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the inevitable aging disorders (e.g., diabetes, hypertension, chronic kidney dis-
ease, heart failure, peptic ulcer, inflammatory bowel disease, age-related macu-
lar degeneration, cancer). With consideration of all organ systems (e.g., brain, 
heart, lung, gut, skeletal and smooth muscle, liver, pancreas, kidney, eye) and the 
interactions thereof, this Physiology Series will address the goals of resolving (1) 
Aging physiology and chronic disease progression (2) Examination of key cellular 
pathways as they relate to calcium, oxidative stress, and electrical signaling, and 
(3) how changes in plasma membrane produced by lipid peroxidation products 
can affect aging physiology, covering new research in the area of cell, human, 
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Preface

Infections are immune-mediated illnesses that can range from mild to serious. In 
recent years, new pathogens have appeared, such as the COVID-19 virus, which 
caused a worldwide pandemic. Due to the appearance of new and serious pathogens, 
the human immune response is continually being tested.

Phagocytosis is one of the main mechanisms in innate immune defense and the first 
process to respond to pathogens. It is also one of the initiating branches of an adaptive 
immune response. In the immune system, the cells that are capable of phagocytosis are 
called “professional phagocytes.” These include neutrophils, macrophages, monocytes, 
dendritic cells, and eosinophils. In these cells, the phagosome is the organelle formed 
by phagocytosis of material. It then moves toward the centrosome of the phagocyte 
and is fused with lysosomes, forming a phagolysosome and leading to degradation. 
Progressively, the phagolysosome is acidified, activating degradative enzymes and 
killing all pathogens.

This book discusses the main aspects of phagocytosis and related cells in the human 
immune response. It also examines the molecular mechanisms involved in infections 
and related pathogens, providing a comprehensive review of infectious diseases and 
their pathophysiology, diagnosis, management, and treatment.

As educators, we are frequently faced with probing questions from students who are 
confused by the paradoxical functions of the immune system. We think this book 
can help students to understand the molecular pathways of phagocytosis. Thus, it 
is a useful resource not only for undergraduate and graduate students but also for 
immunology specialists and clinicians.
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Chapter 1

Functioning and Control of 
Phagocytosis
Laban Turyamuhika, Agaba Bosco, Asiimwe Moses, 
Musinguzi Benson and Okek Erick

Abstract

Phagocytosis is a very complex and versatile process that contributes to immunity 
through a series of events that is it’s sometimes referred to the Come and Eat me process. 
Due to the recognition ingestion and digestion then destruction. It’s also central to 
tissue homeostasis and remodeling by clearing dead cells. This ability of phagocytes to 
perform such diverse functions rests in large part on their vast repertoire of receptors. In 
this book chapter we looked at the processes used by phagocyte to perform there phago-
cytosis function. This is made possible by the binding of opsonins on the microbes like 
the C3b of the complement. This works as a chemo attractant to the phagocytes to come 
and initiate the process of eating. On recognition this microbe or dead cell interacts with 
the phagocyte with the help of a very big repertoire of receptors the microbe is engulfed 
with in the phagosome. As microbes interact with the phagocyte receptors a cascade 
of signaling events downstream that then activate phagocytosis. This membrane and 
cytoskeleton remodulation lead to the formation of pseudopods that cover the entire 
microbe forming a phagocytic cup which closes a few minutes to take up the microbe 
completely. The signal cascade is most known for the Fc receptor activities. Crosslinking 
of the Fc receptor on the surface of phagocyte activate phagocytosis and any other 
effector functions such as activation of the oxidative burst, degranulation, antibody 
dependent cell mediated cytotoxicity and activation of genes for cytokine/chemokine 
production that are beneficial in microbe destruction and initiation of inflammation. 
This starts once the interaction of phagocytes receptors and their ligands on the target 
microbes takes place appropriately. The phagocyte receptors will then aggregate to 
activate a series of pathways that regulate actin cytoskeleton which helps in the forma-
tion of a new vesicle which comes out of the membrane to enclose the microbe. In 
here a number of processes and stages take place all aimed at killing and denaturing 
the particle. They include early phagosome, intermediate phagosome, phagolysosome 
formation and the late phagosome all these participate in eliminating the phagocytized 
microbe. However with all the above phagocytic efficiency, some pathogens evade 
phagocytosis using different means and presence of certain capacities that facilitate 
evasion examples of organisms that evade phagocytosis include Mycobacterium tubercu-
losis, Listeria monocytogens Escherichia coli etc. all these use different means in evasion. 
Therefore the concept and science of Phagocytes used to be studied more to explore 
more pharmaceutical products based on the evasion mechanisms.

Keywords: phagocytes, recognition, internalization, degranulation, signaling evasion
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1. Introduction

It’s a century since a great discovery by Elie Metchnikoff which championed the 
role of phagocytosis in cellular immunity. Although some other group had observed 
the uptake of particles from simple to complex organisms he understood and stated 
better its significance in the host response to injury and infection. This made our 
understanding of inflammation and homeostasis much better, with more improved 
tools for cellular and molecular biology the study of the role of phagocytosis and its 
contribution to physiological and pathological processes, including receptor function 
in innate and acquired immunity.

2. Professional phagocytes

Neutrophils and macrophages both have a key role in innate immunity because 
they recognize ingest and destroy pathogens without the assistance of the adap-
tive immune response. Usually macrophages are the first to encounter microbes 
in the tissues but are soon replaced but a large number of neutrophils to sites of 
infection [1].

Our bodies are made of strong epithelial layers of defense however some patho-
gens have evolved strategies to penetrate these defense and therefore epithelia can be 
disrupted by wound, insect bites or abrasions that may lead to entry of pathogens.

Phagocytosis is fundamental for host defense against invading pathogens and 
contribute to the immune and inflammatory response. Phagocytosis is done majorly 
in specialized cells in multicellular organisms and is facilitated by a number of cells 
called phagocytes preferably professional phagocytes and these include neutrophils, 
macrophages, monocytes, dendritic cells. In this process a cell uses its plasma mem-
brane to engulf a large particle giving rise to an internal compartment called the 
phagocytosis. Microbes are recognized by phagocytes that have a number of recep-
tors on their surfaces which directly recognize conserved molecules on the microbe 
surfaces called PAMPs. This particulate matter must be opsonized (coated) with IgG, 
complement fragments C3b or iC3b, fibrinoctin or other proteins before being recog-
nized and engulfed by PMNs. This process is essential for tissue balance and involve 
several steps that include particle recognition, particle ingestion early phagosome 
formation, late phagosome formation and phagolysosome formation [2].

3. Receptors involved in phagocytosis

Variety of ligands can be recognized by most phagocytic cells, with their effi-
cient recognition requiring a great number of receptor types with distinct selectiv-
ity. Multiple receptor types are co expressed and this helps display a diverse array 
of adherent opsonins, some phagocytic receptors engaged in the process of phago-
cytosis may not be phagocytic receptors. The most commonly engaged receptors 
are listed in the Table 1 [13]. Macrophages recognize and identify the phagocytic 
targets using this array of receptors that are normally displayed on the plasma mem-
brane of microbes.

This happens through a coordinated signaling cascade that is initiated once a 
phagocytic receptor binds its ligand [14].

The recognition and identification were the first known functions of phagocytosis.
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4. Receptor synergy during phagocytosis

The engagement of apoptotic cells for example is achieved by action of CD36 that 
binds oxidized PS, and integrins that bind PS-bridging proteins, including MFG-E8. 
Signaling by integrins to the main actin cytoskeleton at sites of apoptotic corpse 
engagement involves Rac activation and completion of internalization which requires 
myosin [13]. The avidity of an interaction is normally thought of as the proportion 
pf the number of copies of a single receptor type engaged at a time. Therefor in the 
context of phagocytosis myriad different receptors exist and physiological targets 
expose a variety of ligands. This phenomenon raises the chances of combined avidity, 

Receptor Ligands references

Pattern-recognition receptors

Dectin-1 Polysaccharides of some yeast cells [3]

Mannose receptor Mannan [4]

CD14 Lipopolysaccharide-binding protein [5, 6]

Scavenger receptor A Lipopolysaccharide, lipoteichoic acid [6]

CD36 Plasmodium falciparum-infected erythrocytes [7]

MARCO Bacteria [8]

Opsonic receptors

FcγRI (CD64) IgG1 = IgG3 > IgG4 [9]

FcγRIIa (CD32a) IgG3 ≥ IgG1 = IgG2 [9]

FcγRIIIa (CD16a) IgG [9]

FcαRI (CD89) IgA1, IgA2 [10]

FcεRI IgE [11]

CR1 (CD35) Mannan-binding lectin, C1q, C4b, C3b [12]

Table 1. 
Shows human phagocytic receptors found on phagocytes.

Figure 1. 
The figure show the main steps of phagocytosis in dead cells and microbes.
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conferred by simultaneous engagement of multiple unrelated receptor types. Thus a 
microbe exposed in serum is likely to be recognized immediately by pattern recogni-
tion receptors like Dectin (Figure 1) [15].

4.1 The Phagocytosis Process

These are the main steps that facilitate phagocytosis of microbes and dead cells.
To what extent does the phagocyte decode the microbial genetics to be able to 

mount an appropriate response? There is a clue on the fact that there are cations like 
magnesium and calcium. These cations must be present in in the extracellular fluid 
in sufficient quantities for macrophages to ingest a variety of microbes with ease, 
however C3 opsonized particles are more easily ingested with a much lower divalent 
amounts of cations than unopsonised ones. Therefore C3 seem to have increase inges-
tion by potentiating the effect of cations [16].

5. The schematic shows the process of phagocytosis

IMAGE FROM Molecular and Cellular Immunology by Saunders 4th edition. page35. 
Pathogens could be ingested by different membrane receptors on the phagocytes. Some 
receptors bind microbes directly while others will only bind opsonized pathogens. But 
remember that the Mac-1 integrins binds microbes opsonized with complement protein 
e.g. C3. The pathogens are internalized in the phagosome which then fuse with lysosomes 
to form phagolysosomes. Where the microbes are killed by ROS and nitrogen intermedi-
ate enzymes. (NO, nitric oxide, ROS, reactive oxygen species).

5.1 Step one: recognition of the microbe

Neutrophils and other macrophages are always exposed to cells that they ignore but 
instead will specifically take on different microbes and particles. The specificity is due to 
the presence of different of receptors on these cells that recognize microbes [17]. Despite 
the various differences all phagocytic targets have a common characteristic that is they 
present the phagocyte multivalent arrays of ligands, a critical feature for the activation 
of most phagocytic receptors that are invariably activated by clustering laterally in the 
plane of the membrane therefore unlike GPCRs or growth factor receptors that undergo 
trans membrane remodulation upon binding with their ligands, phagocytic receptors 
are stimulated when their fluid cation quantities are elevated as they get immobilized by 
closely apposed stationary ligands [17]. Pathogen ligands for most phagocytic receptor 
include various protein receptor and complex lipids such as lipopolysaccharides, teichoic 
acids and mycobacterial lipids [18]. The none opsonic receptors that are expressed by 
professional phagocytes include lectin like recognition molecules such as CD169, CD33 
and the related receptors specifically for sialylated membrane residues [19]. You recall 
that some receptors may bind these pathogen associated molecules) PAMPs (and still 
fail to initiate phagocytosis majorly due to poor preparation or priming. TLRs and some 
G-protein coupled receptors prime the cell for phagocytosis by inducing inverted activa-
tion of phagocytic integrins [20]. Phagocytes also express some other types of receptors 
like the Dectin-1 which for fungal betaglucan [21] with well-defined signaling capacity, 
other related lectin include MICL, Dectin 2,Mincle and DNGR-1 with other group of 
scavenger receptors like SR-A, MARCO and CD36 that have different domain structures 
which work by overlapping of recognition apoptotic [22].
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5.2 Step two: particle internalization

When a particle binds with a phagocyte receptor, various signaling pathway events 
are triggered to activate phagocytosis. Most changes in membrane conformation and 
the actin cytoskeleton take place which leads to the formation of pseudopods that the 
engulf the microbe [23]. The Fcy receptors get activated in the plane of the phagocyte 
membrane when they aggregate after binding to their IgG ligands which then cover 
the particle to be ingested [24].

5.3 Step three: phagocyte formation

Signaling events are triggered to start phagocytosis immediately when the phagocyte 
receptors engage the microorganism. This is followed by membrane remodeling and 
the cytoskeleton leading to the formation of pseudopods that engulf the microbes. This 
causes lipids to associate and dissociate from the membrane of phagosome in orderly 
way [25]. A depression of the membrane (a phagocytic up) is made at the point of 
contact of the phagosome with the microbe, then the membrane protrusions fuse at 
the distal end to finally seal off the new phagosome [26, 27]. When the Fcy Receptors 
aggregate after binding to their IgG ligands that cover the particle to be ingested. 
Clustering of activating receptors FcyRs results in phosphorylation of the immunore-
ceptor tyrosine based activation motifs (ITAMs) present in the cytoplasmic domain of 
the receptors in the case of FcyRIIa and FcyRIIc or in an FcR common Y-chain [24, 28].

A number of receptors are attached on the phagocyte that cooperate to facilitate 
phagocytosis and ingestion. The interactions of receptors are improved with pos-
sible targets by (i) creating active protrusions that allow the cell to explore larger 
area increasing the chances for receptors to engage their ligands. (ii) selectively 
removing of the larger glycoproteins allowing the receptors to diffuse more freely on 
the membrane [29]. The phosphatase CD45 can extend more than 40 nm from the 
cell membrane [30] and it’s a real obstacle for most phagocytic receptors, therefore 
removing these large molecules could drastically improve receptor binfding.CD45 was 
first identified during the Dectin 1 mediated phagocytosis in a phagocytic synapse 
[31] for its resemblance with the T lymphocyte immune synapse. When the T cell 
receptor TCR molecules on the T lymphocyte interact with the MHC molecules on an 
antigen presenting cell APC, a central cluster of engaged TCRs are surrounded by a 
ring of integrin LFA-1 molecules and CD45 is excluded from the center [32].

6. Phagosome maturation

The newly formed phagosome changes its membrane composition very fast to become 
a microbicial vacuole called the phagolysosome. The process used to transfer endocytosed 
material from endosomes to lysosome is complex and has been described hypothetically 
to explain the process of phagolysosome formation [33]. Phagosome maturation can be 
divided into three stages namely early phagosome late phagosome and phagosome.

7. Early phagosome

The newly formed phagosome rapidly gets the characteristics of the early endo-
some by fusing with sorting and recycling endosomes [34]. The interior becomes 
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acidic but not very destructive, the small GTPase Rab5 regulates the membrane fusion 
events between endosome and early endosome. This ATPase on the membrane is use-
ful for the transition from the early to a late phagosome, Rab5 then works through the 
recruitment of EEA1 (early endosome antigen 1), that promotes the fusion of the new 
phagosome with early endosomes [35, 36]. Rab5 also recruits the classic PI-3 K human 
vacuolar protein-sorting 34, which then generates phosphatidylinostol3-phosphate 
[37]. The acidity of the early phagosome is activated by the recruitment of and action 
of V-ATPase accumulating on its membrane and also by accumulating on its mem-
brane and also by transient fusions with more acidic vesicles. The V-ATPase Trans 
locates protons (H) lumen of the phagosome using cytosolic ATP as an energy source.

8. The late phagosome

Rab5 is lost as the phagosome matures and Rab7 appears on the membrane which 
mediates the fusion of the phagosome with late endosomes [38]. Similarly proteins 
that will be recycled are separated through sorting of vesicles whereas the proteins 
intended for degradation are eliminated in intraluminal vesicles and dare directed 
into the lumen of the phagosome [39], which will make it a little acidic due to the 

Figure 2. 
The phagolysosome.
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action of V-ATPase molecules on the membrane [40]. The lysosomal associated 
membrane proteins (LAMPS) and luminal proteases cathepsins and hydrolases) are 
incorporated from fusion with late endosomes or from the Golgi apparatus [41]. This 
well-illustrated in the Figure 2.

To mature to phagolysosomes these late phagosome fuse with lysosomes, which 
are the definitive microbicial organelles [42, 43]. Phagolysosomes have many sophis-
ticated mechanisms that eliminate and degrade microorganism. They usually contain 
degradative enzymes like proteases, lysozymes, lipases and cathepsins, they are also 
acidic (ph. 5–5.5), due to the presence of V-ATPase molecules on their membrane 
[44]. This phagolysosome also presents with NADPH oxidase responsible for pro-
ducing reactive oxygen species that are bactericidal like the superoxide (02-) [45] 
superoxide dismutase to H2O2 that can react Cl- ions to form hypochlorous acid, a 
very potential microbicial substance. This final reaction is catalyze by enzyme myelo-
peroxidase [46]. The best anti microbicial agent of neutrophils is hydrogen peroxide 
despite it being bactericidal, in its own way it can be anti-fungal and antiviral using 
myeloperoxidase in presence of hyalide ions [47].

9. Strategies pathogens use to evade phagocytosis

The importance of phagocytosis cannot be under scored in the prevention and 
clearance of infection and its because of this that mic robes have devised different 
means to dodge recognition and eventually phagocytosis Table 2.

Mostly the microbes interfere with opsonins binding of polysaccharide-based 
capsules which shield the deposition of opsonins, while other bacteria express some 
surface proteins that inhibit binding for example Group A streptococci escape com-
plement mediated phagocytosis using M proteins that are lacking in higher organisms 
[48]. These PAMPs are usually detected by receptors on the phagocyte particularly 
Toll like receptors. fc and complement receptors are the best studied receptors and 
there signaling is quite known more phagocytic receptors studies are ongoing.

Effectors Importance Species involved

Protein A Binds Fc region, 
preventing normal 
interaction with FcyR

Cryptococcus aureus

Capsule Prevents complement 
deposition

Cryptococcus neoformans,streptococcus 
pneumonia,Eschericia coli KI,Klebsiela 
pneumonia,Neiseria meningitides,S,aureus Haemopholus 
influenza Treponema pallidium

M proteins Prevents binding to CRs Streptococcus pyogens

YadA Prevents deposition of C3b Yersinia entercolitica

Organisms that inhibit signaling

YopE GAP for RhoA,Rac and 
CDC42

Yersinia sp.

ExoT Cysteine protease of 
Rho,Rac and Cdc42

Yersinia sp.

YOPH Tyrosin phosphatase 
for Cas,Fyb,SKAP,-
HOM,paxillin and FAK

YERSINIA SP.
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10. Efficiency of phagocytosis

Many phagocytes have a relatively low phagocytosis capacity at rest and when 
inflammation gets in, phagocytes get exposed to a variety of activating stimuli which 
increase the efficiency of the cell to phagocytose. The activating stimuli include, 
bacterial products, cytokines and inflammatory mediators, the signals induced by 
these substances lead to increased activation of molecules involved I phagocytosis 
e.g. leukotrieneB4 increases Syk activation and consequently antibody dependent 
phagocytosis [49]. Also the action of P13K and ERK, which are essential enzymes for 
bacterial peptide, glanulocyte colony stimulating factor, leukotrienes and cytokines 
such as interleukin [50]. Phagocytosis can be regulated by cell differentiation, e.g. 
monocytes have lower phagocytic capability than neutrophils and macrophages, 
however they can enhance their phagocytic capacity after cell differentiation [51]. 
The capacity of monocytes to phagocytose diverse targets alter with the state of 
differentiation. Therefore during monocyte to macrophage differentiation the e 
most important signaling enzymes are reorganized in order to achieve increased 
phagocytosis [51, 52].

Effectors Importance Species involved

Espj Inhibits FcyR and CR3 
mediated phagocytosis

Eschericia coli

EspB Inhibits myosin actin 
interactions

Eschericia coli

EspH Inactivates Rho GEFs Eschericia coli.

T4SS Delays phagocytosis Helicobacter pyroli

Nef Inhibits membrane 
delivery to the phagosome

HIV

Abbreviations: CR, complement receptor, GAP, GTPase-activating proteins, GEF, guanine nucleotide exchange factor,  
HIV, human immunodeficiency virus, T4SS, type 4 secretion system.

Table 2. 
Shows different virulent factors microbes use to dodge uptake by phagocytosis.
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Chapter 2

Macrophages: Phagocytosis, 
Antigen Presentation, and 
Activation of Immunity
Kazuki Santa

Abstract

Macrophages are phagocytes and one of the white blood cells discovered by Ilya 
I. Mechnikov in 1892. They engulf and digest foreign substances like pathogens 
and conduct antigen presentation, mature from haematopoietic stem cells in bone 
marrow, moving into blood vessels and become monocytes, and differentiate into 
macrophages in the tissue. Macrophages have intracellular granules called lysosome 
accumulating digestive enzymes. Their life span is several months and proliferates by 
cell division. There are three roles: First one is phagocytosis. Macrophages incorporate 
pathogens and work in natural immunity. In inflammation, macrophages aggregate 
after neutrophils recruitment and engulf pathogens into cellular phagosomes, fused 
with lysosomes and degrade. Second role is antigen presentation. Macrophages pres-
ent fragment of digested foreign substances on cell surface MHC class II molecules 
and release cytokines. Dendritic cells and B cells are also APCs expressing MHC class 
II. CD4+ T cells recognize antigens presented on macrophages by using TCR. Only 
well-matched helper T cells via MHC class II-TCR interaction are activated. The third 
is activation of immunity. Cytokines produced by T cells activate macrophages and 
differentiate them into inflammatory M1 and wound-healing M2 macrophages.

Keywords: macrophages, phagocytosis, antigen presentation, activation of immunity, 
tissue regeneration

1. Introduction

1.1 Development of macrophages 

Macrophages are originated from variety of cells. In the early development, it 
depends on the tissues; however, macrophages are derived from yolk sac and replaced 
by the macrophages derived from liver and bone marrow [1]. Tissue resident macro-
phages are divided into two types, macrophages derived from circulating monocytes 
and having other origins including yolk sac, embryonic liver, and embryo near dorsal 
aorta-derived macrophages. In the adulthood, they are independently kept from 
their original monocytes. Tissue-specific macrophages differentiate from circulating 
monocytes by the ability of migration at the time of inflammation. Dendritic cells 
differentiate from monocytes as well as macrophages. Macrophages have variety of 
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morphologies and phenotypes because they distribute in many organs and tissues. 
Instead of neutrophils that live only few days, the life span of the macrophages is 
several months. The diameter of the human macrophage is about 21 μm.

1.2 Differentiation and subtypes

Macrophages differentiate from premature M0 to M1 or M2 phenotypes depending 
on various factors from the signal transduction molecules, growth factors, transcrip-
tion factors, and epigenetic or post-transduction changes to cytokines, cell adherence 
molecules, and metabolites [2]. Furthermore, macrophages change their activation state 
in response to microbes and microbial products like LPS. Recently, it is said that the clas-
sifications of macrophages are not easy because of the plasticity of the macrophages.

M1 macrophages are the so-called classically activated macrophages, pro-inflam-
matory macrophages, and killer macrophages. M1 macrophages produce high levels of 
IL-12 after the stimulation of LPS and IFN-γ. The feature of M1 macrophages is pos-
sessing specific pathways which converts arginine into “killer molecules” nitric oxide. 
M1 macrophage is the phenotype observed in early inflammation phase activated by 
IFN-γ, TNF, and damage-associated molecular patterns (DAMPS). They show high 
antigen presenting ability, producing high amounts of NO and reactive oxygen spices 
(ROS), showing increased expression of IL-12 and IL-23, and decreased IL-10 expres-
sion. In addition, M1 macrophages express high levels of MHC class II molecules, 
CD68, CD80, and Th1 cell-inducing chemokine CXCL9 and CXCL12 [3].

M2 macrophages are called alternatively activated macrophages and wound 
healing macrophages divided into M2a, M2b, M2c, and M2d phenotypes. They are 
a typical phenotype of tissue-resident macrophages and participate in constructive 
process including wound healing and tissue repair. These macrophages are stimulated 
by several factors including parasitic and fungal infection, immune complexes, 
apoptotic cells, macrophage colony stimulation factors (M-CSF), IL-13, TGF-β, and 
Th2 cytokine IL-4, and cytokines produced by Th2 cells like IL-25 and IL-33. Signal 
transduction pathways including STAT6, IRF4, PPARδ, and PPARδ are required for 
the differentiation of M2 macrophages. Generally, M2 macrophages produce low IL-1, 
IL-6, and TNF-α, whereas producing low IL-12. A typical feature of M2 macrophages 
is converting arginine to ornithine “repair molecules.” Ornithine is important for 
wound healing and required for vascular and endothelial regeneration. M2 macro-
phages are also important for clearance of pathogens, anti-inflammation, metabo-
lism, wound healing, tissue regeneration, immune regulation, and progression of 
tumours. On the other hand, M2 macrophages induce tissue fibrosis in the lung and 
liver, and progressively stimulate tumour growth as tumour-related macrophages. M2 
phenotypes are characterised by the expression of CD206, CD163, FIZZ1, and Ym1/2. 
There are four types of M2 macrophages a, b, c, and d. These are different by their cell 
surface markers, secreting cytokines, and biological function. However, the common 
feature of these M2 macrophages is the production of IL-10 [4].

M2a macrophages are activated by IL-4 or IL-13. IL-4 induces the expression of 
the mannose receptor (CD206). Upregulation of IL-10, TGF-β, CCL17, CCL18, and 
CCL22 induces cell proliferation, cell repair, and endocytosis of M2a macrophages.

Immune complex, toll-like receptor (TLR) and their ligands, and IL-1β activate 
M2b macrophages. When activated, these subtypes of macrophages produce both 
proinflammatory and anti-inflammatory cytokines TNF-α, IL-1β, IL-6, and IL-10. 
M2b macrophages work on immune response and regulation of inflammation. 
High IL-10-producing and low IL-12-producing M2b macrophages are the so-called 
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regulatory macrophages (Mreg). Mregs are recently focused on their ability to induce 
regulatory T cells (Treg) [5].

M2c macrophages are activated by glucocorticoid, IL-10, TGF-β, and inactivated 
macrophages. The feature of M2c macrophages is high expression of anti-inflamma-
tory IL-10, TGF-β, CCL16, CCL18, and tyrosine-protein kinase MER (MerTK), which 
enhance phagocytosis activity.

TLR antagonist, IL-6, and adenosine activate M2d macrophages. Adenosine 
induces the expression of IL-10 and vascular endothelial growth factor (VEGF) and 
enhances angiogenesis and tumour progression.

M2 macrophages are important for the stability of blood vessels because they pro-
duce VEGF-A and TFG-β. In acute lesion, macrophages change their phenotype from 
M1 to M2; however, these changes will be lost in chronic lesion. This dysregulation 
results in insufficient M2 macrophages and induces the deficiency of growth factor. 
The lack of growth factors and anti-inflammatory cytokines from M2 macrophages 
and excess production of proinflammatory cytokines from M1 macrophage prevent 
sufficient repair of wound healing. Normally, depletion of neutrophils by apoptosis 
after eating debris and pathogens induces the switch of macrophages from M1 to 
M2, but inflammation is unnecessary at that time. Then, M1 macrophages cannot 
eat apoptosis-inducing neutrophils, and this phenomenon increases the numbers of 
macrophages and inflammation because of the dysregulation [6].

2. Classification of macrophages by the tissue

2.1 Adipose tissue macrophages: Adipose tissue

Macrophages exist in body fat and increase in case of obesity.

2.2 Monocytes: bone marrow, blood

The largest white blood cells in the blood. They develop into macrophages and 
dendritic cells.

2.3 Kupffer cells: liver

Kupffer cells exist in the liver and also known as stellate macrophages. Kupffer 
cells were named after Karl Wilhelm von Kupffer. They work as the first defence 
against gut bacteria and endotoxin in the liver.

2.4 Alveolar macrophages: pulmonary alveoli

Macrophages exist in alveoli and bronchus. Alveolar macrophages have high activ-
ity to get rid of dusts and microbes in the lung.

2.5 Microglia: central nerve system

A family of glial cells with different origin from other family of cells. Most of glial 
cells developed from ectoderm; however, alveolar macrophages are developed from 
mesoderm and haematopoietic stem cells. Microglia have phagocytic activity in the 
nerve and participate in the repair of neural tissue after the tissue damage.
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2.6 Hofbauer cells: placenta

Eosinophilic histocytes found in the placenta, often seen in early pregnancy, named 
after J. Isfred Isidore Hofbauer. Hofbauer cells are considered as a type of macrophage.

2.7 Intraglomerular mesangial cells: kidney

Intraglomerular mesangial cells exist in basement membrane surrounded by 
glomerular capillaries. They are considered as a type of fibroblast.

2.8 Osteoclasts: bone

Osteoclasts are the specialist of absorbing or destroying bone in the process of 
bone regeneration. They are usually polygonal giant cells with 5–20 nuclei, but some-
times mononuclear osteoclast can be found. Bone marrow-derived monocyte progeni-
tors differentiate into osteoclasts. The marker of osteoclasts is tartrate-resistant acid 
phosphatase. On the other hand, the marker of osteoblast is alkaline phosphatase.

2.9 Langerhans cells: skin

Langerhans cells are named after Paul Langerhans. Usually, they are regarded as 
dendritic cells other than macrophages.

2.10 Epithelioid cells: granulomas

Activated macrophages similar to epithelial cells. They have a thin eosinophilic 
cytoplasm with small granules and nucleus less dense than lymphocytes. They are 
found in granulomatous inflammation and participate in arthritis.

2.11 Red pulp macrophages (sinusoidal lining cells): red pulp in spleen

Macrophages found in red pulp in spleen are necessary for the blood homeostasis 
by depleting damaged or aged red blood cells with the phagocytosis.

2.12 Intestinal macrophages: intestine

Macrophages specifically evolved in intestinal environment. Intestinal macro-
phages do not induce inflammation to coexist with intestinal microbiome. They 
do not excrete proinflammatory cytokines such as IL-1, IL-6, and TNF-α. TGF-β 
produced by surrounding environment changes these macrophages from proinflam-
matory phenotype to non-inflammatory phenotype. Intestinal macrophages conduct 
phagocytosis, but they do not produce cytokines after phagocytosis nor express 
receptors for LPS, IgA, and IgG.

2.13 Others

Sinus histiocytes: lymph nodes
Tissue macrophages leading to giant cells: connective tissue
Peritoneal macrophages: peritoneal cavity
LysoMac: Peyer’s patch
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3. Function of macrophages

3.1 Phagocytosis

Macrophages are one of the three professional phagocytes with other phagocytes 
including granulocytes (eosinophils, neutrophils, and basophils) and dendritic cells 
(DC). Phagocytosis is the process that microorganisms entering the host and recog-
nised by phagocytes and incorporated and destroyed. This process starts after the 
interaction with pathogen-specific receptors (usually pathogen-specific sugar or lipid 
structures) on phagocytes and the surface molecular on pathogens. Typical phagocyte 
receptors are dectin-1 and mannose receptor (CD206), and both are the family of 
members of c-type lectin. Dectin-1 expressed on macrophages and neutrophils con-
nects with glucose polymers on the cell walls of fungus. On the other hand, CD206 
expressed on macrophages and DCs connects with variety of ligands on fungus, bac-
teria, and virus. Generally, macrophages exist in all of tissues and monitor potential 
pathogens with amoebic motility. Most of macrophages are strategically placed where 
microbes invade or debris accumulate [7].

After starting interaction with pathogens, phagocytic plasma membrane in 
macrophages engulfs pathogens into phagosomes, large membrane-enclosed endo-
cytic vesicles (endosomes). Phagosomes enclose pathogens, merged with lysosomes 
containing antimicrobial peptides and enzymes, and form phagolysosomes. Toxic 
peroxides like superoxide radicals in phagolysosomes kill and digest pathogens after 
acidification and enzymic processes. Macrophages ultimately digest over 100 bacteria 
through digestive compounds in their lifetime. However, some bacteria have resistant 
properties to these digestive methods. Mycobacterium tuberculosis survives within 
the macrophages through inhibiting the fusion to phagosomes. To reproduce them-
selves, Salmonella enterica serovar Typhi induces phagocytosis to incorporate into 
macrophages, inhibits lysosomal digestion, and triggers apoptosis of macrophages. 
Furthermore, leishmaniasis causes Leishmania parasitises in macrophages.

3.2 Activation of natural immunity

Macrophages participate in natural immunity by engulfing and digesting patho-
gens. They protect hosts from the infections and damages through phagocytosis [8]. 
Macrophages are the first defence against pathogens working with neutrophils and 
are specific phagocytes with long life. After the invasion of pathogens, neutrophils 
are firstly recruited to the site of infection, die after phagocytosis of pathogens, and 
generate neutrophil traps (NETs). Then, macrophages are recruited and digest NETs 
after approximately 48 hours later. Recruited macrophages digest pathogens and dead 
cells through phagocytosis. Finally, they initiate immune responses through releasing 
factors like TNF-α to recruit other immune cells such as lymphocytes.

3.3 Adaptive immunity and antigen presentation

Macrophages are the most important antigen-presenting cells (APC) as well 
as dendritic cells (DC), which have important roles in the initiation of immune 
responses. Furthermore, they produce strong modification factors and chemical 
substances, such as enzymes, complement proteins, and IL-1. At the same time, mac-
rophages activate to seek microorganisms and tumour cells through their lymphokine 
receptors.
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Antigen-digested macrophages present pathogen antigens to helper T cells, most 
of which are protein molecules expressed on the surface of pathogens. Antigen 
presentation is conducted by MHC class II molecules (MHCII) on the surface of 
macrophages presenting antigens incorporated. Antibody production attaching to the 
pathogenic antigens starts from plasma B cells after the antigen presentation by APCs 
and making macrophages easy to adhere to cell membrane of pathogens the so-called 
opsonisation.

In lymph nodes, antigen presentation via macrophages through MHCII stimulates 
Th1 cells to start proliferation. B cells recognise same unprocessed antigen by the 
cell surface antibodies and then incorporate and process them through endocytosis. 
MHCII molecules on the surface of B cells present processed antigens. T cells that 
recognise antigen-MHCII complex with co-stimulatory factor CD40-CD40L help 
B cells to produce antibodies. Then, macrophages incorporate opsonised pathogens 
by antibodies and eliminate them from the body. However, regarding phagocytosis, 
recently dendritic cells are more focused than macrophages.

Macrophages provide another defence pathway against fungus and parasites. After 
the recognition of specific antigen on the cell surface, activated T cells differenti-
ate into effector cells and produce lymphokines. Produced lymphokines stimulate 
macrophages to more offensive form.

4. Role of macrophages in tissue regeneration and homeostasis

4.1 Wound healing

Macrophages have significant roles in wound healing. By 2 days after the injury, 
they replace neutrophils and become the dominant cells in the place where injured. 
Monocytes are attracted to the wound site by the growth factors released from 
platelets and other cells and then enter the site from bloodstream through the blood 
vessel wall. The number of monocytes in the injured sites peaks at 1.5 days. At the 
site of injury, monocytes mature into macrophages. In addition, spleen contains 
half the numbers of macrophages as a spare, and they are sent to the wound sites 
when injured [9].

The main role of macrophages is conducting phagocytosis to the microbes and 
injured tissues. In addition, protease released from macrophages induces tissue 
necrosis. After 3 to 4 days of injury, macrophages secrete variety of factors including 
cytokines, which proliferate and attract cells involved in wound healing. Under the 
stimulation of low oxygen environment, macrophages induce and generate accelerat-
ing factors of angiogenesis. These factors stimulate cells to promote the growth of 
epithelial cells, create granulation tissues, and form new extracellular matrix. Then, 
macrophages direct the next stage of wound healing via the secretion of these factors.

4.2 Muscle regeneration

There are two waves in muscle regeneration by macrophages. The first wave is the 
increased population of phagocytes after the damage of muscular fibre with develop-
ment of rhabdomyolysis and muscle membrane inflammation by the use of muscle. 
This population peaks after 24 hours of recruitment to the muscle damage and rapidly 
decreases after 48 hours. The second wave is non-phagocytic macrophages distributes 
near the close region of regenerative fibres. These cells peak at 2 to 4 days, and the 
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numbers of the cells remain increased for few days whilst muscle tissue is reconsti-
tuted. The first groups of cells do not have any benefits for muscle repair, but second 
croups are beneficial. They release soluble factors related to the muscle growth, 
differentiation, repair, and regeneration [10].

4.3 Foot regeneration

In salamanders, macrophages participate in not only consume debris but also a 
typical regeneration of limbs. Depletion of macrophages in salamanders resulted in 
the failure of limb regeneration [11].

4.4 Macrophages related with the maintenance of homeostasis

All of tissues have residential macrophages interacting with stromal and functional 
tissue. These macrophages are unmovable, protecting tissues from inflammatory 
injuries and provide essential factors to support tissue physiological functions [12].

4.5 Maintenance of pigments

Melanophages, a tissue-resident macrophages, absorb pigments from organ 
specific or exogenous out-cellular environment. In contrast to melanocytes, melano-
phages only accumulate melanin incorporated from lysosome-like phagosomes. This 
phenomenon occurs by which melanophages conduct phagocytosis of tissues from 
dead skin macrophages. This occurs because melanophages conduct phagocytosis of 
tissue from dead skin macrophages.

4.6 Nerve-associated macrophages

Nerve-associated macrophages are macrophages related to neurone. They have 
elongated morphology and stretch up to 200 μm.

5. Macrophages in disorders

5.1 Pathogen hosting macrophages

Generally, macrophages destroy pathogens by phagocytosis. However, some 
pathogens live in macrophages by interrupting this phagocytosis processes. This 
phenomenon hides pathogens from immune system and provides them environment 
to reproduce themselves. Tuberculosis-inducing mycobacterium and Leishmania 
species are well known [13].

5.2 Heart diseases and cardiovascular diseases

Macrophages are main cause in the onset of progressive plaque lesions in atheroscle-
rosis. Residential M2 macrophages incorporate oxidised LDL in the cells and become 
form cells which clogging blood vessels. In addition, both M1 and M2 macrophages 
participate in the progression of atherosclerosis. M1 macrophages enhance atherosclero-
sis through inflammation induction. M2 macrophages eliminate cholesterol, but incor-
porated oxidised cholesterol induces apoptotic form cells from macrophages [14].
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On the other hand, macrophages are recruited to the place where tissue regenera-
tion is required after acute myocardial infraction, removing apoptotic cells and debris.

5.3 Tissue fibrosis

M2 macrophages induce tissue fibrosis by the production of TGF-β in the damaged 
lung and liver.

5.4 HIV

Macrophages participate in HIV infection. In addition to CD4+ T cells, macro-
phages become the storage of reproductive virus. Gp120 protein on HIV couples with 
chemokine receptor CCR5 to invade into cells.

5.5 Cancer

Some macrophage subtypes participate in the progression of cancer. Cancer-
related macrophages participate in tumour cell growth and invasion, progression of 
angiogenesis, and suppression of anti-tumour immune cells.

5.6 Obesity

Proinflammatory macrophages in fat tissues participate in obesity-related compli-
cations such as insulin resistance and type-2 diabetes.

5.7 Inflammatory bowel disease (IBD)

Macrophages participate in inflammatory bowel diseases (IBD) including Crohn’s 
disease (CD) and ulcerative colitis (UC). In healthy intestine, macrophages suppress 
the inflammation; however, in the patients with IBD, the numbers and diversity of 
macrophages change and cause adverse effects on the onset of disorders.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 3

Phagocytosis of Mycobacterium 
tuberculosis: A Narrative of the 
Uptaking and Survival
Gabriela Echeverría-Valencia

Abstract

Mycobacterium tuberculosis is the causal agent of human tuberculosis. The initial 
events of the establishment of the infection include the phagocytosis by several 
innate immune response cells. This chapter will discuss the immune cells involved, 
the phagocytic pattern recognition receptors (PPRs) that recognize and mediate 
bacteria phagocytosis (such as C-type lectin receptors, Toll-like receptors, comple-
ment receptors, and scavenger receptors), and the outcome of this initial interaction. 
Additionally, the bacterial strategies to evade the immune response—which includes 
the inhibition of the phagosome maturation and arresting of phagosome acidifica-
tion, the mechanisms to survive to the reactive nitrogen species and reactive oxygen 
species, and finally, the resistance to the apoptosis and autophagy—will be reviewed. 
Finally, the host-pathogen interaction of M. tuberculosis with the phagocytic human 
cells during the primary events of the tuberculosis infection will also be reviewed.

Keywords: phagocytosis, tuberculosis, macrophages, receptors, phagosome

1. Introduction

Mycobacterium tuberculosis (MTB) is a human pathogen, which belongs to a group 
of nine species phylogenetically related, called M. tuberculosis complex [1]. MTB is the 
causative agent of tuberculosis: An infectious disease that causes mainly a pulmonary 
infection although, renal, meningeal, genital tuberculosis, and other anatomical sites 
have been affected. Is a human pathogen and both (human hosts and MTB) have co-
evolved together for an extended period of time of approximately 70,000 years [2].

Before the COVID-19 pandemic, tuberculosis (TB) was the first cause of death 
from a single infectious agent. It is estimated that 25% of the global population is 
infected with the bacteria, but only 10% of them will develop the disease during their 
lifetime. TB continues to be a public health problem due to the increased number of 
co-infections in HIV patients and the augmented antimicrobial resistance by MTB [3].

The mycobacterial infection in humans originates by the inhalation of aerosols 
containing the bacteria on flügge droplets, which is dispersed by the sneeze or cough 
of infected individuals. Once in the alveolus, the microorganism interacts with the 
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innate immune response cells; the receptors at the macrophage identify the bacteria 
through pathogen-associated molecular patterns called PAMPs, and the said PAMPs 
are composed of lipids, carbohydrates, and protein characteristic of the mycobacteria 
and other pathogens [4]. During this initial immune response against tuberculosis, 
various cell types interact with the bacteria, such as dendritic cells, NK cells, neutro-
phils, and macrophages [5–7].

The phagocyted MTB can survive inside the macrophages through specific strate-
gies. Namely, evasion of the immune response by phagosome, arresting inhibition 
of phagosome acidification [8], resistance to nitrogen species and reactive oxygen 
species [9], and also apoptosis and autophagy evasion [10]. The previously mentioned 
survival mechanisms are live-defining determinants on which mycobacterial effi-
ciency to invade, establish, and survive inside macrophages depends. The phagocyto-
sis constitutes a fundamental event during host-pathogen interaction in TB because 
this initial interplay determines the outcome of the disease.

As described before, MTB evades the immune response inside the macrophages, 
it uses the cell as a niche to survive latently, and it even multiplies efficiently 
within the phagocytic cell during reduced immune containment. The host 
search for containment and isolation produces cytokines and chemokines, which 
induce the migration of cells, and thus, granuloma formation. At the beginning 
of granuloma formation, the immune cells that constitute the granuloma are 
monocytes, neutrophils, and macrophages; subsequently after, the development 
of the acquired immune response induces the migration of lymphocytes. At times, 
the presence of extracellular matrix components and fibroblasts has been found 
around the mycobacterial granuloma [11, 12].

In the next sections, the initial process of human tuberculosis infection by MTB 
will be reviewed, focusing on:

1. The interaction with a variety of cells can phagocyte and exert the innate im-
mune response against the bacteria.

2. The earliest events of the immune response: recognition and phagocytosis.

3. MTB’s strategies to evade the immune response successfully, and the importance 
of said strategies for its survival, latency, and persistence.

2.  The innate immune response against tuberculosis and the  
host-pathogen interaction with mycobacteria

The main entrance gate of MTB to the human body is the lung. There, air particles 
can be cleared by sneezing and coughing. Also, the presence of cilia and mucus 
contributes to the removal of particles allocated in deeper locations. In addition to 
that, the epithelia at the lung provide biochemical mechanisms to battle pathogens; 
among them the hydrolytic enzyme Lysozyme, and peptides (such as cathelicidins 
and defensins) contribute to the innate immune response through pathogen mem-
brane destruction  [13]. Microorganisms that cannot be cleared by these means will 
be phagocyted by alveolar macrophages (AM). During MTB infection, macrophages 
become a cellular niche of survival and bacterial multiplication. However, AM are not 
the only innate immune cells that interplay with MTB, neutrophils, dendritic cells, 
NK cells (natural killer) also interact with the pathogen.
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Mycobacterial recognition by macrophages begins with the cell expression of 
a variety of phagocytic pattern recognition receptors (PPRs) that identify MTB 
through PAMPs. Cellular receptors of the C-type lectin receptors (CLRs) recognize 
microorganisms through carbohydrate patterns; among these receptors are mannose 
receptor (MR), Mincle, dendritic cell-specific intercellular adhesion molecule-3 
grabbing non-integrin (DC-SIGN), and Dectin-1. Also, complement receptors (CR) 
and immunoglobulin receptors assist in the recognition of opsonized mycobacteria. 
Likewise, receptors that contribute to mycobacterial interaction are Toll-like receptors 
(TLRs), Scavenger receptors (SRs), NOD-like receptors (NLRs), and CD14 [14, 15]. 
These PPRs (which intervened and were stimulated during the interaction with MTB) 
determine the outcome of the acquired immune response, survival, autophagy, and 
apoptosis [16].

2.1 Dendritic cells

Dendritic cells originate from bone marrow progenitor cells and migrate as 
immature cells to different anatomical locations in order to detect pathogens. Part of 
their function as presenting cells is being an important link between the innate and 
acquired immune response. After recognition and phagocytosis of antigens (Ag) or 
pathogens, they increase the expression of MHC I and II [17]. Then, dendritic cells 
migrate through lymphatic circulation to lymph nodes after antigen processing [18]. 
At this location, dendritic cells induce T-cell activation through antigen presentation 
to lymphocytes [19]; however, MTB limits the response of dendritic cells as part of 
the immune response evasion [20], and moreover, the increased number of MTB 
found inside the dendritic cells suggests the replication of it (event associated with 
an increased expression of IL-10) [21]. Additionally, dendritic cells infected with 
MTB induce the expression of cytokines such as IFN alpha and beta, which con-
tribute to the cell migration of NK cells and T cells, and might promote granuloma 
formation [22].

