, while also numerous 
intermediate polarizations exist [1]. When inflammatory signaling becomes aberrant, 
chronic inflammation contributes to most non-communicated and immune-mediated 
inflammatory diseases (NCDs and IMIDs).

Numerous compounds from marine sources have been largely evaluated for their 
effects on oxidative stress and inflammatory signaling, which are tightly connected 
to macrophage responses as central regulators of inflammation. Most often, anti-
oxidative effects and dampened or induced cytokine secretions are reported in this 
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context. Marine compounds extracted from different organisms belong generally to 
macromolecule types such as fatty acids, polysaccharides, polyphenols, and proteins. 
Omega-3 polyunsaturated fatty acids (n-3 PUFAs) are best known as bioactive 
marine fatty acids from fish oils. However, n-3 PUFAs are initially and primarily syn-
thesized by marine microorganisms, and then accumulate through the food chain [2]. 
As most molecules discussed here, n-3 PUFAs cannot be synthesized by the human 
body but are essential fatty acids to be taken up by diet. Marine polysaccharides are 
mainly found and extracted from the cell walls of macroalgae, marine microorgan-
isms, and invertebrates, where they often have energy storage and structural func-
tions [3]. Compared to terrestrial polysaccharides, those from marine organisms 
contain more sulfate groups [4], what might be correlated with their bioactivity [5, 
6]. Polyphenols are naturally occurring phenols synthesized as secondary metabolites 
of plants for their protection against pathogens and environmental stresses. In the 
ocean, polyphenols are mainly found in marine algae and are more diverse and vari-
able than polyphenols from terrestrial sources [7]. The best studied bioactive marine 
pigments are the carotenoids fucoxanthin and astaxanthin. Fucoxanthin is found in 
brown macroalgae, and astaxanthin is mainly found in microalgae and crustaceans. 
However, all autotrophic marine organisms such as archaea, bacteria, and yeast pro-
duce carotenoids [8]. Algae produce many of these molecules, and their bioactivities 
have recently been reviewed by Cadar et al., providing an extensive list of compounds 
and their functional effects [9]. Finally, bioactive peptides obtained by hydrolysis 
of marine organisms have recently gained much attention for their health-beneficial 
effects [10]. On the other hand, antimicrobial peptides (AMP) are secondary metabo-
lites isolated from marine sources with interest in their antimicrobial properties [11].

Overall, many reports and reviews have described the bioactive functions of these 
compounds from various marine sources, whereas how they modify inflammatory 
signaling is often less clear. This chapter presents a selection of marine compounds 
with examples on known modes of action in macrophages.

2. �Effects of marine fatty acids

It is well established that n-3 PUFAs from marine sources have anti-inflammatory 
effects, and their modes of action are among the best described for marine ingredients 
[12, 13]. PUFAs are defined by the location of their double bounds in the carbon back-
bone, further giving rise to their molecular structure. It has long been known that n-6 
PUFAs in cell membranes serve as substrates for the production of pro-inflammatory 
eicosanoids, while counteracted by n-3 PUFAs [12]. The increased incorporation of 
n-3 PUFAs in cell membranes was further shown to modulate lipid rafts, which are 
cholesterol-rich microdomains important for cellular signaling [14–16]. With regard 
to macrophage functions, altered lipid rafts by incorporation of the n-3 PUFA doco-
sahexaenoic acid (DHA, 22:6 (n-3)) reduced monocyte adhesion [17] and antigen-
presentation by interference with major histocompatibility complex (MHC) receptor 
organization [18]. Changes in lipid rafts also affect lipopolysaccharide (LPS)-induced 
inflammatory signaling [19]. Moreover, saturated fatty acids are needed for dimeriza-
tion of toll-like receptor 4 (TLR4) and TLR2, while n-3 PUFAs inhibit this mechanism 
[20]. In 2010, the free fatty acid receptor 4 (FFA4/GPR120) was shown to bind n-3 
PUFAs, leading to the recruitment of β-arrestin-2 that inhibits nuclear factor kappa 
beta (NF-κB) and Jun N-terminal kinase (JNK) pathways by sequestering the com-
mon signaling molecule TGF-beta-activated kinase 1 (TAB1) [21]. The n-3 PUFA 
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DHA and herring roe oil also limited interferon regulatory factor (IRF) signaling 
[22, 23]. Further, the intracellular receptor and transcription factor peroxisome 
proliferator-activated receptor gamma (PPARγ) is activated by n-3 PUFAs and 
involved in the polarization towards anti-inflammatory M2-like macrophages [24]. 
M2-like polarization was also induced by DHA-through promotion of autophagy and 
activation of the p38 mitogen-activated protein kinase (MAPK) [25]. N-3 PUFAs have 
further been reported to activate the nutrient sensor 5’ AMP-activated protein kinase 
(AMPK), exerting an anti-inflammatory effect via sirtuin 1 (SIRT) that is deacetylat-
ing the NF-κB subunit p65 [26]. Moreover, it has been shown in rats that n-3 PUFA 
diet can have an impact on microRNAs in PBMCs by downregulating miR-19b-3p and 
miR-146b-5p [27]. We and others have shown that n-3 PUFAs activate nuclear factor 
(erythroid-derived 2)-like 2 (NFE2L2), an important transcription factor of the anti-
oxidant response [22, 28]. We suggest a temporary increase in reactive oxygen species 
(ROS) and subsequent sequestration of kelch-like ECH-associated protein 1 (KEAP1) 
as the mechanism of NFE2L2 activation in macrophages [22]. An anti-inflammatory 
function of NFE2L2 signaling is well known [29]. Interestingly, monounsaturated a 
fatty acid from cyanobacteria has also been reported to reduce inflammatory signal-
ing via activation of NFE2L2 [30]. On the other hand, it was proposed that DHA 
impairs macrophage responses towards mycobacterium tuberculosis by interfering 
with signal transducer and activator of transcription 1 (STAT1) phosphorylation and 
the localization of interferon gamma receptor in lipid rafts [31]. Overall, it seems that 
n-3 PUFAs are beneficial in case of infections with extracellular pathogens due to 
lower inflammation, while detrimental with intracellular pathogens [32].