2.2 Neutrophils

If neutrophils are present in the lungs before infection, they reduce the bacterial 
number; however, if they are absent immediately after infection, the bacterial count 
increases [23, 24]. During MTB infection, neutrophils are recruited to the site of 
infection due to the cytokine and chemokine expression [25]. Neutrophils exert the 
innate immune response against MTB through diverse mechanisms, such as bacterial 
phagocytosis, production of hypochlorous acid, expression of enzymes that destroy 
bacteria and human cells indiscriminately, and the release of the neutrophil extracel-
lular traps (NETs) [26].

2.3 NK cells

NK cells are lymphocytes that contribute directly to the innate immunity. As part 
of their capabilities, they produce cytokines to assist the acquired and innate immune 
response. NK cells destroy infected cells through chemical weapons such as perforin, 
granzyme, defensin, and NO (nitric oxide). It has been observed that during MTB 
infection in T cells-deficient mice, NK cells contribute to the resistance against the 
bacteria. In that regard, in T cell-deficient individuals, the expression of IFN gamma 
enhances the mycobacterial control [27].
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2.4 Macrophages

Macrophages are hematopoietic-derived cells from bone marrow, which are 
distributed almost throughout the human body. They eliminate foreign particles 
and microorganisms, remove cell debris, and contribute to homeostasis. When 
MTB is present in the lungs, alveolar macrophages constitute the central place of 
survival, growth, and control of it. Furthermore, macrophages comprise the tie with 
the acquired immune response (which is the responsibility of the outcome of the 
pathology).

During infection, AM regulate precisely the inflammatory and anti-inflammatory 
response in order to reduce tissue damage [28].

The mycobacterial recognition through PAMPs, identified by PPRs in the macro-
phage, induces immune response and phagocytosis. MTB recognition is mediated by 
TLR, NLRs, and CTLs [29, 30]. On the other hand, phagocytosis is dependent on the 
interaction of bacteria with macrophage receptors such as MR and DC-SIGN [31]. 
Additionally, the macrophage activation has been related to the intervention of the 
NOD2, MR, Mincle, DC-SIGN, Dectin, and TLR 2, 4, and 9 receptors [32].

Mycobacteria phagocytosis is dependent on the movement of cytoskeleton 
proteins; after the bacteria is located in the phagosome, ATPases are engaged in 
order to acidify it. Then, the phagosome merges with the lysosome and the content 
is poured. However, these microbicidal mechanisms (and some others that will be 
discussed later) are manipulated by MTB in order to survive and replicate inside the 
macrophage.

3. Innate immune receptors involved in phagocytosis

The interaction of cells of the innate immune response with MTB is based on the 
contact of PPRs with it and the recognition of PAMPs. The outcome of this encounter 
will define the response and development of the infection. Among the innate immune 
PPRs involved in the MTB phagocytosis are: MR, DC-SIGN, Dectin, Mincle TLR, SR, 
and CR.

3.1 Mannose receptor

MR (CD206) belongs to the C-type lectin receptors that recognize polysaccharides 
such as mannose, fucose, and N-acetylglucosamine. MR can be found in monocyte-
derived macrophages (MDMs), and AM and dendritic cells, but it is absent in mono-
cytes [33, 34].

MR is a transmembrane protein constituted by protein domains that recognize 
carbohydrates, and a cytoplasmatic region enriched with tyrosine and related to 
phagocytosis [35]. MR binds lipoarabinomannan (LAM), phosphatidylinositol 
manosides (PIM), mannoproteins, mannans, and arabinomannans from myco-
bacteria [36, 37]. Cytokine production in response to MTB recognition through 
MR, in immature monocyte-derived dendritic cells, induces the expression of an 
anti-inflammatory profile [38]; furthermore, it inhibits the production of ROS and 
reduces the expression of IL-12 [39, 40]. In addition, the recognition ofmannosyl-
ated LAM by MR prevents phagosome-lysosome fusion and prevents phagosome 
maturation [36].
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3.2 DC-SIGN

Also known as CD209, it is a C-type lectin receptor that can be found in some pop-
ulations of macrophages and dendritic cells, whereas in AM it is induced after infec-
tion with MTB [41, 42]. CD209 is an important link between the innate and acquired 
immune response, and after the encounter with MTB, it mediates the mycobacterial 
entry. DC-SIGN identifies glycoproteins, lipomannan (LM), arabinomannan, PIM, 
and ManLAM from MTB, and discriminates from species with arabinofuranosyl-
terminated LAM (AraLAM) such as Mycobacterium smegmatis [43]. MTB ManLAM 
recognized by DC-SIGN induces the expression of the anti-inflammatory cytokine 
IL-10, where it also counteracts the TLR-4 response [44]. Moreover, the interaction of 
DC-SIGN with MTB reduces the expression of IL-12, which has caused a decrease in 
the activity of T cells [45].

3.3 Dectin-1

Dectin is a group of C-type lectin PPR involved in cellular activation, found in 
neutrophils, dendritic cells, monocytes, and some clusters of T cells [46]. Dectin-1 
recognizes beta-glucans and mannosylated lipids and discriminates between myco-
bacteria species and its strains, such as MTB Ra, Mycobacteruim bovis BCG (BCG), 
Mycobacterium phlei, and Mycobacterium abscessus [47–50]. MTB triggers the produc-
tion of IL-17A through the response produced by its interaction with Dectin-1 and 
TLR4 dependent on IL-1 signaling [51]. Also, it has been found that murine macro-
phages derived from bone marrow, which contain Dectin-1, showed an increased 
expression of IL-6, TNF alpha, and G-CSF, when infected with virulent mycobacteria 
such as BCG, M. smegmatis, M. phlei, or Mycobacterium avium [49]. Dectin-1 contri-
bution seems to be important during MTB infection in splenic dendritic cells; it is 
involved with the production of IL-12p40 an important subunit to granuloma devel-
opment [52].

3.4 Mincle

Macrophage-inducible C-type lectin (Mincle) is a C-type lectin receptor found in 
leucocytes and macrophages after stimulation [53]. Mincle intervention during MTB 
infection showed to be fundamental to the recognition of TDM, with an increased 
production of inflammatory cytokines by macrophages, which contribute to granu-
loma development [54, 55]. In AM from Mincle deficient mice, the exposure to BCG 
revealed a reduction in the proinflammatory cytokines, a decreased number of leu-
cocytes in lung tissue, and an increased bacterial count inside and outside the lungs 
[56]. However, during MTB infection in Mincle-deficient mice, the animals developed 
a protective immune response TH1, TH17, and a granulomatous response [57].

3.5 TLR

TLRs are a family of 10 human PPRs involved in recognition and phagocytosis of 
intra- and extracellular pathogens. TLRs are composed of a transmembrane domain 
of leucine-rich repeats that identify the PAMPs; in their structure can also be 
identified the intramembrane domain that allows the assembly of signaling-related 
components [58].
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TLRs are found in a variety of human cells, such as dendritic cells and AM. These 
PPRs can be intracellular (such as TLR-3, TLR-7, TLR-8, and TLR-9) or extracellular 
(such as TLR-1, TLR-2, TLR-4, TLR-5, and TLR-6). TLR-10 can be found in plas-
macytoid dendritic cells and B cells. TLR 10 can be found in plasmacytoid dendritic 
cells and B cells [59]. During MTB infection, TLR triggers the antibacterial response 
dependent on vitamin D addition [60]. Multiple mycobacterial Ag can be recognized 
by TLR receptors. The mycobacterial lipoprotein 19 kDa, phosphor-myo-inositol-
capped LAM, lipomannans and PIM, are recognized through TLR-2 [61, 62]. The CpG 
motives of MTB are recognized by TLR-9 [63]. TLR-4 recognizes the MTB heat shock 
protein 65 (Hsp-65).

The intracellular signaling of MTB recognition by TLR is dependent on the 
production of the myeloid differentiation factor 88 (MyD88). However, TLR 2, 4, and 
9 deficient mice controlled the inflammation during MTB infection and developed a T 
cell response [64].

3.6 SR

Scavenger receptors are a group of transmembrane glycoproteins found on the sur-
face of dendritic cells, some endothelial cells, macrophages, and monocytes. SR are 
classified in SR sub-group A and SR sub-group B. The A group comprehends MARCO 
(a macrophage receptor), SR-A1, and SR-A2, whereas the B group includes SR-B1 and 
CD36 [65]. The absence of SR-A in infected mice with MTB H37Rv prolonged the 
life of this animal above the average lifespan of a wild type [66]. MARCO recognizes 
TDM and this receptor, accompanied by CD14 and TLR-2, mediates cytokine produc-
tion [67]. However, MARCO-deficient mice had no difference in acute and chronic 
infection with MTB in comparison with the wild type [68]. In contrast, a MARCO 
polymorphism is associated with an augmented susceptibility to the infection with 
MTB in Gambian population [69]. Cd36−/− macrophages had an increased capacity 
to destroy Mycobacterium marinum and MTB, whereas CD36-deficient mice had a 
reduced susceptibility to the BCG infection [70].

3.7 CR

Complement receptors are a group of extracellular receptors that mediate the 
phagocytosis of non-opsonized, and opsonized bacteria, covered with fragments of 
proteins of the complement cascade. There are three types of CRs: CR1, CR3, and 
CR4 located in macrophages, neutrophils, monocytes, NK cells, and lymphocytes. 
CRs recognize glycopeptolipids from non-opsonized MTB and PIMs [71, 72]. Also, 
CR3 from monocytes recognize phagocyte microbeads coated with the 85C antigen 
from BCG and MTB [73]. MTB can be recognized by CR1, CR3, and CR4; however, 
80% of the phagocytosis mediated by complement is dependent on the recognition 
by CR3 [74].

4. Evasion of the immune response in macrophages

Macrophages developed a variety of strategies to destroy bacteria: production of 
ROS and nitrogen intermediates, iron restriction, use of heavy metals, production of 
antimicrobial peptides, phagosome acidification, and fusion of the phagosome with 
the lysosome.
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MTB evades and endures the strategies to eliminate bacteria and survive inside 
the macrophages; this attribute allows them to multiply and increase the population 
in order to establish the infection or trigger latency. The basic mycobacterial mecha-
nisms to evade the immune response and survive inside the macrophages will be 
briefly described below.

4.1  Phagosome maturation arresting and inhibition of the phagosome 
acidification

The phagosome is described as a membrane structure vacuole containing the 
microorganism; this structure is formed immediately after the phagocytosis. The 
phagosome maturation is dependent on the actin-mediated movement and is sup-
ported by the reactions and delivery of the late and lysosomal constituents [75].

Throughout the establishment of the pathogenic mycobacterial infection, and 
soon after the bacterial recognition by PPRs, the arresting of the phagosome matura-
tion constitutes a strategy that MTB employs to evade the immune response; specifi-
cally, the phagosomal molecule migration pathway is modified in order to avoid the 
microbicidal activity. During the phagosome maturation, Rab GTPases proteins are 
recruited to the phagosome membrane; they regulate the membrane fusion and the 
sorting of lipids and proteins to the organelles. The presence of these molecules is a 
marker of the phagosome/endosome maturation status. Also, Rab molecules allow 
identification of the maturity of the structure, specifically Rab5 (which is present on 
early endosomes) and Rab7 (present on late endosomes) [76–79].

The recruiting of Rab effectors, the endosomal tethering molecule (EEA1), and 
the phosphatidylinositol 3 kinase hVPS34 to mycobacteria-infected phagosomes are 
inhibited by mycobacterial PIM and LAM, leading to an arresting of the phagolyso-
some development [80–82]. Also, MTB ManLAM inhibits the augmentation of Ca2+ 
in the cytosol, avoiding the phosphatidylinositol 3-phosphate fusion with calmodulin 
at the phagosomal membrane, driving the inhibition of the recruitment of GTPases to 
the phagosome [81].

The mycobacterial antigens—early secretory antigen target 6 (ESAT-6), culture 
filtrate protein 10 (CFP10), the eukaryotic-like serine/threonine protein kinase G 
(PknG), and the SecA1 and SecA2—arrest the phagosome maturation and contribute 
to the mycobacterial survival inside the macrophages [83–85]. M. avium keeps the 
phagosomal pH between 6.2 and 6.5, due to the exclusion of the proton ATPase in 
phagosomal acidification [86]. MTB protein tyrosine phosphatase (PtpA) contributes 
to the survival of the bacteria inside the phagosome, as a consequence of the inhibi-
tion of the complex V-ATPase + H with the phagosomal membrane [8].

MTB permits the V-ATPase catalytic subunit A proteasome degradation because 
of ubiquitination signaling, while also regulating the reduction of the phagosome 
pH [87]. Glycolipid TDM recognition by the receptor Mincle induces the blockage of 
signaling involved in the phagosomal formation [88].

4.2 Resistance to reactive nitrogen species and reactive oxygen species

Reactive nitrogen species (RNS) and ROS are short-lived chemical compounds 
that mediate and contribute to the innate immune response through microbicidal 
mechanisms [89]. The ROS generation is dependent on the phagosomal acidification. 
Among the effects of the oxidative stress due to the ROS activity, can be described the 
oxidation of lipids, proteins and DNA damage. During the MTB infection, the sigma 
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factor and the stress response factor SigH, produced during ROS and RNS action, 
contribute to the infection [90–92]. The mycobacterial mycothiol has an antioxidant 
activity and keeps the cell reduced. The MTB mutation of the gene that encodes for 
the mycothiol synthase, mshD, had an increased susceptibility to H202 [93, 94]. MTB 
Cu, Zn superoxide dismutase SodC contributes to the resistance to the oxidative burst 
produced by the ROS of macrophages; also, the MTB sodC mutant was sensitive to the 
superoxide and was susceptible to IFN-gamma too [95]. Similarly, the alkyl hydro-
peroxide reductase (AphC) contributes to the resistance to ROS of the innate immune 
response [96].

MTB exposed to NO had a bacteriostatic effect and induced the expression of 
genes related to dormancy [9]. The expression of inducible nitric oxide synthase 
(iNOS) confers alveolar macrophages with the ability to kill MTB, and the latency 
of MTB in macrophages from healthy subjects was dependent on the production of 
the NO [97]. MTB controls the production of ROS by the increased expression of 
host histamine receptor H1 (HRH1), by regulating the GRK2-p38MAPK signaling 
pathway [98].

4.3 Apoptosis and autophagy evasion

Cell apoptosis is a hosting strategy to destroy the intracellular niche of the bacte-
ria. The evasion of apoptosis is related to the mycobacterial virulence. The avirulent 
strains like Mycobacterium kansasii, M. tuberculosis H37Ra, and BCG induced more 
human alveolar macrophages apoptosis, whereas Mycobacterium bovis, M. tuberculosis 
H37Rv, and the MTB clinical isolated, named as BMC 96.1, did not [99]. Virulent MTB 
stimulates the cell necrosis of macrophages by the mitochondrial inner membrane 
rupture, favoring the release of the microorganism [100].

The autophagy leads to the destruction of damaged cell parts resulting in the cell 
survival. In MTB infection, the autophagy development conducts a defense mecha-
nism against it. In macrophages infected with MTB or BCG, the autophagy induces 
the phagolysosomal formation and mycobacterial death [101]. Finally, the foamy 
phenotype in macrophages protects the cell and reduces autophagy of MTB-infected 
macrophages [102].

5. Conclusions

The phagocytosis of MTB is the clue event during the development of tubercu-
losis. The knowledge of human cells involved and the receptors that recognize the 
strains and species are vital for the understanding of the disease. In addition to that, 
the information of the variety of mycobacterial strategies to resist cellular control 
constitutes a contribution to the same aim. Investigative efforts to comprehend the 
mechanisms involved in MTB survival are important because they contribute to the 
development of vaccines, therapeutic strategies, and new, more efficient, drugs.
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Chapter 4

Macrophage: From Recognition 
of Foreign Agents to Late 
Phagocytosis
Claudia I. Rivas Ortiz and Antonia Isabel Castillo Rodal

Abstract

The main line of defense that exists to eliminate foreign agents falls on phagocytic 
cells (neutrophils, dendritic cell, and macrophages), and it does so through phagocy-
tosis, a complex cellular mechanism that occurs after the recognition and binding of 
the ligand by cellular receptors. Macrophages are part of a diverse lineage of innate 
immune cells. Once a macrophage receptor binds its ligand, a coordinated intracel-
lular signaling cascade is activated to the clearance or otherwise of the foreign agent. 
Objects removed by macrophage phagocytosis include dead or dying host cells, cells 
opsonized with antibodies, and specific pathogens such as bacteria, fungi, parasites, 
and viruses. Currently, phagocytic macrophages have been shown to contribute to 
the killing of cancer cells, inflammatory bowel disease, atherosclerosis, Alzheimer’s 
disease, and schizophrenia. For this reason, phagocytic macrophages are important in 
critical participation for health and disease.

Keywords: macrophages, phagocytosis, early phagosome, late phagosome, 
phagolysosome

1. Introduction

Macrophages are cells distributed in all body compartments under physiological con-
ditions, presenting various forms and functions that depend on environmental stimuli. 
After their origin, macrophages are distributed to different tissues, taking the name of 
the tissue where they are maintained or circulate in the blood as monocytes until they 
face a foreign body, becoming macrophages [1, 2]. It is considered that the half-life of 
the macrophage is 70 h, and they make up 4–10% of the total leukocytes in peripheral 
blood, meaning that they constitute the second cell population of the immune system.

Macrophages are essential to innate immunity since they secrete more than 100 
biologically active products and present diverse functions with different phenotypes, 
occupying dozens of extra and intracellular receptors. Owing to their versatility, 
macrophages actively participate in physiological and pathophysiological processes. 
As previously described, they have attributed three critical activities in the host: 
homeostasis, immune response, and phagocytosis [3].

In this chapter, we will focus on different parts of macrophage phagocytosis.
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2. Background

Phagocytosis was first described by the Russian scientist Elia Metchnikoff,  
considered the father of cellular immunity. Between 1879 and 1882, he established a 
laboratory of marine biology and comparative embryology in Messina, Italy, where 
he observed and described this process. His description of “phagocytosis” (an evolu-
tionarily conserved cellular process that recognizes and ingests particles larger than 
0.5 microns within a vesicle derived from the plasma membrane) led to his being 
awarded the Nobel Prize in 1908 together with Paul Ehrlich [4].

Metchnikoff reported other macrophage functions such as resistance to infection, 
phagocytosis of cell debris, and tissue damage repair linking directly to immunology, 
gerontology, gut microbiome, and probiotics [4]. The macrophage has three distinct 
origins in development: tissue residents derived from the yolk sac, tissue residents 
from the fetal liver, and those derived from the bone marrow [5]. The macrophage is 
essential from the earliest stages in the development of life, performing various func-
tions in development, growth, homeostasis, and remodeling [6].

Phagocytic cells are classified into professional phagocytes, such as neutrophils, 
monocytes, monocyte-derived macrophages, dendritic cells, and nonprofessional 
phagocytic cells, such as epithelial cells and fibroblasts [3]. Tissue macrophages are 
classified into subpopulations according to their location and phenotype:

• Microglia macrophages in the central nervous system (CNS)

• Osteoclasts in bone

• Alveolar macrophages in the lung

• Histiocytes in the spleen

• Interstitial connective tissue and cells

• Kupffer in the liver.

Monocytes are relatively inactive cells that are continuously monitoring their 
environment. When activated and become macrophages, they become involved in 
the processes of cellular homeostasis and the acute and chronic immune response. 
Macrophages recognize, ingest, and digest apoptotic particles, microbes, and cel-
lular debris through phagocytosis. Its efficiency depends on the coordination of the 
physical characteristics of the macrophage and the particle to be phagocytosed [7]. 
Macrophages can phagocytose at the site where they are or migrate to the place that 
is required. Secondary to inflammation or tissue damage, they are attracted and 
activated by bacterial endotoxins, exotoxins, cytokines, and other biochemical and 
biological stimuli known as the pathogen-associated molecular pattern (PAMP) 
and damage-associated molecular pattern (DAMP).

This action allows them to transform into fully activated proinflammatory or anti-
inflammatory macrophages for repair and homeostasis [8].

Macrophage migration occurs due to the attraction of the molecules released 
by pathogens (PAMPs) and the cells themselves (DAMPs). They migrate to the site 
by moving through podosomes, dynamic and unstable structures that temporarily 
adhere by pulling and pushing due to the force of traction and protrusion.
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Podosomes present filaments rich in actin and a stable multiprotein complex of 
seven units, the Arp2/3 complex bound to membrane plaque proteins; the podosomes 
accumulate F-actin, Integrin beta1, and CD44 helps them to attach, detach, and pen-
etrate into or through tissues, the endothelial barrier through the process of chemotaxis. 
The chemotaxis process in the macrophage is driven by small Rho GTPase and signaling 
through mitogen-activated protein kinase/extracellular signal kinase (MAP/ERK) and 
Phosphatidylinositol-3 kinase/serine/threonine protein kinase (P13K/Akt)[7].

The initiation of migration begins with the stimulation of the chemoattractant 
protein 1 (MCP-1). This chemokine is produced by different tissue cells secreted 
under the stimulation of the cytokines tumor necrosis factor alpha (TNF alpha), IL-6, 
IL-1beta, and is suppressed by IL-10 [9].

Before phagocytosis, the macrophage recognizes the white particle to rule out 
whether it is an invader or itself. The CD47 transmembrane protein is present in all 
host cells and is the signal they present to avoid being phagocytosed by macrophages. 
Receptors carry out phagocytosis on the plasma membrane, divided into opsonic 
and nonopsonic receptors. Nonopsonic receptors bind directly to PAMPs and induce 
phagocytosis. The nonopsonic receptors are lectin-like recognition molecules such as 
CD169, CD33, and Dectin 1, C-type lectins (MICL, Dectin 2, Mincle, and DNGR-1), 
as well as scavenger receptors (Figure 1A). These receptors are considered promiscu-
ous and have a poorly defined intracellular signaling capacity. That is why the binding 
of various ligands and receptors is required to ingest the particle. The opsonic recep-
tors are those that recognize the target particle surrounded by opsonins (proteins 
derived from the host, such as antibodies, complement factors, fibronectin, and 
mannose-linked lectin), within which we find the Fcy receptors (FcyRI, FcyRII, and 

Figure 1. 
Phagocytic receptors are present in the macrophage. A) Pattern recognition receptors (PRR): TLR, scavenger 
receptors, lectin receptors, mannose receptors, which recognize pathogen-associated molecular patterns (PAMPs) 
and damage-associated molecular patterns (DAM). B) Opsonic receptors: such as receptors for the crystallizable 
fraction of antibodies (FcR), complement receptors (CR), which recognize antibodies and C1 or C3b molecules 
that opsonize microorganisms and promote phagocytosis. Created with BioRender.com
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FcyRIII) and glycoproteins that specifically bind to the Fc region of immunoglobulin 
G (IgG) forming a complex that is pooled on the membrane and phagocytosed by the 
macrophage. This phagocytosis is also known as antibody-dependent cellular phago-
cytosis (ADCP) [10]. In this group, we also have complement receptors (CR) such as 
CR1 (CD35) CR3 (CD11/CD18 or MAC-1), scavenger receptors, and C-type lectins 
(Figure 1B) [3]. Scavenger receptors, such as SR-A or CD36, recognize apoptotic and 
microbial polyanionic ligands [11]. The toll-like receptors (TLRs) [12] are detectors 
of PAMPs, but they do not function as phagocytic receptors. TLRs collaborate with 
nonopsonic receptors to stimulate ingestion [13].

3. Recognition of the target molecule by the macrophage

In the process of phagocytosis and the case of an infectious process, the binding of 
the ligand to the receptor, the dynamics of actin polymerization of the cytoskeleton 
of the pseudopods of the macrophage, and the mechanical stability of the fimbriae 
of the bacterium must be closely related and coordinated in a complex sequence of 
events to engulf the bacteria. Phagocytosis is initiated by the recognition of the target 
particle by multiple receptors, the identification of the particle’s position, and the 
establishment of regular physical contact until the ingestion is processed. To date, 
more than 100 cell surface receptors have been described that participate in macro-
phage activation as well as various forms of phagocytosis. The initiation of phago-
some formation, and the rate at which phagosome formation proceeds on the particle, 
is directly related to the membrane tension that counteracts that exerted on the 
growing ends of the actin filaments, and owing to the Rho family GTPase-controlled 
actin polymerization, phagosome rigidity increases as macrophages engulf prey.

For the formation of the phagosome and the particle’s internalization, the cyto-
skeleton’s scaffold protein is required, which is the GTPase1 activating protein that 
contains the IQ motif (IQGAP1) [7].

After the receptor’s binding to the particle, the plasmatic membrane covers the 
microorganisms and closes at the distal end, forming a vacuole where the particles are 
internalized [14]. The duration of the ingestion of the particle, the formation of the 
phagosome, and its closure are proportional to the size of the bacterial filament, so if 
these times are prolonged, it has direct consequences for the survival of the pathogens 
inside the cells [7].

Jaumouille in 2019 points out that there are two mechanisms in the internalization 
of the target particle: a) activation or firing mechanism that occurs after signaling 
and results in the formation of membrane lifting plasmatic by actin action, and b) 
the zipper mechanism initiated by sequential cell surface receptors and ends with the 
particle surrounded by the plasmatic membrane [15]. The firing mechanism is associ-
ated with some intracellular pathogens, while the closing mechanism is associated 
with most pathogens. CRs trigger a distinct form of Rho family GTPase-dependent 
phagocytosis, characterized by a “sinking” of the particle into the cell without trigger-
ing proinflammatory mediators [16].

The recognition of the ligand by the phagocytic receptor of the macrophage is 
variable since there are differences according to the nature of its precursor and the 
signals sent by different factors, so depending on this, the response will be pro- or 
anti-inflammatory. Macrophages’ response and phenotype are changeable due to 
their high plasticity. The action of phagocytosis by macrophages is not fully known, 
however. For an organism to survive an infection, a prompt response is required, 
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eliminating the microorganisms; therefore, the phagocytosis rate will depend sig-
nificantly on the speed with which the macrophages identify, trap, and eliminate 
the intruders. To begin phagocytosis, macrophages must locate the position of the 
microorganism and establish physical contact for phagocytosis to occur. Macrophages 
use chemotaxis and apply mechanical force through lamellipodium protuberances on 
the leading edge driven by actin polymerization, which allows them to migrate to the 
site of inflammation. The chemotaxis process in macrophages is carried out by small 
Rho GTPases and MAPK/ERK and PI3K/Akt signaling. Different chemokines regulate 
these signaling pathways in human macrophages [7].

In the phagocytosis process, various stages are involved:

1. Detection of the particle to be phagocytosed.

2. Activation of the internalization process.

3. Formation of the specialized vacuole called phagosome.

4. Maturation of the phagosome to transform itself.

The detection of PAMPs occurs through pattern recognition receptors (PRRs); 
these PRRs are phagocytized directly or through opsonins. The lectin-like family’s 
nonopsonic receptors are Dectin-1, Mincle, MCL, and DC-SIGN, which bind to 
different PAMPs. Various target particles are surrounded by opsonins that bind to 
specific receptors, such as the FcyR receptor or complement receptors (CRs).

As previously mentioned, the phagocytosis process will have changes according to 
the ligand and the receptor; after the interaction between the receptors of the phago-
cytic cell with the target particle, signaling events occur to initiate phagocytosis. In 
the formation of the phagosome, there are changes in the lipid composition of the 
membrane, and significant changes occur in the remodeling of the membrane and the 
actin cytoskeleton leading to the formation of pseudopods that cover the microorgan-
ism due to the action of the enzymes coronin, cofilin, and gelsolin. To form pseudo-
pods, Coronin 1 debranches F-actin, leaving it as loose fibers to be cut by cofilin and 
gelsolin, an action controlled by its binding to phosphoinositides. Actin filaments are 
knocked down or nucleated by the activity of the Arp2/3 protein complex to initiate 
F-actin polymerization and pseudopod formation.

The signaling pathways triggered by the best-studied phagocytic receptors are the 
FcRs and CRs. For FcR-mediated phagocytosis, Arp2/3 integrates into the new phago-
cytic cup, where its actin nucleation activity is stimulated by WASp and N-WASp [17], 
which are also activated by Cdc42-GTP, and PI [11, 18]. In the case of CR-mediated 
phagocytosis, actin polymerization is associated with RhoA. This GTPase recruits and 
stimulates mDia formins [19]; they also activate the Arp2/3 complex.

However, other GTPases, such as Rap, appear to play a role in CR-mediated phago-
cytosis, independent of RhoA [20]. Rap GTP also activates profilin, essential for actin 
polymerization via formins [21]. Rap GTP activates profilin, which is necessary for 
actin polymerization through formins [21]. Rap can also activate GTPase Rac [22].

At this point, lipids associate and dissociate from the phagosome membrane in 
an orderly fashion, and the GTPases Rho, Rac, and cell division cycle 42 (Cdc42), 
essential regulators of the actin cytoskeleton, are activated and recruited for phago-
some formation. At the point of contact between the receptors and the microorgan-
ism, a depression in the membrane is formed, also called a phagocytic cup, followed 
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by the polymerization of F-actin, triggering the pseudopod formation that surrounds 
the microorganism, and within minutes, they fuse at the distal end to seal and form 
the phagosome [14].

The action of myosin in the formation of the phagosome that is involved in its con-
tractile activity is also known. Before the phagosome is complete, F-actin is removed 
from the phagocytic cup to facilitate phagosome closure by the enzyme PI 3-K. In 
FcyR-mediated phagocytosis, the WASP and N-WASP proteins (Wiskott-Aldrich 
syndrome protein) are activated to activate the Arp2/3 complex for actin polymeriza-
tion at the base of the nascent phagocyte. The final part of the phagosome formation 
occurs when the membranes fuse in their distal portion. A moment before this step, 
F-actin disappears, helping to make the phagosome less rigid, an action that PI3-K is 
responsible for. The inhibition of this enzyme blocks the depolymerization of actin in 
the phagocytic cup, stopping the pseudopod extension [23].

We know that the activation of GTPases is necessary to stimulate the Arp2/3 complex 
during phagocytosis for actin polymerization [24]. However, PI [11, 25] P3, the PI3K 
product, can stimulate Rho family GTPase activation proteins (GAPs), which inactivate 
GTPases and prevent actin polymerization. PI3K inhibition has also increased GTPase 
activation in the phagocytic cup [24, 26]. PI3K activity decreases PI levels [11], P2. This 
phospholipid activates the Arp2/3 complex, via WASP and N-WASP [27]. Thus, the 
disappearance of the phagocytic cup promotes the extension of the pseudopod. As for 
myosins, they use their contractile activity to facilitate the formation of phagosomes [28]. 
In macrophages, that class II and IXb myosins were concentrated at the base of the phago-
cytic cups, with an increase in the phagocytic cup at its closure site. Myosin V appeared 
after phagosome closure [15]. In extension of the pseudopod, actin filaments move from 
the bottom to the top of the phagocytic cup, compressing the particle to be internalized 
[2]. This activity is dependent on myosin light chain kinase (MLCK). MLCK-activated 
myosin II is required for the contractile activity of phagocytic cups [29]. Because of this, 
the phagocytic cups push the fluid out of the phagosomes. Myosin X is PI3K-dependent 
and is essential for propagating pseudopods in phagocytosis [23]. The myosin I subclass, 
myosin Ic, is located at the tip of the phagocytic cup, which relates it to the generation of 
the force of contraction, which causes the opening of the phagocytic cup to close [23]. 
The myosin I subclass, myosin Ic, is located at the tip of the phagocytic cup, which relates 
it to the generation of the force of contraction, which causes the opening of the phago-
cytic cup to close [23]. Myosin IX appears in the phagocytic layers similarly to myosin II 
[30]. This myosin is involved in the contractile activity of phagocytic cups; it also func-
tions as a signaling molecule for the reorganization of the actin cytoskeleton.

Myosins class IX contains a GTPase activation protein (GAP) domain that activates 
GTPase Rho [31] involved in actin remodeling. Myosin V appears in fully internalized 
phagosomes. It is involved in vesicular transport in other cells [32]; it is responsible 
for phagosome movement rather than phagosome formation [2].

4. Phagosome formation and binding to the lysosome

The newly formed phagosome will combine with early endosomes to form the 
phagolysosome [25, 33], involving membrane fusion events regulated by the Rab5 
GTPase [34, 35]. Rab5 recruits early endosome antigen 1 (EEA1), a molecule that 
functions as a bridge between the early endosome and endocytic vesicles; it also 
induces the recruitment of Rab7. During phagosome maturation, Rab5 disappears, 
and Rab7 appears on the membrane [36]. Rab7 regulates phagosome fusion with late 
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endosomes [37]. At this point, V-ATPase molecules accumulate on the phagosome 
membrane and acidify (pH 5.5–6.0) the interior of the phagosome by translocating 
protons (H+) into the phagosome lumen [36].

Lysosome-associated membrane proteins (LAMPs) and luminal proteases 
(cathepsin and hydrolases) are incorporated from fusion with late endosomes [38], 
culminating in the presence of hydrolytic enzymes that lead to the degradation of the 
microorganism, causing the breakdown of material into its essential components, 
and lipids, proteins, and carbohydrates are either recycled by the cell or excreted into 
the extracellular environment to be excreted from the body [39]. In macrophages, we 
find Fe2+ ions such as azurophilic granules that bind to chelators such as adenosine, 
myeloperoxidase (MPO) substitutes, and hydrolases and lysosomes that fuse in the 
phagosome and degrade microbial or apoptotic cells (Figure 2) [14].

5.  The production of reactive oxygen species (ROS) and reactive nitrogen 
species (RNS) in the function of the macrophage

In an inflammatory process, the function of the macrophage is crucial since it is 
responsible for limiting that inflammation. After phagocytosis, in late phagosome, 
the phagosome binds with the lysosome presenting an acid pH due  to the action 
of several V-ATPases and proteases with the stimulation of the foreign agent, the 

Figure 2. 
Stages of phagosome maturation. The process is divided into several stages of maturation, phagosome formation, 
early phagosome, late phagosome, and phagolysosome formation. The process begins when the macrophage 
recognizes and captures a microorganism through exposed receptors on its membrane; a phagocytic cup is 
produced that culminates in the formation of the phagosome; the membrane includes molecules that control 
membrane fusion, such as Rab5 GTPases and Rab7. By joining the late phagosome with the lysosome, degrading 
enzymes, such as cathepsins, proteases, lysosomals, and lipases, are integrated that will cut the microorganism. 
The phagolysosome will become a very acidic site due to the action of V-ATPase, which pumps protons into the 
vesicle to kill the microorganism. EEA1: Early endosome antigen 1; NADPH: nicotinamide adenine dinucleotide 
phosphate oxidase. Created with BioRender.com
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macrophage produces reactive oxygen species (ROS) and nitrogen (ON) (superoxide 
ion and hydrogen peroxide) secondary the catalytic activity of the nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase enzyme complex. This reaction is 
preferably intracellular through electron transfer reactions within the phagolysosome, 
especially in the mitochondrial respiratory chain. The increase in NADPH causes 
oxygen consumption (respiratory burst) and the creation of toxic products such as 
ROS, NO*. NO is produced by inducible nitric oxide synthase (iNOS), which, in turn, 
stimulates further NO production.

This event is associated with various pathophysiological processes, such as the oxi-
dation of low-density lipoproteins (LDL) that are phagocytosed by the macrophage, 
becoming a foamy macrophage itself, which is associated with an increased risk of 
atherosclerosis [10].

Despite being a mechanical-biological process studied for several years, phago-
cytosis still has unknown events. It is a process that is not the same for any particle 
that will be engulfed since there are variations according to the characteristics of the 
particle and the type of receptor that binds to the ligand. The examples mentioned 
below depend on the target particle to be phagocytosed.

6. Phagocytosis in infectious diseases

Bacteria, viruses, fungi, and parasites present various PAMPs not detected by 
cellular receptors called pattern recognition receptors (PRRs). There is an extensive 
variety of PRRs that, according to the characteristics of the receptor, will identify and 
bind to a specific ligand. The phagocytosis of a PAMP occurs by binding to one or vari-
ous receptors and one or different PAMPs of the same pathogen in a single event. There 
are several examples in this regard; the polysaccharides present on the surface of some 
yeasts bind to the mannose receptor or the dectin-1 receptor, while the lipopolysaccha-
ride (LPS) of gram-negative bacteria is detected by the scavenger-A receptor (SR-A). 
The phagocytosis of mycobacteria occurs through complement receptors (opsoniza-
tion of mycobacteria by complement) or by the mannose receptor that recognizes 
lipoarabinomannan (LAM), a structure that is part of the wall of mycobacteria; 
the coating of mycobacteria by surfactant protein A (Sp-A) has also been described 
[40]. Fungal phagocytosis is less studied; beta-glucans of the fungal cell wall bind to 
Dectin-1 receptors to initiate phagocytosis [41]. While the human serum amyloid pro-
tein (SAP) is considered a Trojan horse since some fungi and bacteria have a functional 
SAP on their wall that allows the fungus to bind to cells and be more invasive [42].

Interestingly, it has been reported how bacteria of the genus Treponema pallidum are 
phagocytosed when they are covered by opsonins or without opsonins [43]. Regarding the 
phagocytosis of the virus by the macrophage, we have the example of the person respon-
sible for the current pandemic, the Coronavirus type 2 (severe acute respiratory syndrome 
coronavirus 2 [SARS-Cov-2]); the critical entry of the virus into the cell is the angiotensin 
2 receptor (ACE-2). Different lectin-like receptors (CLRs) act as endocytic receptors for 
macrophages and are compromised when ingesting viruses or other pathogens [44].

The importance of removing apoptotic bodies through phagocytosis is known. Many 
cells die every day in healthy subjects, and phagocytes must remove their apoptotic 
bodies. Apoptotic cells display on their surface several molecules that distinguish them 
from healthy cells, such as phosphatidylserine (PS), a molecule restricted to the inner 
layer of the plasma membrane in healthy cells, which appears on the surface during the 
apoptosis process. In a sterile inflammation event produced by cells such as neutrophils 
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that have been recruited to the site of inflammation and undergo cell death by apoptosis, 
they are phagocyted to decrease or eliminate tissue-damaging proinflammatory factors 
and ROS. This process called spherocytosis is the part of the interaction of a complex 
network involving binding molecules, molecules that signal the cell through PS that 
helps tissue homeostasis [45]. It is a complex mechanism by which various interactions 
are related as ligand-receptor and signals. Cells undergoing apoptosis release multiple 
molecules such as ATP, lysophosphatidylcholine, fractalkine, and sphingosine 1-phos-
phate. These molecules act as chemotactic factors that recruit phagocytes to the site of 
cell death. Multiple phagocytic receptors bind PS. Direct binding to PS is mediated by 
receptors such as TIM1, brain-specific angiogenesis inhibitor 1 (BAI1), and stabilin-2 
[30]. In other cases, the molecules can bind to PS and to surface receptors forming a 
bridge; an example of this is MFG-E8 that links PS to αVβ3 integrins, which are effective 
phagocytic receptors.

Another example is Gas6 and protein S molecules that are between PS and phago-
cytic receptors, such as TAMs (Tyro3, Axl, Mer) [46]. Derivatives of PS metabolism 
may also contribute to the recognition of apoptotic bodies. PS appears to undergo 
oxidation, and some phagocytic receptors, such as CD36 and CD68, bind modified 
lipids, including oxidized PS [30].

7. Macrophage response in phagocytosis

The macrophage presents high metabolic plasticity, which is associated with the 
polarization of the macrophage and the molecules and factors they produce, so their 
response will be unique in each case. The macrophage response can be controlled by 
the target particle inducing specific signaling pathways directed by receptors that 
recognize the target particle and by overlapping signaling pathways.

An example is phagocytosis secondary to antibodies recognition that is controlled 
by protein kinase C (KPC) without stimulating phosphatidylinositol 3-kinase or 
extracellular signal regulated kinases (ERK). However, antibody phagocytosis 
stimulates these last two molecules through cytokines and depending on these 
multiple factors, we have the macrophages 0 (M0), which are naïve macrophages, 
M1 characterized by proinflammatory and accompanied by IL-6, IL-12, and 
TNF alpha, M2, which are anti-inflammatory and produce IL-10, TGF-beta, and 
Arginase; Mreg are regulatory macrophages with anti-inflammatory characteristics 
and IL-10 producers. Other recently reported macrophages, such as M-mox and M4, 
are mentioned, but less is known about them. The M2 group is classified into M2a, 
M2b, M2c, and M2d.

This classification, carried out practically for a better understanding, is based on 
the expressed transcription factors and the signaling pathways used by macrophages. 
However, these macrophages display high plasticity and change their status depend-
ing on the medium and environmental signals. Despite the plasticity of macrophages, 
three responses are recognized, two of which are well characterized. The description 
of the macrophage’s immune response is diverse and changing since it depends on 
the characteristics of the target particle, especially if it is a pathogen, the receptors 
responsible for binding to that particle, and whether or not it is opsonized and the 
capacity of the macrophage to remove the foreign agent.

One of many examples is the binding of polysaccharide from fungi to mannose or 
Dectin-1 receptors, the binding of lipopolysaccharide from a gram negative bacte-
rium to TLRs, or the binding of bacteria to SR-A or framework. Each of these events 
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will stimulate transcription factors and stimulus-dependent signaling pathways. Even 
with this diversity, we can state in general that there is an immune response that is 
characterized by the production of various molecules such as lipases, nucleases, pro-
teases, glycosidases, and phosphatases responsible for degrading the target particle, 
the expression of NADPH oxidase (Nox2), and oxide synthase 2 (Nos2) responsible to 
produce reactive oxygen and nitrogen species. In infections, the macrophage activates 
proteins that sequester iron (Fe) and Mn, essential elements for microorganisms.

8. Conclusions

In this chapter, we show the complexity of phagocytosis from the clue particle 
recognition going through physicochemical characteristics between macrophage and 
the target particle to the development of the phagolysosome. Phagocytosis is not as 
simple as it sounds, even though we know the types of immune responses promoted 
by the macrophage; recent research shows that the variability may be wider. That is 
why more research is required to broaden the knowledge of phagocytosis, which will 
help improve patient’s clinical conditions.
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Chapter 5

Regulation of Phagocytosis in 
Macrophages
Victory Ibigo Poloamina

Abstract

When the first line of defence—the integumentary system fails, the immune 
system protects us from infections by pathogens. Macrophages are crucial for 
mediating effects in the innate immune system by eliminating impaired cells and 
harmful micro-organisms through phagocytosis. Although other cells undergo 
phagocytosis, the cellular processes that regulate phagocytosis may vary from cell to 
cell. These include metabolic changes, signal transduction, and changes in molecular 
expression or post-translational modifications. This chapter will comprehensively 
review biological processes that regulate phagocytosis in macrophages, including; 
changes in metabolic processes, signal transduction, molecular expression, and 
 post-translational modifications.

Keywords: macrophage, innate immunity, phagocytosis, regulation, receptors

1. Introduction

There are millions of human pathogens grouped into about 1400 species [1]. The 
integumentary system serves as the first line of defence against infection; however, 
when the integumentary system fails, the immune system defends us against infec-
tious pathogens [2, 3]. It consists of physical barriers such as the dermis, epidermis, 
and associated glands [4]. Innate immunity describes the initial reaction of the 
immune system to invasion by microbial pathogens by controlling tissue damage and 
coordinates the activation of the adaptive immune system [5–8]. When the integu-
ments fail, innate immune cells like macrophages recognise pathogen-associated 
molecular patterns (PAMP) through pathogen recognition receptors (PRR) and 
are activated [9]. Macrophage responses involve phagocytosis of the PAMP and the 
release of inflammatory cytokines resulting in inflammation [10]. Inflammation is a 
natural reaction that can prevent tissue injury and heal wounded tissues. The strength 
of inflammation is proportionate to the severity of tissue injury [8, 11]. A normal 
inflammatory response is structured and involves; vasodilation, higher permeability 
of blood capillaries, blood clotting, an influx of many granulocytes and monocytes, 
and tissue swelling [8].

This review chapter will discuss various biomolecules and biochemical processes 
that regulate phagocytosis in macrophages.
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2. The macrophage: functions and phenotypes

Macrophages are crucial for mediating EFFECTS in the innate immune system 
[12]. Elie Metchnikoff first identified phagocytic cells in the 1900s and observed 
that macrophages effectively phagocytosed bacteria. Since then, there has been more 
research on macrophages—their types, function, polarisation, origin, and how they 
are regulated. Macrophage phagocytosis can be affected by its type, phenotype, and 
source. In addition, macrophages phagocytose other pathogens, such as viruses, 
fungi, and parasites [13]. They originate either from yolk-sac erythromyeloid progen-
itors or haematopoietic progenitors, thus generating monocyte-derived macrophages 
and tissue-resident macrophages. However, researchers have suggested heterogeneity 
in the origin of tissue-resident macrophages, as monocyte-derived macrophages 
can replace embryonic macrophages [8, 12, 14]. In addition, metabolic stimuli can 
regulate macrophage differentiation. For instance, haem and retinoic acid activate 
red pulp and peritoneal macrophage differentiation, respectively. Furthermore, 
tissue-resident macrophages contribute significantly to the heterogeneous functions 
of macrophages as they have specialised functions according to the tissue environ-
ment. Some examples of tissue-resident macrophages include alveolar macrophages, 
microglia, kupffer cells, and peritoneal macrophages [15].

2.1 Function of macrophages

The classical functions of macrophages include; cytokine secretion, the release of 
reactive oxygen species and reactive nitrogen species, removal of impaired cells and 
harmful micro-organisms, tissue surveillance, antigen presentation, T-cell activation, 
cytotoxicity and fibrosis [8, 16–18]. Tissue-resident macrophages carry out extra 
functions contingent upon the tissue requirements. For instance, alveolar macro-
phages clear away lung surfactants [19, 20]. Various stimuli coordinate macrophage 
fundamental functions and responses to tissue warning signals, including the pres-
ence of elements of microbial organisms [21].