Despite extensive mechanistical data behind the inflammation limiting effects of 
n-3 PUFAs in macrophages, also inconsistencies exist in clinical trials [33, 34]. This 
might be partly explained by the discovery that immune and other cells metabolize 
PUFAs to specific lipid mediators (LM), which actively promote the resolution-phase 
of inflammation, as described by an extensive body of work during the last decades 
[35–37], concisely summarized by Chiang and Serhan [38]. While n-6 PUFAs are the 
precursors for pro-inflammatory eicosanoids such as the leukotriene LTB4 and the 
prostaglandins PGE2 and PGF2a, which play a role in the acute phase of inflamma-
tion, n-3 PUFAs can be metabolized to specialized pro-resolving mediators (SPMs) 
promoting resolution and repair [39]. At the peak of inflammation, central enzymes 
in the production of LMs (lipoxygenases (5-, 12-, and 15-LOX), cyclo-oxygenase-2 
(COX2), and cytochrome P450) switch their substrate utilization from the biosyn-
thesis of pro-inflammatory lipid mediators to the production of SPMs. Evidence 
exists that this switch might partly depend on the subcellular localization of the 
enzymes [40]. The n-3 PUFA eicosapentaenoic acid (EPA, 20:5 (n-3)) is converted to 
18-HEPE and further to E-series resolvins (RvE). The metabolism of DHA leads to the 
formation of intermediate metabolites like 17-HDHA, 17S-hydroperoxy-DHA, and 
14S-Hydroperoxy-DHA and further to respectively, D-series resolvins (RvD), protec-
tins (PD), and maresins (MaR). The n-6 PUFA arachidonic acid (AA) also gives rise 
to pro-resolving lipoxins (LXA4 and LXB4). More recently, the synthesis of docosa-
pentaenoic acid (DPA, 22:5 (n-3))-derived RvDs, PDs, and MaRs has been described 
[41, 42] as well as cysteinyl-conjugated SPMs-termed conjugates in tissue regenera-
tion (CTR) [43]. The activity of SPMs is mediated through binding to their respective 
G-protein coupled receptors (GPCR/GPR) like the formylpeptide receptor 2 (FPR2/
ALX), the RvD1 and LXA4 receptor GPR32, chemokine-like receptor 1 (CMKLR1/
ChemR23), the LTB4 receptor (LBT4R/BLT1), and GPR18 [44]. Macrophages are 
central cells in the production of and response to all types of SPMs [38, 39] and are 
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the main source of MaRs and their CTR (MCTR) [45]. Interestingly, while pro-
resolving LM synthesis was first described in polymorphonuclear cells (PMN), it was 
also shown that microparticles from PMNs as well as phagocytosis of apoptotic PMNs 
(efferocytosis) provide substrates and promote LM synthesis in macrophages [46]. 
Overall, the different classes of SPMs share pro-resolving effects on macrophages, 
such as increased efferocytosis, reduced inflammatory signaling, and promotion 
of a pro-resolution polarization [39]. The induction of phagocytosis/efferocytosis 
in macrophages is a hallmark of SPM-mediated effects and directly linked to active 
resolving and repair [47]. Interestingly, the receptor ChemR23 is only expressed in M1 
type macrophages. ChemR23 is the receptor for chemerin, which is attracting mono-
cytes/macrophages to the site of insult. The initiation of resolution further leads to 
repolarization of these macrophages to a pro-resolution type by the binding of RvE1 
to Chem23 [48]. It has been shown that the LM profile produced by macrophages 
depends on the macrophage lineage and type of stimuli [40, 49]. Importantly, the 
supplementation of human macrophages with different marine fish- or algae-derived 
oils promoted the synthesis of distinct LM profiles [50, 51]. Moreover, LM-enriched 
oils promoted resolving-associated macrophage and microglia phenotypes in man and 
mice [52, 53]. It is well established that SPMs exert their effects via binding to GPCRs 
leading to various pro-resolving downstream effects that might also overlap with or 
explain mechanisms described for n-3 PUFAs. Especially the fact that different SPMs 
bind to several GPCRs, and multiple SPMs bind to each receptor leads to complex 
pathways between receptors and effects, with details reviewed elsewhere [47, 54]. To 
mention some mechanisms, the activation of the six described SPM-binding GPCRs 
often involves the recruitment of β-arrestin, mediating further effects via among 
others modulation of calcium release, cyclic adenosine monophosphate (cAMP) 
signaling, and on transcription factor activity of NF-κB, MAPKs, and STAT3 [54]. 
Furthermore, regulation of microRNAs has been described as part of SPM effects 
[55]. The SPM-induced increase in phagocytosis is also explained by GPCR activation 
leading to cytoskeletal changes [56, 57].