In addition, macrophages participate in several pathologies that involve inflam-
mation. For instance, macrophages regulate neuropathic and inflammatory pain 
by releasing cytokines and interacting with neurons [22]. In cancer, macrophages 
phagocytose tumour cells and participate in tumour immunosurveillance [23, 24]. In 
their research, Yang et al., 2021 [25] showed that macrophages could promote carti-
lage regeneration in mice where macrophage depletion hindered cartilage regenera-
tion. Furthermore, macrophages encourage fibroblast proliferation. As a result, it 
regulates wound healing [26, 27]. Finally, poor differentiation of microglia during 
foetal development can cause neuropsychiatric disorders [28].

2.2 Macrophage phenotypes

There are three known macrophage phenotypes; M0 defines the macrophage in an 
inactive state, M1 defines a phenotype that promotes inflammation, and M2 defines a 
phenotype that resolves inflammation and promotes wound healing. In addition, M2 
macrophages have four sub-phenotypes (M2a, M2b, M2c, M2d), which can affect the 
extent of phagocytosis [29, 30].

Lipopolysaccharide (LPS) and interferon-gamma (IFNγ), granulocyte-macrophage 
colony-stimulating factor (GMCSF), and PAMPs are conventional stimulators of the M1 
macrophage phenotype. In contrast, macrophage colony-stimulating factors (MCSF), IL4, 
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IL10, and IL13 are stimulators of the M2 macrophage phenotype [8, 31, 32]. Macrophages 
show phenotypic characteristics based on an environmental stimulus. Epigenetic factors, 
including non-coding RNAs, histone modifications, and DNA methylation, can reprogram 
macrophages to switch between M1 and M2 phenotypes [24, 33–35]. Likewise, macrophage 
metabolic pathways participate in polarisation into different phenotypes. Lipid metabolism 
plays a significant role in macrophage phenotype formation. There are metabolic pathways 
specific to the M1 and M2 macrophage phenotype [36, 37].

3. Regulation of phagocytosis In macrophages

3.1 Pathogen-associated molecular patterns

Various microbial pathogens exist; therefore, PAMPs vary accordingly [11, 38].
LPS is the toxin element of the exterior membrane of gram-negative bacteria. It 

primarily consists of three components: the variable O-antigen, the core oligosaccha-
ride, covalently bound to the third component—a hydrophobic “anchor” termed lipid 
A, which commonly contains acyl tails attached to a phosphorylated β-1′, 6-linked 
glucosamine disaccharide head group. The lipid A component of LPS is highly potent; 
however, the structural variance of lipid A can influence its potency [8, 39]. In 
addition, some bacteria retain genetic mutation that hinders the expression of some 
components of LPS resulting in smooth, semi-rough and rough LPS chemotypes. 
Smooth LPS refers typically to the prevalent LPS containing the O-antigen. Smooth 
and Rough LPS may have differential mechanisms for regulating inflammation; rough 
LPS may be less CD14-dependent than smooth LPS [40]. In the same vein, rough LPS 
from B. abortus strains of bacteria are more potent in inducing the release of pro-
inflammatory cytokines than smooth LPS [41]. Even amongst different species, there 
are dissimilarities in the strengths of LPS; for instance, the rough chemotype of E. coli 
LPS is more potent than the rough chemotype of B. abortus LPS [42]. LPS-induced 
activation of TLR4 activates signals that cause an increase in NFκβ and IRF3 activity 
hence the secretion of pro-inflammatory and pro-resolving cytokines [43].

Lipopeptides are on the cell walls of gram-positive bacteria, some species of gram-
negative bacteria, and fungi. The structure of lipopeptides could be either cyclical 
peptides attached to an acyl chain, tri-palmitoyl peptides, or dipalmitoyl peptides. 
Tri-palmitoyl peptides activate TLR2/1 or TLR1/6 receptor heterodimers to induce 
inflammation. For example, Pam3CysK4 activates cytotoxic T lymphocytes against 
influenza-virus-infected cells [44, 45]. On the other hand, dipalmitoyl peptides activate 
TLR2/6 receptor heterodimers, activating the MyD88-dependent pathway and promot-
ing the production of pro-inflammatory cytokines through NFκβ activation [46, 47].

Bacterial and viral DNA are potent macrophage stimulators. They have a repeated 
series of unmethylated CpG motifs that bind to TLR9 homodimers. Microbial DNA 
increases the synthesis and secretion of nitric oxide and pro-inflammatory cytokines. 
Unlike microbial DNA, mammalian DNA has low-frequency CpG dinucleotides, 
mostly methylated. Therefore, typical mammalian DNA would not cause inflamma-
tion [38, 48–52].

On the other hand, viral RNA exist in either a single-stranded or a double-stranded 
form resulting in differential inflammatory responses. For example, TLR7 and TLR8 
commonly recognise single-stranded RNA [53, 54] and form homodimers after 
activation. However, some scientific evidence [55, 56] has suggested that TLR3, which 
commonly recognises double-stranded RNA, can also recognise single-stranded RNA.
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Microbial RNA induces the secretion of type I interferons and tumoricidal activity 
in macrophages. They also activate the synthesis of NFκβ-dependent cytokines [57]. 
Although IRF3 is the primary transcription factor activated by the TRIF-dependent 
signalling pathway, a study showed that IFNβ could be significantly induced in the 
absence of detectable IRF3 activation by double-stranded RNA through an unknown 
mechanism. These studies indicate the necessity for a better understanding of micro-
bial RNA’s interactions with its receptors [58–63].

The cell walls of bacteria [64] and fungi [65] contain microbial polysaccharides 
such as glucans, mannans, and peptidoglycans. A broad variety of receptors, includ-
ing; toll-like receptors TLR4, TLR2, and TLR6 [11], mannose receptors, DC-SIGN, 
complement receptors, and dectin receptors recognise microbial polysaccharides and 
peptidoglycans [66]. Nonetheless, they have differential mechanisms for mediating 
inflammation [67, 68].

Flagellin from gram-negative bacteria, profilin from T. gondii, and hemozoin from 
P. Falciparum are examples of microbial proteins that cause inflammation. Knockout 
of TLR5 weakens flagellin-induced inflammation, implying that TLR5 is crucial 
for recognising flagellin [69, 70]. Flagellin also binds to the inflammasome receptor 
NLRC4 resulting in the cleaving of pro-IL1β by caspase 1 to IL1β [71]. Moreso, TLR11 
recognises profilin; however, this is limited to mice as human TLR11 is nonfunctional 
due to a stop codon in its gene [72]. Finally, hemozoin indirectly induces an inflamma-
tory response by enhancing TLR9 responses to DNA from malaria parasites [73, 74].

3.2 Opsonins

Immunoglobulins are well-characterised molecules that recognise foreign 
micro-organisms or bodies [75]. The basic structure of immunoglobulin comprises 
two heavy chains and two light chains. The Fab fragment, known to bind and 
crosslink antigens, and the Fc fragment, which binds to pathogen recognition recep-
tors on phagocytes, are also sub-structures of immunoglobulins [76]. In addition, 
Immunoglobulin G (IgG) plays a crucial role in immunity by binding invading patho-
gens and consequently activating the classical pathway of the complement system in 
macrophages [77]. Furthermore, the interaction of immunoglobulin A (IgA) with Fc 
alpha receptors (FcαRs) mediates macrophage phagocytosis [49].

Pentraxins refer to a group of serum proteins with a pentameric structure that binds 
and opsonises microbial pathogens or cellular debris during infection and inflam-
mation. Their pentameric design allows high stability and resistance to enzymatic 
activity [78]. Both complement receptors and Fc receptors recognise pentraxins. Serum 
amyloid P (SAP) and C-reactive protein (CRP) are notable pentraxins. SAP recognises 
phosphoethanolamine, DNA, chromatin, heparin, apoptotic cells and amyloid fibrils 
in a calcium-dependent manner. On the other hand, CRP recognises phosphocholine, 
snRNP, histones, apoptotic cells, and oxidised low-density lipoproteins (LDL) [78, 79].

The recognition of microbial pathogens initiates the complement system. 
Complement proteins involved in recognising microbial pathogens also function as 
opsonins. Such complement proteins include C1q, mannose-binding lectin (MBL), 
ficolins, C3b, and C4b [80]. As the cell requires, C3 is cleaved to produce C3a, an 
anaphylatoxin and C3b, an opsonin [81]. The complement system has three pathways; 
C1q is involved with the classical pathway, MBLs and ficolins participate in the lectin 
pathway, and C3b and C4b are concerned with the alternative pathway [80]. In 
addition, complement proteins tend to promote the secretion of anti-inflammatory 
cytokines [80, 82].
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3.3 Pathogen recognition receptors

Non-opsonic pathogen recognition receptors consist of Toll-Like receptors, RIG-I-
Like receptors, Nod-Like receptors, and C-Type Lectin receptors.

Nod-Like and RIG-I-Like receptors localise in the cell cytoplasm. RIG-I, MDA5, 
and LGP2 helicases recognise single- and double-stranded microbial RNA in the 
cytosol. They cause a substantial secretion of type I interferons to fight viral infec-
tion [83]. On the other hand, over 20 subtypes of Nod-Like receptors exist. Nod-like 
receptors have four categories according to their functions: autophagy, inflammasome 
assembly, transcription activation, and signal transduction. They recognise a variety 
of pathogens, including flagellin, viral RNA, and peptidoglycan. Activation of Nod-
Like receptors results in the secretion of IL1β through the inflammasome pathway, 
and it activates other transcription factors such as NFκβ and CREBBP [84–86].

C-type lectin receptors bind to mannans and peptidoglycans from microbes and 
primarily facilitate phagocytosis [87–89].

At least nine subtypes of TLRs exist, and they have LRR motifs and TIR domains. 
TLRs bind to components of microbial pathogens and interact with TIR-containing 
adapter proteins such as MyD88, Mal, TRIF, and TRAM. The signalling cascade 
interacts with transcription factors, producing inflammatory cytokines [90–95].

Macrophages have Fc receptors (FcR) and complement receptors that recognise 
opsonins such as immunoglobulins, CRP, SAP, and complement proteins.

As the name implies, Fc receptors are 60kD glycoproteins that recognise and bind to 
immunoglobulins to mediate phagocytosis [96]. FcγR recognises and binds to IgG, whereas 
FcαR recognises and binds to IgA [78]. FcR also recognises and binds to other opsonins, 
such as SAP and CRP. FcR-mediated phagocytosis leads to internalisation in clathrin-
coated pits and vesicles, delivery to endosomes and acid hydrolase-rich lysosomes [97]. 
Not all FcR transmit signals; however, signalling FcR require either ITAM or ITIM domains 
for signal transduction. The ITAM pathway is pro-inflammatory, and the ITIM pathway 
is anti-inflammatory [98]. FcR also requires ubiquitination to mediate phagocytosis [99]. 
Research has shown that the FcR-ITAM-Syk signalling pathway is similar to the Dectin-1 
signalling pathway [100], and there is a crosstalk with the TLR-MyD88 pathway [101].

On the other hand, complement receptors are members of the integral family that 
primarily recognise and bind to complement proteins [102]. Although there are several 
complement receptors, scientific research has only shown CR3, CR4, and CRIg on macro-
phages. CR3 and CR4 are involved in phagocytosis, leukocyte trafficking and migration, 
synapse formation and co-stimulation. Furthermore, CRIg is part of the immunoglobulin 
superfamily [103]. There are species-specific differences in complement receptor activa-
tion [104]. Although early phagocytosis studies concluded that complement receptor-
mediated phagocytosis was less pro-inflammatory in macrophages, recent research found 
significant up-regulation of pro-inflammatory mediators during complement receptor-
mediated phagocytosis [105]. As is the case for many receptors, other biomolecules can 
affect the expression or function of complement receptors. For example, Pyk2 is essential 
for CR3-mediated phagocytosis as it significantly contributes to the coordination of 
phagocytosis-promoting signals downstream of CR3 [102]. Likewise, Vitamin D upregu-
lates the expression of CRIg and its phagocytic activity [106].

3.4 Biochemical processes that regulate receptor function

Ubiquitination describes post-translational modification with small conserved 
peptides known as ubiquitin. Ubiquitin covalently attaches to the amino group of 
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lysine residues of target proteins. Amongst other functions, protein ubiquitination 
enables the internalisation and formation of early endosomes [99].

Three major classes of ubiquitinating enzymes mediate ubiquitination: the E1 
ubiquitin-activating enzymes, the E2 ubiquitin-conjugating enzymes, and the E3 
ubiquitin ligases. Two genes encode for the E1 ubiquitin-activating enzymes, about 
100 genes encode the E2 ubiquitin-conjugating proteins, and over 1000 genes encode 
for the E3 ubiquitin ligases. E2 ubiquitin-conjugating enzymes and E3 ubiquitin 
ligases work together to create high specificity of protein ubiquitination [107, 108]. 
E3 ubiquitin ligases regulate TLR signalling; Nrdp1 ubiquitylates MyD88 and targets 
it for degradation [109]; TRAF6 is also essential for MyD88-dependent, and TRIF-
dependent TLR signalling [110], Triad3A and Pelle-interacting proteins also partici-
pate in TLR signalling [111, 112]. In addition, the translocation of NFκβ to the nucleus 
in response to TLR activation highly depends on the ubiquitination of IKK proteins 
bound to NFκβ to keep it in the cytosol [107, 113]. Monoubiquitylation may indirectly 
influence PRR function by; initiating the internalisation of cell surface receptors by 
phagocytosis, sourcing amino acids for protein synthesis, negatively regulating RIG-I 
helicases and affecting antigen presentation by MHC class I molecules [107, 114, 115].

Phosphorylation describes the attachment of phosphate groups to amino acid resi-
dues such as tyrosine, serine, and threonine by protein kinases. TLR Phosphorylation 
occurs on tyrosine residues and activates interaction with adapter proteins. LPS 
causes IRAK1-mediated phosphorylation; consequently, IRAK1 phosphorylates 
Tollip–a negative regulator of TLR-MyD88 signalling, enabling TRAF6 activity 
essential for the downstream TLR-MyD88 signalling. Moreso, IRAKs interact with 
the MyD88 death domain [116, 117]. The Serine/Threonine kinase PI3 is vital for 
activating transcription factors downstream of the TLR signalling pathway [116, 118]. 
Furthermore, knockout of MyD88 enhanced phosphorylation of IRF3, resulting in 
significant secretion of IFNβ. Finally, inhibition of MNK kinases decreased macro-
phage TNFα secretion [119, 120].

The phospholipid remodelling pathway describes the release and esterification 
of fatty acids in phospholipid pools. Phospholipid remodelling is an efficient energy 
source, generates membrane diversity and asymmetry, regulates protein lipidation, 
and the synthesis of PAF, leukotrienes, and eicosanoids [121, 122]. The quantity of 
arachidonic acid during inflammation in macrophages relies on the reacylation and 
deacylation of phospholipids. Macrophage TLR activation also alters the phospholipid 
composition of the macrophage membrane by activating phospholipid remodelling 
enzymes [123–125].

Lipid rafts function as platforms for internalisation and early endosomal sorting 
functions. They are nano-sized dynamic liquid-ordered plasma membrane domains 
enriched with cholesterol and sphingolipids and resistant to extraction with non-ionic 
detergents [126–130]. Lipid rafts participate in membrane transport [130] and signal 
transduction. They are also essential for receptor-mediated endocytosis [128] and 
control signal transduction by averting protein-protein interactions and inherent 
protein activities [129].

3.5 Regulators of phagosomes, and lysosomes

The cellular mechanism of phagocytosis involves the formation of phagosomes, 
phagosome maturation and the fusion of phagosomes with lysosomes [18, 131]. 
Phagosomes are cellular vesicles formed to contain the ingested pathogen [132]. There 
are early and late phagosomes; early phagosomes fuse with early endosomes, whereas 
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phagosome maturation results in late phagosomes. Profound rearrangements of the 
actin cytoskeleton occur to extend the plasma membrane into a phagocytic cup that 
internalises the pathogen [133]. Several biomolecules influence this process. For 
example, dynamin-2 participates in phagosome closure in macrophages. It co-localises 
with actin during phagosome formation [134].

Furthermore, converting PIP2 to PIP3 is essential for pseudopod extension and 
phagosome closure. Although PIP2 participates in clathrin-mediated endocytosis, 
research has shown that clathrin-mediated endocytosis does not influence phago-
some formation or maturation [134, 135]. Phagosomal development occurs when 
phagosomes acquire microbicidal and lytic enzymes after fusion with various endoly-
sosomal compartments. During phagosomal maturation, the phagosome lumen 
increases its acidification levels [136].

The Nod-like receptor (NLRP3), critical for inflammasome activation, also affects 
phagosome maturation. Knockout of NLRP3 from macrophages impaired phagosome 
acidification and phagolysosome formation [137].

SNAP23, a membrane SNARE protein, caused a significant delay in phagosome 
maturation after its knockdown. On the hand, overexpression of SNAP23 enhances 
phagosome acidification in J774 macrophages [138].

During FcγR-mediated phagocytosis, actin polymerisation and reorganisation 
occur, which drives the formation of a phagocytic cup. Rho GTPases promote the 
polymerisation of F-Actin, thereby regulating cytoskeletal dynamics and affecting 
cell polarity and motility. As phagolysosome formation requires the disappearance of 
the F-Actin structure surrounding the phagosome, Rho GTPases participate in this 
process. Scientific evidence shows that RhoC modulates phagosome formation by 
modifying actin cytoskeletal remodelling [133]. Furthermore, Syk, which mediates 
FcgammaR signalling, interrupts the reconstruction of F-Actin around phagosomes, 
thereby accelerating the fusion of phagosomes with lysosomes [132].

Rab GTPases are proteins that play crucial roles in phagosome maturation [136, 
139]. They constitute the most prominent family of small monomeric GTPases that 
function as molecular switches by cycling between their GDP and GTP-bound forms 
and regulating membrane trafficking [140]. Rab5 participates in early phagosome 
maturation by regulating fusion with sorting endosomes, and Rab 7 allows late 
phagosomes leading to the formation of phagolysosomes [136, 140]. Rab20 regulates 
phagosome maturation during FcγR-mediated phagocytosis [140].

Lysosomes are membrane-bound acidic compartments formed by lipid bilayers 
containing proteins such as LAMPs, Rab GTPases, LIMP, CD63, and over 60 hydro-
lases [141–143]. Lysosome function is heavily dependent on its fusogenic and acidic 
properties. The cytosolic tails of LAMP proteins interact with microtubules, thus 
having an essential role in lysosome function. Moreso, the lack of Rab14 slowed the 
addition of LAMP1 and lysosomal cathepsin, implying a slower formation of com-
pletely bioactive lysosomes [136].

In conclusion, the complex process of phagocytosis is crucial in macrophages as they 
are professional phagocytes. Numerous biomolecules participate directly or indirectly 
in macrophage phagocytosis, hence the complexity. This chapter has described some of 
these biomolecules and biochemical processes that regulate macrophage phagocytosis.

3.6 Conclusion

In conclusion, macrophages play an important role as early responders to infec-
tion through their primary phagocytic function. This primary function is upheld by 
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the synergy of pathogen associated molecular patterns and macrophage recognition 
molecules (opsonins and pattern recognition receptors) leads to downstream effects 
such as phagosome formation, lysosome formation, ubiquitination, phosphoryla-
tion, and phospholipid remodelling. Macrophage regulation is still being studied and 
there are recent discoveries of how macrophages can be regulated. Therefore, in spite 
of ample information about the regulation of phagocytosis in macrophages, there is 
more to learn. A better understanding of the regulation of phagocytosis can aid the 
use macrophages for therapeutic purposes (Figure 1).

Figure 1. 
Graphical summary.
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Chapter 6

Muscularis Macrophages in Healthy 
and Diseased Gut
Magdalini Mischopoulou and Gianluca Cipriani

Abstract

Muscularis macrophages are a newly discovered population of macrophages 
distributed within the smooth muscle layers of the gastrointestinal tract. Muscularis 
macrophages are emerging as essential cell keepers of homeostatic gastrointestinal 
function, and when affected, can lead to functional gastrointestinal disorders. In this 
chapter, we briefly introduce the phenotype, the distribution of muscularis macro-
phages, and the difference compared with other tissue-resident macrophages. We 
next describe how they contribute to normal gastrointestinal function by interacting 
with cells required for gastrointestinal motility, such as enteric neurons. Finally, we 
highlight the increasing pieces of evidence suggesting the contribution of muscularis 
macrophages to gastrointestinal function diseases, such as gastrointestinal inflamma-
tion, gastroparesis and post operative ileus.

Keywords: macrophages, muscularis propria, gastrointestinal tract, enteric neurons, 
gastrointestinal motility

1. Introduction

Macrophages are specialized immune cells found in all body organs, whose role 
is to phagocytose antigens, foreign material, cancer cells, and cellular debris [1]. 
In addition to their primary role in regulating the innate immune response, tissue 
macrophages keep tissue homeostasis and niche-specific functions. The first report 
describing the presence of macrophages in the gut muscularis propria (MMs) was 
performed [2, 3] by Mikkelsen in 1980. This report identified MMs as “macrophage-
like cells” based on their peculiar morphologic features [4]. The same authors 
concluded later that MMs, with their irregular stellate shape, represent a specialized 
type of macrophages, distinct from most resident tissue macrophages [5]. The gas-
trointestinal (GI) tract contains a heterogeneous population of tissue macrophages, 
most of which lie within the mucosa, where they phagocytose bacterial antigens [6] 
and constitute the first layer of defense against external pathogens. MMs are local-
ized within the smooth muscle layers and are closely associated with cells essential 
for GI motility [7]. Due to this spatial relationship, MMs can regulate gut peristalsis 
by secreting chemokines, partially in response to microbial stimulation [8, 9]. This 
chapter will highlight the complex role of MMs in regulating GI homeostasis and 
functional diseases.
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2. Anatomic localization of MMs

Histologically the GI tract is a complex organ consisting of different layers: the 
mucosa, the submucosal layer, the muscularis propria, and the serosa (Figure 1).

The mucosa, which consists of epithelium, the lamina propria, and the muscu-
laris mucosa, is the innermost layer, and consequently, it is continuously exposed to 
digested food and microbiota. On the opposite side, the serosa is associated with the 
peritoneum and constitutes the gate for extrinsic fibers engraftment onto the GI tract 
from the central nervous system (CNS). The submucosa layer presents large blood 
vessels, lymphatics, and connective tissue.

Underneath, the muscularis propria consists of two muscle layers with different 
orientations separated by the myenteric plexus region, which houses enteric neurons’ 
(ENs) cell bodies [10]. The primary function of the muscularis propria is to regulate 
the GI contraction needed for a proper movement of food.

Gut tissue-resident macrophages are encountered in all the different layers of the 
GI tract. However, most gut tissue macrophages are localized in the lamina propria, 
below the epithelial lining. These macrophages are in a close anatomical relationship 
with adult tissue stem cells of intestinal crypts, as well as Paneth cells, a specialized 
cellular population secreting antimicrobial substances to the gut lumen [11]. A second 
discrete population of macrophages is associated with the submucosal nervous plexus 
[7]. Because of the massive presence of blood vessels, this anatomical region also 
represents the door for circulating monocyte entrance onto the underneath muscula-
ris propria.

MMs have a different distribution and morphology within the regions of the 
muscularis propria. MMs lying in the two muscular layers share an elongated morphol-
ogy following the muscle orientation. Most MMs are distributed within the myenteric 
plexus, where they are closely associated with ENs. This population of MMs shares a 
characteristic morphology with multiple branches originating from the same cell body.

In comparison to the macrophages present in the mucosa, MMs have an overall 
anti-inflammatory, protective phenotype, as they express CD163, IL10, Mrc1, and 
Hmox1, all anti-inflammatory genes [7]. In addition, these cells have phagocytic 
properties and a distinct CD11clow / MHCIIhigh / CSF-1Rhigh phenotype [8]. In line with 
other tissue-resident macrophages, colony-stimulating factor-1 (Csf1–1) is critical for 
their survival and maintenance. In experimental mice models lacking CSF-1R, MMs 
with CD11clow / MHCIIhigh phenotype is virtually absent, supporting a primary role of 
CSF-1R in maintaining this macrophage population [12].

Figure 1. 
Different layers of the gastrointestinal tract wall.
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Macrophages can also be found in the capillary-rich subserosal connective tis-
sue [13], as well as the mucosa-associated lymphoid tissue (MALT), which includes 
Peyer’s patches [14]. Finally, a layer of macrophages is present within the serosal layer. 
We have little information regarding these cells’ role and function; further studies are 
needed to elucidate their function in GI homeostasis and diseases. New technologies, 
such as spatial transcriptomic, will fill the knowledge gap in understanding the phe-
notypic differences between MMs distributed within the different muscularis propria 
regions. This information will uncover the specific role of niche-specific macrophages 
on GI dysfunction and their possible contributions to functional diseases.

3. Origins and natural history of MMs

Like many other tissue-resident macrophages, MMs are heterogeneous. Multiple 
sequencing approaches identified populations that share a distinct phenotype and 
function. One of the main factors contributing to such diversity is represented by 
their origin [2]. The classic hypothesis of macrophages originating from blood mono-
cytes has been recently challenged by the so-called theory of “resident macrophages” 
[15]. The initial unified hypothesis about tissue macrophages was that monocytes 
freely circulate in the blood and transmigrate to the tissues under a suitable stimulus, 
where they acquire a macrophage phenotype [16]. However, we now know that part 
of tissue-resident macrophages also derives directly from progenitor cells in the fetal 
liver and yolk sac [2]. For this reason, in most organs, tissue-resident macrophages 
consist of both embryonic- and monocyte-derived cells. Embryonic macrophages 
engraft into the tissue during the development phase, and throughout life, these 
cells are maintained by self-renewing. The latter have a shorter life and continuously 
invade the tissue to maintain tissue-resident macrophages. The first information 
regarding a possible alternative origin to circulating monocytes was acquired in the 
CNS, showing that the tissue-resident macrophages of the CNS originate from pre-
cursors presumably located in the yolk sac. These precursors express the CSF-1 recep-
tor and migrate to the liver during embryogenesis. Unlike other tissue macrophage 
populations [17, 18], the microglial population shares an embryonic origin exclusively.

With the progression of technologies, other studies have shown that in opposition 
to microglia, the whole pool of tissue-resident macrophages are characterized by the 
coexistence of monocyte- and embryonic-derived macrophages in other organs, such as 
the heart, liver, and dermis [19]. Only recently, studies shed light on the dual origin of 
MMs. Like microglia in the CNS, MMs highly expressed CX3CR1, a tissue-resident cell 
marker [20]. Using a lineage tracing mouse model, CX3CR1 MMs were followed during 
the evolutive stages (from embryonic to adulthood) [21]. This population represents 
tissue-resident MMs at the embryonic stage but rapidly decline in the first weeks after 
birth. With age, embryonic cells that remain in the tissue are named long-lived MMs 
and, in concert with circulating monocytes, form tissue-resident MMs [22]. Although a 
decline in this population during development was observed, the total number of MMs 
throughout the years is maintained due to the ongoing circulating monocytes’ ingress.

It comes without surprise that embryonic and monocyte-derived MMs have dif-
ferent molecular transcriptional profiles. They have two distinct subsets, as demon-
strated based on the expression of CX3CR1. The first subset is CX3CR1 high, and the 
second is CX3CR1 low. The latter also expresses C-C chemokine receptor 2 (CCR2), 
which significantly regulates monocytic inflammatory response [23]. Also, the close 
anatomical relationship of MMs with ENs is sustained by the expression of multiple 
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genes related to cellular adhesion, anchoring the cytoskeleton and neuronal develop-
ment. Not surprisingly, these genes are not expressed by other MMs populations but 
are also enriched by microglia that are also closely communicating with neurons in 
the CNS. A non-exhaustive list of these genes includes Apolipoprotein E (ApoE), Fc 
receptor-like scavenger (FCRLS), Platelet factor 4 (PF4), Cystatin C (CST3), and 
Disabled-2 (Dab2) [24]. MMs are located within dedicated niches of the muscularis 
propria. The close interaction of MMs with ENs can be demonstrated by depleting 
MMs and observing the resulting depletion of ENs [25]. The same can be observed 
not only in animals but also in human subjects. Bajko et al. investigated the transcrip-
tional molecular profile of macrophages, pointing towards two distinct populations 
of macrophages, the former deriving from the yolk sac and the latter from monocytes 
[26]. Those macrophages that survived after embryonic life showed localization into 
anatomical niches in the same way it had previously been demonstrated in mice [27]. 
Moreover, several investigators demonstrated tissue-resident macrophages in patients 
with monocyte deficiency, as in congenital monocytopenia [28].

4. Role of MM-enteric neuron communication in GI motility

4.1 Intrinsic innervation and MMs

The intrinsic and extrinsic sympathetic and parasympathetic neurons innervate 
the GI tract. The enteric nervous system (ENS) contains more than 100 million neu-
rons and more than 400 million glial cells distributed in thousands of small ganglia 
that cooperate with the CNS, controlling digestive function [29]. However, the ENS 
can also control digestive function independently from the CNS. MMs share the space 
with cells contributing to GI motility, such as interstitial cells of Cajal (ICC), ENs, 
smooth muscle cells, PDGFRα-expressing cells, and glial cells [30]. In the last 5 years, 
multiple studies shed light on the functional interactions between MMs with all those 
different cell types to regulate GI motility. Here, we will describe the novel insights 
into the intimate communication MMs establish with ENs to control GI motility in 
health and disease.

From their first discovery, few morphological studies clearly showed the close 
anatomical association between MMs and ENs. Muller et al. described for the first 
time the interaction between MMs and ENs functionally [8]. Since then, multiple 
studies have been performed to elucidate the impact of this interaction on health 
and disease. This study showed that MMs express morphogenetic protein 2 (BMP2), 
while ENs express the BMP2 receptor (BMP2r). Functional interaction between 
BMP2 and BMP2r led to molecular pathway activations via the pSMAB1/5/8 pathway. 
Microbiome in this type of interaction was also playing a role. It was demonstrated 
that applying BMP2 to GI tissue in vitro promotes GI motility acceleration. In addi-
tion, the depletion of MMs led to colonic dysmotility in both ex vivo and in vivo 
models [8].

Neurohypophysis, known as the posterior portion of the pituitary gland, releases 
oxytocin into circulation. This hormone is essential during labor for inducing uterine 
contractions [31]. In addition, pro-inflammatory MMs can regulate the expres-
sion of oxytocin and its receptor. This has been shown in cell cultures of ENs, and 
the interaction is made possible via the STAT3 or NF-κΒ pathways. On the other 
side, anti-inflammatory MMs cause upregulation of oxytocin and its receptor via a 
TGF-β related mechanism [32]. Interestingly, lower concentrations of oxytocin and 
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its receptor have been associated with more pro-inflammatory cytokines in mouse 
models of dextran sulfate sodium (DSS) associated colitis [33].

A small population of MMs within the ganglia of the intestines was recently 
reported. These cells, also known as intra-ganglionic macrophages (IGMs), seem to 
have phagocytic properties [34]. Although IGMs interact with ENs in the same way as 
CX3CR1high MMs, there is not enough evidence to support critical phenotypic differ-
ences between these two cellular populations. In addition, experimental mice models 
of induced colitis have demonstrated loss of IGMs in association with increased 
pro-inflammatory MMs and enteric neural inflammation [35].

An interesting mouse model for the indirect study of MMs-ENs functional com-
munication is Csf1op/op. These mice have a genetic lack mutation in the Csf1 gene that 
results in the absence of tissue macrophages [36]. This mouse model had an abnormal 
myenteric nervous plexus and more ENs than controls. Interestingly abnormal cellular 
changes are not confirmed for the other cell types, as both ICC and smooth muscle cells 
are not changed in the same animal model. MMs potentially also regulate ENs sub-
types. For this reason, cholinergic neurons remained unchanged despite the increased 
numbers of nitrergic ENs [37]. This finding suggested that MMs may be capable of 
inducing different phenotypes of ENs. Furthermore, we used the same mouse model to 
find increased neuronal cells with shared cholinergic and nitrergic phenotypes, point-
ing to a more primitive population of ENs preserved in the adult muscularis propria 
[38]. Interestingly, this population is enriched during development in wild-type mice 
but is almost absent in adults. More studies are needed to show the possible contribu-
tion of MMs in the maturation of ENs to a specific adult subtype.

In the brain, microglia create an anatomical specialized somatic connection with 
neurons that facilitate their functional interaction. A concentration of organelles is 
associated with this connection, favoring the production of substances responsible for 
the functional interaction via the P2Y1R receptor. Recently a study has shown for the 
first time the presence of the same receptor on gut MMs and enteric glia, which must 
be studied further in the future. In addition, similar specialized anatomical connec-
tions between MMs, smooth muscle cells, and fibroblast-like cells have been described.

Although most of the studies were focused on the regulation of ENs by MMs, a few 
reports showed that also macrophage phenotype is shaped by ENs. For example, evi-
dence from the study by Muller et al. showed that ENs supply Csf1 into the anatomic 
location of the muscularis propria, which in turn has an active role in the homeostasis 
of MMs, particularly in inducing an anti-inflammatory phenotype [8].

In the CNS, the microglia–neuron interaction happens early during develop-
ment and is instrumental in setting up the adult brain. Recently, some studies have 
highlighted a possible role of MMs in the organization of ENS during development. 
A common finding is the independent intestine colonization by these two distinct 
cellular populations. In addition, MMs are directed towards specific niches, a par-
ticular localization that facilitates connection with the neural processes of ENs [21]. 
In addition, although Csf1r is mainly expressed in adulthood by ENs, it is primarily 
expressed by ICC and PDGF receptor alpha-positive cells during development. This 
result shows that during development, MMs may establish functional interactions 
with ENs independently of the Csf1 mechanism. Recent findings in a zebrafish 
irf8-deficient model showed that a lack of irf8 gene expression, typically expressed in 
MMs, can lead to MMs depletion and impaired gut motility [39].

By regulating membrane properties and ion exchange, ion channels respond 
to external changes with intracellular biochemical responses. Mounting evidence 
suggested the central role of ion channels in regulating tissue-resident macrophage 
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functions. For example, in a variety of organs, ion channels contribute to macrophage 
phenotype, differentiation, and circulating monocyte extravasation. Although 
mounting evidence suggests the implication of those channels in regulating mac-
rophage homeostasis and function in multiple organs, little is known about their 
contribution to MMs function.

TRP channels constitute a superfamily of Ca2 + −permeable, nonselective cation 
channels [40]. These channels can respond to temperature, pain, sound, and taste 
stimuli. Recent studies have highlighted an exciting novel role for these channels in 
regulating immune cells [41–43].

TRPV4 is expressed preferentially by MMs, and its activation leads to changes in GI 
motility by producing prostaglandin E2. The release of prostaglandin-2 from activated 
MMs produced a colonic contraction independently of neuronal activation. This 
channel may play a role in functional disease conditions. For example, an increase in 
TRPV4 expression has been reported in the colon of TNBS-treated mice, underlying 
a possible contribution of this channel to trigger inflammatory mediate the immune 
response. Notably, administering a selective channel antagonist reduces the severity of 
the inflammation. In line with this discovery, applying an agonist promotes the sever-
ity of inflammation. All this information about the TRPV4 channel is solid evidence 
of its implication in regulating homeostasis and inflammatory response. Although 
the mechanism by which this channel is implicated in regulating GI motility has been 
elucidated, further studies are needed to understand the mechanisms underlying 
TRPV4 implication in inflammation. The block of the P2X2 receptor channel reduced 
inflammation-related cellular damage in an IBD mouse model. Recently a study pro-
vided the expression of these channels on MMs and enteric glia. P2X2 MMs appeared 
to be mostly distributed within the myenteric plexus, where they anatomically estab-
lish a connection with ENs. Future studies are required to validate these studies and 
determine the role of this channel in immune-mediated GI function.

4.2 Extrinsic innervation and MMs

Gut-brain axis is made possible through the anatomic framework of visceral sen-
sory (extrinsic afferent), sympathetic, and parasympathetic (efferent/autonomous) 
innervation. Visceral sensory nerve fibers do not directly regulate intestinal motility. 
However, they are extremely important for the gut-brain axis connection and regula-
tion of several cells encountered within the ENS [44]. Several studies have suggested 
a possible physiologic relationship between MMs and peripheral nerves. One example 
is represented by CX3CR1-positive macrophages, which can be found in close associa-
tion with nerve fibers of the sympathetic nervous system [45].

The interaction between MMs and visceral sensory fibers has recently been the 
subject of intensive investigations. More specifically, MMs affect catecholaminergic 
sympathetic signaling and its impact on systemic immunomodulation [46]. Recently, 
Gabanyi et al. proposed a role of β-adrenergic receptor 2 (β2ΑR) in this interac-
tion. MMs expressing β2AR can be found in close anatomical relationship to the cell 
bodies of ENs. Indeed, MMs express higher levels of this receptor than other types of 
macrophages, including those of the lamina propria [7]. Furthermore, an effect of 
post-infectious neuronal loss mediated through adrenergic signaling by β2AR has also 
been demonstrated [47].

The primary neurotransmitter secreted by the vagus nerve, specifically from 
its preganglionic fibers, is acetylcholine (ACh). Besides its neurotransmitting role, 
ACh has essential parts in the inflammation process. This has been demonstrated 
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by experimental models of endotoxin administration, where the subjects showed a 
reduced inflammatory response after ACh stimulation [48]. In addition, stimulation 
of the vagus nerve, which is a primary source of ACh signaling increase, has a positive 
impact on reducing inflammation by promoting an anti-inflammatory MMs activa-
tion through the alpha-7-nACh receptor (α7nAChR) [49]. Vagal nerve stimulation is 
important in the pathophysiology of gastroparesis, enhancing a pro-inflammatory 
response [50]. The vagus nerve, also known as the tenth cranial nerve, or cranial 
nerve X, is the longest nerve in the body and one of the major suppliers of parasym-
pathetic innervation to the gut. The vagus nerve originates from two distinct regions 
of the CNS: the ambiguous nucleus and the dorsal motor nucleus [51]. The multiple 
effects of vagal innervation on the gut have been well investigated in various studies.

Stimulation of the vagal nerve induces an anti-inflammatory phenotype in MMs. 
This has been studied in an experimental model of mechanical mucosal stimula-
tion, which reduces overall inflammation. This effect is independent of splenic vagal 
stimulation since vagal splenic denervation does not hinder MMs activation. It seems 
that α7nAChR is extremely important in this process since MMs extracted from mice 
deficient in α7nAChR are unresponsive to vagal nerve stimulation [52–54].

In addition, extrinsic vagus nerve innervation participates in gastric motility 
regulation. According to preclinical studies, the vagus nerve plays a significant role 
in ameliorating inflammatory response in Inflammatory Bowel Disease (IBD). Mice 
with resected vagal nerves can develop a severe form of colitis, resulting in a surge of 
pro-inflammatory cytokines such as TNF-α, interleukin-1β, and interleukin-6 [55]. 
MMs from experimental models of genetic or pharmacological sympathetic nerve 
deprivation display pro-inflammatory phenotype. This MMs phenotypic activation in 
sympathetic innervation-deprived mice depends partially on monocyte transmigra-
tion into the intestinal muscularis propria [56].

As a consequence of an overall increase in inflammation, the same mouse models 
experienced an acceleration of GI transit. As discussed below, manual manipula-
tion of the gut during surgery is implicated in the induction of postoperative ileus, a 
condition associated with increased levels of macrophages with anti-inflammatory 
phenotype [57]. It seems that severe forms of IBD frequently arise in patients with 
clinical depression or a setting of severe psychological stress. Although most research 
has been performed in humans, experimental animal models of depression exist, and 
it has been shown that they are more susceptible to developing severe colitis [58]. 
Notably, a post-vagotomy status can diminish any benefit from administering anti-
depressant medications. Through an unclear mechanism, transferring macrophages 
from experimental animal models of depression induces a trait in the recipient mice, 
which can become much more susceptible to severe forms of colitis [59].

Stimulation of the vagal nerve has important implications in gastroparesis, a dis-
ease we will discuss in detail below. Briefly, gastroparesis is characterized by reduced 
gastric motility and an enhanced pro-inflammatory phenotype in MMs. In addition, 
vagal nerve stimulation induces anti-inflammatory MMs activation, which improves 
overall clinical symptoms [60].

The induction of anti-inflammatory MMs underlines the preventive role of vagal 
nerve stimulation in gastroparesis by the STAT3-JAK2 molecular signaling pathway [61]. 
In contrast, pro-inflammatory MMs induction occurs during and after abdominal sur-
gery, leading to increased inflammation of muscularis propria and reduced gastric and 
intestinal mobility. This situation can be regulated by performing vagal nerve stimula-
tion [50]. Furthermore, optogenetic manipulation of colonic sympathetic nerves reduces 
leukocyte recruitment, favoring a recovery from induced experimental colitis.
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5. MMs and GI diseases

Because of the intimate interaction which MMs establish with ENs and other cells 
required for GI motility, it comes without surprise that these cells are implicated in 
various pathologic conditions impairing GI motility. Therefore, we will describe below 
different pathological conditions where an implication of MMs has been described.

5.1 Gastrointestinal inflammation

Inflammatory bowel disease (IBD) is a disorder characterized by inflammation of 
the GI tract. Because of this inflammation, the muscularis propria undergoes tissue 
changes, such as smooth muscle hypertrophy and plexitis of the ENs. The gut micro-
biota functions as a continuous reserve of bacterial antigens. Due to their anatomical 
association, these microorganisms continuously activate lamina propria macro-
phages, preventing them from becoming tolerant during sustained inflammatory 
conditions [62]. MMs activation depends on pathogen-associate molecular patterns 
(PAMPs) in the post-operated gut [63]. Although Toll-like receptors usually recognize 
PAMPs, an event which is crucial in further mediation of the innate immune response 
[64], postoperative gut hypomotility, also known as postoperative ileus, does not 
directly depend on Toll-like receptor pathways, but on interleukin-1 upstream recep-
tor (IL-1R1) [65].

In experimental mouse models, expression of IL-1R1 by enteric glial cells is associ-
ated with co-expression, among others, of the proinflammatory cytokine interleu-
kin-6. Therefore, it is not surprising that the administration of anakinra, a potent 
IL-1R1 antagonist, reduced inflammation and the occurrence of postoperative ileus 
in these animals [65]. Given that interleukin-17 positively regulates inducible nitric 
oxide synthase (iNOS) expression by MMs, it seems reasonable that gut motility can 
be impaired following an interleukin-17 surplus in the gut microenvironment [66]. 
A resulting hypomotility contrasts with clinical symptoms of bacterial GI infections, 
which normally are intestinal hypermotility and episodes of diarrhea. In rat animal 
models of IBD, MMs within the myenteric nervous plexus are responsible for the 
persistent inflammatory condition underlying the pathogenesis of the disease [67].

Inflammation is generally associated with increased monocyte recruitment onto 
the muscularis propria. In one recent study, during inflammation, monocyte recruit-
ment is promoted by enteric glia that expresses multiple genes potentially responsible 
for monocyte engraftment onto the muscularis. In addition, in the presence of enteric 
glia supernatant, bone marrow-derived macrophages induce macrophage activation 
to an anti-inflammatory phenotype. This finding was confirmed in-vivo, where 
tamoxifen-induced enteric glial removal reduced monocyte recruitment responsible 
for the anti-inflammatory protective CD206 MMs. However, this leads to an increased 
overall level of inflammation in the tissue. Also, a functional interaction in the oppo-
site direction seems true. IL1B, a proinflammatory marker, induces the activation of 
enteric glia to an “activated state” called gliosis. Importantly conditional removal of 
Il1BR in ECC prevents MMs activation in POI.

Interestingly, this is in line with similar observations on astrocytes in the CNS, 
cells that have a similar function to EGC. Recently, another group proposed a new 
route for monocyte recruitment during inflammation. After damage, large peritoneal 
macrophages are recruited from the serosal side and participate in tissue repair via 
ATP. Until now, the immediate and unique access for monocytes onto the muscularis 
propria was considered the submucosa region where big blood vessels are present.
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5.2 Gastroparesis

Gastroparesis is a significant motility GI disorder characterized by delayed empty-
ing without obvious etiopathogenic factors [13]. Gastroparesis is commonly seen in 
patients with diabetes mellitus (DM), with a prevalence of approximately 40% in 
type 1 DM and 20% in type 2 DM. Given the prevalence of DM in the general popula-
tion, gastroparesis is a prevalent condition, leading to increased patient morbidity 
and socioeconomic costs [68]. Other conditions predisposing to the development 
of gastroparesis are surgical operations of the stomach or esophagus. However, in a 
significant subset of patients, the condition can be idiopathic, meaning no apparent 
predisposing factor can be identified [13].

The clinical signs and symptoms of gastroparesis vary. Patients often present with 
GI symptoms such as bloating, postprandial fullness, reduced food intake, nausea and 
vomiting, and weight loss, which can be evident at later stages [69]. The condition is 
frustrating for patients, severely affecting their quality of life, and is associated with 
concomitant anxiety or clinical depression symptoms in as many as half of them [70]. 
Gastroparesis has also been associated with reduced survival of patients. In a signifi-
cant cohort of patients with gastroparesis, the 5-year overall survival of patients with 
DG, adjusted for age and gender, was 67%, in contrast to 81% in the non-gastroparesis 
population [70]. Patients with idiopathic gastroparesis had slightly better outcomes 
than patients with diabetic gastroparesis (DG). This finding can be explained by the 
increased co-morbidities that can be seen in patients suffering from DM [70].

The underlying mechanisms responsible for DG have long been unclear until 
recent evidence suggested a significant role of MMs in the pathophysiology of this 
condition. In mouse models and patients with DG, a reduction of CD206, anti-
inflammatory MMs has been observed compared to controls. In addition to reduced 
anti-inflammatory MMs, DG has been associated with more pro-inflammatory 
markers, normally absent in controls. Therefore, this series of studies highlighted 
the possible role of MMs activation in the pathophysiology of DG. It is crucial to 
notice that in vitro experiments identified MMs activation via oxidative stress as one 
of the possible causes. Increased oxidative stress levels, generally associated with 
DG-induced activation of MMs to a pro-inflammatory phenotype and combination of 
IL6 and TNF-alpha, lead to ICC reduction in vitro.

Further studies are required to understand the underlying mechanisms driv-
ing immune-mediated ICC loss in DG, which represent the main cellular changes 
observed in DG. Neshatian et al. showed that the phenotype of MMs could be altered 
in response to DM-induced tissue oxidative stress [68]. More specifically, activated 
MMs produce heme oxygenase-1 (HO1), which has an important anti-oxidative 
role, protecting against the development of gastroparesis in experimental models 
of diabetic mice. In contrast, neuromuscular depletion can occur secondary to the 
activation of those MMs that cannot produce HO1 [68]. This can severely impact 
gastric motility, acting as a prerequisite for developing gastroparesis [68]. Further 
evidence has shown that in an experimental model of diabetic mice, the depletion of 
MMs reduced the incidence of the development of DG [71].

5.3 Post operative ileus

Post operative ileus (POI) is a very common condition, which can be described 
as a transient decreased GI motility condition following abdominal surgery. This 
results in prolonged hospitalization and recovery time, reducing patient quality of 
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life and increasing healthcare expenditure. Although the pathophysiology of POI 
is complex, it seems to be arising in a background of neurogenic and inflammatory 
deregulation, mediated by corticotropin-releasing factor, which promotes central 
and autonomic nervous system response [72]. The resulting inflammatory response is 
characterized by sustained expression of intercellular adhesion molecule-1 (ICAM-1) 
and P-selectin, which both facilitate circulating monocyte extravasation [73]. This 
is further supported by experimental evidence, demonstrating that targeting of the 
adhesion molecules by monoclonal antibodies leads to reduction of transmigrating 
white blood cells and attenuating muscle contractility dysfunction [74]. Neurogenic 
dysregulation can be experimentally prevented by activation of 5-hydroxytryptamine 
receptor-4 (5HT4R) and reduction of nicotinic receptor activation. This happens 
mostly during vagus nerve stimulation, since activation of cannabinoid receptors 
(CB) in cholinergic neurons inhibits acetylcholine release and reduces gut motility, 
leading to delayed gastric emptying. These findings are supported by experimental 
findings using CB1 −/− mice. Although POI and systemic inflammation were noted 
both in wild-type and CB1 −/− mice, the latter had higher plasma levels of interleu-
kin-6 (IL-6) and cytokine-induced neutrophil chemoattractant-1 (KC/CINC1) in gut 
mucosal and submucosal tissues [75]. Mast cells also contribute to the development of 
POI with a variety of mechanisms, including degranulation induced by neurotrans-
mitters released in response to gut surgical manipulation and mechanical stretch. The 
exacerbation of gastroparesis by mast cell degranulation can be partially alleviated 
by mast-cell stabilizing treatments [76]. As mast cells express Kit, experiments in 
mast cell deficient Kit / Kitv mice showed that gut manipulation did not result in 
significant increase in transmigration of white blood cells [77]. Moreover, mice with 
abnormal Kit also have deficits in the ICC, which explains the impaired gut mobility 
even without surgical manipulation [78]. The above findings demonstrate the multi-
factorial background of development of POI, warranting further investigation on the 
role of MPMs in POI.

5.4 Aging-associated dysmotility

Life expectancy is increasing progressively, and some GI diseases are more preva-
lent in the elderly. Old people have a slower gastric emptying that can affect appetite 
regulation. This usually represents an underrecognized clinical problem that may 
lead to adverse life quality and increased mortality. Most GI dysmotility problems 
in the elderly happen in the colon, where region-specific changes to enteric neuron 
numbers have been observed in both mice and humans. This is in line with changes 
observed in neuronal-mediated smooth muscle contractility. Since a smooth muscle 
contractility pattern is required for an effective GI transit, those changes may reflect 
gastrointestinal motility disorders in the elderly. Like many other different cell types, 
macrophages are affected by time by changing their transcriptome, functions, and 
phenotype. Changes to the macrophage population observed in aging may underline 
the tissue changes associated with diseases. For example, multiple reports show the 
central role of microglia in brain tissue changes related to Alzheimer’s disease and 
other aging associated brain diseases [79]. Also, in the gut, recent changes to MMs 
have been reported in humans and mice that could be underlying GI motility changes 
in the elderly. A recent characterization of MMs phenotype in old mice showed an 
increased MMs subpopulation that expresses pro-inflammatory genes [80]. Notably, 
the accumulation of this population is contracted within the myenteric plexus, where 
they co-localized with the A-Synuclein marker, suggesting that they may play a role in 
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phagocyting. Lineage tracing experiments to study the origin of tissue-resident MMs 
revealed that also, with age, the number of protective CX3CR1 MMs are reduced. The 
remaining CX3CR1 are accumulated within the myenteric plexus where they con-
tinue to interact with ENs. Further studies are needed to understand the underlying 
mechanism responsible for this type of reduction, given the role of embryonic MMs 
in preserving GI homeostasis.

6. Concluding remarks

This chapter highlights the role of MMs in health and disease. In summary, MMs 
are part of tissue-resident macrophages in the gut, having a dual origin from mono-
cytes and embryonic macrophages, that colonize tissues and persist after birth [22]. 
MMs are localized in close anatomical relationship to the ICC, which form part of the 
enteric ENS [30]. The interaction between MMs and ENs is important in regulating 
gut peristalsis in health and disease [8]. An inflammatory component also mediates 
the interaction mentioned above, as proven by experimental evidence, which shows 
that loss of MMs can induce a neuroinflammatory response in the gut [35]. Extrinsic 
innervation by the vagus nerve plays an important role in regulating acetylcholine 
signaling [44] and counterbalancing sympathetic neuro-inflammatory interaction 
[42]. Finally, recent experimental evidence has illustrated the paramount importance 
of MMs as intermediate factors in motility disorders of the gastrointestinal tract, 
such as gastroparesis [13], post-operative ileus [72] and intestinal ischemia–reperfu-
sion injury [13], leading to interesting etiopathogenic and treatment-implicative 
considerations.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 7

Non-Myeloid Cell Phagocytosis
Ben A. Calvert and Amy L. Ryan

Abstract

As professional phagocytes, myeloid cells, including macrophages, dendritic 
cells, and neutrophils, are often the targets for investigation and analysis of 
phagocytosis. Phagocytosis, however, has also been observed in nonmyeloid cells, 
including epithelium, mesenchymal, and smooth muscle cells. Colloquially known 
as nonprofessional phagocytes, these nonmyeloid cells are capable of phagocytosis 
of pathogenic material and efferocytosis of apoptotic bodies. Cells, such as those 
found in the epithelium, are often the primary site for viral and bacterial infection 
and have evolved to possess strong anti-pathogenic machinery of their own. The 
processes by which nonmyeloid cells can engage in phagocytic functions have wide 
implications for tissue homeostasis and disease pathogenesis, including infection 
and colonization. This chapter will review the phagocytosis capabilities in these 
nonmyeloid cells.

Keywords: efferocytosis, epithelial cells, internalization, barrier, nonprofessional, 
opsonization, trigger phagocytosis, zipper phagocytosis

1. Introduction

As professional phagocytes, myeloid cells, including neutrophils, macrophages, 
monocytes, mast cells, and dendritic cells, are actively recruited to sites of tissue 
damage, infection, and inflammation playing a key role in host defense [1]. Of these, 
neutrophils and macrophages are perhaps the most widely studied in terms of their 
roles in phagocytosis [2–4]. However, there is increasing evidence that nonmyeloid 
cells, including epithelial [5, 6] endothelial [7–9], mesenchymal [7, 10–12], and 
smooth muscle cells [13–16], can also engage in phagocytosis, or phagocytic-like 
mechanisms when phagocytosis is not their principal function. Phagocytosis by 
nonprofessional phagocytes is often referred to as internalization or even can-
nibalism, especially in the case of efferocytosis of apoptotic neighboring cells [17]. 
Nonprofessional phagocytes were first distinguished from professional phagocytes 
as early as 1970 after Rabinovitch demonstrated particulate uptake in fibroblasts 
[18, 19], although reports had demonstrated particulate uptake in nonmyeloid cells 
almost 40 years prior [20]. Since this initial observation, many nonprofessional 
phagocytes have been identified to have the phagocytic capacity and the capacity to 
clear potentially dangerous pathogens [21]. Table 1 includes a summary of these cell 
types and the roles that they have been observed to play in phagocytosis. Compared 
to professional phagocytes, nonmyeloid cells engage in distinctively different 
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mechanisms to recognize, engulf, and destroy pathogens through phagocytosis. 
Nonprofessional phagocytes are demonstrably less efficient and lack factors such as 
Pattern Recognition Receptors (PRRs) capable of recognizing Pathogen Associated 
Molecular Patterns (PAMPs), as well as reactive oxygen species (ROS) and degrada-
tion enzymes required for effective clearance and degradation [19]. Nonmyeloid 
cells, however, provide a significant contribution toward the clearance of exogenous 
pathogens, cellular debris, and apoptotic bodies via phagocytosis, and what they 
lack in efficiency, can make up for in cell number [5, 57]. This chapter will focus on 
the specific functions of nonprofessional phagocytes, highlighting their differences 
from professional phagocytes and their specific and important contribution to tissue 
homeostasis.

2. Pathogen-induced phagocytosis

The active role of the host cell in the process of pathogen internalization,  involving 
cytoskeletal rearrangements after pathogen recognition, ultimately distinguishes 
nonprofessional phagocytosis from infection [7, 19, 57]. There may be a few excep-
tions to this rule, such as Rotaviruses, known to gain infectious entry into the cell 
using the zipper mechanism, described below [58]. Internalization of the pathogen 
is, however, only the initial stage in the bigger mechanism of phagocytosis. The 
pathogen-containing internalized vesicle, otherwise known as the early phagosome, 
requires subsequent fusion with lysosomes in order to achieve pathogen killing [59]. 
The early phagosome matures by fusion with internal endocytic vesicles [59], recruit-
ing factors, such as Rab5 [60], a small GTPase important for the maturation of the 
phagosome, and early endosome antigen 1 (EEA1) [61]. Rab5 remains transiently 
expressed in the early phagosome, directing the fusion of early endosomes [62, 63]. 
The schematic in Figure 1 depicts the process of endosome formation, maturation, 
and role of Rab proteins in phagocytosis. Rab5 has been extensively studied and 
understood in myeloid cells during professional phagocytosis and has also been 
shown to be constitutively expressed in nonmyeloid cells, including epithelial cells 
[64–66], fibroblasts [66], and smooth muscle cells [67], controlling the phagocytic 
processes. Rab5 is considered a master regulator of early endosome formation and 
trafficking to the early phagosome. Rab5 expressing early phagosomes initiates the 
process of pathogen killing or apoptotic recycling by creating a mildly acidic micro-
environment (pH 6.1) within the phagosome and engaging in relatively low levels 
of hydrolysis [68]. Rab conversion is a term used to convey phagosome maturation 
beyond the early phagosome. Maturation involves the recruitment of Rab7, function-
ally replacing Rab5 in the phagosome [69]. Rab7, like Rab5, is a member of the GTPase 
family that manages the maturation of phagosomes and recruits other factors, such 
as the RAB7 interacting lysosomal protein (RILP), necessary for later phagosome 
fusion with lysosomes [70]. Formation of a late-stage phagosome also requires the 
recruitment of Lysosomal-Associated Membrane Process-1(LAMP-1), necessary for 
lysosomal fusion [27, 71] Rab7 functionally interacts with RILP [70, 72], resulting in 
lysosomal fusion with the late-stage phagosome. Consequently, the phagolysosome 
structure is formed, creating a more acidic environment (pH 5.5) and generating 
a cocktail of degradation enzymes and ROS in effort to kill invading pathogens or 
break down apoptotic bodies [57]. While the process leading to the formation of the 
phagolysosome is similar, the recognition of the pathogen by nonmyeloid cells and 
internalization can occur through one of several known pathways. These pathways, 
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including efferocytosis, zipper phagocytosis, trigger phagocytosis, and opsonization, 
are discussed in more detail below. 

  2.1 Efferocytosis 

 Efferocytosis of apoptotic cells is the primary phagocytosis mechanism utilized by 
nonmyeloid cells. Recognition of apoptotic bodies is, therefore, critical for the clear-
ance of apoptotic cells, and tissues have evolved ligand-receptor-based recognition as 
part of the initial engagement ultimately triggering efferocytosis of the apoptotic cell 
[ 7 ,  73 ,  74 ]. The primary component of this mechanism is the recognition of phospha-
tidylserine expressed in apoptotic cells [ 75 ]. During early apoptosis, phosphatidyl-
serine molecules translocate to the cells’ surface, anchoring to the membrane, where 
they act as an “eat-me” signal to localized phagocytes, both professional and nonpro-
fessional [ 76 ]. Phosphatidylserine can be recognized by several receptors, including 
integrins αvβ3  and αvβ5  [ 9 ,  29 ,  34 ]. CD36 [ 29 ,  34 ], CD91 [ 29 ], and even bio-specific 
phosphatidylserine receptors [ 16 ,  77 ]. Other ligands have been proposed to induce 
receptor-mediated efferocytosis of apoptotic cells by neighboring nonprofessional 
phagocytes, including Apoptosis Inhibitor of Macrophage (AIM) recognition by 
Kidney Injury Molecule-1 (KIM-1) [ 78 ] and milk fat globule-epidermal growth factor 
8 (MFG-E8) by integrin αvβ3 [ 79 ].  

  Figure 1.
  Internalization models for pathogen-induced phagocytosis. For nonprofessional phagocytes, phagocytosis is induced 
by the pathogen. Two primary models are proposed: 1) trigger phagocytosis, caused when type 3 / type 4 secretion 
systems (T 3 SS/T 4 SS) cause cytoskeletal rearrangement, resulting in “ruffles” of the host cell membrane that 
engulfs and internalizes the pathogen and 2) zipper phagocytosis where the pathogen engages with a receptor 
complementary to ligands expressed on the pathogen. Following cytoskeletal rearrangement, further receptors 
engage with the pathogen in a “zipper” or “ratchet” like fashion, engulfing the pathogen into the phagosome. This 
figure was created with  BioRender.com .          
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2.2 “Zipper” phagocytosis

In the initial stages of nonmyeloid cell phagocytosis, one of the primary  processes 
is the “Zipper” mechanism [6, 80, 81]. The zipper mechanism was first coined in 1975 
by Griffin et. al to describe the phenomena of attachment of opsonized erythrocytes 
and macrophages [82, 83]. Essentially, the structure is opsonized by immunoglobulins 
and becomes engulfed by a sequential recognition by Fcγ receptors in a “zipper” like 
fashion [80, 81]. Since this initial observation, similar phagocytic mechanisms have 
been noted that do not require opsonin-Fcγ receptor-mediated recognition, includ-
ing mechanisms of phagocytosis by nonmyeloid cells. Instead, the pathogen engages 
with a component of the target cells’ external structure. Such structures are typically 
cell surface integrins, adhesins, or invasins [4, 6, 34, 84]. This interaction initiates 
microtubule and actin rearrangements within the host cell. Following engagement, a 
continuous and sequential binding of the host cells “target structures” to the corre-
sponding structures on the pathogen, leads to the complete engulfing and internaliza-
tion of the pathogen by the cell in a phagosome-like vesicle, similar to that observed 
with opsonized mediated phagocytosis (Figure 2, [7, 81]).

2.3 “Trigger” phagocytosis

In contrast to zipper phagocytosis, the “trigger mechanism” is a process where 
engagement of the pathogen with a pathogen recognition receptor is not a critical 
component of the process. Some engagement with cell surface ligands may occur to 
secure the pathogen to the cell [80]; however, the distinguishable difference in trigger 
phagocytosis is that the pathogen “injects” effectors into the host cell. The injected 
components known as type-III (T3SS) [85] and type-IV (T4SS) [86] secretion sys-
tems result in host cell cytoskeletal rearrangements localized to the site of pathogen 
contact. Rearrangement generates “ruffles” along the cell surface, which then fold 
over the pathogen and fuse, internalizing the pathogen (Figure 2) [80].

2.4 Antibody opsonization

Emerging data suggest a potential role for opsonin-mediated phagocytosis in 
nonmyeloid cells [87–93]. Classical membrane-bound Fcγ receptors, namely FcγRI, 
FcγRII, and FcγRIII, and their capacity to recognize immunoglobulins are more typi-
cally associated with myeloid cell-based professional phagocytosis [57]. A more poorly 
understood, and somewhat atypical, class of immunoglobulin receptor, known as the 
neonatal Fc receptor (FcRn), is expressed ubiquitously throughout multiple tissue 
types, including pulmonary epithelium [92], intestinal epithelium [87], microvascular 
endothelium [91], and the placenta [89]. It was initially thought that FcRn is expressed 
in fetal and neonatal tissues; however, it has since been demonstrated that expression 
is sustained throughout life [90]. The FcRn has a strong affinity for albumin [90] and 
IgG antibodies [88]. IgG-mediated phagocytosis via FcRn has been noted in myeloid 
cells [93], but evidence for phagocytosis in nonmyeloid cells via this receptor is lack-
ing. FcRn expression in nonmyeloid cells appears to be intracellular, thus lacking the 
capacity for extracellular surveillance [94]. Instead, it is thought that the primary func-
tion for FcRn is transcytosis of IgGs across endothelial and epithelial membranes, as 
opposed to opsonin-mediated phagocytosis. The fundamental machinery is, however, 
present in nonmyeloid tissues and models have even been proposed based on studies 
demonstrating IgG-mediated phagocytosis of extracellular myelin debris [7, 47].



Phagocytosis – Main Key of Immune System

104

3. Epithelial cell phagocytosis

The primary function of epithelial cells is to form a barrier between the inter-
nal organs and the external environment. As such these tissues have evolved to be 
relatively efficient in anti-pathogenic mechanisms, including the secretion of anti-
microbial peptides, functional mucociliary clearance, and phagocytosis [6, 7]. The 
integumentary skin layer is perhaps the most obvious epithelial cell layer; however, 
the epithelium also lines internal organs and mucosal surface tissues, such as the 
respiratory tract, digestive system, genitourinary organs, and neuronal tissues, 
among others [95]. The physiological organization and structure of the epithelium 
can vary, even within the same organ system, for example, the pseudostratified epi-
thelium that lines the proximal airways progressively changes to a simple squamous 
epithelium that lines the alveolar airspace [96, 97]. Despite the multiple structural 
phenotypes, the primary function of any epithelium is to form a barrier, a protective 
layer of epithelial cells connected by tight junctions [98]. Tissue-resident myeloid 
cells, such as macrophages, are often labeled as the first line of defense when it comes 

Figure 2. 
Phagosome maturation. Phagosome maturation in nonmyeloid cells is like that of professional phagocytes, however 
less efficient. The phagocytosis process is outlined as; 1) internalization, resulting in the formation of the early 
phagosome, recruiting components such as Rab5 and EEA1. 2) Phagosome maturation, where Rab5 is replaced 
with Rab7 and factors such as RILP and LAMP 1 are recruited. 3) Lysosomal fusion, releasing factors such as 
degradation enzymes within the phagosome, which can result in pathogen killing and recycling of degraded 
products. This figure was created with BioRender.com.
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to invading pathogens; however, it could be argued that epithelial cells provide that 
initial functional defense [6].

Efferocytosis appears to be a function of practically all tissues and cell types 
[7, 73]. Relative to professional phagocytes. The removal of damaged or dying cells 
can leave the barrier exposed and prone to further damage or infection. As such 
epithelial tissues have a remarkable capacity for repair to maintain barrier integrity 
and homeostasis [98]. It is well established that the primary mechanism to eliminate 
apoptotic epithelial cells is through extrusion into the external apical lumen [6, 99]; 
however, epithelial cells also engage in efferocytosis [7]. Efferocytosis is particularly 
important for subapical apoptotic bodies or if the epithelial lumen does not have a 
functional system for debris removal such as mucociliary clearance in the airways.

Apoptotic epithelia can express a wide array of “eat me” signals with the most 
common being phosphatidylserine [21, 29, 34]. Recognition of apoptotic cells by 
epithelia is somewhat less understood; however, uptake of apoptotic bodies and 
recognition by phosphatidylserine receptors on the epithelial cells are acknowledged 
to be an integral part of this process [34]. Some studies provide evidence that the 
process of efferocytosis observed in epithelia is distinct from that of professional 
phagocytes and even from other phagocytic processes [74]. Epithelial cells have a 
relatively strong expression of PRRs with innate capabilities of recognizing exog-
enous PAMPs [5, 6, 100, 101]. Activation of PRRs can induce strong inflammatory 
responses including cytokine release [102], however mucosal epithelial cells must 
maintain a bio-symbiotic relationship with natural bacterial flora and control the 
potential for excessive inflammatory stimulation [103]. To achieve this, many of 
the PRRs are either intracellular [103–106] to recognize pathogens in the process of 
infecting the epithelium or on the surface of a polarized epithelium restricted to the 
basolateral surface [101, 107] to detect pathogens that have breached the epithelial 
barrier. PRRs expressed on epithelial cells include the Toll-Like Receptors (TLRs), the 
C-type Lectin Receptors (CLRs), the NOD-like Receptors (NLRs), and the RIG-I-like 
receptors (RLRs) [6, 108, 109]. It has also been proposed that PRRs can also engage in 
zipper phagocytosis, as integral parts of internalizing pathogenic stimuli, in addition 
to internalization of the receptor itself to control excessive inflammatory responses 
[110–112]; however, it is unclear if this pathogen-induced internalization is consistent 
with zipper phagocytosis or even conserved in nonmyeloid cells, in principle it is a 
possibility. Often the overarching inflammatory response is studied in isolation from 
that of any possible phagocytosis response. However, it is important to recognize 
that there is significant overlap and control of one by the other. Indeed, it has been 
reported that signaling factors, such as Rac1, are necessary for phagocytosis and 
the subsequent control of anti-inflammatory cytokine release, key to inflammatory 
resolution [30]. Further insights into epithelial cell phagocytosis may well be found 
in the study of inflammatory cytokine biology.

A common place for epithelial phagocytosis study can be found in the retinal epi-
thelium of the eye [113]. Separated by the blood-retina barrier [114, 115], the retinal 
epithelium is able to maintain a certain level of immune privilege from circulating 
leukocytes [116]. Whilst there is evidence for resident and infiltrating myeloid cells 
in these tissues [117], it is primarily the retinal epithelium that maintains homeostasis 
through phagocytic functions [113]. Aside from immune recognition, phagocytosis 
by the retinal epithelium is important for the biological process of photoreception 
[118]. The distal portions of photoreceptors in the eye, known as “Photoreceptor 
Outer Segments” (POS) are in direct contact with the retinal epithelium [119] and 
rich in membranous discs packaged with proteins known as opsins [120], which are 
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photosensitive. Exposure to light bleaches opsins to allow for signal transduction 
[121]. Extended exposure to these opsin-rich discs results in phototoxic damage and 
mature discs are shed from the distal tip to allow for the synthesis of new discs [113]. 
The retinal epithelium is perpetually “ensheathed” around the distal tips of photore-
ceptors [122], which upon shedding are phagocytosed into the retinal epithelium  
[119, 123]. The phagosome undergoes phagolysosomal maturation, including acidi-
fication and breakdown of the photoreceptor distal tips [113]. This entire process 
allows for the maintenance of long-term photoreceptors with short-lived distal tips 
by the retinal epithelial cells in an immune-privileged tissue. The retinal epithelium 
represents a prime example of a nonmyeloid cell performing specialized phagocytosis 
as a primary function in the homeostatic maintenance of its niche.

Internalization of pathogens by mucosal epithelium is well documented [5, 22–27]. 
Epithelial cells utilize both zipper and trigger mechanisms to internalize invading 
pathogens and engage in phagocytosis [6]. After internalization of the pathogen, the 
maturation of the phagosome in epithelia is akin to that of professional phagocytes 
[59], including markers of maturation, phagosome acidification, and lysosomal fusion 
[124]. The primary difference lies in the speed and efficiency when compared to pro-
fessional phagocytes [125]. Despite this lack of efficiency, the contribution of phago-
cytosis of epithelial cells is still remarkably significant when considering cell numbers 
and so the impact of epithelial cell phagocytosis in pathogen clearance should not be 
ignored, having distinctive implications in both homeostasis and disease.

4. Endothelial cell phagocytosis

Like epithelial cells, endothelial cells also form a physical barrier, specifically in 
the walls of fluid systems, such as the circulatory and lymphatic systems [126]. These 
barriers comprise squamous endothelial cells, which form a single cell layer lining the 
entire system [126]. Their primary functions are to maintain the barrier and act as a 
filtration system for fluid-containing cells or substances into, and out of, the circulatory 
system [127, 128]. Significant cross talk occurs between endothelial cells and profes-
sional phagocytes as the endothelium allows leukocytes to cross through the barrier 
into tissues during times of infection and stress [129]. The concept of endothelial cells 
acting as phagocytes is not new, with some reports dating back as early as the 1920s 
[130]. Such a process is important for the endothelium to maintain circulatory homeo-
stasis with effective phagocytic clearance mechanisms [129]. Phagocytosis is clearly an 
important function for endothelial cells to possess and execute efficiently, failure to do 
so can lead to serious complications such as stroke [131, 132]. Due to its importance, 
phagocytic clearance by endothelial cells has been termed “Angiophagy” [131, 132].

In situations of physical damage to endothelial tissue, endothelial cells can often be 
the first to encounter potentially pathogenic insults, particularly pathogens that enter 
circulation. Like epithelial cells, endothelial cells strongly express PRRs, including 
TLRs, NLRs, and RIG receptors [133–137]. During times of inflammation, endothelial 
cell PRR expression is increased [138], an important process for innate recognition of 
potentially invasive pathogens. It is also imperative for endothelial cells to recognize 
endogenous material, such as aged red blood cells, to both prevent and clear micro 
emboli blockages [139]. Endothelial cells express Lectin-like oxLDL receptor 1 (LOX-1), 
a transmembrane protein that is capable of recognizing these aged red blood cells 
that express phosphatidylserine [36]. Endothelial cells can also clear other cellular 
material, such as apoptotic cell bodies of circulating leukocytes, including that of 
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circulating professional phagocytes, such as neutrophils [140], and do so via recog-
nition of lactadherin [141]. Endothelial cells capable of recognizing and engulfing 
circulating cellular material is not just a function of cellular turnover homeostasis, but 
this is important in reducing coagulative activity.

Angiophagy, as a phagocytic process, can be considered distinct from other 
mechanisms such as efferocytosis, as a specialized method of clearing vascular 
occlusions, which may or may not have “eat-me” recognition molecules. In several 
organ systems, angiophagy of large particulates, such as blood clots and fibrin, has 
been observed by endothelial cells in microvascular capillary structures, releasing 
the phagocytosed particles into the basolateral parenchyma [132, 142]. While the 
overall result remains consistent, angiophagy efficiency can vary between different 
organs [142]. The biomechanical processes of angiophagy are not well understood. 
Studies have demonstrated that projections of the endothelial cell wall known as 
“lamellipodia” extend into the occluded lumen after extensive cellular remodel-
ing [142]. Engulfment of the occluding body occurs within a few hours, relatively 
quickly when compared to the entire angiophagy process, which can take several 
days. Post engulfment, the occluding body is trafficked to the underlying tissue 
where it can be further processed, often by myeloid cells [142]. A more comprehen-
sive characterization, beyond engulfment in angiophagy, is lacking although mecha-
nisms of phagocytosis are certainly present. Further reports have demonstrated that 
microparticles are internalized and retained intracellularly without any impact on 
barrier integrity [143].

A common endpoint of phagocytosis in some professional phagocytes is antigen 
presentation. After a functional inactivation of the pathogen, components of the 
pathogen are “presented” on the cellular surface of the phagocyte and used to activate 
specific lymphocytes, to initiate adaptive immune responses. This specialized func-
tion of antigen presentation is typically associated with dendritic cells but is also 
observed in other myeloid cells. Interestingly, antigen presentation has been observed 
in endothelial cells [144, 145], and even express MHCII, typically restricted to 
professional antigen-presenting cells, as a result of inflammatory stimulation [146]. 
As endothelial cells are not professional antigen-presenting cells and lack migrating 
capabilities important for effective antigen presentation, it is somewhat unclear as to 
why endothelial cells have developed antigen-presentation capabilities. It has been 
postulated to be important for T-cell-specific trafficking to sites of infection and 
stress [144]. Either way, strong phagocytosis machinery is required to process and 
present antigens on the cell surface.

Phagocytosis for endothelial cells is an important homeostatic process that allows 
luminal vasculature to remain clear of blockages and underlying tissues to remain 
clear of potentially pathogenic infection. The process of angiophagy to allow the 
extravasation of occlusions, and restoring luminal perfusion is arguably unique to 
endothelial cells as a process that even myeloid cells do not possess. Further work on 
the capabilities of endothelial cell phagocytosis could well lead to a better understand-
ing and even treatment options for serious acute macro and microvascular disease.

5. Mesenchymal stem cell phagocytosis

Mesenchymal stem cells (MSCs) are multipotent cells capable of regeneration and 
differentiation into multiple cell types [147]. They reside in a wide number of tissues and 
give rise to cells and tissues necessary for growth, development, and tissue repair. MSCs 
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are frequently referred to as adult stem cells, along with hematopoietic stem cells (HSCs), 
which of course give rise to professional phagocytes. Adult stem cells, such as MSCs, 
are multipotent and distinguished from embryonic stem cells (ESCs) or laboratory-
generated induced pluripotent stem cells (iPSCs), which are pluripotent with a differ-
entiation capacity to generate cells of all three germ layers. MSCs are stromal cells, and 
distinct from their HSC counterparts, it is therefore perhaps surprising that an advanced 
cellular function such as phagocytosis has been observed. Several reports, however, have 
demonstrated that MSCs are indeed capable of phagocytosis. This was first reported in 
2000 by Wood et. al, who demonstrated the ability of mesenchymal cells to clear apop-
totic cells through efferocytosis in the absence of macrophages in PU.1 knock-out mice 
[11] and later established in 2010 when Tso et. al confirmed efferocytosis-like clearance 
of apoptotic cells by MSCs [10]. Since then, other reports have corroborated this finding 
in a variety of situations, confirming MSCs capabilities of efferocytosis and clearance 
of apoptotic cells [12, 148]. What is also surprising is the inflammatory response when 
apoptotic bodies are recognized by mesenchymal cells, including NF-κB signaling 
pathway activation [12], and MSCs can express a number of distinctive markers more 
closely associated with immune cells [149]. Furthermore, MSCs are capable of secreting 
antimicrobial peptides [150, 151] to aid in pathogen killing and clearance.

MSCs do possess a certain level of PRRs, including TLRs [152] and NOD-like 
receptors [153]; however, reports are lacking that definitively demonstrate exog-
enous pathogen phagocytosis although have suggested its plausibility [154]. Similar 
to endothelial cells, MSCs are capable of MHC-II type antigen presentation [155], 
considered to be unique to professional phagocytes, and these antigen-presenting 
MSCs are capable of presenting and activating T cells [156, 157]. This would suggest 
that phagocytosis of pathogens, to present antigens via MHC-II is possible; however, 
this has yet to be confirmed. The primary function is therefore that of a supporting 
role for professional phagocytes as opposed to being primary phagocytes themselves.

6. Smooth muscle cell phagocytosis

Smooth muscle is found in multiple organ systems and can provide a variety of 
roles, often important for the physical functions of the organ or tissue in which they 
reside. Unlike skeletal muscle, smooth muscle involuntarily can maintain its tone over 
extended periods of time [158]. The functional cellular units of smooth muscle are 
described as nonstriated, in that they lack the sarcomeres that their skeletal striated 
counterparts possess. Smooth muscle cells are rich in actin and myosin which allows 
for efficient contraction [159]. It would be easy to describe smooth muscle cells 
(SMCs) as monofunctional and homogenous; however, it would appear that they 
have stromal-like properties and are capable of further differentiation into multiple 
“macrophage-like” phenotypes capable of phagocytosis [160]. The concept of phago-
cytosis by SMCs was first suggested observed in 1971 by Campbell and colleagues 
[161], and later confirmed by Garfield et. al in 1975, who demonstrated uptake of 
yeast and latex beads by guinea pig smooth muscle [14]. Like other nonprofessional 
phagocytes, SMCs express the phosphatidylserine receptor and functionally recog-
nize phosphatidylserine-rich apoptotic bodies, resulting in efferocytosis [13, 16]. Like 
the other nonprofessional phagocytes discussed in this chapter, SMC phagocytosis has 
been studied and implicated in diseases, where pathological phagocytosis is consid-
ered to play a major role, such as atherosclerosis [162, 163]. In fact, SMC phagocytosis 
has been a focus of investigation in atherosclerosis.
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Atherosclerosis is the buildup of plaques in the subendothelial tissues of arterial 
macrovascular walls [164]. These plaques can obstruct blood flow through the arte-
rial lumen, which can result in a series of vascular-related diseases. Atherosclerotic 
plaques comprise of “foam cells,” which have phagocytosed low-density lipopro-
teins, which they are seemingly unable to efficiently process and resolve. Foam cells 
as active phagocytes are myeloid in origin, more specifically they are macrophages 
derived from monocytes [165] recruited into the subendothelial tissues as a result of 
vascular damage. However, foam cells of atherosclerotic plaques can also be derived 
from SMCs [49, 166], with some reports even suggesting the majority of foam cells 
in atherosclerotic legions to be of SMC origin [167]. Such SMCs resemble an undif-
ferentiated precursor capable of a phenotypic switch under varying conditions 
[168]. The specific conditions that trigger SMCs to switch to a macrophage-like foam 
cell are not well known, although it appears to be KLF-4 dependent [169]. SMCs 
have a high abundance of LRP1, a key scavenger receptor for lipoproteins [170]. 
LRP1 activation will result in an influx of lipoproteins into the cell, generating a 
“foam cell” phenotype [171]. It is the inefficiency of SMC-derived foam cells as 
phagocytes that appears to be a significant factor in atherosclerosis. Despite the rec-
ognition that phagocytosis, or lack thereof, by SMCs is clearly playing a significant 
role in the pathophysiology of atherosclerosis, little is known about the internaliza-
tion mechanism compared to the process of autophagy [172]. Studies to date have 
mainly focused their efforts to recreate SMC-derived foam cells and compare them 
to foam cells of macrophage origin in attempts to highlight key differences, instead 
of addressing the specific mechanisms relating to phagocytosis in SMC-derived 
foam cells.

7. Conclusions

Historically most investigations with regard to phagocytosis have focused on the 
role of myeloid cells as professional phagocytes. In this review, we have discussed 
nonmyeloid cell types, where roles in phagocytosis have been established. It is 
becoming increasingly evident that many tissue types are capable, to some extent, 
of phagocytosis [173]. Indeed, there are even situations of specialized phagocytic 
function, such as that observed in the retinal epithelia and angiophagy in vascular 
endothelial cells. Despite nonprofessional phagocytes being less effective when it 
comes to pathogen recognition, internalization, phagosome maturation, and patho-
gen killing, they still provide a significant contribution to phagocytosis, and, in more 
immune-privileged tissues, phagocytosis by nonprofessional phagocytes is imperative 
to maintain physiological functions.
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Abstract

Acute lower respiratory tract infections (LRTIs) are the deadliest communicable 
diseases. Inhaled pathogens that reach the alveoli are eliminated by lung-resident 
alveolar macrophages. Bacteria and fungi are detected and phagocytosed by specific 
pattern recognition receptors (PRRs) that are highly expressed in alveolar macro-
phages. In addition, early pro-inflammatory responses assist alveolar macrophages in 
the efficient phagocytosis of these pathogens. Viruses are also directly or indirectly 
endocytosed by pinocytosis or opsonization, respectively, whereas alveolar macro-
phages contribute to the prevention of pneumonia by removing endogenous dead 
cells through an alternate type of phagocytosis, efferocytosis. Macrophage phagocy-
tosis and efferocytosis require not only sufficient expression of the relevant PRRs but 
also the coordinated interplay of intracellular factors that regulate engulfment. Given 
the current situation in which emerging infectious diseases spread worldwide, this 
chapter summarizes the physiological roles of alveolar macrophages in acute LRTIs, 
focusing on phagocytosis, pro-inflammatory responses, efferocytosis, and their 
regulatory machinery. This chapter also reviews recent insights into age-associated 
dysfunction of alveolar macrophages and discusses their relevance to vulnerability to 
acute LRTIs in the elderly population.

Keywords: alveolar macrophage, acute lower respiratory tract infection, pneumonia, 
phagocytosis, pro-inflammatory response, efferocytosis, pattern recognition receptor, 
intracellular signaling, aging

1. Introduction

Lung-resident alveolar macrophages play a pivotal role in maintaining lung 
homeostasis by eliminating airborne pathogenic microorganisms. The process by 
which cells ingest particles >0.5 μm in diameter, such as bacteria (0.5 to 2 μm) and 
fungi (3 to 10 μm), is defined as phagocytosis, which is composed of recognition, 
engulfment, and subsequent steps of the digestion process [1, 2]. Pathogen recogni-
tion occurs by directly detecting microbe-specific molecular signatures, known as 
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pathogen-associated molecular patterns (PAMPs), using the corresponding pattern 
recognition receptors (PRRs), which activate downstream intracellular signaling 
that regulates cytoskeletal rearrangement and cell motility, leading to engulfment 
of pathogens [2–4]. As a result, efficient pathogen clearance necessitates sufficient 
expression of scavenger receptors as well as the continued concerted action of down-
stream signaling molecules. In addition to triggering phagocytosis, PAMPs induce 
the production of pro-inflammatory cytokines and chemokines via interactions with 
another family of PRRs, toll-like receptors (TLRs), resulting in the recruitment and 
activation of circulating phagocytes in the foci of infection and assisting the enhance-
ment of macrophage phagocytosis [5–7].

However, unbridled inflammation is detrimental to tissue homeostasis, leading to 
organ failure if not properly treated. A typical example is the coronavirus disease 2019 
(COVID-19), wherein critically ill patients are characterized by manifesting cytokine 
storm syndrome, resulting in respiratory failure and multiple organ failure [8, 9]. 
During viral infection, alveolar macrophages have been suggested to contribute to the 
alleviation of pneumonia by removing apoptotic epithelial cells and neutrophils from 
fighting viruses rather than by endocytosing viruses via pinocytosis and/or opsoniza-
tion [10, 11]. Indeed, critically ill patients with COVID-19 are depleted of alveolar 
macrophages, which is accompanied by a remarkable increase in the proportion of 
pro-inflammatory monocyte-derived macrophages in bronchoalveolar lavage fluid 
[12]. Since the alternative type of phagocytosis, termed efferocytosis, is indispensable 
for preventing excessive inflammation during host defense against viral infection, 
failure of this protective action leads to the exacerbation of pneumonia from mild to 
life-threatening.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus that 
causes COVID-19, has received much attention from researchers since its outbreak 
owing to its highly virulent and transmissible nature; notably, COVID-19 is not 
the only threat to people. Acute lower respiratory tract infections (LRTIs), caused 
predominantly by Streptococcus pneumoniae and influenza viruses, remain the deadli-
est epidemics [13–15] because the older population is particularly liable to develop 
pneumonia and thereby respiratory failure [16, 17]. The vulnerability of the elderly to 
acute LRTIs has been suggested to be associated with immune senescence. In line with 
this trend, age-associated declines in immune cell functions and their mechanisms 
have been discussed [18–20]. Moreover, age-related alterations in the tissue microen-
vironment deeply influence immune cell senescence [21–23], and recent progress has 
enabled the analysis of the reality of alveolar microenvironment degeneration with 
aging and its adverse effects on alveolar macrophages.

In this chapter, we summarized the physiological roles of alveolar macrophages in 
acute LRTIs, focusing on phagocytosis, pro-inflammatory responses, efferocytosis, 
and their regulatory mechanisms. This chapter then reviewed recent insights into 
age-associated dysfunction of alveolar macrophages and discussed their relevance to 
the vulnerability of the elderly population to acute LRTIs.

2. Global epidemiology of acute LRTIs

2.1 Top causes of death

The World Health Organization (WHO) estimated that 55.4 million people died world-
wide in 2019, with the top 10 leading causes accounting for 55% of deaths [13]. Further, 
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seven of these causes are non-communicable diseases (NCDs), with the first, second, and 
third leading causes being ischemic heart disease, stroke, and chronic obstructive pulmo-
nary disease. The total number of deaths caused by all NCDs accounts for 74% of the total 
deaths in the world. However, among communicable diseases, acute LRTIs kill 2.6 million 
people worldwide, making them the fourth leading cause of death.

2.2 Morbidity and mortality of acute LRTIs in children

According to the analysis results of the Global Burden of Disease Study (GBD) in 
2016, acute LRTIs caused 336 million episodes and 2.4 million deaths in 2016 [14]. The 
rates of episodes and deaths attributable to acute LRTIs in children under the age of 5 
were 2.4 and 3.2 times higher, respectively, compared with those in people of all ages; in 
particular, the mortality rates in children were the highest in developing countries in sub-
Saharan Africa and South Asia. However, worldwide deaths from acute LRTIs in children 
decreased by 36.4% between 2007 and 2017 [16]. The substantial improvement in 
mortality in children is suggested to be primarily due to the implementation of vaccines 
against S. pneumoniae and Haemophilus influenzae, antibiotic therapy, and continuous 
improvements in education, nutrition, water, sanitation, and hygiene [24].

2.3 Morbidity and mortality of acute LRTIs in the elderly

Notably, the rates of episodes and deaths attributable to acute LRTIs in the elderly 
over the age of 70 were also 3.4 and 8.3 times higher, respectively, compared with 
those in people of all ages, but the mortality rates in older adults were globally higher 
than those in people of all ages [14]. Worldwide deaths from acute LRTIs in the elderly 
increased by 33.6% between 2007 and 2017 compared with those in children [16]. The 
deterioration of mortality in the elderly is likely associated with the extended longev-
ity of the frail older population, chronic diseases, comorbidities, multiple medication 
use, and functional disability in high-income countries; further, it is associated with 
the adverse effects of air pollution, smoking, and alcohol consumption in low-income 
countries [24].

2.4 Most common causative agent of pneumonia

Acute LRTIs are responsible for inflammation of either the mucous membranes 
that line the bronchi or the lung tissue in one or both lungs, accompanied by infiltra-
tion and inflammation of the alveoli, leading to bronchitis or pneumonia, respectively 
[25]. Of the two conditions, pneumonia is the major cause of death, as it causes 
respiratory failure by filling the alveoli with fluid and pus resulting from inflamma-
tion [26]. Notably, pneumonia is caused by various pathogens, including bacteria, 
fungi, and viruses. S. pneumoniae, a Gram-positive bacterium, is the most common 
bacterial cause of pneumonia. In fact, across generations, S. pneumoniae accounted 
for approximately half of the pathogens that caused deaths in 2016, contributing to a 
higher number of deaths compared with all other major etiologies combined (respira-
tory syncytial virus, H. influenzae type b, and influenza) [14].

2.5 Seasonal influenza

Seasonal influenza epidemics occur every winter, annually resulting in 3–5 million 
cases of severe illness and 290,000–650,000 deaths from respiratory illness [15]. 
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According to the analysis results of the GBD 2017, acute LRTIs attributable to influ-
enza were estimated to have caused 55.5 million episodes, 9.5 million hospitalizations, 
and 145,000 deaths in 2017, and the highest mortality rates were observed, especially 
among adults over the age of 70 [17]. Of the influenza A and B viruses that cause 
seasonal epidemics, influenza A viruses, in particular, have a high mutagenic capac-
ity to generate new strains that can escape from acquired immunity, which causes a 
pandemic every few decades. Further, the influenza A(N1H1)pdm09 strain emerged 
in April 2009 and caused a pandemic, globally resulting in 200,000 respiratory and 
80,000 cardiovascular deaths that year [27].

2.6 COVID-19

The ongoing pandemic is COVID-19, which is caused by SARS-CoV-2. Since the 
first case of COVID-19 was reported in Wuhan, China, in December 2019, the infec-
tion has rapidly spread worldwide and continues to be a global epidemic, regardless 
of the season. According to the WHO, as of January 2023, the confirmed cases of 
infected patients had reached approximately 750 million worldwide, and deaths had 
risen to >6.8 million [28]. As with other acute LRTIs, older adults are at a higher risk 
of severe illness or death from COVID-19, even after the Delta-virulent strain was 
replaced by the Omicron-attenuated strain [29–33].

3. Physiological roles of alveolar macrophage phagocytosis in acute LRTIs

3.1 Development and maintenance of alveolar macrophages

Lung-resident alveolar macrophages play a leading role in the clearance of air-
borne microorganisms that enter the alveoli during inspiration. Murine alveolar 
macrophages originate from fetal monocytes [34]. The development of alveolar 
macrophages from fetal monocytes is regulated by granulocyte-macrophage colony-
stimulating factor (GM-CSF) and the downstream transcription factor peroxisome 
proliferator-activated receptor γ (PPARγ) [35]. After birth, however, alveolar mac-
rophages are essentially not replenished by bone marrow-derived monocytes but are 
self-maintained by the paracrine action of GM-CSF secreted by epithelial cells [35]. 
Moreover, further maturation of alveolar macrophages requires transforming growth 
factor (TGF)-β1, which is secreted in an autocrine manner and upregulates PPARγ 
expression [36]. A similar developmental pathway is presumed to occur in humans 
since immunostaining of lung sections from stillborn infants revealed that interstitial 
macrophages were abundant in the interstitium, whereas mature alveolar macro-
phages were completely absent in the alveoli [37]. The acquisition of specific func-
tions by alveolar macrophages, including advanced phagocytic capacity, is partly due 
to the unique maturation processes in the alveolar microenvironment, where GM-CSF 
acts as a key regulator.