Finally, although most research has been done in mammals, the synthesis of SPMs 
takes place throughout the food chain and SPMs as well as their precursors can be 
found in microalgae and fish [58, 59].

3. �Effects of marine polysaccharides

Many types of marine polysaccharides are reported to have anti-inflammatory or 
immunostimulatory effects as well as to modulate ROS signaling by their antioxida-
tive capacities. The sulfate content in marine polysaccharides was suggested to be 
correlated with their radical scavenging activity [5, 6]. Sulfated polysaccharides, 
extracted from brown macroalgae, have been reported to reduce cytokine secretions 
as well as to limit the activity of NF-κB and MAPKs in macrophages [60], and also 
immune-stimulating effects have been reported [61]; also, we have shown that both 
effects might co-exist, depending on the basal inflammatory status [62]. Observations 
in porcine monocytes and alveolar macrophages support the induction of an immune 
tolerance state by the treatment with sulphated polysaccharides [63], whereas we 
have shown that polysaccharide-rich macroalgae extracts specifically downregulated 
IRF-signaling [62]. Alginate oligosaccharides were shown to bind TLR4 to activate 
pro-inflammatory signaling [64], while much research is ongoing to optimize pro-
resolving and tissue restoring effects of alginate hydrogels in biomedical applications 
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[65]. Although less studied, ulvan from green macroalgae was also reported with both 
anti-inflammatory and immunomodulatory function [66]. Ascophyllan, a sulphated 
polysaccharide from Ascophyllum nodosum, strongly activated the transcription factors 
NF-κB and AP-1 and the secretion of pro-inflammatory cytokines [67]. A sulphated 
polysaccharide from red macroalgae reduced LPS-induced ROS and NO signaling and 
NF-κB and MAPK signaling [68]. Microalgae polysaccharides inhibited the activation 
of MAPK/NF-κB, PI3K/AKT, and STAT-3 pathways and activated NFE2L2 signaling 
[69]. A bacillus proteoglycan has been shown to suppress macrophage inflammatory 
signaling by reduced protein levels of MAPKs and NF-κB subunit p65, possibly due to 
increased ubiquitination and degradation [70]. Chitooligosaccharide obtained after 
hydrolysis of shrimp shell chitosan reduced LPS-induced ROS and the expression of 
the NFE2L2 target heme oxygenase (HMOX1) as well as the phosphorylation of PKB/
Akt and extracellular-signal regulated kinases 1/2 (ERK1/2) [71]. Clam polysaccha-
rides promoted a shift from M2 to M1-like in tumor-associated macrophages (TAMs), 
thus increasing their anti-cancer activity [72].