3.2 Phagocytic receptors expressed on alveolar macrophages

3.2.1 Scavenger receptors and their functions

Among the PRRs, two members of the scavenger receptor superfamily proteins, 
macrophage scavenger receptor 1 (MSR1) and macrophage receptor with collagenous 
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structure (MARCO), recognize both Gram-positive and Gram-negative bacteria by 
detecting their pyrogenic cell wall components, lipoteichoic acid (LTA) and lipopoly-
saccharide (LPS), respectively [38–40]. Alveolar macrophages constitutively express 
MSR1 and MARCO, which are essential to eliminate airborne pathogenic bacteria. 
Knockout mice lacking MSR1 or MARCO displayed an impaired ability to remove live 
bacteria, exacerbated pneumonia, and reduced survival after intranasal inoculation 
with S. pneumoniae [41, 42]. The expression and function of MSR1 and MARCO 
are conserved in human alveolar macrophages [43]. Further, mice lacking another 
scavenger receptor, CD36, exhibited similar phenotypes during pulmonary infection 
caused by the Gram-positive bacterium Staphylococcus aureus [44]. In addition, alveo-
lar macrophages are characterized by higher expression of scavenger receptors with 
one or more C-type lectin-like domains, such as β-1,3/1,6-d-glucan receptor dectin-1 
[45, 46] and the mannose receptor CD206 [37, 47], which pivotally contribute to the 
removal of fungi and bacteria from the alveoli by detecting their respective target 
carbohydrates that cover the cell wall surface.

3.2.2 Opsonin receptors and their functions

Murine alveolar macrophages highly express Fcγ receptors FcγRI/II/III and further 
enhance their phagocytic activity when Gram-negative bacteria, Pseudomonas aeru-
ginosa, are opsonized with IgG, whereas they hardly express complement receptors 
CR1/2/3, and their ability is not affected by complement opsonization [48]. Further, 
the other subset of complement receptor CRIg is expressed in murine and human 
alveolar macrophages [49], but its ability to directly recognize Gram-positive bacteria 
by detecting LTA suggests that it can act as a PRR in the lungs [50]. Notably, alveolar 
macrophages isolated from GM-CSF-knockout mice were deficient in Fcγ receptors 
and had impaired phagocytic activity against both IgG-opsonized and non-opsonized 
latex beads and their phenotypes were restored by epithelial cell-specific expression 
of GM-CSF [51]. A recent study reported that human alveolar macrophages express 
FcγRI/II/III at higher levels than other systemic counterparts, such as macrophages 
in the bone marrow, spleen, and liver [52]. Moreover, peripheral blood monocyte-
derived macrophages that differentiated in GM-CSF-containing culture exhibited 
properties that were partially similar to those of alveolar macrophages, expressing a 
larger amount of FcγRI/II compared with that of their counterparts [52].

3.3 Regulation of engulfment in alveolar macrophages

3.3.1 Roles of small-GTP binding proteins in engulfment

Pathogen recognition by scavenger and opsonin receptors initiates cytoskeleton 
remodeling, leading to pathogen engulfment. The regulatory signaling pathways 
rely on each receptor ligated to the particles, but all forms of engulfment require 
the recruitment of filamentous (F)-actin beneath tethered particles and subsequent 
rearrangement of F-actin. F-actin is primarily controlled by three small-GTP bind-
ing proteins, including Ras homolog (Rho) family member A (RhoA), Ras-related 
C3 botulinus toxin substrate 1 (Rac1), and cell division control protein 42 homolog 
(Cdc42), both of which are members of Rho family [2, 4]. The binding of particles 
to receptors causes RhoA, Rac1, and Cdc42 to be converted from the GDP-bound 
inactive form to active form and then recruited from the cytosol to the cell membrane 
under tethered particles, where they regulate F-actin rearrangement and subsequent 
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cell motility by triggering the formation of stress fibers, lamellipodia, and filopodia, 
respectively [2].

3.3.2 Receptor-dependent roles of small-GTP binding proteins

The roles of these small-GTP binding proteins have been systematically studied 
after the ligation of Fcγ receptors. FcγRIIA-transfected COS fibroblasts treated with 
IgG-opsonized particles facilitated recruitment of all the small-GTP binding proteins 
to the nascent F-actin phagocytic cup, whereas blocking Rac1 and Cdc42 suppressed 
engulfment by preventing the formation of membrane ruffles and filopodia, respec-
tively; however, blocking RhoA had no effects on the engulfment [53]. In contrast, 
when CR3-transfected COS fibroblasts were treated with complement-opsonized 
particles, only RhoA colocalized with F-actin, and blocking RhoA compromised CR3-
mediated phagocytosis [53]. Dectin-1 has downstream signaling cascades that are 
highly similar to those of Fcγ receptors [54]. Although the downstream pathways of 
MSR1 and CD36 have not yet been reported, a recent study indicated that the Gram-
negative bacterium Escherichia coli interacts with MARCO, which activates Rac1 to 
initiate F-actin polymerization, filopodia formation, and subsequent engulfment in 
murine alveolar macrophages [55].

4.  Physiological roles of alveolar macrophage pro-inflammatory responses 
in acute LRTIs

4.1 PAMPs closely associated with activation of alveolar macrophages

In addition to phagocytosis, alveolar macrophages induce pro-inflammatory 
responses by detecting PAMPs using a wide variety of PRRs, including TLRs, to 
facilitate the immediate mobilization and activation of phagocytes such as neu-
trophils and monocytes. For instance, during pulmonary infection with S. pneu-
moniae, the cell wall components of Gram-positive bacteria, lipoproteins [56], LTA 
[57], peptidoglycan [58], and the structural ancillary pilus protein, RrgA oligomer 
[59], are detected by TLR2, while the pneumococcal virulence factor pneumolysin 
is detected by TLR4 [60, 61]. Endopeptidase O, a new pneumococcal virulence pro-
tein, induces pro-inflammatory responses in macrophages by activating both TLR2 
and TLR4 signaling [62]. For Gram-negative bacteria such as H. influenzae type b, 
the cell wall components, LPS and porin proteins, are detected by TLR4 [63] and 
TLR2 [64], respectively. Further, TLR9 detects bacterial DNA [65]. Thus, bacterial 
infection stimulates multiple TLRs simultaneously, rather than singly, resulting in 
complex signal activation.

4.2 Downstream signaling of TLRs and their outcomes

Detailed figures illustrating downstream signaling by TLRs are available in a 
highly specialized review article [5]. When TLR4 is activated by its agonists, it 
engages two distinct adaptor proteins in the signaling process: myeloid differentia-
tion factor 88 (MyD88) and toll/interleukin (IL)-1 receptor domain-containing 
adapter-inducing interferon (IFN)-β (TRIF). The MyD88-dependent pathway 
recruits IL-1 receptor-associated kinases 1 and 4, which phosphorylate tumor 
necrosis factor (TNF) receptor-associated factor 6 (TRAF6), leading to the 
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activation of nuclear factor-κB (NF-κB), p44/42 mitogen-activated protein kinase 
(MAPK), p38 MAPK, and c-Jun N-terminal kinase (JNK). However, the TRIF-
dependent pathway facilitates the formation of a complex consisting of TRAF3, 
TRAF family member-associated NF-κB activator (TANK), TANK-binding kinase 
1, and inhibitor of NF-κB kinase subunit ε, which phosphorylates IFN regulatory 
factor 3, resulting in the activation of dimers to translocate from the cytoplasm 
into the nucleus. The MyD88-dependent pathway elicits the production of pro-
inflammatory cytokines (TNF-α, IL-6, and IL-1β), chemokines (IL-8 and mono-
cyte chemoattractant protein 1), and anti-microbial proteins (inducible nitric oxide 
synthase), whereas the TRIF-dependent pathway triggers the production of type I 
IFNs (IFN-α/β). Unlike TLR4, TLR2 and TLR9 only initiate the MyD88-dependent 
pathway.

4.3 Roles of TLRs in pneumococcal infection

Studies using TLR2-, TLR4-, or TLR9-knockout or mutant mice suggested the 
protective role of TLR2, TLR4, and TLR9 against pneumococcal infection. However, 
TLRs are ubiquitously expressed in cells other than immune cells. Therefore, the 
phenotypes observed in these studies are attributable to the lack of TLR signaling not 
only in alveolar macrophages but also in alveolar structural cells.

4.3.1 Roles of TLR2 in pneumococcal infection

The comparison of TLR2-knockout mice with wild-type mice indicated only 
a partial reduction in pro-inflammatory cytokine production after intranasal S. 
pneumoniae inoculation, with no significant difference in survival rate or bacterial 
clearance, suggesting that TLR2 signaling plays a minor role in eliciting local inflam-
mation and bactericidal activity against S. pneumoniae [66]. Further, no differences 
were observed between TLR2-knockout and wild-type mice in bacterial growth, lung 
inflammation, or pro-inflammatory cytokine and chemokine production in post-
influenza pneumococcal pneumonia [67]. Similar results were obtained in splenecto-
mized mice [68].

4.3.2 Roles of TLR4 in pneumococcal infection

On inoculation with a non-lethal dose of S. pneumoniae, TLR4 mutant mice 
exhibited decreased survival rates, accompanied by increased bacterial growth, 
monocyte and lymphocyte infiltration, and interstitial inflammation in the lungs 
[69]. Notably, a recent study demonstrated that although mice lacking TLR4 also 
displayed lower viability and augmented colonization in the lung after intranasal 
S. pneumoniae inoculation compared with that of wild-type mice, this exacerba-
tion of infection was accompanied by an attenuated pro-inflammatory profile, 
reduced live alveolar macrophages, diminished infiltration of neutrophils and 
monocytes, and inhibition of monocyte differentiation into macrophages [70]. In 
addition, MyD88 deletion was not able to completely reproduce these phenotypes, 
implying that pro-inflammatory responses via both MyD88- and TRIF-dependent 
TLR4 signaling are necessary for the mobilization and activation of phagocytes 
[70]. Therefore, TLR4 signaling could have led to the sufficient elimination of 
bacteria and subsequent protection of alveolar macrophages from pneumococcal 
cytotoxicity.



Phagocytosis – Main Key of Immune System

128

4.3.3 Roles of TLR9 in pneumococcal infection

Both TLR9-knockout and wild-type mice developed pulmonary inflammation 
during S. pneumoniae infection, but TLR9-knockout mice exhibited worse survival 
and more bacterial invasion from the bronchoalveolar fluids into the lung tissue and 
blood stream, with abrogated upregulation of phagocytic activity in alveolar mac-
rophages [71]. This early finding indicates that the activation of TLR9 signaling is 
indispensable for maximizing phagocytosis in alveolar macrophages during pneu-
mococcal infection. The priming effects of TLR agonists have also been investigated. 
A prior inhalational challenge with the TLR9 agonist ODN2395 in combination 
with the TLR2 agonist Pam2CSK4 protected mice from death due to S. pneumoniae 
infection, although administration of agonists of any individual TLR had no protec-
tive effect [72]. However, ODN2395/Pam2CSK4 stimulation enhanced intracellular 
bacterial death in isolated tracheal epithelial cells, but not in alveolar macrophages. 
Taken together, maintaining basal levels of TLR9 expression and signaling in 
alveolar macrophages is likely to be critical for defensing the host from pneumococ-
cal infection.

5. Physiological roles of alveolar macrophage efferocytosis in acute LRTIs

5.1 Roles of alveolar macrophages in viral infection

Alveolar macrophages can directly or indirectly endocytose viruses via pinocytosis 
or opsonization, respectively. In the case of SARS-CoV-2, alveolar macrophages also 
recognize viral components such as envelop protein [73], spike protein [74–77], and 
single-stranded RNA [78, 79] using TLR2, TLR4, and TLR3/7, respectively, which 
trigger pro-inflammatory responses. However, the phagocytic and pro-inflammatory 
responses of alveolar macrophages against viruses appear to be dispensable for pro-
tecting the host from viral infection. Indeed, the absence of mature alveolar macro-
phages in GM-CSF-deficient mice resulted in severe respiratory failure and increased 
mortality after pulmonary infection with a non-lethal dose of influenza A virus, and 
these conditions were improved by neonatal transplantation of alveolar macrophage 
progenitor cells from wild-type mice [11]; however, alveolar macrophage-depleted 
mice exhibited severe manifestations, with viral clearance not being largely impaired 
and the functions of antibody-producing B lymphocytes and cytotoxic CD8-positive 
T-lymphocytes being normally activated [11]. Similarly, critically ill patients with 
COVID-19 have been characterized by a depletion of alveolar macrophages and a 
remarkably increased proportion of recruited pro-inflammatory monocyte-derived 
macrophages in bronchoalveolar lavage fluid [12]. These suggest that alveolar macro-
phages contribute to host survival by suppressing excessive pulmonary inflammation, 
which is caused by removing endogenous apoptotic cells rather than by phagocytos-
ing the exogenous virus itself during infection.

5.2 Regulation and roles of efferocytosis in alveolar macrophages

Notably, clearance of apoptotic cells, termed efferocytosis, is an essential 
process for maintaining tissue homeostasis under both healthy and diseased 
conditions. Efferocytosis differs morphologically and mechanistically from the 
classical form of phagocytosis against pathogens and requires the expression of 
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receptors that recognize “eat me” signatures such as phosphatidylserine (Ptd-
L-Ser) exposed on the membrane surface of apoptotic cells [80]. Macrophages 
perform efferocytosis primarily using tyrosine receptor kinases as Ptd-L-Ser 
receptors, including Tyro 3, Axl, and proto-oncogene c-mer tyrosine kinase 
(MerTK) (collectively abbreviated as TAM) [81]. In a recent study, transcriptome 
and flow-cytometric analyses revealed that murine alveolar macrophages highly 
express Axl and MerTK, but little or no expression was found in lung-mobilized 
monocytes after the LPS challenge [82]. Moreover, human alveolar macrophages 
predominantly express Axl, and peripheral monocytes do not express either Axl 
or MerTK [83]. Although Axl-knockout mice did not manifest inflammatory 
disorders under healthy conditions, they exhibited exaggerated severity during 
pulmonary infection with influenza A virus, accompanied by increased accumula-
tion of apoptotic cells, elevated infiltration of neutrophils and T-lymphocytes, 
and increased secretion of pro-inflammatory cytokines and chemokines, without 
compromising virus clearance [10]. In addition, during acute lung injury after 
LPS challenge in mice, alveolar macrophages engulfed Pst-L-Ser-exposed mic-
roparticles but not lung-mobilized monocytes, and deletion of MerTK abrogated 
efferocytosis activity in both in vivo and in vitro experiments [82]. Therefore, 
alveolar macrophages prevent excessive pulmonary inflammation via efferocytosis 
using Axl and MerTK in lung injuries caused by viruses and bacteria; notably, 
lung-mobilized pro-inflammatory monocytes do not contribute to efferocytosis, at 
least at the early stage of infection.

5.3 Anti-inflammatory properties of efferocytosis in alveolar macrophages

Notably, TAM receptor-mediated recognition of Ptd-L-Ser requires soluble 
cross-linking molecules in the serum (growth arrest-specific gene 6 or protein S) 
[84]. Similar to pathogen recognition by phagocytic receptors, ligation of TAM 
receptors results in the activation of Rac1, leading to membrane ruffling to engulf 
apoptotic bodies [85, 86]. Phagocytic receptors are linked to pro-inflammatory 
responses [4, 87], whereas TAM receptors activate anti-inflammatory responses 
in macrophages. For example, TAM receptor ligation activates type I IFN receptor 
signaling to upregulate the expression of suppressors of cytokine signaling 1 and 
3. This induces negative feedback to suppress type I IFN receptor signaling and 
both MyD88- and TRIF-dependent TLR signaling [88]. Moreover, the detailed 
molecular mechanisms underlying the promotion of anti-inflammatory IL-10 and 
TGF-β production during efferocytosis in macrophages have also been elucidated. 
The coenzyme NAD+, generated by mitochondrial β-oxidation of apoptotic cell-
derived fatty acids, activates sirtuin-1 and downstream transcription factor PBX 
homeobox 1, producing IL-10 in macrophages [89]. Higher expression of choles-
terol 25-hydroxylase, characteristically found in alveolar macrophages, contrib-
utes to the biosynthesis of 25-hydroxycholesterol, which stimulates the nuclear 
receptor liver X receptor to increase transcriptional activity during efferocytosis, 
leading to the escalation of TGF-β production [90]. Thus, alveolar macrophages 
have advanced efferocytosis activity, enabling them to promptly and effectively 
eliminate the apoptotic bodies that prominently appear during viral infection. 
Furthermore, this property is indispensable for preventing excessive pulmonary 
inflammation owing to the massive production of viruses and damage-associated 
molecular patterns (DAMPs) from apoptotic bodies that lose cell membrane 
integrity.
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6. Age-associated dysfunction of alveolar macrophages

As discussed in Section 2, recent epidemiological data indicate that older adults 
are vulnerable to acute LRTIs that are attributable to either bacteria or viruses, and 
the globally increasing life expectancy further reinforces this fact. Phagocytosis by 
alveolar macrophages is responsible for the frontline defense against inhaled bac-
teria and fungi (Section 3), and the pro-inflammatory responses assist the defense 
by promoting phagocytosis (Section 4). During viral infection, efferocytosis of 
alveolar macrophages is indispensable to prevent uncontrolled pneumonia caused 
by DAMPs that leak from damaged and dead cells (Section 5). Since alveolar mac-
rophages are characterized by advanced phagocytosis and efferocytosis, the decline 
in their activity is likely associated with the age-dependent exacerbation of acute 
LRTIs (Figure 1). In this section, we discussed the past and recent progress in the 
findings regarding age-related dysfunction of alveolar macrophages.

6.1 Age-associated decline in alveolar macrophage phagocytosis

A previous study demonstrated that macrophages accounted for approximately 
95% of the bronchoalveolar lavage fluid cells in both young and aged mice [91]. The 
absolute numbers of alveolar macrophages were also similar, but they indicated an 
age-related decrease when adjusted for lung weight, as discussed later (subsection 
6.5). The percentage of alveolar macrophages capable of phagocytosing latex beads 
was approximately 80% and 60% in young and aged mice, respectively, and the 
difference was statistically significant. Like bacteria, phagocytosis against non-opso-
nized latex beads is mediated by MSR1 and CD36 [92]. Thus, these results suggest 
that aging is associated with reduced expression of scavenger receptors and/or an 
impaired ability to transduce engulfment signals, leading to an age-dependent decline 
in alveolar macrophage phagocytosis (Figure 1A). This finding is supported by 
recent evidence from in vivo studies. The phagocytic capacity of each alveolar mac-
rophage for intranasally instilled latex beads was lower in aged mice than in young 
mice [93]. In this study, aged mice also exhibited decreased cell surface expression 
levels of MSR1, but not of CD36 and CD206, in alveolar macrophages (Figure 1A). 

Figure 1. 
Intracellular events involved in age-associated dysfunction of phagocytosis (A), pro-inflammatory responses 
(B), and efferocytosis (C) in alveolar macrophages. (A) Age-associated decline in phagocytosis is mediated by 
reduced expression levels of MSR1 and Rac1. (B) Age-associated decline in pro-inflammatory responses is due to 
elevated expression levels of A20, which inactivates TRAF6, an upstream signaling protein of NF-κB, to suppress 
Streptococcus pneumoniae-stimulated signaling activation of TLRs. (C) Age-associated decline in efferocytosis is 
possible to be dependent on reduced expression levels of Rac1, which transmits engulfment signal associated with 
the TAM receptors Axl and MerTK.
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Moreover, alveolar macrophages in aged mice exhibited reduced phagocytosis after 
intratracheal injection of E. coli, which could be attributed to the reduced constitu-
tive expression levels of Rac1 and resultant attenuated F-actin polymerization and 
filopodia formation (Figure 1A) [55]. No studies on human alveolar macrophages 
have been reported; however, unlike animal studies wherein the laboratory environ-
ment is maintained, identifying only the pure effects of aging in humans without 
other confounding factors is challenging. This is because smoking habits [94–96], 
chronic alcohol abuse [95, 97], and exposure to air pollutants [95] have been found to 
adversely influence alveolar macrophage phagocytosis.

6.2 Age-associated decline in alveolar macrophage pro-inflammatory responses

Studies indicate that increased susceptibility to pneumococcal infection in 
elderly people is associated with a compromised initial response to TLR signaling in 
alveolar macrophages (Figure 1B). For instance, alveolar macrophages from aged 
mice exhibit suppressed responsiveness to in vitro LPS stimulation [98]. Notably, 
aged mice exhibited reduced survival, impaired bacterial clearance, and attenuated 
prompt pro-inflammatory cytokine production after intratracheal challenge with S. 
pneumoniae, which was accompanied by attenuated S. pneumoniae- or its cell wall-
stimulated phosphorylation of NF-κB p65 subunit, p38 MAPK, and JNK, in alveolar 
macrophages (Figure 1B) [99]. Further result was presented as a possible mechanism. 
In aged mice, the expression of A20 is specifically elevated in alveolar macrophages, 
which reduces S. pneumoniae exposure-induced IL-6 production (Figure 1B) [100]. 
A20 is known to inactivate TRAF6 in the cytosol, resulting in defects in its common 
downstream NF-κB, p38 MAPK, and JNK signaling cascades [101]. Thus, during 
pneumococcal infection, TLR9 signaling-mediated upregulation of alveolar macro-
phage phagocytosis can also be impaired in aged mice or humans (subsection 4.3.3) 
(Figure 1B). Notably, in an in vitro Mycobacterium tuberculosis infection model, 
compared with alveolar macrophages from young mice, those from aged mice consti-
tutively expressed similar levels of TLR2, TLR4, and TLR9. They were able to produce 
equivalent levels of IL-12 and TNF-α in response to infection, while the contribution 
of TLR2 signaling to pro-inflammatory cytokine production was distinctly reduced 
in aged mice [102]. This suggests that phenotypes associated with age-dependent 
deterioration of TLR signaling differ according to the type of bacteria and possibly 
the composition of their virulence factors.

6.3 Age-associated decline in alveolar macrophage efferocytosis

Aged mice indicated significant deterioration in survival rate and clinical score 
after intranasal instillation with influenza A virus, which also caused increased 
inflammation, accumulation of apoptotic cells in the alveoli, and impaired ability to 
bind to and engulf apoptotic neutrophils in alveolar macrophages [93]. In this study, 
alveolar macrophages from aged mice retained normal Axl expression levels but had 
markedly reduced levels of MSR1, as discussed above (Section 6.1). Further, MSR1 
suppresses excessive inflammation by mediating the internalization of DAMPs by 
macrophages in a mouse model of ischemic stroke brain injury [103]. In addition, 
MSR1 participates in Tyro 3 signaling in macrophages to mediate efferocytosis in a 
mouse model of acute aortic dissection [104]. However, since alveolar macrophages 
express Axl or MerTK, but not Tyro 3 (Section 5.2), whether the age-associated 
decline in efferocytosis is caused by defects in the MSR1-Tyro 3 signaling axis is 
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unclear. Engulfment of apoptotic cells via TAM receptors requires Rac1 activation 
(Section 5.3), and Rac1 expression is depleted in alveolar macrophages from aged 
mice (Section 6.1), implying that reduced Rac1 expression is involved in the age-
associated decline in efferocytosis (Figure 1C). In summary, the decreased processing 
capacity for DAMPs due to suppressed MSR1 expression and decreased efferocytosis 
activity due to suppressed Rac1 expression in alveolar macrophages can be involved in 
the exacerbation of viral infection.

6.4 Age-associated change in alveolar macrophage subpopulation

Lung macrophages (a crude fraction containing both alveolar and interstitial 
macrophages) from aged mice has a high baseline level of dysfunctional expression 
of IFN-γ target genes, and IFN-γ fails to boost ex vivo M. tuberculosis infection-
induced phagosome-lysosome fusion and IL-12 production in aged mouse cells 
[105]. The so-called inflammaging phenotype in alveolar macrophages and lining 
fluid extends further to a wide variety of pro-inflammatory cytokine and chemokine 
levels, which was caused by an increased subpopulation of CD11b-positive alveolar 
macrophages originating from peripheral monocytes [106]. Such inflammaging 
systemically occurs in humans as well [107]. Although inflammaging of alveolar 
macrophages has been suggested to increase susceptibility to M. tuberculosis in the 
elderly [105, 106, 108, 109], the relationship between inflammaging and vulnerability 
to acute LRTIs remains to be elucidated [110]. Further, recruitment of circulating 
monocytes to the alveoli has been demonstrated in several longitudinal studies using 
mice in which bone marrow-derived monocytes were labeled with specific report-
ers [111, 112] and was systematically discussed in a review article [113]. In contrast, 
another recent genetic lineage-tracing analysis using CD45.1/CD45.2 chimeric mice 
yielded contradictory observations that the proportion of CD45.1-positive monocyte-
derived macrophages and CD45.2-positive tissue-resident macrophages in the alveoli 
were preserved throughout life [114]. However, when infected with a sublethal dose 
of the influenza A virus, monocyte-derived macrophages were recruited into the alve-
oli, and the macrophages persisted for at least 60 days. These results underpin previ-
ous findings that alveolar macrophages are not replenished by bone marrow-derived 
monocytes [35]. Further experimental results and an integrated understanding are 
required to clarify the age-associated changes in alveolar macrophage subpopulations 
and their role in susceptibility to acute LRTIs.

6.5 Age-associated change in alveolar macrophage abundance

A previous study reported a significantly reduced proportion of alveolar macro-
phages in bronchoalveolar lavage fluid cells in the elderly [115]. Likewise, aged mice 
indicated decreased numbers of alveolar macrophages per unit lung weight in two 
strains (BALB/c and C57BL/6 J), which was accompanied by the downregulation 
of gene expression that regulates the cell cycle [93]. These findings suggest that the 
quantitative decline in alveolar macrophages with age partially contributes to the 
high vulnerability to acute LRTIs in the elderly. In another recent study, the gene 
expression profile was reproduced in murine as well as human alveolar macrophages; 
however, this property could be mediated by the inhibition of GM-CSF signaling in 
alveolar macrophages due to age-dependent alterations in the alveolar microenviron-
ment (especially, increased hyaluronan levels in the alveolar epithelial lining fluid), 
but not due to cell-autonomous mechanisms such as alterations in intracellular 
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signaling protein levels or circulating monocyte migration [114]. Indeed, the trans-
plantation of alveolar macrophages from aged mice into the alveoli of young mice 
reverted age-related changes in the transcriptome to a state resembling young alveolar 
macrophages [114]. Although the importance of age-associated changes in the tissue 
microenvironment has long been proposed [21], recent advances in research methods 
and techniques have made it possible to elucidate the role of age-related alterations in 
the alveolar microenvironment. Therefore, the mechanism by which aging reduces 
phagocytosis, pro-inflammatory responses, and efferocytosis can be primarily 
explained by the inhibition of the differentiation or maturation of alveolar macro-
phages through microenvironmental degeneration.

7. Conclusion

Alveolar macrophages acquire heterogeneity with other lineages by receiving unique 
signals in the alveolar microenvironment. The advanced phagocytosis and efferocytosis 
activities of alveolar macrophages enable efficient clearance of continuously inhaled 
pathogens and endogenous dead cells, respectively, which contributes to the prevention 
of uncontrolled pneumonia. Previous studies have addressed the reasons for the vulner-
ability of the elderly to acute LRTIs, mainly shedding light on the senescence process 
of alveolar macrophages from a cell-autonomous aspect. However, in addition to the 
knowledge gained from such studies, recent progress in experimental methods and tech-
niques is beginning to provide insightful evidence that age-associated alterations in the 
alveolar microenvironment mediate reversible dysfunction of alveolar macrophages. In 
other words, to improve age-related dysfunction of alveolar macrophages, an approach 
that targets the cells is inefficient, whereas exploring methods to recover age-related 
alterations in the alveolar microenvironment is appropriate. As the average life expec-
tancy is estimated to further increase in the future, exploring health promotion activi-
ties (i.e., habitual exercise, healthy diet, and regular sleep cycle) or supplements that 
influence the alveolar microenvironment and whether such factors can reduce the risk 
of acute LRTIs in the elderly is essential. We hope that this chapter will help students, 
trainees, and researchers in their education and research in health and life sciences.
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Chapter 9

Immunometabolic Processes of 
Macrophages in Disease States
Filex Otieno

Abstract

Macrophages are immune cells functioning primarily as antigen-presenting cells. 
They are professional phagocytes and patrol tissues within the body contributing 
to immunological surveillance. The majority of circulating macrophages and to 
some extend tissue-resident macrophages differentiate from monocytes. A few of 
resident macrophages do however originate from embryo during fetal development 
and remain capable of self-renewal even in adulthood. Macrophages are highly 
plastic seeing that they play a dual function in inflammatory conditions: either pro-
inflammatory or anti-inflammatory. Depending on state of the body, whether disease, 
healing or homeostatic state, macrophages can be polarized to either one of two 
phenotypes-M1 macrophages or M2 macrophages. The former phenotype is associ-
ated with pro-inflammatory processes, while the latter mediates anti-inflammatory 
process. Metabolic process and intermediate substrates influence macrophage activa-
tion, polarization and functioning within the body. Moreover, within macrophages 
themselves, the metabolic pathways activated also influences their polarization. As 
such inflammatory conditions from either infectious agents or metabolic diseases are 
a major drive for macrophage activation that determines disease severity and prog-
nosis seemingly because macrophages also activate other immune cells. This interplay 
between immune system and metabolism is of interest especially in development 
newer treatment strategies for metabolic diseases and infectious agents.

Keywords: immune response, infections, metabolic diseases, metabolism, polarization

1. Introduction

Macrophages are innate immune cells derived either from blood-circulating 
monocytes or tissue-resident persistent embryonic stem cells [1]. Monocytes are 
hematopoietic stem cells formed in adult bone marrow and once mature are released 
into systemic circulation from where they go into different body tissues [2]. Once in 
the tissue, monocytes differentiate into and become macrophages [2]. Depending on 
the body tissue invaded, monocyte-derived macrophages function primarily to add 
onto the pool of total tissue macrophages during an immune response [3]. Contrary, 
during embryogenesis, macrophage stem cells and monocyte progenitor cells remain 
localized within body tissues permanently till adulthood. These cells are capable of 
self-renewal and in adults result in formation of resident macrophages i.e. the pro-
genitor cells of embryonic origin directly differentiate into tissue-specific resident 
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macrophage with signature molecules explicit for a given tissue [4]. Primarily, they 
serve homeostatic functions within tissues such as iron metabolism, removal of dead 
apoptotic cellular debris, synthesis of surfactant etc. [5]. They, however, are also 
involved in immune response against foreign particles in conjunction with monocyte-
derived macrophages. In fact, during an immune response in a particular tissue, 
tissue-specific macrophages are the first type of macrophages to respond. As their 
population diminishes within the tissue, monocyte-derived macrophages migrate into 
the tissue to add to the pool and also fight the invading foreign particle.

In general, macrophages are phagocytic cells that function as antigen processing 
cells during a foreign invasion [6]. They use pattern recognition receptors (PRRs) to 
detect pathogen associated molecular patterns (PAMPs) in pathogens and damage 
associated molecular patterns (DAMPs) in damaged cells [7]. These patterns consti-
tute molecules express on cellular surface that denote cellular damage or presence of a 
pathogenic microbe etc. Once detected, macrophages engulf the supposed recognized 
particle through a cell eating process termed phagocytosis [8]. The foreign materi-
als are then digested in a sac-like organelle called the phagolysosomes into smaller 
particles [9]. These breakdown particles are then expressed on surface of macrophage 
membrane together with major histocompatibility molecules (MHC) for lymphocytes 
to recognized and trigger cytotoxic and humoral effects [10].

Although the functioning of macrophages seems straightforward, it is rather a 
complex process of active immune response. Presence of foreign particles within 
tissue surroundings alters the tissue microenvironment [11]. This microenvironment 
acts as a signaling pathway for activating of naïve macrophages [11]. Macrophages 
can either be polarized to be pro-inflammatory or anti-inflammatory in nature. 
Classically activated macrophages are pro-inflammatory in nature and function to 
eradicate foreign particle [12]. They are also known as M1 macrophages. Alternatively 
activated macrophages or M2 macrophages are anti-inflammatory in nature and are 
recruited during resolution of inflammation when invader has been eradicated to 
promote tissue healing and removal of debris [12].

Altogether, the entire process from activation, polarization, functioning and return 
to homeostatic steady-state, the macrophage cell is regulated by the microenvironment 
surrounding it. This consist of signaling molecules and metabolites, either intermediate 
or finished, that influence the working of the cell. While immune signaling molecules 
such as cytokines is discussed in detailed in the field of immunology, the latter has 
been recently recognized and its crucial role in chronic inflammation associated with 
specific chronic diseases; especially those inflammatory in nature. Noteworthy, it has 
led to emergence of the field of immunometabolism which focuses on how metabolism 
affects functioning of immune components. This chapter reviews current knowledge of 
how metabolic processes and metabolites influences functioning of macrophages.

2. Immunometabolic processes of macrophages

The term metabolism sums up chemical processes that occur within the body of a 
living organism to maintain life. The basic unit of life, which is a cell, utilizes cellular 
processes to break down large organic compounds into energy depending on their 
biogenetics. Metabolism can be viewed as either cellular or systemic. Cellular metabo-
lism occurs within a cell while the latter depicts metabolism in which specific organs/
tissues are regarded as producers of metabolites which are then utilized by consumer 
organs/tissues. For instance, the liver metabolizes much of carbohydrate and iron 
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to form metabolites e.g. glucose that other organs such as the brain and bone tissue 
utilize for their own cellular processes. However, the general outlook of metabolism 
predominates around cellular metabolism and for this review; five metabolic path-
ways will be discussed in relation to influence on macrophage function. These are: 
glycolysis, pentose phosphate pathway (PPP), Tri-carboxylic acid cycle (TCA), amino 
acid (AA) and fatty acid (FA) metabolism.

In terms of macrophage activation, hypoxia and danger signals induce HIF1-α 
which that stimulates the glycolytic pathway [13]. This leads to rapid generation of 
ATP and macrophage polarization to M1 phenotype. Contrary, helminths stimulate 
interleukin 4 release which in addition to normoxia activates the TCA and electron 
transport chain pathways typical of M2 macrophages [14].

2.1 Glycolysis

Glycolysis defines the breakdown of glucose into pyruvate. The process occurs 
within the cytosol. Glucose is a monosaccharide which represents the unit molecule 
for carbohydrate compounds. Glycolysis can occur under either aerobic or anaerobic 
conditions. In aerobic conditions, pyruvate is converted to acetyl CoA which enters 
the TCA cycle or FA synthesis [15]. In anaerobic conditions, pyruvate is converted to 
lactate which is removed from cells and taken to the liver to be converted back to pyru-
vate for gluconeogenesis. Glycolysis is a 10-step process that results in a net amount of 
2-ATP molecules being formed per unit of glucose [15]. Additionally, NAD+ is reduced 
to NADH which is used as a cofactor in various anabolic conditions [16].

During an immune response, naïve macrophages are polarized to the M1 subset 
due to changes in the microenvironment. In particular, when macrophages are stimu-
lated by lipopolysaccharide (LPS) and interferon γ (IFN-γ), expression of glucose 
transporter 1 (GLUT1) increases significantly unlike that of succinate dehydrogenase 
A (SDHA), which is a component of electron transport chain [17]. High levels of 
intracellular glucose activates the glycolytic process which has been seen to be signifi-
cantly ongoing during infectious conditions and carcinogenesis [18]. Inhibition of 
hexokinase using 2-deoxy-D-glucose, the first glycolytic enzyme that phosphorylates 
glucose leads to a reduction in the amount of TNF-α and interleukin-12 (IL-12) 
produced [19]. Notably, the cytokines stated previous mediate pro-inflammatory 
reaction. In addition, hexokinase inhibition also reduces expression of CD80, CD86 
and inducible nitric oxide syntheses (iNOS) which are co-stimulatory molecules in 
macrophages and marker of M1 differentiation respectively [20, 21]. Hexokinase 1 
also functions as a regulator of NOD-LRR and pyrin domain-containing 3 (NLRP3) 
found in the outer membrane of mitochondria [22]. NLRP3 functions to regulate 
activity of caspase 1 which is involved in generation of active and mature IL-18 and 
-1β respectively. Increased glycolytic activity activates hexokinase 1 which in turn 
activates NLRP3 to induce cell death via pyroptosis in macrophages [22].

Noteworthy is the effect of isomeric forms of pyruvate kinase on macrophage 
polarization. Pyruvate kinase mediates last step of glycolysis by converting interme-
diate metabolite- phosphoenolpyruvate to pyruvate with concomitant generation of 
ATP. The enzyme exists as two isoforms either as pyruvate kinase M1 (PKM1) or M2 
(PKM2) [23]. Macrophage stimulation by LPS induces expression of PKM2 which is 
associated with slowing the rate of pyruvate formation unlike PKM1 [24]. This allows 
glycolytic intermediate metabolites to accumulate and divert to other pathways. For 
instance, glucose-6-phosphate is diverted to the PPP pathway to generate ribose for 
nucleotide synthesis while 3-phosphoglycerate is shunted to serine synthesis process. 
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In addition, the PKM2 enzyme translocate into the nucleus where it interacts with 
HIF1-α and induce expression of HIF1-α genes [24]. These genes are responsible 
for expression of inflammatory proteins such as IL-1β and glycolytic enzymes [23]. 
At times however, the PKM2 enzyme is stabilized in the tetrameric form rather 
than dimeric. This inhibits its translocation into the nucleus [24]. The enzyme then 
becomes more concentrated in cytosol and predominantly participate in glycolysis 
reducing its immune-related function.

Ultimately, interference with glycolytic process in macrophages during an immune 
response reduces their pro-inflammatory activity. This is because, M1 macrophages 
depend largely on glycolysis for energy production and subsequent use of such energy 
for survival and synthesis of mediator molecules [25]. Furthermore, it would seem 
that in organisms with dysfunctional glycolytic process, a chronic inflammatory 
process is likely to ensue with fibrotic resolution and formation of granulomas; as the 
pathogen is not sufficiently eradicated.

2.2 Pentose phosphate pathway

The pentose phosphate pathway is a shunt from the glycolytic process occurring in 
the cytosol and leads to formation of pentoses and a major contributor of total NADPH 
produced in the human body. The pathway is branched into oxidative branch leading 
to generation of NADPH and non-oxidative branch leading to formation of pentoses 
[26]. Pentose sugars are ultimately utilized in the synthesis of nucleotides and amino 
acids. Pentose phosphate pathway starts with glucose-6-phosphate branching off from 
glycolytic process to form 6-phosphogluconolactone that is oxidized via intermediates 
to form ribulose-5-phosphate and NADPH molecules. Ribulose-5-phosphate in turn 
is converted to ribose- and xylulose-5-phosphate. These metabolites can be further 
metabolizes into intermediate molecules that enter the glycolytic pathway.

Macrophages and neutrophils are phagocytic in nature and during phagocytosis 
induce a respiratory burst that synthesizes reactive oxygen species (ROS) which oxi-
dizes and interfere with integrity of biological structures of a pathogen. Macrophages 
utilize NADPH oxidase to synthesize ROS from NADPH [27]. Additionally, NADPH 
is used to generate glutathione which is an antioxidant that minimizes oxidative 
stress subjected to tissues [28]. Macrophage activation via LPS increases activity 
of the PPP shunt [29]. Noteworthy, the enzyme carbohydrate kinase-like protein 
(CARKL) which is a sedoheptulose kinase is critical in macrophage polarization. The 
enzyme phosphorylates sedoheptulose to sedoheptulose-7-phosphate which is an 
intermediate metabolite in the PPP pathway. This reaction is coupled to conversion of 
glyceraldehyde-3-phosphate into the non-oxidative branch of PPP. LPS activation of 
macrophages represses expression of CARKL genes leading to the intermediate product 
being used to synthesized pentose phosphates [30]. It remains unclear why such a 
regulatory activity occurs in M1 macrophages which for the larger part are not prolifer-
ative in nature and would not require much of the nucleotides. On the other hand, IL-4 
activated macrophages (M2 polarization), show enhanced expression of the CARKL 
genes thus the enzyme’s catalyzed reactions increase in M2 macrophages [29].

2.3 Tri-carboxylic cycle

The TCA cycle or commonly known as Krebs cycle is an energy efficient mode of 
energy generation in form of ATP. Comparatively, from a single glucose molecule, gly-
colysis yields two ATP molecules while Krebs cycle yields a total of 36 ATP molecules. 
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The process occurs within the mitochondrion and is commonly utilized by non-
proliferative cells for energy generation. Krebs cycle has multiple input points notably 
via acetyl CoA and α-ketoglutarate (α-KG). Acetyl CoA together with oxaloacetate 
undergoes aldol condensation to form citrate while glutamate is converted to α-KG 
and altogether join the TCA. Ultimately, the cycle is meant to generate NADH and 
FADH2 by sequentially reducing the carbon atoms from acetyl CoA. Formed NADH 
and FADH2 enters ETC to generate ATP molecules.

M2 macrophages utilizes more or less the intact TCA cycle for energy production 
and further allows intermediates of UDP-GlcNAc to be generated which are utilized 
for glycosylation of M2-associated proteins e.g. mannose receptors [31]. Contrary, 
polarization of macrophages to the M1-phenotype is associated with break points in 
the intracellular TCA cycle [32]. First, conversion of citrate to isocitrate and secondly 
succinate to fumarate. This results in accumulation of citrate and succinate [32]. 
Citrate molecules are then directed to synthesis of fatty acid and itaconate and nitric 
oxide formation while the latter activates HIF1-α and production of IL-1β [33].

The first breakpoint occurs during the third reaction of Krebs cycle where 
isocitrate is converted to α-KG by the enzyme isocitrate dehydrogenase (IDH). M1 
polarized macrophages transcriptional represses levels of IDH mRNA responsible 
for synthesis of IDH1 [34]. This leads to accumulation of isocitrate which isomerizes 
back to citrate via a two-step reaction process: isocitrate is first dehydrated to cis-
aconitate which is then rehydrated to citrate. Ultimately, it is citrate and cis-aconitate 
that accumulates within mitochondrial matrix. As a result, cis-aconitate is diverted 
to synthesis of itaconate through decarboxylation reaction catalyzed by the immune-
responsive gene 1 (IRG1). Itaconate is bactericidal in nature especially against 
Salmonella typhimurium and Mycobacterium tuberculosis [35]. Additionally, itaconate 
inhibits succinyl dehydrogenase (SDH) [36] which converts succinate to fumarate, 
the second break point in TCA cycle. Itaconate also alkylates the Kelch-like ECH-
associated protein 1 which subsequently activates nuclear factor erythroid 2-related 
factor 2 (NRF2) that has anti-inflammatory activity [37].

Accumulation of citrate in M1 macrophages inhibits pyruvate dehydrogenase (PDH) 
and SDH ultimately decreasing formation of Acetyl CoA and FADH2 respectively. This 
additionally promotes consumption of ATP [38]. Accumulated citrate is transported 
from mitochondria matrix to cytosol via citrate transporter. Expression of citrate 
transporter is increased in proinflammatory macrophages in a NF-KB-dependent 
fashion [29]. Exported mitochondrial citrate is catabolized into products utilized in 
synthesis of inflammatory mediators e.g. nitric oxide and prostaglandins (PGE2) [29]. 
In M2 macrophages, since the TCA cycle is intact, much of α-KG is accumulated. α-KG 
has been shown to be immunosuppressive in nature by: preventing expression of pro-
inflammatory IL-1β, inhibiting stabilization of HIF-1α and inactivating NF-Kβ signal-
ing pathways [39]. Glutamate and glutamine provide precursors for formation of α-KG 
once deaminated via anaplerosis and will be discussed further under AA metabolism.

Conversion of α-KG to succinyl-CoA is a rate limiting step in the TCA cycle as it is 
one of the oxidoreductase reactions that result in formation of NADH. The reaction 
is catalyzed by the enzyme α-KG dehydrogenase (α-KGDH) which is highly sensitive 
to levels of ROS [40]. LPS activation and cytosolic accumulation of calcium within 
macrophages enhances activity of α-KGDH and limit production of anti-inflamma-
tory IL-10 [29]. The intermediate product, succinyl-CoA is used to succinylate lysine 
residues within proteins such as SDH, PDH, Acyl-CoA and carbamoyl phosphate 
synthase 1 [32]. Notably, in LPS-activated macrophages, a lot of succinyl-CoA is pro-
duced which leads to succinylation of lysine 311 present on PKM2 [41–43]. As a result, 
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the enzyme acquires a dimeric form which as earlier discussed facilitates entry of the 
enzyme into nucleus and consequent association with HIF-1α [41]. However, not all 
proteins succinylated activates pro-inflammatory activity as some have been shown 
to be immunosuppressive when succinylated. Formed succinyl-CoA is hydrolyzed by 
succinyl-CoA synthetase to succinate. Alternatively, succinate can also be produced 
via the gamma-aminobutyric acid shunt through which glutamine is deaminated 
to glutamate which is further catabolized to succinic semialdehyde and eventually 
succinate [17]. The latter product is of special importance in situations of inflamma-
tion and metabolic stress where it has been shown to regulate tumorigenesis, cellular 
inflammatory activity, signal transduction and epigenetics.