As hydrophilic macromolecules, polysaccharides do not have the capability 
to freely cross the cell membrane but need to interact with receptors. This is well 
described for fucoidans, a group of marine sulphated polysaccharides found in brown 
macroalgae as well as the body wall of certain marine organisms such as sea cucum-
bers [73]. Fucoidan has long been used as ligand for the class A scavenger receptor 
(SR-A, CD204) in macrophages [74, 75]. SRs recognize and internalize molecules 
such as low-density lipoprotein (LDL), LPS, and lipoteichoic acid (LTA), and also 
marine polysaccharides might be internalized through receptor interactions. SR-A 
lacks the cytoplasmatic activation site but co-operates with other receptors such as 
TLR4 to mediate fucoidan effects. The binding of fucoidan to SR-A might also hinder 
the binding of other factors and their functions. Furthermore, TLRs, C-type lectins, 
selectins, and other receptors have been reported as molecular targets of fucoidan 
mediating their respective effects [75, 76]. Likewise, brown algae fucoidan was 
suggested to increase TNF-α secretion through receptor interaction [77]. It is further 
acknowledged that the structure of fucoidans is an important factor for their biologi-
cal activity and Apostolova et al. give an overview on the effects of algae-derived 
fucoidans [61].

Chen et al. have shown that the inhibitory effect of fucoidan on the NLRP3 inflam-
masome in oxidized LDL (oxLDL) macrophages, a model for foam cells, depends on 
the ability of fucoidan to up-regulate selective autophagy [78]. Also, sea cucumber 
fucoidan was able to upregulate autophagy to limit the expression of cytokines and 
inflammasome components [79]. The relation of autophagy and the inflammasome 
is well described as inflammasome components are targeted to selective autophagy, 
namely, recognized by selective autophagy receptors, which link them to the autoph-
agy machinery, being engulfed in autophagosomes and finally recycled by fusion with 
lysosomes [80]. How exactly fucoidans and possibly other marine polysaccharides 
induce autophagy is not described; however, a connection between TLR activation 
and autophagy exists [81]. On the other hand, it has also been proposed that fucoi-
dan inhibits autophagy in endoplasmatic reticulum (ER)-stressed macrophages via 
activation of SR-A and mechanistic target of rapamycin (mTOR) [82]. Thus, fucoidan 
effects might differ depending on other active cellular signaling. Fucoidan was also 
able to reduce lipid accumulation and increase the efflux of cholesterol from induced 
oxLDL macrophages by increased expression of ATP-binding cassette transporter A1 
(ABCA1) possibly via liver X receptor-α (LXR-α) [83]. In another study, fucoidan 
reduced the production of colony stimulating factor 1 (CSF1) and thereby limited 
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migration and cytokine production of macrophages [84]. Importantly, polysaccha-
rides might undergo modifications during digestion, and in this regard it was shown 
that fucoidan after simulated fecal fermentation induced nitric oxide (NO) produc-
tion, cytokine secretion and phagocytosis [85].

In the light of diverse possible receptor interactions, recurrent patterns are pres-
ent, but specific effects of polysaccharides seem to depend on the exact molecules 
present, timing, and cellular state. This might need to be tested rather than deduced.

4. �Effects of marine polyphenols

Polyphenols are a large group of reactive molecules and are best known for their 
ROS scavenging effects [86]. Detailed classification and structures of marine poly-
phenols are found elsewhere [87]. Phlorotannins are a group of polyphenols that are 
abundant in certain brown macroalgae, and their antioxidative and anti-inflamma-
tory effects have been reviewed [88]. Many phlorotannins have been shown to reduce 
ROS and NF-κB activity. Likewise, phlorotannins from Fucus vesiculosus blocked 
NF-κB activation by inhibiting the phosphorylation and degradation of NF-kappa-B 
inhibitor alpha (IκB) [89]. Also, two bieckols, phlorotannins from Ecklonia cava, 
supressed NF-κB activity, possibly partly through limiting LPS-induced ROS [90, 91] 
and a dieckol reduced fine-dust-induced ROS via increased superoxide dismutase 
production as well as activation of NFE2L2 [92]. Similarly, fucofuroeckol-A from 
Eisenia bicyclis reduced NF-κB and MAPK activation [93]. Interestingly, an eckol from 
E. cava activated NFE2L2 through activation of ERK and PKB/Akt [94]. Inhibitory 
effects of phlorotannins have been demonstrated on secretory phospholipase A2s 
(sPLA2s), LOXs and COXs, all of which are involved in the metabolism of the 
endogenous n-6 PUFA arachidonic acid (AA) to pro-inflammatory prostaglandins 
[95, 96]. Flavonoids from macroalgae are far less studied, but a polyhydroxyflavone 
extracted from the brown seaweed Hizikia fusiforme was shown to limit NF-κB activa-
tion through stabilization of IκB-α [97]. Many of the phenolic compounds (such as 
catechin, quercetin, kaempferol) are mainly studied from terrestrial plants; however, 
as they are also found in marine micro- and macroalgae, similar effects would be 
expected. In this regard, the flavonoid kaempferol inhibited NF-κB and MAPK signal-
ing and limited macrophage M1-like polarization [98]. Quercetin reduced ROS forma-
tion and thus activation of the inflammasome, as well as limited TLR2 expression and 
AMPK phosphorylation, activated NFE2L2 and promoted M2-like polarization [99]. 
As an example of other phenolics, bromophenols from red macroalgae dampened 
inflammatory signaling by reducing LPS-induced ROS and ERK1/2 phosphorylation 
[100] and reduced NF-κB and STAT1 phosphorylation [101].

Taken together, marine polyphenols might limit ROS, activate antioxidative 
and detoxifying enzymes, and inhibit central inflammatory transcription factors. 
Interestingly, polyphenols were also reported to interfere with lipid rafts, what could 
at least partly explain their anti-inflammatory effects [102].

5. �Effects of marine pigments

Carotenoids from marine sources and their health-related effects have been 
recently reviewed [8], while we focus here on the most commonly described 
pigments. Fucoxanthin is a xanthophyll carotenoid found in brown algae with 
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antioxidant and anti-inflammatory effects [103]. It has been shown that fucoxanthin 
is able to upregulate NFE2L2 with cytoprotective, antioxidative, and anti-inflam-
matory downstream effects [104–107]. The induction of NFE2L2 by fucoxanthin 
has been proposed to be partly mediated through direct interaction with KEAP1, 
the negative regulator of NFE2L2, leading to the liberation and nuclear transloca-
tion of NFE2L2 [108]. Also, interactions of fucoxanthin with upstream kinases Fyn 
(p59-FYN), glycogen synthase kinase-3 beta (GSK-3β), and PKB/Akt were modeled, 
explaining the activation of NFE2L2 [106]. Furthermore, fucoxanthin increased 
the expression of SIRT1 [105]. SIRT1 is a protein deacetylase involved in the regula-
tion of several cell protective pathways such as the antioxidative response, energy 
maintenance, apoptosis, and senescence and has been proposed to activate NFE2L2 
by its deacetylation function [109]. Fucoxanthin from the microalgae Phaeodactylum 
tricornutum was shown to limit the assembly and activation of the NLRP3 inflamma-
some as well as the NF-κB-dependent priming step in bone marrow-derived macro-
phages [110]. During digestion, fucoxanthin is hydrolysed to fucoxanthinol, which 
has been shown to inhibit the lysosomal enzyme N-acylethanolamine acid amidase 
(NAAA) and thus prevent the cleavage of the endogenous and anti-inflammatory LM 
palmitoylethanolamide [111]. Carotenoids from marine bacteria have also been shown 
to reduce NO production, TNF-α secretion, and lipid peroxidation in LPS-stimulated 
PBMCs [112], suggesting an inhibitory effect on NF-κB, which is however also found 
for other carotenoids than from marine sources [113]. Microalgae produce chloro-
phylls that are needed for photosynthesis as well as carotenoids and phycobiliproteins 
as accessory pigments, which also scavenge ROS and limit NF-κB signaling [114, 115].