The second break occurs during conversion of succinate to fumarate by the enzyme 
SDH. Notably, the increased accumulation of succinate is not largely depended on 
SDH inhibition rather on glutamine anaplerosis as discussed above. Increased suc-
cinate is exported outside the mitochondria where it stabilizes HIF-1α and activate 
inflammatory genes leading to sustained production of IL-1β [32]. Within the 
mitochondrion, oxidation of succinate by SDH drives formation of ROS required 
during an immune response [44]. Although conversion of succinate to fumarate 
may be disrupted in M1 macrophages, LPS-activation has been shown to induce the 
aspartate-arginosuccinate shunt which feeds fumarate precursor molecules and leads 
to formation of fumarate [45]. Moreover, activation of the above stated shunt has been 
associated with upregulation of synthesis of NO and IL-6 [46] which are pro-inflam-
matory. At the same time, excess fumarate levels being formed inhibit pyroptosis 
increasing formation of gasdermin D [47]. Most likely, intermediates of aspartate-
arginosuccinate shunt drives pro-inflammatory activities while the final product 
fumarate is anti-inflammatory in nature. Notably, might be another reason behind the 
second break that prevents conversion of succinate to fumarate in M1 macrophages.

Overall, metabolites of the TCA cycle on their own and in homeostatic concentra-
tions seems to be immunosuppressive but activity of such metabolites on other path-
ways within and out of mitochondria most likely activate inflammatory pathways.

2.4 Lipid metabolism

Lipid metabolism functions to deliver lipid compounds to peripheral tissues and 
at the same time recycle lipids from peripheral tissues within the liver. It entails three 
pathways: exogenous, reverse cholesterol transport and endogenous pathways [48]. 
Dietary lipids are metabolized via exogenous pathway while endogenous pathways 
metabolize lipids synthesized in the liver. Reverse cholesterol transport pathway 
describes how cholesterol is removed from body tissues and transported to the liver 
for recycling since most peripheral tissue are not able to metabolize cholesterol.

Broadly, lipids entails triglycerides (TG), cholesterol and transporting molecules. 
Dietary lipids absorbed from intestinal lumen are package into chylomicrons and 
transported via lymphatic system where they become associated with apolipoproteins 
(ApoB, ApoC-II, -III, ApoE etc.) and enter systemic circulation to be delivered to 
various body tissues [49]. Apolipoproteins enable different body tissues to identify 
and uptake lipids; lipids bound to ApoC-II are recognized by adipose tissue which 
upon cellular entry are hydrolyzed to free fatty acids (FFA) and chylomicron rem-
nants by lipoprotein lipase (LPL). Similarly, endogenously synthesized TGs and 
cholesterol get packaged into very low-density lipoprotein (VLDL) and ApoB respec-
tively and then transported to body tissues. Adipocyte LDL hydrolyzes VLDL-bound 
TGs to FFAs and IDLs (VLDL remnants) [48]. The lipid transporting remnants are 
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transported to the liver where hepatic lipases convert IDLs to low density lipoproteins 
(LDLs) which transport cholesterol across body tissues. In conditions such as chronic 
high fat intake where LDL is secreted in high amounts, excess LDL binds to free ApoA 
and resulting compound binds extracellular matrix within walls of vessels [50]. This 
has been implicated in the pathogenesis of atherosclerosis.

Macrophages are well fashioned to metabolize lipids especially liver, lung and 
adipose macrophages. They readily absorb and release lipoproteins and cholesterol 
respectively from dying cells. Lipoproteins, LDL and VLDL are absorbed either via 
phagocytosis, micropinocytosis or scavenger receptors such as CD36 and digested in the 
lysosomes by action of lysosomal acid lipase to form free FAs or cholesterol molecules 
[48]. Cytosolic esterification of free cholesterol to esters results in formation of lipid 
droplets that makes macrophages look like foam cells [51]. Additionally, free cytosolic 
cholesterol activates transcription factors such as peroxisome proliferator-activated 
receptor (PPAR), liver X receptor (LXR) and retinoid X receptor (RXR) [52]. The latter 
two receptors regulate lipogenesis in a more complex manner and in terms of macro-
phage function, their deficiency increases susceptibility to infections by Listeria monocy-
togenes [53] and mycobacterium tuberculosis [54] but at the same time confers protection 
from leishmania infections [55]. Nevertheless, binding of LXR by agonists inhibits 
expression of inflammatory genes that lead to synthesis of NO, PG and IL-6 [56].

Formed FFA on the other hand, enters mitochondria where it is oxidized to generate 
acetyl CoA and the reducing agents FADH2 and NADH. This latter process is largely seen 
in M2 polarized macrophages where lipolysis is registered but also occurs in M1 mac-
rophages [57]. Blocking of the fatty acid oxidation pathway, as seen by use of etomoxir 
which inhibits carnitine palmitoyl-transferase 1, leads to inhibition of M2 macrophages 
polarization [58]. Additionally, formation of reducing agents FADH2 and NADH 
enables metabolism within macrophages to take an oxidative shift and by so doing 
activates PPAR-γ which activates expression of M2 signature genes. Activated PPAR-γ 
also enhances oxidation of glutamine within via anaplerosis which activates the TCA 
cycle [57]. In M1 macrophages on the other hand, fatty acid synthesis (FAS) is a more 
predominantly seen feature when macrophages are activated by TLR, LPS or IFN-γ [59]. 
Fatty acid synthesis ultimately leads to lipid formation which are necessary for mac-
rophage cell membrane expansion during remodeling. Additionally, activation of FAS 
pathway induces the NLRP3 inflammasome with subsequent secretion of IL-1β [60].

2.5 Amino acid metabolism

Amino acids are essential building blocks for proteins that constitutively have an 
amino and carboxyl group attached to a central carbon. In mammals, 20 amino acids are 
utilized in protein synthesis out of which 9 are essential while the rest are non-essential. 
Noteworthy, there exist more than 20 amino acids but consensually, the 20 essential and 
non-essential amino acids are mostly described in biochemistry for cell function. The 
human body cannot synthesize essential amino acids and have to be supplied by dietary 
intake unlike non-essential amino acids [61]. They include valine, phenylalanine, lysine, 
methionine, tryptophan, isoleucine, leucine and histidine. Contrary, non-essential amino 
acids include arginine, tyrosine, alanine, serine, aspartate, glycine, asparagine, proline, 
glutamine and glutamate [61]. The role of amino acids and their metabolites during 
immune response is quite complex, varied and still an enigma. Of importance in macro-
phage functioning is tryptophan, arginine, serine, methionine and glutamine metabolism.

Tryptophan can either be metabolized via kynurenine or serotonin pathway [62]. 
Kynurenine pathway is key for de novo synthesis of NAD+ which is essential during 
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redox reactions in glycolytic, TCA, fatty acid and electron transport chain pathways 
[63]. Contrary, serotonin pathway leads to formation of serotonin, a neurotransmitter, 
via action of tryptophan hydroxylase and aromatic amino acid decarboxylase [62]. 
Tryptophan can also be metabolized to indole-pyruvate that is skewed into TCA via 
anaplerosis. Kynurenine pathway starts with conversion of tryptophan to N-formyl-
kynurenine mediated by indoleamine-2,3-dioxigenases (IDO) especially IDO1. 
Presences of infectious agents, TNF-α and IFN-γ stimulates expression of IDO genes 
which upregulates enzyme expression and tipping of tryptophan metabolism to the 
kynurenine pathway [64]. This additionally denies pathogens growth substrates within 
body tissues. In macrophages, serotonin formed from tryptophan is used to synthesize 
melatonin by action of N-acetyltransferase and O-methyltransferase. The product, mela-
tonin has regulatory functions in terms of cytokine production by macrophages [65].

Serine and methionine are important during one-carbon metabolism in which 
methylation reactions occurs [62]. Serine, obtained exogenously or endogenously 
from 3-phosphoglycerate, donates one carbon atom to the folate and methionine 
cycles whereby in the latter, methionine acts as an intermediate donor in form of 
S-adenosylmethionine (SAM) thus not consumed. Macrophages utilize SAM to methyl-
ate histone molecules and synthesized IL-1beta in M1 phenotypes [66]. Additionally, 
LPS-activated macrophages utilize serine as a precursor molecule for synthesis of glycine 
which is subsequently used for glutathione synthesis. This enables rapid provision of the 
antioxidant as the NRF2-driven pathways generates glutathione molecules slowly [67].

Arginine can be catabolized either via arginase pathway or the nitric oxide synthe-
sis pathway [62]. TNF-α and IFN-γ upregulate expression of inducible NO synthase 
(iNOS) in M1 macrophages to catabolize arginine into NO [68]. The enzyme iNOS 
mediates conversion of arginine to citrulline with concomitant production of NO 
which is an inflammatory mediator [68]. Upregulation of arginase enzyme, especially 
arginase 1, has been noted in macrophages stimulated by IL-4, -5 and -13 which 
are signature activators for naïve macrophages to M2 phenotype [69]. The enzyme 
converts arginine to ornithine limiting available substrate for iNOS within the cell. 
Ornithine is an important source of polyamines such as spermine which inhibits 
mitochondrial respiration and synthesis of pro-inflammatory cytokines [10].

In macrophages, glutamine is an important amino acid especially in M2 macro-
phages where it serves as a fuel source via anaplerotic processes [62]. In response to 
stimulation by IL-4, macrophages upregulate glutaminolysis to produce α-KG which 
mediates epigenetic reprogramming. Additionally, glutamine together with glycine 
and cysteine are used to synthesize glutathione which is a potent intracellular antioxi-
dant. Glutamine is also a substrate for arginine biosynthesis [67] which is important 
for generation of NO in M1 macrophages.

Branched chain amino acids (leucine, isoleucine and valine) are major sources 
of carbon, and generation of glutamine, acetyl- and succinyl-CoA [67]. Increased 
uptake of leucine by macrophages activates the mTORC1 pathway leading to 
increased production of TNF-α and IL-1β in M1 macrophages [67].

3.  Metabolic modulation of functions of tissue-specific resident 
macrophages

Resident macrophages especially in adults are formed through self-renewal of 
progenitor cells i.e. progenitor stem cells formed during embryogenesis that were 
responsible for primitive hematopoiesis persist in adulthood in various tissues 
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though in smaller proportions [4]. These stem cells under the influence of factors 
such as colony stimulating factor-1 and IL-34 mediate activation of proliferation 
of stem cells to tissue macrophages dictated by transcription factors e.g. PU.1. Stem 
cell derived macrophages have differing transcriptional and gene expression profiles 
when compared to monocyte-derived macrophages [70]. They however, all perform 
similar functions depending on resident tissue and to which polarization end they are 
activated. Below is a discussion of some of tissue specific macrophages extensively 
studied and how they are metabolically programmed to function.

3.1 Alveolar macrophages

Alveolar macrophages are derived from fetal liver monocytes which during birth 
colonized the lungs and maintained self-perpetuation to adulthood. Primarily, their main 
function is to clear pulmonary surfactant that constantly being secreted into the alveolar 
space to maintain lung compliance [71]. Additionally, they also carry out immune sur-
veillance and phagocytosis of foreign particles that have been inhaled [71]. Surfactants 
are predominately made up of lipids and as such, alveolar macrophages are metabolically 
equipped to handle lipid metabolism. During development, alveolar macrophages, under 
the influence of TGF-β and GM-CSF, activate the transcription factor PPARγ which 
regulates metabolism of fatty acids [72]. PPARγ activate genes responsible for increased 
fatty acid oxidation, esterification and efflux of cholesterol from cells [72]. Inability of 
alveolar macrophages to metabolize lipids leads to an accumulation of lung surfactant; 
a disease termed alveolar proteinosis [73]. Metabolically, alveolar macrophages conduct 
oxidation-phosphorylation reaction, fatty acid metabolism and cholesterol homeostasis.

3.2 Interstitial macrophages

Interstitial macrophages take residence in the space between epithelium and 
capillaries. They are derived from circulating blood monocytes and though are pres-
ent in smaller numbers, their concentration increases in cases of immune response. 
Interstitial macrophages majorly junction as immune sentinels and once activated by 
a foreign particle, they differentiate to M1 phenotype [25]. Thus metabolically, inter-
stitial cells conduct predominantly glycolysis and induction of nitric oxide synthase 
resulting in inhibition of mitochondrial oxidation-phosphorylation reaction [25].

3.3 Liver macrophages

Two types of liver macrophages have been documented: Kupffer cells and liver 
capsular macrophages [25]. Kupffer cells, located in the sinusoidal lumen, are derived 
from precursors of fetal liver monocytes and are capable of renewal. They carry out 
three major functions: clearance of damaged erythrocytes, immunological tolerance, 
clearance of blood-borne antigens [74]. In the presence of an antigen, Kupffer cells 
shift cellular metabolism towards glycolysis. This leads to increased glucose uptake 
and subsequently secretion of interleukin 10 [75]. Liver capsular macrophages on 
the other hand apart from performing immune surveillance, they also participate in 
neutrophil recruitment during an inflammatory episode. Less predominantly, liver 
macrophages conduct iron metabolism which is a major function of splenic macro-
phages [25]. During differentiation of Kupffer cells, notch ligands from endothelial 
cells of liver sinusoids induces expression of Spi-C. the latter is involved in activating 
genes that are responsible for iron metabolism 74].
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3.4 Microglia

Microglia are CNS macrophages derived from embryonic yolk sac. They function 
to surveil the brain for pathogens, regulate neurogenesis and synaptic activity and 
have a role in clearance of apoptotic cells. Notably, microglia are active conductors 
of oxidative phosphorylation in inactive states to meet their energy requirement 
[76]. However, upon activation, they shift to a glycolytic model similar to that of 
blood monocyte derived macrophages. The metabolic profile of microglia is highly 
dynamic in nature and largely being influenced by the environment [76]. In steady 
state homeostatic conditions, microglia utilize oxidative phosphorylation for energy 
production; however, in hypoglycemic conditions, they switch to glutamine metabo-
lism to support energy production [25].

3.5 Osteoclasts

Osteoclasts are multinucleated terminally differentiated monocyte-derived 
macrophages that are majorly found in the bone marrow. Predominantly, their func-
tion is bone resorption which they conduct via dissolution of collagen and mineral 
it the bone matrix [25]. This process is highly energy deficient thus osteoclasts have 
mitochondria not only in great numbers but size and complexity [25]. Formation of 
new osteoclasts is dependent on the factors RANK and osteoprotegerin. Activation of 
these systems is highly dependent on oxidative phosphorylation and mitochondrial 
biogenesis thus hypoxic conditions limit osteoclastogenesis process. Additionally, the 
metabolic profile of osteoclasts consists of elevate fatty acid oxidation, glutaminoly-
sis, decreased glycolysis and activity of pentose phosphate pathway [77]. The former 
two serve to fuel oxidative phosphorylation processes which is required to produce 
energy for the energy driven process of bone resorption. Lactate, the end product of 
glycolysis has been shown to inhibit the osteoclastogenesis process [77]. During bone 
absorption by osteoclast, the metabolically switch to glycolysis.

3.6 Peritoneal macrophages

Two types of macrophages populate the peritoneum: large peritoneal macro-
phage (LPM) and small peritoneal macrophage. The former is derived from yolk 
sac progenitors with self-renewal capability thus forming the resident macrophages 
[25]. They function to phagocytose dead cells and bacteria. Small peritoneal macro-
phages are derived from circulating blood monocytes and predominantly function 
as immune sentinels, regulate immune response. In normal health conditions large 
peritoneal macrophages are more than small peritoneal macrophages but status 
changes often during immune stimulation or an ongoing inflammatory condition. 
Metabolically, Large peritoneal macrophages upon inflammatory stimulation 
exhibit increased activity in the mitochondria and electron transport chain which 
is linked to production of mtROS [78]. This high oxidative metabolism is fueled 
by fatty acids and glutamine whereby stimulated LPMs incorporate mitochondria 
into the phagosome and ensuing glutaminolysis induces complex II of the electron 
transport chain [78]. Notably, genes involved in lipid metabolism such as PPARγare 
downregulated in LPMS. SPMs on the other hand have higher glycolytic activity 
with reduced fatty acid oxidation and oxidative phosphorylation [78]. Stimulation 
of SPMs activates NF-kB which is associated with production of inflammatory 
cytokines.
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3.7 Splenic macrophages

Currently, four different types of macrophages have been known to colonize the 
spleen: marginal zone macrophages, marginal metalophilic macrophages, tangible 
body macrophages and red pulp macrophages [25]. All except red pulp macrophages 
are derived from circulating blood monocytes. Red pulp macrophages differentiated 
from yolk sac and fetal liver progenitors that took residence in the spleen during 
embryogenesis. Red pulp macrophages act immune sentinels and in healthy condi-
tions they primarily phagocytose platelets and red blood cells for iron metabolism 
[25]. Tangible body macrophages on the other hand phagocytose B cells that have 
undergone apoptosis. Marginal zone and marginal metallophillic macrophages func-
tion to blood-borne pathogens and clear them from circulation.

4. Conclusions

Macrophages, derived from either bone marrow monocytes or embryonic stem 
cells have crucial functions during immune response and homeostasis. Stem cell 
derived tissue specific macrophages are metabolically and functionally specialized 
to enable them play their role within specific tissues. In terms of immune response, 
macrophages are highly dynamic largely due to influence of low weight molecules 
such as intermediate metabolites within the tissue matrix. In turn, metabolic process 
occurring within macrophages and by extend extracellularly tend to modify the 
functioning of activated macrophages. As described, classically activated macro-
phages perform much of glycolysis and fatty acid synthesis to rapidly produce energy 
and remodel cell membrane. They also have breakpoints in the TCA cycle which 
allows intermediate products to accumulate and activate proinflammatory pathways. 
Contrary, alternatively activated macrophages predominantly utilize oxidative 
phosphorylation reactions and fatty acid oxidation to fuel their cellular activities and 
have an intact TCA cycle. However, to be noted, is that both M1 and M2 macrophages 
have been shown to depict a mixed metabolic picture. Additionally, the complexity of 
how metabolic processes are woven within cells makes it difficult to pin point a single 
pathway as either specialized in M1 or M2 macrophages. As such, we cannot con-
clusively state that above metabolic processes are delineated to specific macrophage 
polarization; rather it suggests that some metabolic pathways predominate either 
during inflammatory or anti-inflammatory events.
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Abstract

In this chapter, we summarize the highlights of the early events in the interaction 
of parasitic protists and the host cell. Pathogenic protists are a group of eukaryotic 
organisms, responsible for causing different human diseases, such as malaria, Chagas 
disease, leishmaniasis, and toxoplasmosis. These pathogens display complex life 
cycles and go through different cellular transformations to adapt to the different hosts 
in which they live. Part of these life cycles takes place in mammals, inside the host cell. 
Host cell entry ends with the formation of phagosomes or parasitophorous vacuoles, 
which differ from each parasite and each type of host cell. While canonical phagocy-
tosis involves the fusion of phagosomes with compartments of the endocytic pathway 
to produce normal maturation through the phagocytic route, pathogenic microorgan-
isms have developed Different evasion mechanisms to resist the intracellular defense 
systems. These strategies, including phagosome maturation arrest, resistance to the 
harsh lysosomal environment, or exit to the host cell cytoplasm, will be also presented 
in this work.

Keywords: phagocytosis, parasitophorous vacuoles, phagosomes, pathogenic protists, 
parasites

1. Introduction

With the exception of Trypanosoma brucei, the etiological agent of African trypano-
somiasis (sleeping sickness), pathogenic protists of Kinetoplastida and Apicomplexa 
lineages are intracellular pathogens causing broadly disseminated diseases: malaria 
(caused by species of the genus Plasmodium spp.), Chagas disease (caused by 
Trypanosoma cruzi), leishmaniasis (caused by species of Leishmania spp.), and toxo-
plasmosis (caused by Toxoplasma gondii). These illnesses kill millions of people world-
wide; have a significant economic impact, and cause public health issues everywhere.

In the following paragraphs, we present the diseases caused by these pathogens as 
well as the life cycles they go through in order to adapt to the hosts in which they live.

1.1 Malaria (Plasmodium spp)

Different species of Plasmodium spp. can infect humans causing malaria disease; 
the most common, Plasmodium falciparum, is responsible for the majority of deaths. 
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In contrast, Plasmodium vivax is responsible for the majority of cases. The symptoms 
of malaria range from asymptomatic parasitemia to severe disease, including cerebral 
malaria and death. Pregnant women and children under the age of five are particu-
larly vulnerable to the disease. A combination of infected red blood cell sequestration 
in the microvasculature, endothelial activation, procoagulant action, and, most 
importantly, pro-inflammatory responses are thought to be the cause of the pathol-
ogy. This disease is a huge public health burden, with an estimated 241 million cases 
reported in 2020 in 85 malaria-endemic countries (including the territory of French 
Guiana), resulting in 405,000 deaths [1–3].

Female Anopheles mosquitoes transmit the parasites, which have a complex life 
cycle that alternates between sexual and asexual phases. The infection begins with the 
bite of the mosquito, which injects parasites into the host in the form of sporozoites, 
which then travel to the liver. After replicating in liver cells, they mature into mero-
zoites and are released into the bloodstream to invade host erythrocytes. Although 
the high parasite burden (up to 30,000 merozoites) stresses the host cell, infected 
hepatocytes do not undergo stress-mediated apoptosis, implying that the parasite 
interferes with this process in the host cell, In the erythrocyte, the parasites develop 
into immature gametocytes or ring-stage trophozoites, which are followed by mature 
trophozoites, schizonts, and merozoites. The immune system attacks these parasites; 
sporozoites in the liver find hepatic macrophages known as Kupffer cells, while 
parasites in the blood can find circulating monocytes and neutrophils [4].

1.2 Chagas disease (Trypanosoma cruzi)

Trypanosoma cruzi is the causative agent of Chagas disease, also known as American 
trypanosomiasis. This is a public health problem in Latin America where it affects 
approximately 7 million people worldwide, and 100 million people are at risk of contract-
ing it. Furthermore, it has become increasingly common in the United States of America, 
Canada, and many European and Western Pacific countries in recent decades [5, 6].

The life cycle of the protozoan parasite Trypanosoma cruzi involves both vertebrate 
and invertebrate hosts. Vectorial transmission to vertebrate hosts occurs via the bite of 
insect triatomine vectors (from the Reduviidae subfamily known as “kissing bugs”), 
which shed metacyclic trypomastigotes in their feces after feeding allowing the entry 
of trypomastigotes through skin wounds and mucosal membranes. Other infection 
routes are the oral ingestion of food contaminated with triatomine feces, such as fruit 
juices, blood transfusion or organ transplant, laboratory accidents, and congenital 
transmission from the mother to child during pregnancy. The last form became the 
most important nowadays and explains the presence of new cases in non-endemic 
countries as mentioned above.

Trypomastigotes can infect a wide range of nucleated cells, including macro-
phages, cardiac muscle cells, and nervous system glial cells, exploiting phagocytic 
or non-phagocytic mechanisms depending on the class of cell involved. After a brief 
residence in a parasitophorous vacuole, parasites go through the cytoplasm and 
differentiate into amastigotes. After several divisions (binary fission), amastigotes 
transform back into trypomastigotes, which are released from the host cell and can 
infect neighboring cells or reach the bloodstream and infect different organs, particu-
larly the heart.

Trigonoscuta cruzi infection in humans is characterized by a brief acute phase 
with nonspecific symptoms and a long chronic phase in which most individuals do 
not exhibit pathology. In contrast, some infected people (around 10 to 30% of cases) 



165

Close Encounters: Pathogenic Protists-Host Cell Interactions
DOI: http://dx.doi.org/10.5772/intechopen.111398

develop specific pathology cardiomyopathy and mega syndromes of the digestive 
system, which cause significant morbidity and may lead to mortality [5–7]. The 
development of Chagas pathology is complex and multifactorial, involving parasite 
immune evasion strategies, genetically programmed deficiencies in host immunologi-
cal homeostasis, and autoreactive events marked by the presence of autoantibodies. 
T. cruzi genetic material has been identified in tissues destroyed during chronic 
infection, showing that the parasite plays an active role in pathogenesis [8, 9]. In fact, 
despite a vigorous immune response, the host fails to clear the parasites from the 
tissues, allowing the infection to remain indefinitely.

1.3 Leishmaniasis (Leishmania spp)

To cause leishmaniasis, Leishmania parasites infect and develop into phagocytic 
cells [10]. Clinical symptoms of the disease range from skin or mucocutaneous 
disorders to visceral infections, which are caused by different parasite strains and 
the delicate balance of parasite proliferation, the patient’s immune response, and the 
consequent degenerative alterations. Consequently, L. major, L. tropica, and L. mexi-
cana produce mainly the cutaneous forms, L. braziliensis causes the mucocutaneous 
illness, and L. donovani causes the most severe visceral disease (called kala-azar 
which means black fever in Hindi language). Infections caused by Leishmania spp. 
are a major public health concern across the world. This illness is seen in 88 different 
nations. More than 350 million individuals worldwide are at risk of leishmaniasis 
[11, 12], with 12 million already infected.

The life cycle of Leishmania is rather straightforward, with two basic stages: motile 
flagellate promastigotes residing in the stomach of the sandfly vector and immotile 
amastigotes within the phagolysosomal vesicles of vertebrate host macrophages.

A variety of sandfly species from two primary genera, Phlebotomus and Lutzomyia, 
transmit the illness to the host. Female infected sandflies spread the illness by inject-
ing the promastigote form into the skin during a blood meal. After being inoculated 
into the upper dermis, metacyclic promastigotes are phagocytosed by skin-resident 
macrophages and dendritic cells and largely localized to phagolysosomes [10]. The 
internal development of Leishmania metacyclic promastigotes into amastigotes 
devoid of exterior flagella takes 12 to 24 hours. Amastigotes reproduce and survive 
intracellularly inside the phagolysosomal compartment, acting as a reservoir for 
transmission [13]. Moreover, polymorphonuclear neutrophils are attracted to the 
site of infection to clear promastigotes [14]. Explaining the significant inflammatory 
response produced after roughly 3 weeks [15]. As a sandfly feeds on the blood of an 
infected vertebrate host, it consumes amastigotes-containing monocytes and macro-
phages. Amastigotes are discharged into the sandfly’s midgut, where they evolve into 
flagellated promastigotes through a process known as metacyclogenesis. Metacyclic 
promastigotes enter the throat and oral cavity, where they will be transmitted during 
the next blood meal.

1.4 Toxoplasmosis (Toxoplasma gondii)

Toxoplasma gondii is an obligate intracellular parasite of the order Coccidia with 
felines as the unique definitive hosts. It is a zoonotic illness that regularly affects a 
range of wild and domestic animals, with humans serving as unwitting hosts.

The protozoan parasite T. gondii infects 25 to 30% of the world’s human popula-
tion, with significant prevalences in South America and tropical African countries. 
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As of 2020, the World Health Organization reported around 240 million illnesses 
and 600,000 deaths [16] (World malaria report 2021). Infected fetuses (congenital 
toxoplasmosis) and immunocompromised people are the most vulnerable to this 
illness. More than 80% of cases of primary acquired infection in immunocompetent 
people in Europe or North America are asymptomatic. In other instances, patients 
may develop fever or cervical lymphadenopathy, which may be accompanied by myal-
gia, asthenia, or other nonspecific clinical symptoms. Toxoplasmosis is extremely 
dangerous in immunocompromised patients, and toxoplasmic encephalitis, the most 
common manifestation of the disease in these patients can cause a variety of symp-
toms ranging from headache, lethargy, lack of coordination, or ataxia to hemiparesis, 
loss of memory, dementia, or focal major motor seizures, usually associated with 
fever. The lungs, eyes, and heart are also often damaged, leading to myocarditis, while 
Toxoplasma has been isolated from other organs such as the liver, pancreas, bone mar-
row, bladder, lymph nodes, kidney, spleen, and skin. Toxoplasmic retinochoroiditis is 
a less prevalent complication.

Congenital infection is typically the outcome of a primary infection acquired by 
the mother during pregnancy. The incidence of vertical transmission and the severity 
of fetal harm is determined by the stage of pregnancy at which the mother becomes 
infected. It is more dangerous when the infection develops in the early trimester 
of pregnancy, resulting in significant abnormalities or termination. The parasite’s 
replication causes necrosis and severe inflammation, resulting in serious abnormali-
ties in the brain and eye organs. Mental retardation, convulsions, microcephaly, 
hydrocephalus, hearing, and psychomotor impairment are all serious consequences. 
Microphthalmia, cataracts, increased intraocular pressure, strabismus, optic neuritis, 
and retinal necrosis can also be detected, as can uveitis and retinochoroiditis, which 
can lead to blindness. Retinochoroiditis is a typical characteristic that can be present 
regardless of the period of maternal infection [17].

Intermediate hosts become infected by the consumption of sporulated oocytes 
present in contaminated meat. In the intestinal epithelial cells, T. gondii develops in 
rapidly growing tachyzoites which travel throughout the body. In the infected cells, 
parasites proliferate in parasitophorous vacuoles. In response to immunological pres-
sure, the parasites encyst as bradyzoites, a slow-growing form. Tissue cysts are most 
commonly found in long-lived cells like muscular, endothelium, or neural cells.

When members of the cat family consume bradyzoites, they undergo sexual 
development within intestinal epithelial cells, ending in the discharge of oocysts 
that undergo meiosis in the environment to generate eight haploid sporozoites. The 
consumption of oocysts by a wide range of hosts results in acute infection. Humans 
become infected by consuming oocysts that can contaminate food or drink, or by 
eating undercooked meat with tissue cysts [7].

To survive in the host cell, T. gondii typically resides in a vacuole, which inhibits 
lysosomal degradation and promotes parasite reproduction.

2. Phagocytosis

The first person to describe the absorption of particles by cells was Élie 
Metchnikoff (1845–1916), who also highlighted the significance of this process for 
the host’s reaction to damage and infection. Phagocytosis is a sophisticated mecha-
nism for ingesting and eliminating infections that also plays a crucial role in the 
elimination of apoptotic cells, which is essential for maintaining tissue homeostasis. 
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Target particle identification, signaling to start the internalization machinery, 
phagosome formation, and phagolysosome maturation are the four key stages of 
phagocytosis [18].

The key aspects of the early events of phagocytosis of protist parasites under study 
will be discussed in the following section.

2.1 Recognition and phagocytosis of Plasmodium spp

Microorganisms express molecules known as pathogen-associated molecular 
patterns (PAMPs), which are only expressed by pathogens and not by host cells. 
Glycosylphosphatidylinositol (GPI) anchors, nucleic acids, and Hemozoin are all 
Plasmodium PAMPs [2]. Pattern recognition receptors (PRRs) such as CD36, toll-like 
receptors (TLRs), and complement receptor 3 identify these PAMPs and trigger the 
parasite uptake.

Phagocytes, particularly monocytes, and macrophages, may also perform opsonic 
phagocytosis of Plasmodium spp. Certain opsonins, notably antibodies, have been 
found in functional investigations to increase successful phagocytosis. Protective 
immunity in malaria has been linked to the IgG1 and IgG3 subclasses. MSP (the 
merozoite surface proteins) 2 and 3, MSP-Duffy binding-like proteins 1 and 2, and 
glutamate-rich proteins have been discovered as targets of these opsonizing antibod-
ies in merozoites [19].

Immune system cells have immunoglobulin (Ig) binding receptors, FcgR I recep-
tors, FcgRII and FcgRIIII, and complement receptors CR1 and CR3. These factors, 
when combined, can aid in the phagocytic absorption of antigens opsonized with 
components such as IgG or C3b [1].

The complement receptor CR1 recognizes and phagocytoses ring-parasitized 
red blood cells opsonized by IgG and complement. Parasites cause changes in the 
membrane proteins of hosts’ erythrocytes, exposing antigenic regions identified by 
autoantibodies. For example, band 3 protein is clustered and oxidized, and it is also 
underglycosylated [20]. Protein 1 (PfEMP1), which is expressed on the membrane of 
Plasmodium falciparum-infected erythrocytes, is also a significant target of opsoniz-
ing antibodies, with antibodies recognizing distinct domains of this protein [20].

When activated, neutrophils can produce reactive oxygen species (ROS), which 
are highly poisonous chemicals that can kill parasites by inflicting oxidative damage.

2.2 Enfermedad de Chagas-Phagocytosis of Trypanosoma cruzi

Tissue-resident macrophages are the first host cells invaded by T. cruzi during 
in vivo infection. Trypomastigotes and epimastigotes are both readily absorbed by 
macrophages and detected within phagolysosomes. Only the trypomastigotes may 
escape the phagolysosome and grow in the cytosol, while the epimastigotes are killed. 
The plasma membrane of macrophages has been demonstrated to envelop the parasite 
by producing a tubular structure, also known as a coiled phagosome. Although this 
mechanism appears to be comparable to phagocytosis, data shows that, unlike non-
infectious epimastigotes, trypomastigotes actively strive to route their own infection 
to macrophages. The escape of trypomastigotes to the cytosol is important because 
nitric oxide (NO) produced in the parasitophorous vacuole is the most potent agent in 
activated macrophages [5].

The parasite’s primary target organ is the heart. Tissue damage in the heart is 
associated with severe parasitism of the myocardium during acute illness. To regulate 
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parasite proliferation, monocytes migrate and extravasate from the circulation to the 
heart, where they develop into macrophages [6].

The surface receptor for sialodhesin can be expressed by macrophages (Sn). This 
receptor detects sialic acid, which is abundant on the parasite’s surface and appears to 
play a significant role in the adhesion process during T. cruzi phagocytosis. TLR2 and 
TLR9 on the surface of macrophages have also been implicated in the identification of 
T. cruzi antigens: GPI (glycosylphosphatidylinositol) anchors, a dominating glycolipid 
dispersed on the surface of the T. cruzi membrane, and parasite DNA, respectively. 
Classical activation causes profound metabolic changes in macrophages, such as 
increased inducible nitric oxide synthase (iNOS or NOS2) activity and respiratory 
burst, as well as secretory responses, such as the production of proinflammatory cyto-
kines and chemokines that lead to phagocytosis, intracellular pathogen destruction, 
antigen presentation, and costimulation. During experimental mouse infection, NO 
released by activated macrophages was thought to be a significant chemical for host 
defense against the parasite. The infection has also been demonstrated to enhance 
splenic but not peritoneal macrophage production of hydrogen peroxide (H2O2), 
indicating that in vivo production of antimicrobial compounds appears to be con-
nected to certain kinds of macrophages and/or the parasite’s capacity to activate these 
cells [6, 7].

T. cruzi amastigotes engage in phagocytic processes to invade both professional 
and non-professional phagocytic cells, depending significantly on the actin cytoskel-
eton of the host cell [21]. The GTPases of the Rho family of the host cell and their 
effector proteins were involved in the actin-dependent invasion [22].

2.3 Leishmania spp

Leishmania promastigotes access macrophages after opsonization mainly through 
complement receptor 1 (CR1) or 3 (CR3), Other receptors have also been implicated 
such as the Toll-like receptor (TLR) family, the receptors for the Fc domain of immu-
noglobulins (FcR), mannose-fucose receptor (MR), and fibronectin receptors. In this 
regard, an important molecule is complement component 3 (C3), which mainly binds 
to gp63 and LPG (glycolipid lipophosphoglycan) in vitro after complement activa-
tion [23]. This is a RhoA-dependent phagocytosis process. RhoA is a small GTPase 
protein of the Rho family of GTPases that is primarily involved in the regulation of 
the cytoskeleton, specifically the formation of actin stress fibers and actomyosin 
contractility. Phagocytosis has been proposed to be the main mode of invasion of 
promastigotes since infection by macrophages is reduced in the absence of actin 
polymerization of the host cell [24]. Phagocytosis of promastigotes by macrophages 
appears to begin within 2 minutes of contact with the parasites in vitro [25]. It should 
be noted that, during the first few minutes of contact, 90% of promastigotes connect 
to macrophages with low affinity through their flagellar tip [25], implying a role for 
this structure in the formation of phagosome Caveolae-dependent phagocytosis is 
also activated by Leishmania. The entry of pathogenic metacyclic promastigotes into 
murine macrophages has been linked to caveolae, and this route is critical to prevent 
early lysosome fusion.

During the differentiation process, promastigotes arrest phagosome maturation 
and exhibit delayed or decreased recruitment of late endosomal lysosome mark-
ers such as rab7 and LAMP1. Arrested phagosomes are further distinguished by 
the presence of host actin coating, related polymerization factors, such as Arp 2, 3, 
Nck, and WASP, and the recruitment of a variety of host GTPases involved in actin 
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polymerization. Further phagosome remodeling is related to the breakdown of the 
lipid raft and reduced formation of the NADPH oxidase complex.

Amastigotes, like promastigotes, are taken up by a conventional phagocytic pro-
cess that may be opsonic or non-opsonic. Uncoated parasites are taken up by Rho and 
Cdc42, but IgG-coated parasites are phagocytosed by a Rac1-dependent mechanism. 
The FcR and CR receptors are mostly involved in amastigotes invading macrophages. 
Vacuoles containing amastigotes are fusogenic and acquire markers associated with 
phagosome development into phagolysosomes. The vacuole contains hydrolytic 
enzymes and is positive for H+ ATPase. It also includes markers such as Rab7, LAMP1, 
and LAMP2. Amastigotes are resistant to hydrolysis and multiplying the acidic 
environment (pH 4.5–5.5) of the phagolysosome. The ability of Leishmania to control 
phagosome maturation depends on a surface-abundant glycolipid called lipophos-
phoglucan (LGP), which is a member of the phosphoglycan family. In addition, the 
parasite membrane contains a proton translocating ATPase, which presumably helps 
maintain pH homeostasis inside the parasite and contributes to lysosomal acidifica-
tion. The proton gradient thus established drives the active transport of nutrients 
necessary for the growth of the parasite [26].

It has also been described that Leishmania mexicana induces an autophagy-like 
pathway in infected cells, redirecting cytosolic proteins for destruction and making 
them accessible to parasites within the phagolysosome for nutrition [27, 28].

2.4 Toxoplasma gondii

Unlike Leishmania, Toxoplasma gondii infects by both phagocytic and non-phago-
cytic cells. The infection and subsequent demise of these cells following the parasite’s 
rapid proliferation is a crucial event in the pathogenic course of this organism. The 
parasite may enter a cell as a macrophage using the well-known phagocytosis process 
without causing its own death within the cell.

Trophozoites may actively escape cells after phagocytosis, by reversion of the 
process of invasion. At the moment, it is considered that entrance into the host cell 
includes a complicated process that combines phagocytosis with aggressive invasion.

Macrophages can swallow the parasite, opsonized or not. T. gondii inhibits 
phagosome-lysosome fusion after phagocytosis [29, 30]. Toxoplasma phagocytosis 
occurs primarily via opsonins such as C3b and C3a, which are recognized by their 
corresponding receptors on macrophages [31].

3. The evasion mechanisms

3.1 Plamodium can control the phagocytosis process through a variety of methods

Plasmodium spp. can prevent phagocytosis by changing its interaction with host 
phagocytic receptors and controlling downstream signaling cascades.

Plasmodium yoelii parasites, for example, preferentially infect erythrocytes 
expressing large amounts of CD47, allowing them to evade phagocytosis by the 
red-pulp macrophages in the spleen. CD47 is a marker that inhibits phagocytosis; 
Therefore, CD47 depletion may enhance phagocytic clearance. Red cells infected 
with Plasmodium falciparum and Plasmodium vivax have been shown to display higher 
amounts of CD47 than uninfected red cells; however, the mechanism behind this 
increased expression remains unclear. Furthermore, parasites can avoid phagocytosis 
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by modifying complement regulatory proteins, which protect infected host cells from 
complement-mediated damage. They can, for example, inactivate C3b on the surface 
of infected erythrocytes, preventing complement-mediated phagocytic clearance of 
parasites. Moreover, monocytes and macrophages express less complement receptor 1 
(CR1) during infection. Surprisingly, infected red blood cells preferentially bind CR1 
produced by uninfected red blood cells to form rosettes, presumably isolating them 
from phagocyte detection.

Also, by removing superoxide and inhibiting ROS from neutrophils, mosquito 
salivary proteins can influence neutrophil activity. Ex vivo data demonstrate that neu-
trophils have a decreased ability to create ROS during malaria (Figure 1, Plasmodium 
spp.). In vitro evidence suggests that neutrophil phagocytosis of parasite products 
reduces their ability to engulf bacteria [1].

It was similarly shown that ex vivo monocytes from children with acute malaria 
had lower opsonic phagocytosis than their own monocytes 6 weeks later [2].

Finally, parasites in Kupffer cells during rodent malaria have been shown to 
directly trigger phagocyte death [4].

Humans are infected by parasite sporozoites, which enter hepatocytes and grow rap-
idly. Plasmodium spp. requires nutritional input to the parasitophorous vacuole to repro-
duce successfully, which implies the existence of host cell manipulation mechanisms. It 
has been shown that there are membrane connections of the parasitophorous vacuole to 
the Golgi membranes that were maintained throughout the growth stage in hepatocytes, 
which are believed to enhance the nutritional supply of hepatocytes. RAB11, a small 
GTPase, is important for organelle morphological changes during Plasmodium berghei 
infections, and functional alterations of this protein reduced this impact.

Figure 1. 
The image shows the molecules involved in the phagocytosis of pathogenic protists and the evasion mechanisms 
that evolve to resist in the host cell. Created with BioRender.com.



171

Close Encounters: Pathogenic Protists-Host Cell Interactions
DOI: http://dx.doi.org/10.5772/intechopen.111398

Mature trophozoites within infected red blood cells can circulate to organs such 
as the brain, spleen, placenta, and lungs, where they can be sequestered as part of an 
immune evasion strategy [4].

3.2 Resist the oxidative response, the smart strategy of T. cruzi

T. cruzi, in vertebrate hosts, develops a variety of immune evasion strategies. 
Protection against direct cytotoxic effects of O2•/H2O2• on parasite mitochondria 
within the macrophage phagosome (Figure 1, T. cruzi); suppression of ONOO pro-
duction in NO-exposed parasites, and regulation of NO-exposed parasites are among 
these methods. To resist host-derived oxidants, T. cruzi has an arsenal of detoxifying 
antioxidant defenses, as well as redox metabolism. Trypanothiol (T[SH]2), the main 
thiol used by the antioxidant system of trypanosomatids, is one of the most impor-
tant. This system is considered an interesting target route for drug development.

Fe-dependent superoxide dismutases (Fe-SODs) from T. cruzi readily remove O2 • 
and may help to survive intracellularly [32].

TcAPxCcP, a type A hybrid peroxidase that employs ascorbate and cytochrome C 
as reducing substrates for H2O2 detoxification, has also been reported in T. cruzi [33]. 
TcAPxCcP is a membrane-bound peroxidase found in the endoplasmic reticulum and 
mitochondria throughout the parasite’s life cycle, as well as in the plasma membrane 
during the infective stages of the T. cruzi life cycle [34]. Lastly, T. cruzi has two GSH-
like peroxidases (GPX) that can metabolize fatty acids and phospholipid hydroper-
oxides despite the absence of selenium in the active site [35]. In the non-infectious 
epimastigote, GPX-I is found in the cytosol while GPX-II is found in the endoplasmic 
reticulum. In general, T. cruzi’s antioxidant arsenal works as a virulence factor by 
detoxifying reactive species in the phagosomal compartment.

Furthermore, it has been demonstrated in T. cruzi that peroxiredoxins, a family of 
proteins with antioxidant and redox signaling functions, were upregulated in the infec-
tive metacyclic trypomastigote stage and that their expression levels correlated with 
parasitemia in mice, implying that peroxiredoxin levels mediate T. cruzi virulence.

Another pathogen-encoded virulence strategy depends on repair mechanisms that 
restrict the potentially damaging oxidation of proteins and DNA. Methionine oxida-
tion is mediated by a variety of reactive species such as H2O2, peroxynitrite, HOCl, 
and metal-catalyzed oxidation systems, yielding methionine-(S) and methionine-
(R)-sulfoxide (Met-SO) epimers. Enzymatic pathways for methionine oxidation have 
also been identified. Methionine sulfoxide reductases (Msr) have been identified in 
a variety of pathogenic organisms, and these enzymes reduce Met-SO by using the 
reducing equivalents of Trx/TrxR and NADPH [36]. MsrA and MsrB, two distinct 
enzymes, catalyze the reduction of oxidized methionine diastereomers. MsrA action 
in proteins is confined to Met(S)-SO residues, whereas MsrB decreases Met(R)-SO. 
Another essential component for T. cruzi pathogenicity is the sanitization of oxidized 
bases in DNA. Guanine is highly oxidizable, and its most frequent oxidation product 
is 7,8-dihydro-8-oxo-29-deoxyguanosine (8-oxoG), which has the potential to be 
mutagenic owing to its structural similarities to thymine [37]. Trypanosomes have 
effective DNA repair mechanisms as well [38].

3.3 Leishmania subversion of phagocytosis favors the infection

After inoculation, Leishmania promastigotes are swiftly phagocytosed, but 
they can survive and change into immobile amastigote forms that can remain as 
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intracellular parasites. The parasitophorous vacuole is an acidic intracellular compart-
ment where Leishmania amastigotes proliferate. Although the amastigote cytoplasm 
is controlled to near-neutral pH by an active process of proton extrusion, pH plays 
an important role in the developmental changeover between the promastigote and 
amastigote phases. Amastigotes are metabolically more active when their environ-
ment is acidic. Endosomes, phagosomes, and autophagosomes can all fuse with the 
parasitophorous vacuole. Leishmania amastigotes have evolved to survive in the 
particular ecological niche of mammalian macrophage phagolysosomes. The para-
sitophorous vacuole contains a highly hydrolytic and acidic environment, which the 
parasite does not appear to mitigate. While the parasite’s cytoplasm is deliberately 
kept at a neutral pH, the amastigote’s surface membrane adapts to operate efficiently 
in an acidic mileu, allowing the parasite to collect nutrition while being exposed to 
extraordinarily high external proton concentrations [39].