Astaxanthin is a red carotenoid found mainly in microalgae and the shell of 
crustaceans. Mechanisms of an anti-inflammatory effect of astaxanthin have been 
recently summarized and include inhibition of NF-κB, MAPKs and STAT3 as well as 
ROS and activation of PI3K and NFE2L2 [116]. In microglia, an anti-inflammatory 
effect by astaxanthin was explained by the downregulation of miR-31-5p [117]. 
Astaxanthin has also been reported to induce NFE2L2 via increased expression of 
SIRT1 [118]. The activation of NFE2L2 by astaxanthin has further been linked to the 
prevention of macrophage ferroptosis and thus alleviating arthrosclerosis [119] and 
astaxanthin activated PI3K and CDC42 to increase lipid efflux from macrophages 
preventing the emergence of foam cells [120]. The latter was also demonstrated 
to depend on an increased expression of circular RNA tripeptidyl-peptidase II 
(circTPP2), leading to downregulation of miR-3073b-5p and upregulation of ABCA1 
[121]. Astaxanthin was further suggested to cell-specifically activate PPARγ in mac-
rophages, increasing the expression of LXR, CD36 and ABCA1 to promote lipid efflux 
and to mediate an anti-inflammatory effect [122].

Finally, and as an interesting fact, melanin nanoparticles from cuttlefish ink have 
been proposed to limit ROS and modulate macrophage polarization towards M2 [123].

6. �Effects of marine peptides

Antimicrobial peptides (AMPs) are part of the remarkable defense mechanism 
of marine invertebrates and interesting drug candidates against antibiotic-resistant 
bacteria [124]. Some AMPs have been further modified to improve their antibacterial 
functions, and many AMPs are reported to exert antibacterial effects intracellularly 
in macrophages. Likewise, the marine peptide-N6NH2 and its derivatives have been 
shown to be internalized by macrophages though lipid rafts, micropinocytosis, and 
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microtubule polymerization and to exert intracellular antimicrobial effects against 
different bacterial strains [125, 126]. Also, marine peptide-N2 conjugated with 
cell penetrating peptides could enter macrophages through micropinocytosis and 
clathrin-mediated endocytosis to reduce intracellular Salmonella typhimurium [127]. 
Hepcidin-2 from mudskipper increased the bactericidal and phagocytic function of 
its monocytes and macrophages [128]. Hsieh et al. have shown that the grouper AMP 
Epinecidin (Epi)-1 induces several changes in the transcriptome of LPS-stimulated 
macrophages, such as reducing the expression of pro-inflammatory cytokines and 
increasing MHC-related gene expression thought to increase the host response against 
LPS [129]. Perthamide C, a secondary metabolite from marine sponge, was shown to 
modulate the expression of chaperones such as Hsp-90 in murine macrophages, what 
the authors link to apoptosis reduction [130].

Bioactive peptides are also obtained from the hydrolysis of marine organisms 
and well known for their radical scavenging and antioxidative capacities, but often, 
these effects are determined biochemically and not directly transferrable into cell 
systems. However, peptides from hydrolyzed sea cucumber collagen were able to 
protect RAW264.7 macrophages from H2O2 induced damage by reduction of ROS and 
lipid oxidation and activation of antioxidant enzymes [131]. Peptides from hydrolysis 
of oyster soft tissue and salmon bones reduced inflammatory signaling in LPS-
stimulated macrophages [132, 133], similarly to blue mussel peptides, which inhibited 
IκB-α and MAPK phosphorylation [134]. Anti-inflammatory peptides have also been 
isolated from red seaweed hydrolysate, showing mainly upregulation of IL-10 via 
NF-κB and MAPK activation [135]. On the other hand, Lin et al. purified an immu-
nostimulatory peptide from sandworm hydrolysate, which increased macrophage 
proliferation, phagocytosis, and cytokine secretion [136]. Two peptides from ark 
shell hydrolysate activated PPAR-γ/LXR-α in macrophages treated with oxLDL, thus 
inhibiting the formation of foam cells [137].

7. �Effects of other marine compounds

There exists a variety of further secondary metabolites from marine organisms, of 
which some have been described for functional effects in macrophages. To mention 
some, macrolactins from marine microorganisms have shown anti-inflammatory 
effects by the activation of NFE2L2 and BTB domain and CNC homolog 1 (BACH1) 
[138]. The hemiterpene equisetin, which was isolated from fungus of marine sponge, 
inhibited inflammatory signaling in macrophages and foam cell formation by bind-
ing and inhibiting STAT3 [139]. Gliotoxin from marine fungi promoted autophagy 
via increased expression of microtubule-associated proteins 1A/1B light chain 3B 
(MAP1LC3B/LC3) and autophagy-related 5 (ATG5) and suppressed infection by 
mycobacteria tuberculosis in macrophages, while no change in inflammatory signal-
ing was observed [140]. Brevenal, a bioactive dinoflagellate compound inhibited 
TNF-α and IL-1β from macrophages [141]. Fucosterol, a secondary metabolite of the 
brown algae Padina boryana protected macrophages from particulate matter induced 
stress by reducing ROS as well as NF-κB and MAPK expression or phosphorylation 
[142]. Moreover, Trabectedin, a tunicate-derived alkaloid and anti-cancer drug 
induces caspase-8-mediated apoptosis specifically in macrophages and thus also 
TAMs, thereby limiting their pro-cancer effects [143].