It is remarkable how the parasite avoids this harmful surge of ROS generation: it 
may counteract endogenous ROS production via antioxidant systems or by actively 
lowering ROS production (Figure 1, Leishmania spp) [40].

Although promastigotes and amastigotes enter macrophages by phagocytosis, the 
oxidative burst that occurs is very different. After infection, both stages show a rise 
in O2• production of macrophages, although the reaction is significantly stronger in 
promastigotes than in amastigotes. The discrepancy can be attributed to a decrease 
in NADPH oxidase activity following amastigote infection. Only once the gp91phox 
precursor has matured to its full-length molecule, the NADPH oxidase complex 
can be successfully assembled. This stage of development is dependent on the avail-
ability of heme. Infection with L. pifanoi amastigotes causes the production of heme 
oxygenase-1, the rate-limiting enzyme for heme degradation, which inhibits the 
development of gp91phox and precludes the assembly of NADPH oxidase. L. don-
ovani amastigotes also affected another component of the NADPH oxidase complex. 
Amastigotes caused barely detectable amounts of p47phox phosphorylation, which 
resulted in p67phox and p47phox phagosomal recruitment defects. Interestingly, 
protein kinase C (PKC) mediates p47phox phosphorylation, which is suppressed 
by Leishmania promastigotes and amastigotes. This action has been linked to the 
lipophosphoglycan (LPG) present in promastigotes; in amastigotes, the mechanism 
responsible for PKC inhibition is uncertain. Moreover, L. donovani amastigotes affect 
the phagosomal lipid raft integrity, which may lead to defective NADPH oxidase 
assembly [41].

Lastly, infection with Leishmania amastigotes can result in reduced O2• generation 
by inhibiting inositol phosphate buildup and calcium release in infected macrophages. 
While promastigotes have little effect on overall O2• generation in macrophages, 
they have been shown to locally impede the assembly of NADPH oxidase at the 
phagosomal membrane, a defensive system reliant on the presence of LPG repeat 
units. Moreover, LPG glycoconjugates can influence macrophage iNOS expression. 
When LPG is administered before IFN-ɣ, NO generation is decreased compared to 
control cells. LPG suppresses the production of NO in macrophages in a time and 
dose-dependent manner. It clearly shows that LPG may regulate iNOS expression in 
macrophages [42].

Leishmania has an antioxidant defense mechanism as well. Trypanothione/try-
panothione reductase has been described in L. major, which is crucial for its antioxi-
dant ability against H2O2, ONOO, and •NO. T(SH)2 was also discovered to be required 
for H2O2 elimination in trypanosomatids. T(SH)2 requires the proteins triperedoxin 
(TXN) and peroxiredoxin (PRX) (which has triperedoxin peroxidase activity) to 
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decrease H2O2. The presence of the enzyme ascorbate peroxidase has also been shown 
to reduce H2O2, this is also present in T. cruzi. Trypanothione S-transferase and 
5,6,7,8-tetrahydrobiopterin superoxide dismutase are among the main antioxidant 
mechanisms [40].

In summary, the parasite protects itself from the macrophage’s oxidative burst by 
expressing antioxidant enzymes and proteins and inhibiting the synthesis of O2• and 
•NO in the macrophage. Surprisingly, promastigotes and amastigotes have opposing 
inhibitory effects. Amastigotes produce a widespread drop in O2• levels in the mac-
rophage, whereas promastigotes lower O2• production just locally in the phagosome. 
Amastigotes decrease the synthesis of IL-12, O2•, and •NO in addition to their impact 
on macrophage redox biology. Unlike promastigotes, where LPG was identified as a 
parasite effector, no chemical associated with amastigotes has been identified as being 
responsible for the drop in O2• levels. Finally, parasites of Leishmania have evolved to 
live and multiply within ROS-producing macrophages. They do this not just through 
the use of antioxidant mechanisms, but also by decreasing ROS generation in macro-
phages [43, 44].

L. donovani infection also activates nuclear translocation and (Nuclear factor ery-
throid 2-related factor 2) Nrf2 activity, which reduces oxidative stress, but there is no 
evidence of which molecular partners are required to trigger this signaling yet. What 
is known in particular is that Nrf2 expression and activation occur upon initial contact 
with the host cell by increasing the number of gene products related to an antioxidant 
profile and turning macrophages into an anti-inflammatory spectrum. Knockdown or 
inhibition of Nrf2 is also known to decrease parasitic infection. But despite the antioxi-
dant effect on cells, continued Nrf2 activation can greatly decrease ROS levels, which is 
also essential for cellular homeostasis. One of Nrf2’s targets is the ferritin gene, which 
sequesters Fe2+, reducing iron metabolism for parasite growth [41].

An acid phosphatase found in Leishmania has been shown to inhibit superoxide 
anion generation in chemoattractant-stimulated neutrophils. The parasite’s LPG 
was also found to suppress protein kinase C (a regulator of macrophage oxidative 
metabolism). It has been proposed that Leishmania parasites could block lysosomal 
hydrolases by producing polyanionic compounds capable of forming complexes with 
positively modified hydrolases or binding to calcium ions.

3.4 T. gondii established a unique vacuole to avoid host cell defenses

As previously observed, microorganisms avoid important host defense processes 
such as phagocytosis, allowing them to establish themselves in the host cell and 
growth. In mouse macrophages (where this parasite survives), the organelle contain-
ing T. gondii appears to be arrested, unable to fuse with lysosomes, unless the organ-
ism has been coated with antibodies prior to phagocytosis, in which case it is easily 
destroyed [29]. T. gondii also uses tiny Rab-family GTPases for nutrient delivery, 
demonstrating that intracellular pathogens use host pathways components to promote 
proliferation. In T. gondii-infected cells, for example, mitochondria are organelles 
that interact with the membrane of the parasitophorous vacuole. The parasites have 
a mitochondrial association factor 1 (MAF1) locus, which encodes numerous pro-
teins involved in host cell mitochondrial association and immune evasion, with the 
MAF1b protein serving as the primary mediator. T. gondii’s interaction with host cell 
organelles is most likely due to a requirement for nutritional input, which allows the 
parasitophorous vacuole to spread. Pernas et al. discovered that T. gondii infection had 
an indirect effect on mitochondrial morphology (Table 1) [45].
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Parasite molecules 
involved in 
phagocytosis

Pathogen 
recognition 
receptors on 
phagocytic cells

Evasion mechanisms

Plasmodium 
spp

Merozoites
Not opsonic:

• GPI

• Nucleic acids

• Hemozoin

Opsonic:

• IgG1 and IgG3 
that recognize the 
MSP protein

Not opsonic:

• CD36

• TLRs

• CR3

Opsonic:

• FCg

• CR1 y CR3

Can prevent phagocytosis.
Removing superoxide and inhibiting ROS.

Trypanosoma 
cruzi

Tripomastigotes
Sialic acid
GPI
DNA
Amastigotes
C3a and b
Ig G

Sialoadhesin 
receptor
TLR 2
TLR4

Exit from the parasitophore vacuole.
detoxifying antioxidant defense and redox 
metabolism.
Repair mechanisms that restrict the 
oxidation of proteins and DNA.

Leismania 
spp

Tripomastigotes
Gp36
LPG
Amastigotes
C3a and b
Ig G

CR1
CR3
TLRs
Manose receptor
Fc Receptor

Reduced formation of the NADPH oxidase 
complex.
Resistance to hydrolysis and multiply 
within the phagolysosome, proliferating in 
the acidic environment.
reduced the O2 • generation.
antioxidant systems.

Toxoplasma 
gondii

C3a and b CR Inhibition of phagosome-lysosome fusion

Table 1. 
Summary of the phagocytosis of pathogenic protists and the evasion mechanisms that evolve to resist in the host 
cell.
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Abstract

Obesity is a chronic, multifactorial disease with increasing worldwide prevalence. It 
is characterized by excessive adipose tissue accumulation in the body, which decreases 
the patient’s life expectancy and has been associated with a higher incidence of chronic 
degenerative diseases, including type 2 diabetes mellitus, systemic arterial hypertension, 
cancer, and cardiovascular disease. Several investigations have found that the adipose 
tissue of obese humans and rodents is infiltrated by a high number of macrophages. 
These cells interact with apoptotic adipocytes, which internalize and accumulate lipids 
to become foam cells. These processes lead to the release of proinflammatory mediators 
that promote insulin resistance. In addition, individuals with obesity have higher levels 
of circulating neutrophils; however, these individuals also have a higher incidence of 
infection, indicating that the phagocytic function of these cells is affected. This chapter 
describes several studies that could partly explain the phagocytic mechanisms affected 
by obesity. Therapeutic alternatives to favor phagocytic capacity are also discussed.

Keywords: obesity, phagocytosis, inflammation, macrophages, insulin, neutrophils

1. Introduction

Obesity results from an energetic balance alteration caused by the abnormal or 
excessive accumulation of triglycerides in the adipose tissue (AT). It is a chronic and 
multifactorial ailment and is considered a serious public health illness. Its prevalence 
is on the rise, and the World Health Organization (WHO) estimates that since 1975, 
obesity has increased almost thrice worldwide, reaching epidemic proportions. It is 
considered the epidemic of the twenty-first century [1–3].

The body mass index (BMI) is the most accepted parameter to determine clinically 
overweight and obesity and is frequently used to identify overweight and obesity in 
adults using the relationship between weight and stature. It is calculated by dividing 
the person’s weight in kilograms by his/her squared stature in meters (kg/m2).

The WHO defines overweight and obesity for adults as follows:

• Overweight: BMI equal to or above 25.

• Obesity: BMI equal to or above 30.



Phagocytosis – Main Key of Immune System

180

Although the BMI is not an ideal indicator because it does not allow the exact 
determination of an individual’s adiposity, it is the most recommended for clinical use 
by international health organizations due to its easy usage [4].

Different diseases are associated with obesity because there are alterations in the 
immune response generated by an inflammatory process, which is also related to the 
following:

• Metabolic disorders such as insulin resistance (IR), type 2 diabetes mellitus 
(T2DM), cholesterol or triglycerides increase, and metabolic syndrome (MetS).

• Cardiovascular diseases such as hypertension, atherosclerosis, heart failure, and 
cerebrovascular disease.

• Respiratory diseases such as hypoventilation or sleep apnea/hypopnea syndrome.

• Increased risk for some cancer types and osteoarticular pathologies [1, 5].

2. Inflammation and obesity

The AT can be classified into different compartments: subcutaneous tissue and 
visceral adipose tissue (VAT). In obesity, VAT is highly associated with the increment 
of cardiovascular risk and the development of MetS, hypertension, insulin resistance, 
and T2DM [6].

The VAT is composed of a greater number of adipocytes, but it is a tissue with 
plentiful immune infiltrate with the presence of eosinophils, neutrophils, macro-
phages, regulatory T lymphocytes (Treg), CD4+ T lymphocytes, CD8+ T lympho-
cytes, and type 2 innate lymphoid cells (ILC2). In the VAT in homeostasis, there is a 
microenvironment rich in IL-4, IL-5, and IL-13, as well as the presence of Treg cells, 
eosinophils, and ILC2 that promote a Th2 phenotype and M2 macrophage polariza-
tion, which express arginase-1 (ARG-1) that inhibits the activity of the inducible 
enzyme nitric oxide synthase (iNOS) and increase IL-10 production. In obesity, the 
adipocyte’s number and size are increased due to the accumulation of fatty acids 
inside the cells. This fact demands a higher oxygen concentration, and if it is not 
attained, it favors the adipocytes’ death by apoptosis. That, in turn, causes alterations 
in the tissue’s number and type of immune cells [1, 7–10].

One of the populations that are diminished under the above-described situ-
ation is the Treg lymphocytes, which depend on the presence of IL-33 and the 
nuclear factor PPAR-gamma. In normal conditions, these lymphocytes produce 
large amounts of IL-10, but when these cells decrease in number, the amount of 
tumor necrosis factor alpha (TNF alpha), IL-6, and RANTES (CCL5) increases 
[11]. There is also a mobilization of macrophages into the AT to eliminate dead cells 
and “remove” their lipid content. These increase the presence of inflammation 
mediators in the tissue as most of the macrophages change from an M2 phenotype 
to an M1, which promotes the secretion of proinflammatory cytokines (TNF alpha, 
IL-6, and IL-12). Other cellular subpopulations (CD8+ T lymphocytes, Th1 CD4+ 
lymphocytes, B-lymphocytes, and granulocytes) are also activated and secrete 
cytokines such as TNF alpha, interferon (IFN) gamma, and IL-6, which also 
contribute to the amplification of the inflammatory response (Figure 1) [12–14]. In 
this way, the increase of these mediators is relevant during the adaptation process 
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to the gain in fat mass [15]. Nevertheless, when this inflammatory process is not 
resolved, chronic obesity ensues, which leads to tissue fibrosis and discharge of 
the extracellular matrix, which prevents the adipocyte enlargement and storing of 
lipids with the consequent liberation of fatty acids that increase the inflammatory 
process associated with the loss of insulin sensitivity. These alterations help to 
the establishment of a state of low-degree chronic inflammation characteristic of 
individuals with obesity [16].

3. Insulin resistance, metabolic syndrome, and type 2 diabetes

Insulin is a hormone secreted by the pancreatic beta cell in response to diverse 
stimuli, glucose being the most relevant. Its principal function is to maintain glycemic 
homeostasis. In this way, after each meal, insulin suppresses the liberation of fatty 
acids while favoring triglyceride synthesis in the adipose tissue [17].

Figure 1. 
Adipose tissue in homeostasis and obesity. The adipose tissue (AT) is infiltrated by diverse immune cells that 
communicate with each other. In homeostatic conditions, the cells present in the tissue include eosinophils (Eo) and 
neutrophils (Nt), which secrete IL-4 and IL-3; regulatory T lymphocytes (Treg), which produce IL-10; Natural 
Killers (Nk), which release IL-13; and adipocytes, which release adiponectin. Together, these cytokines generate 
an anti-inflammatory Th2 microenvironment, and macrophages (Mo) polarize towards an M2 phenotype 
characterized by the transcription factors STAT-6 and PPAR. In obesity and hyperglycemic states, AT adipocytes 
undergo hypoxia and cell damage, leading to apoptosis and the release of damage-associated molecular patterns 
(DAMPs). Moreover, leptin expression increases in obesity, shifting the Mo phenotype towards an inflammatory 
profile (M1) and increasing transcription factor NFκB. Mo counteract DAMPs through the phagocytosis 
of apoptotic adipocytes, thereby transforming into foam cells (FC), which are associated with metabolic 
complications. Upon activation, the cells of this microenvironment secrete more proinflammatory cytokines like 
TNFα and IL-1β, which, in the long term, decrease insulin production and damage pancreatic β-cells. Higher 
levels of IL-6 and Nt elastase (NE) produce systemic insulin resistance, and higher IL-8 increases Nt infiltration, 
further increasing inflammation. Finally, the excess of proinflammatory cytokines, along with the increase in LDL 
and FFAs, damage the vascular endothelium, increasing the expression of adhesion molecules and the deposition 
of foam cells that cause atherosclerosis and other pathologies. Created with BioRender.com.



Phagocytosis – Main Key of Immune System

182

Insulin resistance (IR) refers to a state in which cells do not respond normally to 
insulin, and thus, glucose cannot enter the cells with the same easiness, causing its 
accumulation in the blood (hyperglycemia) [18].

The changes happening in the VAT that lead to the liberation of proinflammatory 
mediators promote insulin resistance by interfering with insulin signaling through the 
activation of the c-JUN N-terminal kinase (JNK) and the nuclear factor kappa B (NF-
kB) at a local level (AT and macrophages). When these mediators escape into circula-
tion and reach the insulin target tissues (skeletal muscle and the liver), they unchain 
a systemic IR diminishing the insulin effect in these organs. This process precedes the 
development of metabolic diseases such as MetS [19–21].

MetS has been defined as a clinical entity characterized by a combination of 
risk factors. Individuals suffering from this disease show a metabolic disorder that 
includes visceral obesity and some of the following alterations: IR, triglycerides 
increase, high-density lipoproteins (HDL-C) decrease, hypertension, and hypergly-
cemia. This pathology confers a high risk of suffering from T2DM or cardiovascular 
diseases [8, 22].

Diabetes mellitus is an endocrine-metabolic disease characterized by raised 
blood glucose levels or hyperglycemia caused by deficient insulin secretion or action. 
Evidently, the most severe consequence is the damage caused to beta cells caused 
by lipotoxicity. The excessive accumulation of triglycerides in the pancreatic islets 
increases the expression of iNOS, raising nitric oxide (NO) levels, which causes alter-
ations in the beta cells function and, finally, apoptosis of these cells, which gradually 
lose their capacity to compensate for IR with higher insulin secretion. Glucose blood 
levels increase progressively in prediabetic stages first, leading finally to T2DM [23].

4. Phagocytosis general aspects

The phagocytosis process includes several sequential stages, which are common 
to macrophages and neutrophils that comprise chemotaxis, adhesion, endocytosis, 
and the intracellular physical and biochemical changes that prepare the phagocytes 
to ingest, kill, and digest microorganisms: increment in the cell’s general metabolism, 
phagosome formation, the interaction of the phagosome with endosomes and lyso-
somes to form the mature phagosome (phagolysosome), phagolysosome acidification, 
generation of reactive oxygen and nitrogen intermediates, activation of lysosomal 
hydrolases, and, finally, the elimination of waste materials through exocytosis.

4.1 Chemotaxis

An infection or trauma situation favors a tissue microenvironment, which gives 
rise to the formation of materials, both exogenous (microorganism derived) and 
endogenous (coming from damaged tissue), with chemotactic activity. In order for 
the phagocytic cells to go to the injury site, they must come out of the blood vessels, 
which involves the participation of adhesion molecules both in phagocytic (integrins 
and selectins) and endothelial (selectins and adhesins) cells. Some of these molecules 
are constitutive of the cellular membrane, while others are induced by chemotactic 
factors or some cytokines. Cells come out of the blood vessels by diapedesis, attracted 
by factors with chemotactic activity [24, 25].

Chemotaxis requires energy in the form of adenosine triphosphate (ATP) and the 
presence of calcium and magnesium, which indicates that it is an active metabolical 
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process. As with all cellular functions that imply mobility, chemotaxis depends on the 
function of contractile structures of the cells that constitute the cytoskeleton.

The interaction of the cells with their external ligand occurs through membrane 
receptors, which generate biochemical signals that activate several G proteins and 
protein kinases that result in the polymerization of actin with the consequent cell 
movement (chemotaxis and phagocytosis) [26].

4.2 Opsonization

Opsonization improves the endocytosis process and requires the interaction of the 
ingestible particles with serum factors called opsonins. These include antibodies (usu-
ally IgG), complement components (C3b, C4b, or iC3b), and other proteins present in 
the serum, such as colectins and C reactive protein. Opsonins promote phagocytosis 
through specific receptors against them on the membranes of phagocytic cells [27, 28].

4.3 Endocytosis

Endocytosis is a process by which particles enter the cells due to the presence of 
receptors on the surface of the phagocytes. These receptors can be pathogen recogni-
tion receptors (PRR), which recognize components that are unique to microorgan-
isms or receptors for opsonins.

The cross-linking of receptors for the immunoglobulin Fc region gives rise to 
signals with the participation of protein kinases, GTPase, ATPase, adaptor proteins, 
and other associated proteins that lead to actin polymerization, endocytosis, and 
cellular movement [29].

Among the PRRs, we can consider the Toll-like receptors (TLRs), which have an 
intracytoplasmic domain and are able to transmit signals. Ten TLRs have been identi-
fied, and although there are cellular activation pathways depending on the involved 
TLR, the mechanism representative of the events is described as follows:

The interaction of TLR with its ligand promotes the recruitment of the signal adap-
tors MyD88, a protein associated with the intracellular receptor called Toll/IL-1 (TIR) 
and the adaptor molecule that contains TIR (TRAM) or TIR domain-containing adap-
tor molecule inducing interferon-beta (TRIF). These events occur in the TIR domain 
of the TLRs. Depending on the type of adaptor involved, this binds to the interleukin 
1 receptor-associated kinases (IRAKs) are a family of related signaling intermedi-
ates (IRAK1, IRAK2, IRAK4), TANK-binding kinase (TBK) 1 and an IkappaB kinase 
(IKK)-related kinase epsilon, which, in turn, binds to the TNF-6 receptor-associated 
factor (TRAF-6), which becomes activated and stimulates TAK1. This kinase sets 
in motion the Mitogen-activated protein kinase (MAPK) kinase protein signaliza-
tion that phosphorylates other kinases such as JNK, which activates and translocates 
nuclear factors such as PA-1 and NF-κB, with the consequent transcription of the genes 
coding for proinflammatory cytokines. The importance of the TLRs lies in the fact that 
if there are defects in signalization, there will be high susceptibility to infections [30].

Within the metabolic changes associated with endocytosis, we can mention that in 
the phagocytic cells, as a result of the interaction with the ingestible particle, a series 
of events occur associated with the morphological and biochemical changes that 
include engulfment of the particle, formation of the digestive vacuole, and lysosomal 
degranulation with the release of enzymes and other components inside the vacuole.

The morphological events associated with vacuolization and degranulation are 
similar both in neutrophils and in macrophages, except for the following differences: 
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macrophages can synthesize more granules in their Golgi complex, they can get rid of 
the microorganisms’ remains by exocytosis, and, finally, they survive the phagocyto-
sis process, while neutrophils generally die [31].

4.4 Phagocytosis events and microbicidal activity

A few seconds after the interaction of the phagocytic cell with chemotactic agents 
and microorganisms, biochemical alterations are generated, which indicate the 
presence of metabolic changes related to membrane potential, production and release 
of cyclic adenosine monophosphate, release of superoxide anion, and later escape of 
several lysosomal enzymes. Some of these metabolic changes are related to oxygen 
and nitrogen metabolism, while others are of a nonoxidative nature.

Among the nonoxidative changes accompanying the endocytosis process, we can 
find an increment in oxygen and glucose consumption and an increase in the activ-
ity of the pentose or hexose monophosphates cycle; there is also superoxide anion 
and hydrogen peroxide production. The set of these changes is what is known as the 
“respiratory burst” [32].

The destruction of microorganisms occurs through these mechanisms, both 
oxygen-dependent and independent. The former includes the participation of radicals 
generated by the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 
system, which transforms molecular oxygen into superoxide anion, which, in turn, 
is transformed into hydrogen peroxide and then into hydroxyl radicals, which, along 
with the oxygen singlets, constitute the reactive oxygen intermediates (ROIs). The 
enzymatic system that catalyzes these oxidative changes is named “NADPH oxidase.” 
In neutrophils, the microbicidal activity is increased by the myeloperoxidase that 
uses hydrogen peroxide as the substrate to produce, along with halide, highly toxic 
compounds [33].

Nitric oxide (NO) is generated in macrophages from the L-arginine metabolism; 
generally, its production is regulated by the effects of some cytokines such as gamma 
interferon. Given its unstable nature and in the same way as the ROI, NO interacts 
avidly with various chemical groups present in many molecules, causing functional 
and structural alterations and molecular breakdowns in them. In the target cells, NO 
inhibits DNA synthesis and respiratory activity [31].

Oxygen-independent mechanisms include lysosomal enzymes that intervene in 
the digestion of severely damaged microorganisms, and proteins with microbicidal 
activity. Cathepsin B, cathepsin D, glucuronidase, mannosidase, and phosphatase A2 
are acid hydrolases; elastase, cathepsin G, proteinase 3, and collagenase are neutral 
proteases; and myeloperoxidase, lysozymes, defensins, and lactoferrin are microbici-
dal factors. Lysosomal hydrolases are activated by the acidification of the phagosomal 
environment through the activity of an endosomal enzymatic system that functions 
as a proton pump called “Proton ATPase,” which is incorporated into the digestive 
vacuole’s membrane when the phago-endosomal fusion occurs [34, 35].

5.  Phagocytosis alterations and their relationship with obesity 
comorbidities

Lymphocyte subpopulations changes, both for those of the innate and the adaptive 
immune response, have been reported in obese individuals. These cells accumulate in 
the obese persons’ VAT and could result from a survival increment and proliferation 
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of resident immune cells, as well as greater cellular recruitment toward the VAT or a 
decrease in the cellular return to peripheral blood [36, 37]. There are also differences 
in the proportion of these cells among the different fat deposits. It has been observed 
that there are larger numbers of macrophages, T lymphocytes, and inflammatory 
molecules in the VAT compared to the subcutaneous tissue of obese individuals. 
Moreover, it was found that in the VAT from obese individuals with MetS, the number 
of Tregs is lower [11, 12, 38].

There are several innate immune system cells in the low-intensity chronic inflam-
mation caused by obesity, but since this chapter deals with the phagocytic process and 
its relation to inflammation obesity, we will focus only on the phagocytic cells.

Alterations of the innate immune system in obesity include, among other aspects, 
a raised macrophage infiltration in AT, a place where these phagocytes interact with 
the adipocytes and endothelial cells, forming an inflammatory network. The interac-
tion of these cells promotes the activation of the fat tissue macrophages, which are 
induced to produce diverse proinflammatory cytokines and chemokines such as TNF 
alpha and the monocyte chemoattractant protein-1 (MCP-1) [11].

Neutrophils are the first to migrate to the infection sites, and this happens in 
obesity, where neutrophils are the first cells to respond to inflammation, infiltrate 
the VAT approximately three days after a high-fat meal, and can stay there for up to 
90 days [13, 39, 40].

Neutrophils depend mainly on glucose as the only energy source. In the diabetic 
patient, there is an excess of advanced glycation end products (AGEs), which are 
modified proteins that appear at the tissue and plasmatic level as a consequence of 
the reaction of blood monosaccharides with the protein’s amino acids [41]. AGEs are 
formed in situations of sustained hyperglycemia or high oxidative stress [42]; this is a 
key part that explains why the neutrophil function is altered in diabetes [43–45].

Several clinical and epidemiological data report a higher incidence and severity of 
some specific types of infectious diseases, which are more frequent in obese persons 
than in lean ones. It has also been observed that the risk of developing cutaneous 
infections is increased, and the capacity to heal wounds is reduced in obese individu-
als. A decrease in the capacity of polymorphonuclear neutrophils to destroy bacteria 
was reported, which led to establishing the association of immune system alterations 
with obesity in children, adolescents, and adults [8, 46].

In obesity, circulating neutrophils are increased (associated with the BMI) as 
well as in individuals with MetS [47, 48]. These cells present an activated phenotype 
as indicated by an increase in the plasmatic concentrations of myeloperoxidase and 
elastase [48–50]. It is not well understood why the activated state of the neutrophils 
in obese individuals does not result in a more effective antimicrobial function. The 
following studies might partially explain this conundrum:

Four decades ago, it was described that diabetic patients have defects in their che-
motactic response [51, 52]. Nevertheless, other studies showed controversial results, as 
no differences in the chemotactic response were observed between normal and diabetic 
patients [45, 53]. On the other hand, experimental studies in alloxan-induced diabetic 
mice showed that their neutrophils internalized the C-X-C motif chemokine receptor 2, 
which resulted in a reduced migration [54, 55]. It has also been shown that the admin-
istration of insulin to diabetic mice results in the reduction of alfa-1-acid glycoprotein 
(which is also increased in diabetic persons), restoring cellular migration [54].

Concerning adhesion, hyperglycemic stages increase the adhesion of phagocytic 
cells, especially for neutrophils, and due to the microenvironment, there is an incre-
ment in the protein C kinase (PKC) activator, which favors the expression on the 
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cell membrane of molecules such as P-selectin, E-selectin, and intercellular adhe-
sion molecule-1. The adhesion mechanisms activated in phagocytic and endothelial 
cells have been associated with the increment in cytotoxic factors (free radicals and 
TNF alpha) and with transforming growth factor beta-1, fibroblast growth factor, 
and platelet-derived growth factor. This set of factors is related to the lesions at 
the vascular level, a bad reparation process, and they increment the appearance of 
atherosclerosis. Obese and hyperglycemic patients are characterized by presenting 
vascular and microvascular pathologies [45, 56, 57]. There are not many studies 
on the alterations of adhesion molecules that affect phagocytosis; it is only known 
since the 1970s that the presence of hyperglycemic states leads to phagocyte adher-
ence abnormalities. Neutrophils from hyperglycemic patients showed a lower 
adherence, which is re-established by insulin [58]. Nevertheless, other studies 
show the opposite; in a diabetic mice and rat model, hyperglycemia (>500 mg/dL) 
increases the expression of adhesion molecules such as Fc gamma RII/III, ICAM-1, 
Mac-1, −2 [59, 60].

C3 is a central component of the complement system, and its activation into C3b 
is critical for bacterial opsonization and phagocytosis. Diabetic patients have elevated 
levels of C3 and C4 in addition to having a decreased ability to fix complement by IgG 
[61]. In hyperglycemic conditions, C3 suffers conformational changes that make it 
unable to initiate the complement pathway or act as an opsonin, despite the fact that it 
can adhere to bacteria such as Staphylococcus aureus [62, 63].

Phagocytic cells display in their cell membranes different types of Fc receptors 
(FcR), and depending on the activation of these receptors, the phagocyte will exert 
a different function through second messengers. Insulin can promote changes in the 
phosphorylation of second messengers, and therefore, it can modify the phagocytic 
cell response with respect to the glycemia levels based on the presence of the FcR 
activity, which uses cAMP for signal transduction. In hyperglycemic states, mon-
ovalent cations are altered through the FcR functions in the ionic channels so that 
phagocytosis would be affected by the modifications in the glycolysis pathway [64].

The production of intracellular ROI is often diminished in neutrophils from 
diabetic persons, which makes them more susceptible to infections. If the glycolysis 
pathway is modified, phagosome maturation is also altered, mainly with a reduction 
in the acidification and bactericidal capacity [65]. The molecule C5a has been found 
incremented in obesity and T2DM [66]. It has been observed that when neutrophils 
from critical patients are challenged with S. aureus, the molecule C5a impacts the 
phagosome maturation, preventing their acidification [67].

In diabetic rats, a decrease in the activity of the glyceraldehyde-6-phosphate dehy-
drogenase enzyme is observed, which indicates that the pentose pathway is dimin-
ished in the leukocytes from these animals. Leukocytes with reduced activity of this 
enzyme present damage in phagocytosis, bactericidal activity, and superoxide anion 
production. In addition, the decreased glucose flux through the pentose phosphate 
pathway reduces the NADPH and ribose 5-phosphate production, which might be 
related to a neutrophil malfunction in the diabetic state [65].

Another pathway that affects the bactericidal capacity is the polyol pathway. In 
hyperglycemic states and obesity, there is stress due to an increase in free radicals, 
which affects the endoplasmic reticulum of the phagocytic cells; enzymes such as the 
aldose reductase are activated, which reduces the glucose excess to sorbitol (polyol 
pathway). This pathway is characterized by an increase in NADPH consumption, 
leaving less and less substrate for the phagocytic function [68, 69] (Figure 2).
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6. Therapeutic strategies

Even though obesity-related metabolic diseases are treated with drugs, some 
therapeutic alternatives that favor phagocytosis restoration are described here.

In search of improving the phagocytic capacity, which is deficient due to meta-
bolic diseases such as obesity, several solutions have been proposed; among them, 
the use of probiotics stands out. Probiotics are defined as live microorganisms that 
have beneficial effects on the host’s health when consumed [70]. These beneficial 
effects result from a wide range of actions that they exert, among which are the 
regulation of inflammation by increasing IL-10 expression [71] and the modulation 
of the expression of COX-2, and the activation of TLR4 [72]. In addition, probiotics 
can modulate insulin sensitivity [73] or decrease the individual’s weight or dyslip-
idemia degree [73, 74], or act directly on the phagocyte, by increasing IFN gamma 
production, improving phagocytosis and increasing the expression of complement 
receptors [75].

Probiotics have an immunomodulatory function, and it has been found that their 
consumption can regulate the macrophage phagocytic activity against several patho-
gen agents, such as Aggregatibacter actinomycetemcomitans, a pathogen bacterium that 
affects the oral mucosa. When the Lactobacillus johnsonii NBRC 13952 probiotic is 
present, it increments the phagocytic activity and optimizes the bactericidal capacity 

Figure 2. 
Phagocytic alterations in obesity. Increased FFAs, ROS, NO, advanced glycation end products (AGEs), DAMPs, 
and glucose in the microenvironment impact phagocytic cells, especially Nt and Mo. (1) Chemotaxis is decreased 
due to the high expression of 1 alpha acidic glycoprotein (1-α AGP) and G-2 protein-coupled kinase (GRK-2) 
and the low expression of the chemotaxis molecule CXCR2. (2) High protein kinase C (PKC) levels increase the 
expression of adhesion molecules such as e-selectin, p-selectin, and intracellular adhesion molecule 1 (ICAM-1).
(3) Endocytosis is affected due to the reduction of opsonins such as C3 and C4 and the decrease in the expression 
of the immunoglobulin Fc region receptor. (4) Lower function of the enzyme G6PDH and higher C5a prevents the 
proper maturation of the phagosome. (5) The production of intracellular ROS, which hold bactericidal activity, 
is also diminished due to decreased G6PDH activity. (6) Excess glucose is reduced to sorbitol, which increases the 
consumption of NADPH, making it less available for phagocytosis. Created with BioRender.com.
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of the macrophages, thus avoiding infection [76]. In the same way, the consumption 
of Lactobacillus rhamnosus HN001 and Lactobacillus acidophilus for four weeks by 
elderly subjects incremented their phagocytic capacity. With this immune stimulus, 
an improvement in the health of this population sector is sought [77].

Some of the mechanisms by which probiotics exert their action are still unknown, 
not to mention that these mechanisms also differ between the strains used for this 
purpose. Nevertheless, it has been demonstrated that probiotics secrete molecules 
that can regulate several functions, as is the case for L. rhamnosus strain GG (LGG). 
When macrophages were exposed to LGG-conditioned media, their phagocytic and 
bactericidal activity was increased up to sixfold. This activity was associated with an 
increment in free radicals production, with the activation of NADPH oxidase, and a 
slight increase in nitric oxide generation [78].

Another way that is being explored to counteract the metabolic changes and 
improve the phagocytic function is through organic compounds such as resolvins. 
These are a group of molecules derived from omega-3 fatty acids [79] that have a 
positive effect on decreasing obesity and increasing the phagocytic and bactericidal 
capacity. How this effect is attained is still under investigation, though a blockade of 
the Akt pathway and the mitogen activated protein kinase phosphorylation seems to 
be involved [80].

Macrophages from obese patients exhibit a deficiency in the expression of growth 
differentiation factor 15 (GDF-15), which is essential for the oxidative metabolism 
in M2 macrophages and suppresses M1 macrophages, increasing inflammation and 

Figure 3. 
Alternatives for the recovery of an adequate phagocytosis. Statins increase opsonization improving phagocytosis. 
The presence of omega-3 fatty acids (ω3FAs) and their derivates, such as the resolvins, reduce obesity, help 
the M2 differentiation of macrophages, increase phagocytosis, and increase insulin sensitivity. Melatonin 
increments phagocytosis besides having antioxidant action and modulates obesity. Probiotics generate changes 
that immunomodulate the microenvironment leading to an improvement in the use of energetic resources, increase 
the production of anti-inflammatory cytokines (IL-10), diminish the presence of FFAs, and improve all the 
phagocytic process. Created with BioRender.com
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IR. The administration of GDF-15 to obese mice reverts IR, mitochondrial oxidative 
alterations (improving bactericidal and phagocytosis capacity), and macrophage 
differentiation, making it a good prospect for obesity treatment [81].

Another condition that can modify the phagocytosis process is the presence of 
hormones such as melatonin. There is evidence that lactating obese women pos-
sess phagocytes with high melatonin concentrations compared to women with a 
normal BMI. Melatonin promotes the activity of the colostrum phagocytes through 
G protein-coupled receptors, improving dectin-1 expression, an important type C 
lectin receptor crucial in proinflammatory responses such as cytokine production, 
ROI production, and phagocytosis [82]. The melatonin in the colostrum macrophages 
increases superoxide release in phagocytosis, but it also has cytoprotective effects 
with an antioxidant function depending on the dose, cellular targets, and exposi-
tion time. Considering these functions, the high levels of melatonin present in the 
colostrum of high-BMI women could be a mechanism of protection against child-
hood obesity, as obese individuals have reduced melatonin levels. On the other hand, 
melatonin promotes colostrum phagocytes’ activity, which could be important for the 
protection of the lactating newborn (Figure 3) [83, 84].

7. Conclusion

Obesity is a chronic, multifactor illness. Data have been reported that relates 
obesity to alterations in the immune system in obese children, adolescents, and adults. 
Neutrophils from obese and diabetic individuals show a deteriorated phagocytic func-
tionality that is manifested by a reduced chemotaxis, phagocytosis, and intracellular 
reactive oxygen species production.

Some therapeutic alternatives for the recovery of an adequate phagocytosis have 
been reported, such as probiotics, resolvins, statins, administration of GDF-15, and 
melatonine, but future research is needed to fully understand the aberrant neutrophil 
function in obesity and other obesity-related complications.
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Chapter 12

Harnessing Phagocytosis for 
Cancer Treatment
Alok K. Mishra

Abstract

Phagocytosis is a critical component of the body’s immune response,  essential 
for preventing and controlling infections and defending against cancer cells. 
Macrophages and dendritic cells are the primary immune cells responsible for phago-
cytosis, recognizing and engulfing abnormal cells, including cancer cells. Although 
phagocytosis can prevent the spread of cancer cells by destroying them in a healthy 
immune system, cancer cells may evade this immune mechanism and form tumors. 
As an emerging therapeutic strategy, boosting phagocytosis is being utilized to 
target and eliminate cancer cells. This chapter provides an overview of the role of 
phagocytosis in cancer prevention and progression, highlighting its significance in 
the body’s immune response to cancer. Furthermore, it explores various strategies and 
approaches to harness the power of phagocytosis in the fight against cancer.

Keywords: phagocytosis, ADCP, immune checkpoints, immunity, tumor 
microenvironment, rituximab, trastuzumab, dendritic cells

1. Introduction

In the 1880s, Elie Metchnikoff, who studied marine invertebrates, observed 
special cells that were capable of attacking tiny thorns in starfish larvae. This was his 
first discovery of phagocytosis. For his pioneering work in cellular immunity, he was 
awarded the Nobel Prize alongside Paul Ehrlich in 1908 [1].

Phagocytosis is basically referred to as the ingestion of food particles by unicel-
lular organisms, but in multicellular organisms, it is a specialized process carried out 
by phagocytes, which are a set of specialized cells. The examples of phagocytes in 
vertebrates include neutrophils, macrophages, monocytes, dendritic cells, osteoclasts, 
and eosinophils [2].

In the context of cancer, phagocytosis plays a crucial role in the body’s defense 
against malignant cells. Normally, phagocytic cells, such as macrophages are respon-
sible for recognizing and engulfing cancer cells, thereby preventing their spread 
and growth. However, in some cases, cancer cells can evade the immune system by 
modifying their surface antigens or secreting cytokines that suppress the recognition 
ability and activity of phagocytic cells [3, 4].

Macrophages and dendritic cells are the two key components of the innate immune 
system that play a crucial roles in defending the human body against emerging 
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threats. These cells not only help in eliminating newly transformed cells, but also 
play a vital role in activating the adaptive immune system when needed. Despite their 
important role in immune surveillance, there is growing evidence that the polariza-
tion of these phagocytes by tumor-derived factors can lead to a pro-tumorigenic 
response [5, 6].

The recent discoveries of phagocytic immune checkpoints, such as CD47, 
LILRB1/2, CD24 and PDL-1, has revitalized the field of phagocytosis research [7–10]. 
These checkpoints can be targeted to enhance phagocytic activity and increase the 
efficiency of immune surveillance. Additionally, the development of neo-antigen-
based cancer vaccines that utilize the phagocytic characteristics of dendritic cells has 
provided new avenues for cancer treatment [11–14].

In this chapter, I will provide an overview of phagocytic process and its role in 
tumor biology as well as present the fundamental concepts of this field of research. 
I will also examine how phagocytes can be harnessed as a tool for cancer therapy and 
the potential of utilizing these cells in combination with other treatments to achieve 
improved outcomes.

2. Phagocytosis of cancer cells

Cellular phagocytosis is a complex process that involves the recognition and 
engulfment of target cells, including cancer cells, by specialized cells known as 
phagocytes. Phagocytes such as macrophages and dendritic cells are equipped with 
surface receptors that can recognize pro-phagocytic signals or “eat me” signals on 
the surface of the target cells. For example, the presentation of calreticulin (CALR) 
on the surface of cancer cells is one such signal that helps macrophages and dendritic 
cells to recognize and initiate the phagocytic process.

The process of phagocytosis of cancer cells can be broken down into five main 
steps: recognition, activation, engulfment, digestion, and elimination. In the recogni-
tion step, phagocytes identify and bind to the target cells, leading to the activation of 
the phagocyte. In the activation step, the phagocyte is stimulated to engulf the target 
cell, leading to its internalization. The engulfment step is followed by the digestion of 
the target cell, in which it is broken down and degraded within the phagocyte. Finally, 
the elimination step involves the removal of the digested material from the phago-
cyte, which may occur through exocytosis.

In addition to phagocytosis, both macrophages and dendritic cells play an impor-
tant role in activating the adaptive immune response against cancer cells. These cells 
can present antigens from cancer cells to T cells, which are responsible for recognizing 
and eliminating cancer cells in a specific manner. This process is crucial for effective 
anti-cancer immune responses, and its failure can contribute to cancer progression 
and the development of immune evasion mechanisms [15–19].

3. Anti-body dependent cellular phagocytosis (ADCP)

The process of phagocytsis is also facilitated by anti-bodies formed against the 
surface antigen. This form of phagocytosis is called anti-body dependedent cellular 
phagocytosis or ADCP.

ADCP allows immune cells, such as macrophages and dendritic cells, to recognize 
and engulf cancer cells. This is achieved through the binding of specific antibodies to 
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the cancer cells, creating a bridge that enables the immune cells to phagocytose the 
cancer cells. These antibodies can either be naturally produced by the body or artifi-
cially engineered to target cancer cells.

Fcγ receptors play a crucial role in cancer cell phagocytosis by antibody-dependent 
cell phagocytosis (ADCP). These receptors are present on the surface of macrophages 
and other immune cells and recognize the constant region (Fc region) of antibodies 
bound to antigens on the surface of cancer cells. This recognition event triggers the 
phagocytosis of the cancer cell by the immune cells [20, 21].

ADCP plays a crucial role in the body’s natural defense mechanism against cancer 
and is a key component of some immunotherapies used for cancer treatment. For 
instance, monoclonal antibody therapy utilizes engineered antibodies that target 
specific cancer cells and trigger ADCP, leading to the destruction of the cancer cells 
by immune cells (Table 1) [20, 21, 43, 44].

3.1 Anti-CD20 (Rituximab)

Rituximab, also known as Anti-CD20, is a monoclonal antibody targeting the 
CD20 antigen expressed on the surface of malignant B-cells. CD20 is a transmem-
brane glycoprotein found on the surface of pre-B and mature B-lymphocytes and 
is used as a therapeutic target for the treatment of B-cell malignancies such as non-
Hodgkin’s lymphoma (NHL) and chronic lymphocytic leukemia (CLL) [23, 45].

Rituximab works by binding to the CD20 antigen on the surface of cancer cells, 
leading to antibody-dependent cellular phagocytosis (ADCP) and subsequent 
destruction of the cancer cells by immune cells. ADCP is a mechanism in which 
immune cells, such as macrophages and dendritic cells, are able to recognize and 
engulf cancer cells through the binding of antibodies to the cancer cells [46–48].

Monoclonal Antibody Target Cancer type Trigger of 
ADCP

Ref.

Rituximab CD20 Non-Hodgkin lymphoma, 
chronic lymphocytic leukemia

Fcγ receptors [22, 23]

Trastuzumab HER2 HER2-positive Breast Cancer
HER2-positive gastric

Fcγ receptors [24–26]

Cetuximab EGFR Colorectal cancer, head neck 
cancer

Fcγ receptors [27, 28]

Bevacizumab VEGF Colorectal cancer, non- small 
cell lung cancer, glioblastoma

Not well 
defined

[29–31]

Alemtuzumab CD52 Chronic lymphocytic leukemia Fcγ receptors [32, 33]

Ofatumumab CD20 Chronic lymphocytic leukemia Fcγ receptors [34, 35]

Atezolizumab PD-L1 Non-small cell lung cancer, 
bladder cancer

Fcγ receptors [36–38]

Durvalumab PD-L1 Non-small cell lung cancer, 
bladder cancer

Fcγ receptors [39, 40]

Avelumab PD-L1 Non-small cell lung cancer, 
bladder cancer

Fcγ receptors [41, 42]

Table 1. 
lists some examples of clinically used monoclonal antibodies that utilize ADCP to treat cancers.
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3.2 Anti-HER2 (Trastuzumab)

Trastuzumab is a monoclonal antibody targeting the human epidermal growth factor 
receptor 2 (HER2) protein. This protein is overexpressed in some breast cancers and 
is associated with an aggressive form of the disease. Trastuzumab works by binding to 
HER2 on the surface of cancer cells, leading to antibody-dependent cellular phagocytosis 
(ADCP). This process signals immune cells to engulf and destroy the cancer cells [49].

Trastuzumab has been shown to improve response rates and survival outcomes 
in patients with HER2-positive breast cancer [25, 26]. It is often used in combination 
with chemotherapy (e.g. paclitaxel, doxorubicin) and/or radiation therapy. Studies 
have demonstrated its clinical efficacy, such as the “HERA” trial which showed 
improved disease-free survival in HER2-positive breast cancer patients receiving 
Trastuzumab and chemotherapy (Figure 1) [50].

4. Mechanism of evasion of cellular phagocytosis by cancer cells

Phagocytosis plays a vital role in preventing the spread and growth of cancer cells 
by eliminating them. However, cancer cells can often evade the immune system, 
reducing the effectiveness of phagocytosis. They empoly several molecular and cel-
lular mechanisms to evade phagocytosis mediated killing by phagocytes [51–56].

I. Modifying surface antigens: Cancer cells can modify their surface antigens 
to evade recognition by phagocytic cells. This can include changes to proteins, 
lipids, or carbohydrates on the cell surface.

Figure 1. 
(A) Steps involves in phagocytosis mediated killing of cancer cells, and (B) antibody-dependent cellular 
phagocytosis. (ADCP); Monoclonal antibodies (mAbs) (e.g., Rituximab) can bind to both macrophages and 
tumor cells, leading to the formation of a complex that triggers ADCP. As a result, macrophages engulf the tumor 
cells that are opsonized by antibodies. The figure was created using BioRender.com.
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II. Suppressing phagocytic activity: Cancer cells can secrete cytokines and chemo-
kines that suppress the activity of phagocytic cells. This can reduce the efficiency 
of phagocytosis and allow cancer cells to proliferate.

III. Inducing immune tolerance: Cancer cells can induce immune tolerance by 
producing molecules that activate regulatory T cells, which suppress the immune 
response. This can reduce the phagocytic activity of immune cells and allow 
cancer cells to evade destruction.

IV. Hiding in immune privileged sites: Some cancer cells can hide in immune 
privileged sites, such as the central nervous system or the eye, where they are 
protected from the immune response and phagocytosis.

V. Expressiong phagocytic checkpoints: Cancer cells can also stimulate a 
phagocytosis-resistant phenotype by altering the expression of surface 
proteins and other molecular markers that can acts as immune checkpoint. 
These immune checkpoint are popularly known as “Do not eat me signal” 
these signals can make the cancer cells less recognizable to phagocytic cells 
and reduce the efficiency of phagocytosis. Following are the known immune 
checkpoints axes that have been extensively studies and targeted for cancer 
tratement.

4.1 The immune checkpoints and inhibitors

Immune checkpoints help regulate immune responses and prevent overactive 
immune responses.

One type of immunotherapy is checkpoint inhibition, which targets 
immune checkpoint molecules to release the brakes on the immune system and 
enhance its ability to attack cancer cells. ICIs have shown promising results in 
preclinical studies and is being actively investigated as a potential treatment for 
cancer.

Checkpoint inhibition is currently a highly active area of research in the field of 
cancer treatment, with the aim of developing effective immunotherapies that can help 
improve patient outcomes and provide new treatment options for cancer patients. 
Following are some examples of the phagocytic immune checkpoint axes that has 
been targeted to treat various types of cancers.

4.2 CD47- SIRPα

CD47 is a protein that can be found on the surface of various cells, including 
cancer cells. Its primary function is to act as a “do not eat me” signal that prevents 
phagocytosis, the process by which phagocytic cells destroy other cells. This is 
achieved by CD47 interacting with its receptor, SIRPα, which inhibits the activa-
tion of phagocytic pathways, ultimately blocking phagocytosis. The CD47-SIRPα 
interaction is a crucial component of immune tolerance, helping to differentiate 
between self and non-self and prevent the destruction of healthy cells. Despite its 
role in immune tolerance, researchers are investigating the potential for using the 
CD47-SIRPα interaction as a strategy for cancer therapy. By blocking this interac-
tion, the phagocytic ability of the immune system can be enhanced, which may 
lead to increased removal of cancer cells. This can be achieved through the use of 
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anti-CD47 monoclonal antibodies or small molecule inhibitors of the CD47-SIRPα 
interaction, such as Hu5F9-G4 or Sen177. This approach has promising potential as a 
cancer therapy strategy (Table 2) [14, 45, 56, 62–66].

4.3 CD24-SIGLEC10

CD24 and SIGLEC10 are cell surface markers expressed on immune cells. CD24 
is primarily expressed on certain B cells and SIGLEC10 is expressed on immune cells 
called macrophages and myeloid-derived suppressor cells. Both CD24 and SIGLEC10 
have been shown to act as immune checkpoint molecules, meaning they help regulate 
immune responses and prevent overactive immune responses.

Targeting CD24 and SIGLEC10 with immunotherapies has shown promising 
results in preclinical studies and is being actively investigated as a potential treatment 
for cancer [8, 9].

Inhibitor Type Target Mechanism of 
action

Clinical status Cancer types 
being studied

Ref.

Hu5F9-G4 
(5F9)

Monoclonal 
antibody

CD47 Blocks CD47-
SIRPα interaction, 
promoting 
phagocytosis of 
cancer cells

In clinical trials Various types [57]

TTI-621 Fusion 
protein

CD47 Blocks CD47-
SIRPα interaction, 
promoting 
phagocytosis of 
cancer cells

In clinical trials Hematologic 
malignancies

[58]

CC-90002 Monoclonal 
antibody

CD47 Blocks CD47-
SIRPα interaction, 
promoting 
phagocytosis of 
cancer cells

In preclinical 
development

Various types [59]

AO-176 Monoclonal 
antibody

CD47 Enhances 
phagocytosis of 
cancer cells by 
macrophages

In preclinical 
development

Various types [60]

ALX148 Fusion 
protein

CD47 Blocks CD47-
SIRPα interaction, 
promoting 
phagocytosis of 
cancer cells

In clinical trials Various types [61]

JTX 8064 Humanized 
anti-LILRB2 
IgG4 mAb

LILRB2 Blocks LILRB2 
interaction with its 
ligands, promoting 
phagocytosis of 
cancer cells

Phase I/II 
NCT04669899

Various types [14]

Anti-
CD24(SN3)

Monoclonal 
antibody

CD24 Targets and Induces 
phagocytosis of 
CD24+ cancer cells 
by TAMs

In preclinical 
development

Breast cancer, 
Ovarian cancer

[8]

Table 2. 
Some examples of immune check point inhibitors that induces cellular phagocytosis.
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4.4 LILRB1/2

LILRB1 and LILRB2 are members of the leukocyte immunoglobulin-like receptor 
(LILR) family of receptors and are expressed on phagocytic cells such as macro-
phages, dendritic cells, and monocytes. These receptors serve as phagocytic check-
points by regulating the phagocytic activity of these immune cells and modulating 
their ability to engulf and degrade pathogens and cellular debris. LILRB1 and LILRB2 
can also regulate the immune response by modulating the activation and function 
of T cells and natural killer cells. In this way, they play a crucial role in maintain-
ing immune homeostasis and preventing overactive immune responses. Studies 
have shown that LILRB1 and LILRB2 can also be exploited by cancer cells to evade 
the immune system and persist in the body. In light of these findings, the targeting 
of these receptors as phagocytic checkpoints has gained attention as a promising 
strategy in cancer immunotherapy. Inhibiting the activity of LILRB1 and LILRB2 has 
been shown to enhance the phagocytic activity of immune cells and improve their 
ability to target and clear cancer cells. This has led to ongoing research in the field of 
cancer immunotherapy to further explore the potential of targeting these receptors as 
phagocytic checkpoints [14, 67, 68].

4.5 PDL-1-PD1

PD-1 (programmed cell death protein 1) and its ligand PD-L1 (programmed 
cell death ligand 1) are proteins that are involved in regulating the immune 
response. They are known as immune checkpoint molecules because they prevent 
the immune system from overreacting and attacking healthy tissues. Traditionally, 
PD-1/PD-L1 has been viewed as a T cell immune checkpoint, where PD-1 on the 
surface of T cells interacts with PD-L1 on the surface of other cells, including can-
cer cells and antigen-presenting cells. This interaction leads to the inhibition of T 
cell activity, which prevents the immune system from attacking healthy tissues and 
can allow cancer cells to evade the immune system. However, recent research has 
also shown that PD-1/PD-L1 is involved in regulating phagocytosis. PD-L1 can be 
expressed on the surface of tumor cells and other cells, and when it interacts with 
PD-1 on the surface of phagocytes, it inhibits their ability to perform phagocytosis. 
This means that by blocking the interaction between PD-1 and PD-L1, it may be 
possible to enhance the ability of phagocytes to remove foreign particles and to 
enhance the immune response against cancer cells. As a result, there is growing 
interest in the development of drugs that target PD-1/PD-L1 for the treatment of 
cancers [18, 69].

5. Small molecule inducers of Phagocytosis

Small molecule activators of macrophages offer a potential alternative to tra-
ditional cancer treatments, such as chemotherapy and radiation therapy, and may 
also be used in combination with other cancer treatments for a more comprehensive 
approach to cancer therapy. The goal of using small molecule activators is to enhance 
the natural ability of macrophages to recognize and eliminate cancer cells, poten-
tially leading to cancer elimination. This type of therapy is still in the early stages 
of development, but has shown promising results in preclinical studies and early 
clinical trials.
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Some examples of small molecule activators of macrophages include:

1. CSF-1R inhibitors: These are drugs that target the colony-stimulating factor 1 re-
ceptor (CSF-1R), a protein that regulates the growth and survival of macrophages. 
By inhibiting CSF-1R, these drugs can deplete the pro-tumerogenic tumor associ-
ated macrophages or repolarize them to anti-tumerigeneic thereby, enhancing 
their ability to phagocytize cancer cells (e.g. Emactuzumab, Pexidartinib) [70, 71].

2. Toll-like receptor (TLR) agonists: TLRs are proteins found on the surface of im-
mune cells that help to detect and respond to pathogens. TLR agonists are drugs 
that mimic the action of pathogens and activate TLRs, leading to increased acti-
vation and phagocytic capacity of macrophages (e.g., IMO-2125) [72–74].

5.1 Cell-based therapies

Phagocyte-based cell therapies are a type of cancer treatment that leverage the 
phagocytic properties of immune cells to eliminate cancer cells. One example of such 
a therapy is dendritic cell (DC) vaccines, which involve extracting dendritic cells from 
the patient’s blood, enriching them with tumor-associated antigens, and then reintro-
ducing them into the patient. The enriched DCs then travel to the lymph nodes, where 
they display the antigens to T-cells, eliciting an immune response against the cancer 
cells [75–77].

Additionally, researchers have developed enginnered macrophages and CAR 
(chimeric antigen receptor) macrophages as alternative forms of phagocyte-based cell 
therapy to combat cancer [78, 79].

5.2 Dendritic cells based cancer vaccines

Dendritic cells (DCs) are specialized antigen-presenting cells that originate from 
bone marrow progenitors. They can take up and process antigens through various 
mechanisms such as phagocytosis, receptor-mediated endocytosis, or micropinocy-
tosis, depending on the type of antigen and their activation status. DCs can recognize 
antigens associated with pathogen-associated molecular patterns (PAMPs) or dam-
age-associated molecular patterns (DAMPs). These processed antigens are presented 
on the surface of DCs by MHC I or MHC II molecules to CD4+ or CD8 + T-cells, 
respectively (Figure 2).

DCs can activate various immune cells including naïve and memory T-cells, 
natural killer (NK) cells, and natural killer T (NKT) cells, making DC vaccines a 
promising approach for cancer immunotherapy. Recent clinical trials have shown that 
tumor-antigen-preloaded DCs can initiate anti-tumor immune responses in patients, 
indicating the potential of DCs in cancer therapy.

The production of a DC vaccine involves several steps. First, tumor cells are 
obtained during surgical resection of the patient’s tumor. These tumor cells contain 
specific antigens that are unique to that patient’s tumor.

Next, the patient’s peripheral blood monocytes are obtained through a process 
called leukapheresis. These monocytes are then differentiated ex vivo (outside the 
body) into dendritic cells, which are antigen-presenting cells that can activate  
the immune system’s T-cells. The dendritic cells are then “trained” to recognize the 
patient’s tumor cells. This is done by ex vivo pulsing the dendritic cells with tumor 
lysate or peptides derived from the patient’s own tumor cells.
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After the dendritic cells are trained, they are injected back into the patient. The 
injected DC-vaccine enables the dendritic cells to present the tumor antigens to the 
patient’s CD4 and CD8 T-cells, which are part of the adaptive immune system.  
The T-cells then become activated a exerts highly specific immune response against 
the patient’s tumor cells. This specific immune response can lead to the killing of the 
tumor cells, as well as the prevention of further tumor growth (Figure 3).

The aim of these vaccines is to activate the patient’s immune system against 
the cancer cells, with the hope of inducing remission or eradication of the cancer. 

Figure 2. 
Illustration of dendritic cell maturation and antigen presentation to T cells. Figure downloaded from Biorender.
com(on 02.15.2023).

Figure 3. 
Illustrates the mechanism of action of a DC vaccine in the body. The vaccine involves the ex vivo maturation and 
loading of dendritic cells with tumor-associated antigens (TAA). Once the vaccine is administered, the activated 
T cells that are specific to the TAA circulate throughout the body, searching for cancer cells that express the same 
antigen. Upon encountering a cancer cell, the T cells attach to it and unleash their cytotoxic activity. The figure 
was created using BioRender.com.
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Although still in the early stages of development, dendritic cell-based cancer vaccines 
have shown promising results in clinical trials, particularly when combined with 
other immunotherapy treatments (Figure 3) [80–82].

Follwing are some examples of dendritic cell-based cancer vaccines.

1. PROSTVAC-V/F: This vaccine is based on a virus that has been engineered to 
produce prostate-specific antigens (PSAs). The vaccine is designed to stimulate 
an immune response against prostate cancer cells that express PSAs [83].

2. DCVAC/PCa: This vaccine is based on dendritic cells that have been exposed to 
antigens from prostate cancer cells. The vaccine is designed to stimulate an im-
mune response against prostate cancer cells [84].

3. DCVax-L: The experimental vaccine therapy known as DCVax®-L is created 
using dendritic cells that are loaded with cell extracts or lysates from the cancer 
cells of the patient. Its purpose is to trigger the patient’s immune system to gener-
ate a response against the particular cancer cells of the patient. This treatment is 
intended for brain tumor patients (NCT00045968) [85].

5.3 CAR-macrophages

CAR (Chimeric Antigen Receptor) macrophages are a type of genetically modified 
macrophages that have been engineered to enhance their phagocytic ability. CAR 
macrophages are created by introducing a CAR gene into the macrophages, which 
codes for a chimeric antigen receptor. This CAR allows the macrophages to specifi-
cally target and phagocytize specific cells, such as cancer cells, by recognizing specific 
antigens present on their surface [79]. The goal of this technology is to create a new 
way to fight cancer and other diseases by harnessing the natural abilities of macro-
phages to engulf and destroy unwanted cells.

CAR-M therapies have demonstrated the ability to eliminate tumor cells both in 
vitro and in preclinical in vivo models. In vitro, human CAR-M have been shown to 
exhibit antigen-specific phagocytosis, as well as secretion of cytokines/chemokines 
and the ability to kill target antigens [79]. In two immunodeficient NSG xenograft 
models, a single dose of anti-HER2 CAR-M significantly reduced the burden of 
tumors and prolonged overall survival against HER2+ SKOV3 tumors. Additionally, 
CAR-M that were administered intravenously (IV) were found to localize to tumors 
in several xenograft models and persisted in tumor-free mice (primarily within the 
liver) for at least 62 days, as detected by whole-body bioluminescent imaging. In 
vitro analysis further demonstrated that CAR-M were capable of coordinating an 
antitumor T cell response by recruiting T cells and cross-presenting antigens from 
phagocytosed cells [19, 86, 87].

5.4 Using nanoparticles to promote phagocytosis

Another way to potentially enhance the phagocytic response is through the use of 
nanoparticles. Nanoparticles have been extensively studied for their ability to induce 
macrophage polarization states, as different types of nanoparticles can influence mac-
rophage polarization toward either a pro-inflammatory (M1) or anti-inflammatory 
(M2) phenotype. When tumor-associated macrophages (TAMs) recognize nanopar-
ticles as foreign, they will engulf them via phagocytosis, releasing the contents of the 
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nanoparticle within the TAMs. Therefore, nanoparticles can be loaded with drugs 
or contents designed to induce macrophage polarization toward a more phagocytic 
phenotype, reprogramming them with an affinity for phagocytosis. This makes 
nanoparticles a potentially attractive vehicle for delivering therapeutic agents that can 
boost the immune response against cancer [88, 89].

Additionally, recent studies have shown that nanoparticles can be designed to not 
only enhance the phagocytic response, but also to help stimulate an anti-tumor T cell 
response by recruiting T cells and cross-presenting antigens from phagocytosed cells. 
This highlights the potential for nanoparticles to be used in combination with other 
immunotherapies, such as CAR-T cells or checkpoint inhibitors, to further enhance 
the immune response against cancer [55, 88, 89].

6. Conclusion

Macrophages and dendritic cells play a crucial role in preventing the growth of 
cancer cells by recognizing, engulfing, digesting, and eliminating them through 
phagocytosis. This process is a key aspect of the body’s defense against cancer, but 
cancer cells can develop various mechanisms to evade immune-mediated killing. 
Understanding these immune evasion mechanisms is important for developing strate-
gies to improve phagocytic activity in cancer patients and enhance the effectiveness of 
cancer treatments. In recent years, there has been growing interest in using immune 
checkpoint inhibitors and engineered cell-based immunotherapies to enhance 
phagocytic activity in cancer patients. In conclusion, phagocytosis is an important 
cellular process in the body’s defense against cancer, and it plays a crucial role in the 
development of immunotherapies for the treatment of cancer. Overall, this chapter 
underscores the importance of phagocytosis in cancer prevention and treatment, and 
highlights the potential for using this process to develop novel and effective cancer 
therapies.

Acknowledgements

I acknowledge Late Prof. Michael Green, and the Department of Molecular Cell 
and Cancer Biology, UMass Chan Medical School, for providing all the necessary 
resources and support.

Conflict of interest

The author declare no conflict of interest.



Phagocytosis – Main Key of Immune System

208

Author details

Alok K. Mishra
Department of Molecular, Cell and Cancer Biology, UMass Chan Medical School, 
Worcester, USA

*Address all correspondence to: alok.mishra@umassmed.edu

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Harnessing Phagocytosis for Cancer Treatment
DOI: http://dx.doi.org/10.5772/intechopen.110619

209

References

[1] Tauber AI. Immunity: How Elie 
Metchnikoff changed the course 
of modern medicine by Luba 
Vikhanski. Bulletin of the History of 
Medicine;91(1):140-142. DOI: 10.1353/
bhm.2017.0015

[2] Rabinovitch M. Professional 
and non-professional phagocytes: 
An introduction. Trends in Cell 
Biology. 1995;5:85-87. DOI: 10.1016/
S0962-8924(00)88955-2

[3] Wagner M, Koyasu S. Cancer 
immunoediting by innate lymphoid cells. 
Trends in Immunology. 2019;40(5):415-
430. DOI: 10.1016/j.it.2019.03.004

[4] Dunn GP, Old LJ, Schreiber RD.  
The immunobiology of cancer 
immunosurveillance and immunoediting. 
Immunity. 2004;21(2):137-148. DOI: 
10.1016/j.immuni.2004.07.017

[5] Sica A, Larghi P, Mancino A, 
Rubino L, Porta C, Totaro MG, et al. 
Macrophage polarization in tumour 
progression. Seminars in Cancer Biology. 
2008;18(5):349-355. DOI: 10.1016/j.
semcancer.2008.03.004

[6] Ma Y, Shurin GV, Peiyuan Z, 
Shurin MR. Dendritic cells in the cancer 
microenvironment. Journal of Cancer. 
2013;4(1):36-44. DOI: 10.7150/jca.5046

[7] Pouliliou S, Nikolaidis C, 
Drosatos G. Current trends in cancer 
immunotherapy: a literature-mining 
analysis. Cancer Immunology, 
Immunotherapy. 2020;69:2425-2439. 
DOI: 10.1007/s00262-020-02630-8

[8] Barkal AA, Brewer RE, 
Markovic M, Kowarsky M, Barkal SA, 
Zaro BW, et al. CD24 signalling through 
macrophage Siglec-10 is a target 

for cancer immunotherapy. Nature. 
2019;572(7769):392-396. DOI: 10.1038/
s41586-019-1456-0

[9] Yin SS, Gao FH. Molecular 
Mechanism of Tumor Cell Immune 
Escape Mediated by CD24/Siglec-10. 
Frontiers in Immunology. 2020;11:1324. 
DOI: 10.3389/fimmu.2020.01324

[10] Mantovani A, Allavena P, 
Marchesi F, Garlanda C. Macrophages 
as tools and targets in cancer therapy. 
Nature Reviews. Drug Discovery. 
2022;21(11):799-820. DOI: 10.1038/
s41573-022-00520-5

[11] Steinman RM, Banchereau J. Taking 
dendritic cells into medicine. Nature. 
2007;449(7161):419-426. DOI: 10.1038/
nature06175

[12] Yu J, Sun H, Cao W, Song Y, Jiang Z. 
Research progress on dendritic cell vaccines 
in cancer immunotherapy. Experimental 
Hematology & Oncology. 2022;11(1):3. 
DOI: 10.1186/s40164-022-00257-2

[13] Marciscano AE, Anandasabapathy N. 
The role of dendritic cells in cancer 
and anti-tumor immunity. Seminars 
in Immunology. 2021;52:101481. DOI: 
10.1016/j.smim.2021.101481

[14] Mishra AK, Ali A, Dutta S, 
Banday S, Malonia SK. Emerging trends 
in immunotherapy for cancer. 
Diseases. 2022;10(3):60. DOI: 10.3390/
diseases10030060

[15] Gordon S. Phagocytosis: An 
immunobiologic process. Immunity. 
2016;44(3):463-475. DOI: 10.1016/j.
immuni.2016.02.026

[16] Rosales C, Uribe-Querol E. 
Phagocytosis: A Fundamental Process 
in Immunity. BioMed Research 



Phagocytosis – Main Key of Immune System

210

International. 2017;2017:9042851. DOI: 
10.1155/2017/9042851

[17] Uribe-Querol E, Rosales C. 
Phagocytosis: Our Current Understanding 
of a Universal Biological Process. Frontiers 
in Immunology. 2020;11:1066. DOI: 
10.3389/fimmu.2020.01066

[18] Feng M, Jiang W, Kim BYS, 
Zhang CC, Fu YX, Weissman IL. 
Phagocytosis checkpoints as new targets 
for cancer immunotherapy. Nature 
Reviews. Cancer. 2019;19(10):568-586. 
DOI: 10.1038/s41568-019-0183-z

[19] Mishra AK, Banday S, Bharadwaj R,  
Ali A, Rashid R, Kulshreshtha A,  
et al. Macrophages as a Potential 
Immunotherapeutic Target in Solid 
Cancers. Vaccines. 2022;11(1):55. DOI: 
10.3390/vaccines11010055

[20] Nimmerjahn F, Ravetch JV. Fcγ 
receptors: Old friends and new family 
members. Immunity. 2006;24(1):19-28. 
DOI: 10.1016/j.immuni.2005.11.010

[21] Musolino A, Gradishar WJ, 
Rugo HS, Nordstrom JL, Rock EP, 
Arnaldez F, et al. Role of Fcγ receptors 
in HER2-targeted breast cancer therapy. 
Journal for Immunotherapy of Cancer. 
2022;10(1):e003171. DOI: 10.1136/
jitc-2021-003171

[22] Cartron G, Dacheux L, Salles G, 
Solal-Celigny P, Bardos P, Colombat P, 
et al. Therapeutic activity of humanized 
anti-CD20 monoclonal antibody 
and polymorphism in IgG Fc 
receptor FcgammaRIIIa gene. Blood. 
2002;99(3):754-758. DOI: 10.1182/blood.
v99.3.754

[23] Tedeschi A, Vismara E, Ricci F, 
Morra E, Montillo M. The spectrum of 
use of rituximab in chronic lymphocytic 
leukemia. Oncotargets and Therapy. 
2010;3:227-246. DOI: 10.2147/OTT.S8151

[24] Hofmann M, Stoss O, Shi D, 
Büttner R, van de Vijver M, Kim W, 
et al. Assessment of a HER2 scoring 
system for gastric cancer: Results from 
a validation study. Histopathology. 
2008;52(7):797-805. DOI: 
10.1111/j.1365-2559.2008.03028.x

[25] Vogel CL, Cobleigh MA, Tripathy D, 
Gutheil JC, Harris LN, Fehrenbacher L, 
et al. Efficacy and safety of trastuzumab 
as a single agent in first-line treatment of 
HER2-overexpressing metastatic breast 
cancer. Journal of Clinical Oncology. 
2002;20(3):719-726. DOI: 10.1200/
JCO.2002.20.3.719

[26] Romond EH, Perez EA,  
Bryant J, Suman VJ, Geyer CE Jr, 
Davidson NE, et al. Trastuzumab plus 
adjuvant chemotherapy for operable 
HER2-positive breast cancer. The 
New England Journal of Medicine. 
2005;353(16):1673-1684. DOI: 10.1056/
NEJMoa052122

[27] Cunningham D, Humblet Y, Siena S, 
Khayat D, Bleiberg H, Santoro A, et al. 
Cetuximab monotherapy and cetuximab 
plus irinotecan in irinotecan-refractory 
metastatic colorectal cancer. The 
New England Journal of Medicine. 
2004;351(4):337-345. DOI: 10.1056/
NEJMoa033025

[28] Vermorken JB, Mesia R, Rivera F, 
Remenar E, Kawecki A, Rottey S, et 
al. Platinum-based chemotherapy plus 
cetuximab in head and neck cancer. 
The New England Journal of Medicine. 
2008;359(11):1116-1127. DOI: 10.1056/
NEJMoa0802656

[29] Funakoshi Y, Hata N, Kuga D, 
Hatae R, Sangatsuda Y, Fujioka Y, et al. 
Update on Chemotherapeutic Approaches 
and Management of Bevacizumab Usage 
for Glioblastoma. Pharmaceuticals 
(Basel). 2020;13(12):470. DOI: 10.3390/
ph13120470



Harnessing Phagocytosis for Cancer Treatment
DOI: http://dx.doi.org/10.5772/intechopen.110619

211

[30] Fujita K, Sano D, Kimura M, 
Yamashita Y, Kawakami M, Ishiguro Y, et 
al. Anti-tumor effects of bevacizumab in 
combination with paclitaxel on head and 
neck squamous cell carcinoma. Oncology 
Reports. 2007;18(1):47-51

[31] Qu CY, Zheng Y, Zhou M,  
Zhang Y, Shen F, Cao J, et al. Value of 
bevacizumab in treatment of colorectal 
cancer: A meta-analysis. World Journal 
of Gastroenterology. 2015;21(16): 
5072-5080. DOI: 10.3748/wjg.v21.
i16.5072

[32] Robak T. Alemtuzumab for B-cell 
chronic lymphocytic leukemia. 
Expert Review of Anticancer 
Therapy. 2008;8(7):1033-1051. DOI: 
10.1586/14737140.8.7.1033

[33] Fraser G, Smith CA, 
Imrie K, Meyer R. Hematology disease 
site groupof cancer care Ontario’s 
program in evidence-based care. 
Alemtuzumab in chronic lymphocytic 
leukemia. Current Oncology. 
2007;14(3):96-109. DOI: 10.3747/
co.2007.118

[34] Wu Y, Wang Y, Gu Y, Xia J, Kong X, 
Qian Q, et al. Safety and efficacy of 
Ofatumumab in chronic lymphocytic 
leukemia: a systematic review and meta-
analysis. Hematology. 2017;22(10):578-
584. DOI: 10.1080/10245332.2017.1333974

[35] Frustaci AM, Tedeschi A, Picardi P, 
Cairoli R, Montillo M. Clinical utility 
and patient considerations in the use of 
ofatumumab in chronic lymphocytic 
leukemia. Biologics. 2015;9:75-86. DOI: 
10.2147/BTT.S60503

[36] Inman BA, Longo TA, Ramalingam S, 
Harrison MR. Atezolizumab: A PD-L1–
blocking antibody for bladder cancer. 
Clinical Cancer Research. 2017;23(8):1886-
1890. DOI: 10.1158/1078-0432.
CCR-16-1417

[37] Socinski MA, Jotte RM, Cappuzzo F, 
Orlandi F, Stroyakovskiy D, Nogami N, 
et al. Reck M; IMpower150 Study Group. 
Atezolizumab for First-Line Treatment 
of Metastatic Nonsquamous NSCLC. 
The New England Journal of Medicine. 
2018;378(24):2288-2301. DOI: 10.1056/
NEJMoa1716948

[38] Vansteenkiste J, Wauters E, 
Park K, Rittmeyer A, Sandler A, Spira A. 
Prospects and progress of atezolizumab 
in non-small cell lung cancer. 
Expert Opinion on Biological 
Therapy. 2017;17(6):781-789. DOI: 
10.1080/14712598.2017.1309389

[39] Murakami S. Durvalumab for 
the treatment of non-small cell lung 
cancer. Expert Review of Anticancer 
Therapy. 2019;19(12):1009-1016. DOI: 
10.1080/14737140.2019.1699407

[40] Brower V. Anti-PD-L1 inhibitor 
durvalumab in bladder cancer. The 
Lancet Oncology. 2016;17(7):e275. DOI: 
10.1016/S1470-2045(16)30242-X

[41] Rosell R, Karachaliou N. Avelumab 
in non-small-cell lung cancer. The Lancet 
Oncology. 2018;19(11):1423-1424. DOI: 
10.1016/S1470-2045(18)30683-1

[42] Rao A, Patel MR. A review 
of avelumab in locally advanced 
and metastatic bladder cancer. 
Therapeutic Advances in Urology. 
2019;11:1756287218823485. DOI: 
10.1177/1756287218823485

[43] Tay MZ, Wiehe K, Pollara J.  
Antibody-dependent cellular 
phagocytosis in antiviral immune 
responses. Frontiers in Immunology. 
2019;10:332. DOI: 10.3389/
fimmu.2019.00332

[44] Su S, Zhao J, Xing Y, Zhang X, Liu J, 
Ouyang Q, et al. Immune checkpoint 
inhibition overcomes ADCP-induced 



Phagocytosis – Main Key of Immune System

212

immunosuppression by macrophages. 
Cell. 2018;175(2):442-457.e23. DOI: 
10.1016/j.cell.2018.09.007

[45] Advani R, Flinn I, Popplewell L,  
Forero A, Bartlett NL, Ghosh N, et 
al. CD47 Blockade by Hu5F9-G4 and 
Rituximab in Non-Hodgkin’s Lymphoma. 
The New England Journal of Medicine. 
2018;379(18):1711-1721. DOI: 10.1056/
NEJMoa1807315

[46] Press OW, Leonard JP, 
Coiffier B, Levy R. John Timmerman; 
immunotherapy of Non-Hodgkin’s 
Lymphomas. Hematology. American 
Society of Hematology. Education 
Program. 2001;2001(1):221-240. DOI: 
10.1182/asheducation-2001.1.221

[47] Cerny T, Borisch B, Introna M, 
Johnson P, Rose AL. Mechanism of 
action of rituximab. Anti-Cancer 
Drugs. 2002;13(Suppl 2):S3-S10. DOI: 
10.1097/00001813-200211002-00002

[48] Grillo-López AJ, White CA, 
Varns C, Shen D, Wei A, McClure A, et 
al. Overview of the clinical development 
of rituximab: first monoclonal 
antibody approved for the treatment 
of lymphoma. Seminars in Oncology. 
1999;26(5 Suppl 14):66-73

[49] Vu T, Claret FX. Trastuzumab: 
updated mechanisms of action and 
resistance in breast cancer. Frontiers 
in Oncology. 2012;2:62. DOI: 10.3389/
fonc.2012.00062

[50] Cameron D, Piccart-Gebhart MJ, 
Gelber RD, Procter M, Goldhirsch A, de 
Azambuja E, et al. 11 years’ follow-up 
of trastuzumab after adjuvant 
chemotherapy in HER2-positive early 
breast cancer: final analysis of the 
HERceptin Adjuvant (HERA) trial. 
Lancet. 2017;389(10075):1195-1205. DOI: 
10.1016/S0140-6736(16)32616-2. Erratum 
in: Lancet. 2019 Mar 16;393(10176):1100

[51] Vinay DS, Ryan EP, Pawelec G,  
Talib WH, Stagg J, Elkord E, et al. 
Immune evasion in cancer: Mechanistic 
basis and therapeutic strategies. 
Seminars in Cancer Biology. 
2015;35(Suppl):S185-S198. DOI: 
10.1016/j.semcancer.2015.03.004

[52] Crispen PL, Kusmartsev S. 
Mechanisms of immune evasion in 
bladder cancer. Cancer Immunology, 
Immunotherapy. 2020;69(1):3-14. DOI: 
10.1007/s00262-019-02443-4

[53] Wang H, Xu Q, Zhao C, Zhu Z, 
Zhu X, Zhou J, et al. An immune evasion 
mechanism with IgG4 playing 
an essential role in cancer and 
implication for immunotherapy. 
Journal for Immunotherapy of Cancer. 
2020;8(2):e000661. DOI: 10.1136/
jitc-2020-000661

[54] Ghasempour S, Freeman SA. 
The glycocalyx and immune evasion 
in cancer. The FEBS Journal. 
2023;290(1):55-65. DOI: 10.1111/
febs.16236

[55] Chen S, Lai SWT, Brown CE, 
Feng M. Harnessing and enhancing 
macrophage phagocytosis for cancer 
therapy. Frontiers in Immunology. 
2021;12:635173. DOI: 10.3389/
fimmu.2021.635173

[56] Takimoto CH, Chao MP, Gibbs C, 
McCamish MA, Liu J, Chen JY, et al. 
The Macrophage ‘Do not eat me’ signal, 
CD47, is a clinically validated cancer 
immunotherapy target. Annals of 
Oncology. 2019;30(3):486-489. DOI: 
10.1093/annonc/mdz006

[57] Sikic BI, Lakhani N, Patnaik A, 
Shah SA, Chandana SR, Rasco D, et al. 
First-in-Human, First-in-Class Phase 
I Trial of the Anti-CD47 antibody 
Hu5F9-G4 in patients with advanced 
cancers. Journal of Clinical Oncology. 



Harnessing Phagocytosis for Cancer Treatment
DOI: http://dx.doi.org/10.5772/intechopen.110619

213

2019;37(12):946-953. DOI: 10.1200/
JCO.18.02018

[58] Ansell SM, Maris MB, Lesokhin AM, 
Chen RW, Flinn IW, Sawas A, et al. Phase 
I study of the CD47 blocker TTI-621 
in patients with relapsed or refractory 
hematologic malignancies. Clinical 
Cancer Research. 2021;27(8):2190-2199. 
DOI: 10.1158/1078-0432.CCR-20-3706

[59] Zeidan AM, DeAngelo DJ, Palmer J, 
Seet CS, Tallman MS, Wei X, et al. Phase 
1 study of anti-CD47 monoclonal 
antibody CC-90002 in patients with 
relapsed/refractory acute myeloid 
leukemia and high-risk myelodysplastic 
syndromes. Annals of Hematology. 
2022;101(3):557-569. DOI: 10.1007/
s00277-021-04734-2

[60] Puro RJ, Bouchlaka MN, Hiebsch RR, 
Capoccia BJ, Donio MJ, Manning PT, 
et al. Development of AO-176, a next-
generation humanized anti-CD47 
antibody with novel anticancer 
properties and negligible red blood cell 
binding. Molecular Cancer Therapeutics. 
2020;19(3):835-846. DOI: 10.1158/1535-
7163.MCT-19-1079

[61] Kauder SE, Kuo TC, Harrabi O, 
Chen A, Sangalang E, Doyle L, et al. 
ALX148 blocks CD47 and enhances 
innate and adaptive antitumor immunity 
with a favorable safety profile. PLoS 
One. 2018;13(8):e0201832. DOI: 10.1371/
journal.pone.0201832

[62] Matlung HL, Szilagyi K, Barclay NA, 
van den Berg TK. The CD47-SIRPα 
signaling axis as an innate immune 
checkpoint in cancer. Immunological 
Reviews. 2017;276(1):145-164. DOI: 
10.1111/imr.12527

[63] Murata Y, Saito Y, Kotani T, 
Matozaki T. CD47-signal regulatory 
protein α signaling system and its 
application to cancer immunotherapy. 

Cancer Science. 2018;109(8):2349-2357. 
DOI: 10.1111/cas.13663

[64] Feng R, Zhao H, Xu J, Shen C. CD47: 
the next checkpoint target for cancer 
immunotherapy. Critical Reviews in 
Oncology/Hematology. 2020;152:103014. 
DOI: 10.1016/j.critrevonc.2020.103014

[65] Zhang W, Huang Q, Xiao W, 
Zhao Y, Pi J, Xu H, et al. Advances in 
anti-tumor treatments targeting 
the CD47/SIRPα axis. Frontiers in 
Immunology. 2020;11:18. DOI: 10.3389/
fimmu.2020.00018

[66] Logtenberg MEW, Jansen JHM, 
Raaben M, Toebes M, Franke K, 
Brandsma AM, et al. Glutaminyl cyclase 
is an enzymatic modifier of the CD47- 
SIRPα axis and a target for cancer 
immunotherapy. Nature Medicine. 
2019;25(4):612-619. DOI: 10.1038/
s41591-019-0356-z

[67] Zhao J, Zhong S, Niu X, Jiang J, 
Zhang R, Li Q. The MHC class I-LILRB1 
signalling axis as a promising target in 
cancer therapy. Scandinavian Journal of 
Immunology. 2019;90(5):e12804. DOI: 
10.1111/sji.12804

[68] Barkal AA, Weiskopf K, Kao KS, 
Gordon SR, Rosental B, Yiu YY, et al. 
Engagement of MHC class I by the 
inhibitory receptor LILRB1 suppresses 
macrophages and is a target of cancer 
immunotherapy. Nature Immunology. 
2018;19(1):76-84. DOI: 10.1038/
s41590-017-0004-z

[69] Havel JJ, Chowell D, Chan TA. The 
evolving landscape of biomarkers for 
checkpoint inhibitor immunotherapy. 
Nature Reviews. Cancer. 2019;19(3):133-
150. DOI: 10.1038/s41568-019-0116-x

[70] Cannarile MA, Weisser M, Jacob W, 
Jegg AM, Ries CH, Rüttinger D. Colony-
stimulating factor 1 receptor (CSF1R) 



Phagocytosis – Main Key of Immune System

214

inhibitors in cancer therapy. Journal for 
Immunotherapy of Cancer. 2017;5(1):53. 
DOI: 10.1186/s40425-017-0257-y

[71] Cai H, Zhang Y, Wang J, Gu J. Defects 
in macrophage reprogramming in 
cancer therapy: The negative impact of 
PD-L1/PD-1. Frontiers in Immunology. 
2021;12:690869. DOI: 10.3389/
fimmu.2021.690869

[72] Agrawal S, Kandimalla ER. Synthetic 
agonists of Toll-like receptors 7, 8 and 
9. Biochemical Society Transactions. 
2007;35(Pt 6):1461-1467. DOI: 10.1042/
BST0351461

[73] Adams S. Toll-like receptor agonists 
in cancer therapy. Immunotherapy. 
2009;1(6):949-964. DOI: 10.2217/
imt.09.70

[74] Urban-Wojciuk Z, Khan MM,  
Oyler BL, Fåhraeus R, Marek- 
Trzonkowska N, Nita-Lazar A, et al. The 
role of TLRs in anti-cancer immunity 
and tumor rejection. Frontiers in 
Immunology. 2019;10:2388. DOI: 
10.3389/fimmu.2019.02388

[75] Ahmed MS, Bae YS. Dendritic cell-
based therapeutic cancer vaccines: past, 
present and future. Clin Exp Vaccine 
Res. 2014;3(2):113-116. DOI: 10.7774/
cevr.2014.3.2.113

[76] Palucka K, Banchereau J. Dendritic-
cell-based therapeutic cancer vaccines. 
Immunity. 2013;39(1):38-48. DOI: 
10.1016/j.immuni.2013.07.004

[77] Guo Y, Lei K, Tang L. Neoantigen 
vaccine delivery for personalized 
anticancer immunotherapy. Frontiers in 
Immunology. 2018;9:1499. DOI: 10.3389/
fimmu.2018.01499

[78] Biglari A, Southgate TD, Fairbairn LJ, 
Gilham DE. Human monocytes expressing 
a CEA-specific chimeric CD64 receptor 

specifically target CEA-expressing 
tumour cells in vitro and in vivo. Gene 
Therapy. 2006;13(7):602-610. DOI: 
10.1038/sj.gt.3302706

[79] Klichinsky M, Ruella M, Shestova O, 
Lu XM, Best A, Zeeman M, et al. Human 
chimeric antigen receptor macrophages 
for cancer immunotherapy. Nature 
Biotechnology. 2020;38(8):947-953. DOI: 
10.1038/s41587-020-0462-y

[80] Wculek SK, Cueto FJ, Mujal AM, 
Melero I, Krummel MF, Sancho D. 
Dendritic cells in cancer immunology 
and immunotherapy. Nature Reviews. 
Immunology. 2020;20(1):7-24. DOI: 
10.1038/s41577-019-0210-z

[81] Gardner A, Ruffell B. Dendritic 
cells and cancer immunity. Trends in 
Immunology. 2016;37(12):855-865. DOI: 
10.1016/j.it.2016.09.006

[82] Calmeiro J, Carrascal MA, 
Tavares AR, Ferreira DA, Gomes C, 
Falcão A, et al. Dendritic cell vaccines 
for cancer immunotherapy: The role of 
human conventional type 1 dendritic 
cells. Pharmaceutics. 2020;12(2):158. 
DOI: 10.3390/pharmaceutics12020158

[83] Shore ND. PROSTVAC® targeted 
immunotherapy candidate for prostate 
cancer. Immunotherapy. 2014;6(3):235-
247. DOI: 10.2217/imt.13.176

[84] Beer TM, Vogelzang N, Bartůňková J, 
Miller K, Oh W, Oudard S, et al. Autologous 
dendritic cell immunotherapy (DCVAC/
PCa) added to docetaxel chemotherapy 
in a Phase III trial (viable) in men 
with advanced (mCRPC) prostate 
cancer. Journal for Immunotherapy of 
Cancer. 2015;3(Suppl 2):P164. DOI: 
10.1186/2051-1426-3-S2-P164

[85] Polyzoidis S, Ashkan K. DCVax®-L--
developed by Northwest Biotherapeutics. 
Human Vaccines & Immunotherapeutics. 



Harnessing Phagocytosis for Cancer Treatment
DOI: http://dx.doi.org/10.5772/intechopen.110619

215

2014;10(11):3139-3145. DOI: 10.4161/
hv.29276. Erratum in: Hum Vaccin 
Immunother. 2015;11(7):1881

[86] Sloas C, Gill S, Klichinsky M. 
Engineered CAR-macrophages as adoptive 
immunotherapies for solid tumors. 
Frontiers in Immunology. 2021;12:783305. 
DOI: 10.3389/fimmu.2021.783305

[87] Maalej KM, Merhi M, 
Inchakalody VP, et al. CAR-cell therapy 
in the era of solid tumor treatment: 
current challenges and emerging 
therapeutic advances. Molecular 
Cancer. 2023;22:20. DOI: 10.1186/
s12943-023-01723-z

[88] Dukhinova MS, Prilepskii AY, 
Shtil AA, Vinogradov VV. Metal oxide 
nanoparticles in therapeutic regulation 
of macrophage functions. Nanomaterials. 
2019;9(11):1631. DOI: 10.3390/
nano9111631

[89] Reichel D, Tripathi M, Perez JM. 
Biological effects of nanoparticles on 
macrophage polarization in the tumor 
microenvironment. Nano. 2019;3(1):66-
88. DOI: 10.7150/ntno.30052



IntechOpen Series  
Physiology, Volume 19

Phagocytosis 
Main Key of Immune System

Edited by Seyyed Shamsadin Athari 
 and Entezar Mehrabi Nasab

Edited by Seyyed Shamsadin Athari  
and Entezar Mehrabi Nasab 

Phagocytosis, as an innate immune defense mechanism, is the first process to respond 
to pathogens. It is also one of the initiating branches of an adaptive immune response. 

This book provides a comprehensive overview of phagocytosis and related cells in 
the immune response. It presents the basics of phagocytosis as well as discusses 

management and therapeutic strategies for infections.

Published in London, UK 

©  2023 IntechOpen 
©  123dartist / iStock

ISBN 978-1-83768-739-8

Tomasz Brzozowski, Physiology Series Editor

ISSN  2631-8261

Phagocytosis - M
ain K

ey of Im
m

une System

ISBN 978-1-83768-741-1


	Phagocytosis - Main Key of Immune System
	Contents
	Preface
	Section 1
Phagocytosis Process
	Chapter1
Functioning and Control of Phagocytosis
	Chapter2
Macrophages: Phagocytosis, Antigen Presentation, and Activation of Immunity
	Chapter3
Phagocytosis of Mycobacterium tuberculosis: A Narrative of the Uptaking and Survival
	Chapter4
Macrophage: From Recognition of Foreign Agents to Late Phagocytosis
	Chapter5
Regulation of Phagocytosis in Macrophages

	Section 2
Phagocytosis in Diseases
	Chapter6
Muscularis Macrophages in Healthy and Diseased Gut
	Chapter7
Non-Myeloid Cell Phagocytosis
	Chapter8
Physiological Role of Alveolar Macrophage in Acute Lower Respiratory Tract Infection: Phagocytosis and Aging
	Chapter9
Immunometabolic Processes of Macrophages in Disease States
	Chapter10
Close Encounters: Pathogenic Protists-Host Cell Interactions
	Chapter11
Phagocytosis: Inflammation-Obesity Relationship
	Chapter12
Harnessing Phagocytosis for CancerTreatment