Vitamins are essential organic micronutrients and seaweeds are rich in vitamin 
B-complex (folic acid and B12), vitamin C and vitamin A precursor β-carotene 
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[144]. Furthermore, tocopherols (Vitamin E) are produced by algae as secondary 
metabolites and known for their antioxidant and anti-inflammatory effects, mostly 
described from terrestrial plants [145–147]. Vitamin D has been produced by plank-
ton for millions of years and has become an important hormone regulating calcium 
homeostasis in more complex organisms [148]. Fish is a dietary source for vitamin 
D. Interestingly, macrophages can both produce and respond to the active vitamin 
D metabolite 1,25-dihydroxyvitamin D3 (1,25D). The multiple immunoregulatory 
effects of Vitamin D are described elsewhere [149].

8. �Discussion

This review presents many examples on the regulation of macrophage function by 
marine compounds. Although the described compounds are highly diverse molecules, 
several recurrent pathway modifications can be delineated and include limited ROS 
signaling, activation of the antioxidative defense system via NFE2L2 and limited 
or induced activity of the main inflammatory transcription factors such as NF-κB, 
MAPKs and STATs, and their upstream signaling proteins. An overview of these 
effects is summarized in Table 1.

As important mode of action, n-3 PUFAs and polyphenols might incorporate 
into and modulate cell membranes and lipid rafts and thereby interfere with recep-
tor signaling. N-3 PUFAs as well as their metabolites can further directly bind their 
specific receptors, while polysaccharides might bind to and function as agonist or 

N-3 PUFAs and 
metabolites

Polysaccharides Polyphenols Pigments 
(carotenoids)

Peptides

Modulation of 
cell membranes 
and lipid rafts

Inflamm. ↓ Inflamm. ↓

Signaling via 
specific receptors

Inflamm. ↓

Modulation of 
PRR signaling

Inflamm. ↕

ROS scavengers/
inducers

ROS ↑ (mildly) ROS ↓ ROS ↓ ROS ↓ ROS ↓

Modulation of 
intracellular 
proteins

Inflamm. ↕ Inflamm. ↕ Inflamm. ↕ Inflamm. ↓

Altering 
microRNAs

Inflamm. ↓ Inflamm. ↓

Induction of 
efferocytosis

Inflamm. ↓
(Repair ↑)

Autophagy 
activation

Inflamm. ↓ Inflamm. ↓

NFE2L2 
activation

ROS ↓
Inflamm. ↓

ROS ↓
Inflamm. ↓

ROS ↓
Inflamm. ↓

ROS ↓
Inflamm. ↓

Table 1. 
Brief overview on reported mechanisms of marine compounds affecting macrophages and resulting in up (↑) or 
down (↓) modulation of inflammatory and ROS signaling.
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antagonist of several pattern recognition receptors (PRR). Polysaccharides, poly-
phenols, and carotenoids are able to scavenge ROS by their molecular structure and 
might also directly interact with different enzymes and signaling proteins to modify 
their activity. Interestingly, polyphenols were reported to modulate the activity of 
lipid-metabolizing enzymes [95, 96]. Thus, there could be a potential of marine 
compounds other than fatty acids to modulate the resolution phase of inflammation 
by targeting the involved enzymes, what should be further explored.

Macrophage signaling is tightly connected to the regulation of inflammatory 
processes. Acute inflammation is essential in the defense from pathogens; however, 
when resolving mechanisms fail, macrophage signaling becomes detrimental, main-
taining chronic inflammation and leading to tissue damage [150]. Chronic low-grade 
inflammation has been recognized as a common characteristic and underlying cause 
of NCDs and IMIDs [151]. The causes of chronic inflammation are many but often 
involve an overproduction of ROS [152]. Thus, scavenging of ROS or the activation of 
the antioxidative response by marine compounds counteracts this driver of chronic 
inflammation. Marine compounds might further modulate the subsequently and 
inappropriately activated inflammatory signaling pathways, which also promote the 
progression of associated diseases [153]. Of note, several marine compounds were 
reported to interfere with lipid handling in macrophages and foam cell development, 
playing a role in atherosclerosis. Compared to immunosuppressive drugs, which also 
compromise inflammatory processes that are needed in the defense from pathogens, 
natural compounds from the ocean might be used in prevention and milder disease 
to modulate macrophage functions and restore homeostasis. Especially the fact that 
marine compounds have often many targets suggests their use as holistic approach to 
limit chronic inflammation. Further, many marine organisms (and especially algae) 
contain an array of the above described molecules, and thus dietary intake of seafood 
has the potential to maintain and restore macrophage function. It is however chal-
lenging to fully understand dietary applications, where synergistic or antagonistic 
effects by the contained compounds might occur [153]. Moreover, polysaccharides, 
polyphenols, and peptides among others might be metabolized during digestion. 
Thus, it should be kept in mind that in vitro experiments do not necessarily always 
reflect what metabolites could be available in the blood after dietary intake of marine 
compounds, and further research is needed to better elucidate this aspect.

As we focus on signaling in macrophages, many of the included studies were done 
in vitro and we have not made a difference depending on what types of macrophages 
(human, mouse, cell lines) were used, although this might have an influence on cer-
tain results. Finally, regulation of macrophage functions is always a two-sided sword. 
Likewise, even though anti-inflammatory and antioxidative effects are beneficial in 
the treatment of IMIDs, these effects could also worsen the outcome such as reduced 
clearance of bacterial infections in case of too little inflammatory signaling or promo-
tion of alternatively activated M2-like TAMs, so care has to be taken in such settings.

9. �Conclusion

The ocean is a source of highly diverse bioactive compounds, and especially 
algae are often producers of a multitude of the here discussed compounds. Despite 
the diversity of compounds, certain principles in the regulation of macrophage 
responses are recurring, such as scavenging of ROS, activation of the antioxidative 
defense system, or changes in the activation of the main inflammatory transcription 
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factors. Much research has been done on marine fatty acids, revealing their metabo-
lism to pro-resolving LMs and SPMs. Macrophages are central in the production 
and response to SPMs and actively contribute to the resolution of inflammation by 
increased phagocytosis, a hallmark of SPM action. Algae-derived polysaccharides, 
polyphenols, tocopherols, and pigments are also increasingly described. While their 
effects are relevant for many cell types, antioxidative and immunomodulating effects 
have an important impact on macrophage signaling with relevance for inflammatory 
conditions. Finally, marine compounds often have pleiotropic effects on multiple 
pathways in inflammation and oxidative stress, what makes them especially interest-
ing for the prevention and treatment of chronic inflammatory diseases.
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Macrophages represent a highly dynamic cell population within the innate immune system, 
engaged in tissue surveillance, phagocytosis, antigen presentation, and the regulation of 
inflammatory and reparative processes. Their remarkable functional plasticity enables 

continuous adaptation to microenvironmental cues, defining a spectrum of activation states 
collectively described by the concept of macrophage polarization. This continuum, historically 

framed by the pro-inflammatory M1 and anti-inflammatory M2 profiles, encompasses a 
complex structural and transcriptional heterogeneity tightly linked to physiological and 

pathological contexts. This volume provides an integrated analysis of the physiological and 
pathological functions of macrophages across diverse biological systems, including embryonic 

development, tissue homeostasis, infection, chronic inflammation, cancer, metabolism, and 
neurodegenerative diseases. It examines the molecular, metabolic, and epigenetic signals that 
shape macrophage differentiation and function, while highlighting the intricate interactions 
between these cells and the immune and stromal components of the microenvironment. The 

book also emphasizes contemporary methodologies for exploring macrophage heterogeneity: 
multiparametric and mass cytometry, single-cell transcriptomics, confocal and intravital 

imaging, spatial proteomics, targeted metabolomics, high-resolution electron microscopy, and 
multi-omics integration enhanced by artificial intelligence. These complementary approaches 

offer new insights into the spatiotemporal dynamics of macrophages, providing avenues for 
therapeutic strategies based on their functional reprogramming. As a synthesis of recent 

advances, this work is addressed to researchers and clinicians interested in macrophage biology, 
plasticity, and pathophysiological impact, offering a comprehensive and critical perspective on 

these cells at the intersection of immunity and disease.
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